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An N-Heterocyclic Quinodimethane: A Strong Organic Lewis Base

Exhibiting Diradical Reactivity

Jama Ariai, Maya Ziegler, Christian Wiirtele, and Urs Gellrich*

Abstract: We report the preparation of a new organic
o-donor with a CsH,-linker between an N-heterocyclic
carbene (NHC) and an exocyclic methylidene group,
which we term N-heterocyclic quinodimethane (NHQ).
The aromatization of the C¢H,-linker provides a decisive
driving force for the reaction of the NHQ with an
electrophile and renders the NHQ significantly more
basic than analogous NHCs or N-heterocyclic olefins
(NHOs), as shown by DFT computations and competi-
tion experiments. In solution, the NHQ undergoes an
unprecedented dehydrogenative head-to-head dimeriza-
tion by C—C coupling of the methylidene groups. DFT
computations indicate that this reaction proceeds via an
open-shell singlet pathway revealing the diradical char-
acter of the NHQ. The product of this dimerization can
be described as conjugated N-heterocyclic bis-quinodi-
methane, which according to cyclic voltammetry is a
strong organic reducing agent (E;,=—1.71 V vs. Fc¢/Fc™)
and exhibits a remarkable small singlet—triplet gap of
AEq +=4.4kcalmol ™.
S—T )

Introduction

N-heterocyclic carbenes (NHCs, Scheme 1, top left), which
initially attracted attention as stable representatives of a
compound class containing a carbon atom with an electron
sextet, have since then found applications as organic
o-donors in catalysis, materials science, and medicine.™ The
extension of NHCs by an alkylidene group leads to
N-heterocyclic olefins (NHO) that contain a strongly
polarized C—C double bond (Scheme 1, top right).). When
the association of imidazolium-based NHOs with an electro-
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Scheme 1. The concept of this study: The insertion of a CgH,-linker
between the NHC and the alkylidene group of an NHO should result in
an NHQ that is a strong Lewis base with radical reactivity

(NHC = N-heterocyclic carbene, NHO = N-heterocyclic olefin,

NHQ = N-heterocyclic quinodimethane).

phile leads to aromatization of the N-heterocycle, the
o-donor capacity and the relative nucleophilicity of the
NHOs exceed that of the corresponding NHCs.P! In 2020,
Hansmann et al. introduced mesoionic NHOs that cannot be
described by a charge-neutral Lewis structure and represent
the strongest donors and Lewis bases within the class of
NHOs.¥ Due to their ability to act as strong c-donors,
NHOs have also been used as ligands in main group
chemistry and transition metal catalysis.”’ In addition, their
nucleophilicity has been exploited for applications in orga-
nocatalysis and polymer chemistry.! Furthermore, NHOs
bind small molecules such as CO, and N,O."" Binding of
CO, enables its catalytic valorization while the reaction of
NHOs with N,O is of particular interest as it leads to organic
super electron donors and diazoolefins. Since aromatization
of the imidazoline system during the reaction of the NHO
with an electrophile increases the c-donor strength and the
nucleophilicity of the NHO, we expected that a second
aromatization would provide an additional driving force to
the reaction with an electrophile. This assumption prompted
us to investigate an NHO with a CsH,-linker between the
NHC and the alkylidene group. (Scheme 1, lower panel).
Following the nomenclature of NHCs and NHOs, such a
system could be denoted as N-heterocyclic quinodimethane
(NHQ). Coordination of the NHQ to a Lewis acid (or
protonation of the NHQ) would not only lead to aromatiza-
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tion of the imidazoline ring but also of the C4Hglinker.
Recent work by Coote, Sherburn and co-workers has
confirmed that quinodimethanes (QDMs) exhibit the reac-
tivity of a diradical.’® Moreover, Ghadwal and co-workers
showed that NHC-substituents are well suited to stabilize C-
centered radicals.” Thus, the question further arises to what
extent NHQs might exhibit radical reactivity.

Results and Discussion

We began our study with a computational evaluation of the
effects of the CsH,-linker on the proton affinity (PA) of
NHQ 1 with a Dipp-substituted (Dipp=2,6-iPr,CsH;)
imidazolium backbone, through a comparison to the PAs of
NHC 2 and NHO 3; both of which are iconic examples of
their respective compound classes. We chose the ®B97X
functional together with the recent D4 correction, a
combination which has been shown to be reliable for
thermodynamics and kinetics, for this study."”! For structure
optimization, we used the efficient PBEh-3c composite
method."! The comparison of the computed PAs shows that
the PA of 3 is 2.8 kcalmol™' higher than that of 2. As
hypothesized, the incorporation of a CsH,-linker at the C2
position has indeed a decisive effect on the basicity of 3; the
PA of NHQ 1 exceeds that of 3 by 22.9 kcalmol ' (Fig-
ure 1).

NHQs with phenyl or cyano substituents at the exocyclic
ylidene carbon have been reported previously.'? However,
their computed PAs are significantly lower than that of 1
(Figure S15), presumably as a consequence of the —I-effect
of these substituents. Encouraged by the computed basicity
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Figure 1. Proton affinities (PAs) of NHQ 1 in comparison to the
structurally related NHC 2 and NHO 3 computed at ®B97X-D4/def2-
QZVPP//PBEh-3c (Dipp=2,6-iPr,CsH;).
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Scheme 2. In situ formation of 1 by deprotonation of 4 with KHMDS.
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of 1, we turned to the synthesis of an imidazolium precursor
that would allow us to generate 1 by deprotonation. To this
end, imidazolium iodide 4 was synthesized by coupling 2
with 4-iodotoluene according to a procedure described by
Ghadwal et al.l"! Treatment of 4 with KHMDS in THF-d;
resulted in quantitative conversion to 1 (Scheme 2).

Diagnostic of the formation of 1 is a pronounced high-
field shift in the signals attributable to the C4H,-linker in the
'"H NMR spectrum, indicating partial de-aromatization and
the formation of a quinoidal structure (Figure S26). The
CH, group appears in the 'H NMR as a singlet at 3.46 ppm.
Thus, the signal that can be assigned to this group is slightly
low-field shifted compared to the signal of the methylidene
group of NHO 3, but significantly shifted to higher field
than the signal of the methylidene group of the parent
QDM p-xylylene.™ Likewise, the C NMR signal of the
CH, group at 87.9 ppm is low-field shifted compared to 3
but high-field shifted compared to the signal of the exocyclic
carbon of p-xylylene. In the course of deprotonation with
KHMDS, the color of the reaction mixture turned dark
green. UV/Vis spectra of 1 recorded in THF at various
concentrations show an intense, sharp absorption band at
330 nm (¢=6.7(2)-10°cm M) and a broad band of low
intensity at about 525 nm (e=132(5) cm™'M™") (Figure S8).
TD-DFT calculations at the «®B97X-D4/def2-QZVPP//
PBEh-3c level of theory allowed us to assign the excitation
in the UV region to a n—n* transition (computed absorption
at 363 nm) from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO). The broad band in the visible region at 525 nm is
almost undetectable when deprotonation is performed with
NaHMDS while the HOMO—LUMO transition remains
comparable, indicating that the color of the solution is
caused by potassium adducts or traces of impurities (Fig-
ure S8 and Table S2). The calculations show that the largest
coefficient of the HOMO of 1 in the closed-shell singlet
state is indeed at the exocyclic methylidene group, as is the
spin density of the triplet state of 1 (Figure 2).

We then turned our attention to an experimental assess-
ment of the basicity of 1 by competition experiments.
Therefore, imidazolium iodide 5 was added to a solution of
1, which afforded NHO 3 in near quantitative yield

1(CSS)

1 (OST)

Figure 2. The HOMO of the closed-shell singlet state of 1 (left) and the
total spin density of the triplet state of 1 (right). (CSS=closed-shell
singlet, OST =open-shell triplet). Hydrogens are omitted for clarity.
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supporting the computational result that the PA of NHQ 1
is higher than that of the analogous NHO 3 (Scheme 3).

To explore whether 1 acts not only as Brgnsted but also
as Lewis base, tris(pentafluoro)phenylborane B(C¢Fs); was
added to a solution of 1, which allowed us to isolate the air-
and moisture-stable B(C¢Fs);-adduct 6 in 41% yield by
column chromatography (Scheme 4). NMR analysis of 6
indicates that the formation of the Lewis adduct is accom-
panied by re-aromatization of the C¢H,-linker (Figure S36).
The C—C bond lengths of the C¢H,-linker determined by
single crystal X-ray diffraction (SCXRD) analysis of 6
support this assumption (Figure 3).1!

When a THF solution of 1 was exposed to a CO,-
atmosphere, the immediate formation of a precipitate was
observed. Filtration and crystallization of the solid from
DCM/n-hexane allowed us to isolate the carboxylate 7,
which was characterized by NMR, IR, and ESI-MS, in 58 %
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Scheme 3. Deprotonation of imidazolium iodide 5 by NHQ 1.
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Scheme 4. Synthesis of the NHQ—B(C4F;);-adduct 6.

Figure 3. Molecular structure of 6 derived from SCXRD (50% proba-
bility ellipsoids, all hydrogens attached to carbons are omitted, Dipp-
groups and CgFs-rings are shown in stick representation for clarity).
Selected bond lengths: C1—-C2: 1.466(4) A, C2—C3: 1.391(4) A, C3-—C4:
1.389(4) A, C4-C5:1.401(4) A, C5-C6: 1.506(4) A, C6-B1: 1.660(4) A.
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yield (Scheme 5). The formation of the B(CFs);-adduct 6
and carboxylate 7 shows that the lifetime of 1 allows its use
as a Lewis base. However, attempts to isolate 1 are
prevented by its slow conversion to new species in solution.
We have followed the progress of this transformation by
"H NMR spectroscopy (Scheme 6).

Already after one day, the appearance of a new set of
signals is observed, indicating the emergence of a species
with a quinoidal phenylene unit. This is evident from the
appearance of two doublets at 5.60 and 5.41 ppm with a
coupling constant of 10.3 Hz. In addition, a sharp singlet at
5.03 ppm indicates the formation of a new methylidene
group. Within 20 days, the conversion of 1 is complete.
When a THF-solution of the new species was overlaid with
n-pentane and stored at —36°C for several days, dark orange
crystals formed. SCXRD analysis revealed that these
crystals consist of the dimer 8, which was isolated in 36 %
yield (Figure 4). Significant alternation of the C—C bond
lengths in the C¢H,-linker of 8 revealed by SCXRD support
that 8 is indeed best described as quinoidal structure. The
NMR spectrum obtained upon dissolution of the crystals in
THF-d; proves that the new species into which 1 converts in
solution is indeed dimer 8 (Scheme 6). Apparently, 8 is
formed by a C—C coupling between the methylidene groups
of 1. This reactivity seems to contradict the ground state
polarity of 1, as two nucleophilic centers react with each
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Scheme 5. Synthesis of carboxylate 7 by deprotonation of 4 and
exposure to CO,.

/
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Figure 4. Molecular structure of 8 derived from SCXRD (50% proba-
bility ellipsoids, all hydrogens attached to carbons are omitted and
Dipp-groups are shown in stick representation for clarity). Selected
bond lengths and angles: C1—C2: 1.424(5) A, C2—C3: 1.420(6) A,
C3—C4: 1.368(6) A, C4—C5: 1.435(4) A, C5-C6: 1.397(4) A, C6-C6":
1.400(5) A, C5-C6-C6": 127.7(3)°.
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Scheme 6. Monitoring of the conversion of NHQ 1 to dimer 8 by '"H NMR (400 MHz, 0.1 M in THF-d;) and the '"H NMR spectrum of dimer 8
isolated by crystallization. Signals marked with an asterisk can be assigned to imidazole 10 and 1,3-di(isopropyl)benzene.

other. However, the dimerization of QDMSs such as
p-xylylene is known, and recent computational and exper-
imental studies provided conclusive evidence that this
process is initiated by a C—C coupling between the exocyclic
methylene carbons along an open-shell diradical
pathway.*'% In addition, the dimerization of heteroatom-
containing QDMs has been reported."” It is therefore
reasonable to attribute the formation of 8 to such diradical
coupling as well. We investigated this hypothesis with DFT
calculations (Figure 5).

Consistent with the computational study by Sherburn
and Coote, dimerization via an open-shell singlet (OSS)
state is clearly preferred over the triplet pathway.®! The
calculated barrier of 21.5 kcalmol™' agrees well with the
experimental observation that dimerization proceeds, albeit
slowly, at r.t. We observed experimentally an acceleration of
the formation of 8 at high concentrations (Table S1), which,
in agreement with the lack of a detectable intermediate,
suggests that the initial C—C coupling is rate-limiting. In the

Angew. Chem. Int. Ed. 2024, 63, €202316720 (4 of 7)

OSS transition state structure, the NHQs are oriented syn to
each other, presumably due to an attractive dispersive
interaction between the bulky Dipp substituents. The
product of the coupling, diradical 9, is more stable in the
triplet state, although the energetic preference over the
open-shell singlet state is not significant. A feature of NHQ
1 dimerization that distinguishes it from QDM dimerization
is that one equivalent of hydrogen is formally released upon
formation of 8. By 'HNMR spectroscopy we observed
signals appearing at 2.46 ppm and 2.85 ppm that could be
assigned to the formation of by-products during the dimeri-
zation of 1, in a ratio of 1:1 (Scheme 6). From the mother
liquor of a crystallization of 8, we were able to isolate
imidazole 10 by column chromatography, thus unambigu-
ously identifying it as one of these by-products. Based on
the computational study and the experimental observations,
we propose the following mechanism for the formation of
dimer 8 and imidazole 10 (Scheme 7): An initial C-C
coupling between the methylidene groups of NHQ 1 gives

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB017 SUOLULLIOD 3AIES.D 3|deat|dde au3 Aq peusenob afe a1 YO ‘88N JO S3|NJ 10y Afeiq1 BUIIUO A3]IA UO (SUORIPUOD-PUR-SLUBYWI0D A8 | M ARIq 1 RU1IUO//SARY) SUORIPUOD PUe SWwis | 8y} 885 [7202/TT/2e] uo Ariqiauliuo AB|IMm ‘Uesse19 1eysiealun Bige1T snisne Aq 0229TE€202 @ 1Ue/200T 0T/I0p/LLI00 A8 | Im* AReiq 1 Bu1|UO//SaRY Woiy papeoumoqd ‘9T ‘v202 ‘ELLETZST



GDCh
~~

(\N,Dipp
/N .
Dipp

TAGSO.H [kcal mol™]

bipp
TSy
0SS (21.5)
OST (40.6)

Dipp~ N | N~Dipp

1
CSS (0.0)

Research Articles

Angewandte

intemationaldition’y) Chemie

9
OST (-7.8)
0SS (-7.2)

Figure 5. Gibbs free energies for the dimerization of 1 computed at ®B97X-D4/def2-TZVPP//PBEh-3c (CSS =closed-shell singlet, OSS =open-shell
singlet, OST=open-shell triplet). Bulk solvation was considered implicitly with the SMD model for THF.'® The inset shows the open-shell singlet
state transition state structure of the C—C bond formation with the spin density.

rise to the diradical 9. Hydrogen atom transfer (HAT) from
diradical 9 to NHQ 1 yields 11 and radical 12, a reaction that
further substantiates the diradical character of 1. The
formation of imidazole 10 under the reaction conditions
indicates that radical 12 is not stable and fragments by C—N
scission. This mechanistic hypothesis is further supported by
the experimental observation that treatment of imidazolium
iodide 4 with one-electron reducing agent KC; leads directly
to the formation of 10 (Figure S4). The radical fragmenta-
tion releases an aryl radical that can abstract a second
hydrogen atom from 11. This reaction step then leads to the
formation of the dimer 8 and 1,3-di(isopropyl)benzene, the
formation of which was experimentally secured by spiking
the reaction solution with an authentic sample and analyzing
it by 'H NMR spectroscopy (Figure S3).

Dimer 8 constitutes a rare example of a conjugated bis-
quinodimethane. For the related Wittig hydrocarbon and
the parent bis(p-xylylene), which has been prepared in
noble-gas matrices at cryogenic temperatures, a diradical
character was discussed."”! This prompted us to investigate
the electronic properties of 8 in more detail. To assess the
diradical character, we determined the singlet-triplet gap of
8 computationally at the ®B97X-D4/def2-QZVPP/PBEh-3¢c
level of theory. The calculations show that 8 indeed has a
remarkably small singlet-triplet gap of only AEs =

Angew. Chem. Int. Ed. 2024, 63, €202316720 (5 of 7)

4.4 kcalmol'. This small energy gap and the intense blue
color of 8 in solution indicate possible excitation with visible
light. Therefore, we recorded UV/Vis absorption spectra at
different concentrations of 8 in THF (Figure 6). We
observed an intense absorption band over the entire visible
range (400-800 nm) with a maximum at 650 nm (¢=3.8-
(3)-10*cm™'M™"). Analogous to 1, this is assigned to a
HOMO—LUMO transition corresponding to a n—n* ex-
citation, for which an absorption at 581 nm was computed at

1.2 4 hmax = 650 nm
hmax = 350 nm & =3.8(3)10* cm™' M~
» 0.8
o L
S oxidation
£ air
<]
123
Q
©04 4
0 T T T T T T 1
300 400 500 600 700 800 900 1000

A/ nm

Figure 6. UV/Vis spectrum of 8 in THF (blue, 4:107° mol/L). Upon
placing the unmodified sample onto a bench, the color changes from
blue to fade purple within minutes due to oxidation (purple).
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Scheme 7. Proposed mechanism for the formation of 8 and imidazole
10 by a sequence of C—C coupling, hydrogen atom transfer, and radical
fragmentation.

the ®B97X-D4/def2-TZVPP//PBEh-3c level by TD-DFT.
The bathochromic shift of 320 nm and the greater intensity
compared to 1 is likely caused by the extension of n-
conjugation in 8 that lowers the HOMO-LUMO gap from
7.0eV (1) to 5.0eV (8). Exposure of 8 to air results in
immediate color change from blue to purple. The oxidized
species exhibits a broad band in the visible area with low
intensity (565 nm) and an intense absorption in the UV
region at 350 nm.

We assume that re-aromatization of the two quinoidal
rings causes the facile oxidation of 8. Consequently, we
expect a sizeable reducing power from 8 driven by re-
aromatization of the entire n-system. To elucidate the redox
reactivity of 8 further, we oxidized 8 chemically with two
equivalents AgBF, to obtain the dication 13 in 79 % yield,
which was then used to study the redox reactivity of 8 by
cyclic voltammetry (Figure 7). We observed a reversible
redox event at E;,=-—171V (vs Fc/Fc*) with constant
anodic and cathodic peak potentials at scan rates of 50-
500 mV/s (Figure S11). These results indicate that 8 is
indeed a strong organic electron donor.!

Conclusion

In summary, we have prepared an NHQ and documented its
dual reactivity: In its closed-shell form, it acts as a
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Figure 7. Oxidation of 8 with two equivalents AgBF, to afford 13 and its
cyclic voltammogram (E;,=—1.71V (vs Fc/Fc™), 250 mV/s, CH;CN
(0.1 M nBu,NPF,)).

comparatively strong organic base with a proton affinity
exceeding that of analogous NHCs and NHOs. However, it
also exhibits diradical reactivity, as demonstrated by its
head-to-head dimerization via an open-shell singlet pathway.
This dimerization provides facile access to a conjugated
N-heterocyclic bis-quinodimethane, which has a small
singlet—triplet gap and is a potent organic electron donor. In
summary, the present work describes a system that comple-
ments the repertoire of strong organic c-donors with a
representative that exhibits radical reactivity. We anticipate
that the results presented here will stimulate the develop-
ment of novel organic o-donors that enable previously
elusive transformations by unlocking radical pathways.
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