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have been paid for by the Royal Society
of Chemistry Thiele, Chichibabin and Miller hydrocarbons are considered as classical Kekulé diradicaloids. Herein we
report the synthesis and characterization of acyclic diaminocarbene (ADC)-based Thiele, Chichibabin,
and Muller hydrocarbons. The calculated singlet—triplet energy gaps are AEs_t = —27.96, —3.70,
—0.37 kcal mol™2, respectively, and gradually decrease with the increasing length of the m-conjugated
spacer (p-phenylene vs. p,p’-biphenylene vs. p,p”-terphenylene) between the two ADC-scaffolds. In
agreement with the calculations, we also experimentally observed the enhancement of paramagnetic
diradical character as a function of the length of the m-conjugated spacer. ADC-based Thiele's
hydrocarbon is EPR silent and exhibits very well resolved NMR spectra, whereas ADC-based Muller's
hydrocarbon displays EPR signals and featureless NMR spectra at room temperature. The spacer also has
a strong influence on the UV-Vis-NIR spectra of these compounds. Considering that our methodology is
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Introduction

In recent years the chemistry of stable Kekulé diradicaloids has
attracted special attention due to their unique properties and
their significant importance in modern chemical physics.*
Kekulé diradicaloids possess a characteristic resonance struc-
ture between a closed-shell quinonoid and an open-shell dir-
adical form. In this regard, Thiele's hydrocarbon Ia,*
Chichibabin's hydrocarbon Ib,* and Miiller's hydrocarbon Ic*
represent classical examples of Kekulé diradicaloids (Scheme
1). Kekulé diradicaloid analogues of Ia-¢ have been reported,
and these range from polycyclic hydrocarbons II° to a replace-
ment of the diphenylcarbene-scaffold (Ph,C) by isoelectronic
motifs such as aminium (Ar,N") IIL°® N-heterocyclic carbene
(NHC) 1Iv,” and cyclic(alkyl)(amino)carbene (CAAC) V (Scheme
1).® The properties arising from these Kekulé diradicaloids are
strikingly different from each other. Therefore, the changing of
the diphenylcarbene-scaffold of Ia-c with isoelectronic motifs
should lead to electronically tunable novel diradicaloids.’

“Tata Institute of Fundamental Research Hyderabad, Gopanpally, Hyderabad-500046,
Telangana, India. E-mail: ajana@tifrh.res.in

Stuttgart,  Fakultdt  Chemie,  Lehrstuhl fiir ~ Anorganische
Koordinationschemie, Institut fiir Anorganische Chemie, Pfaffenwaldring 55, D-
70569, Stuttgart, Germany. E-mail: biprajit.sarkar@iac.uni-stuttgart.de

*Universitdt

t Electronic supplementary information (ESI) available: Experimental details,
analytical data, NMR spectra, UV/Vis spectra, X-ray crystallographic details and
details of theoretical calculations. CCDC 2010337 (2b), 2010338 (2¢), 1983573
(3a), 1983580 (3b), 1983581 (3c), 1983587 (4a), 1983586 (4b) and 1983588 (4c).
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d0sc03622f

i A. M. and S. C. contributed equally.

This journal is © The Royal Society of Chemistry 2020

class of carbon-centered Kekulé diradicaloids.

In the case of carbene chemistry it has been documented
that changing of substituents at the carbenic carbon-centre
leads to the electronic state alteration from triplet to singlet
and vice versa." For instance diphenylcarbene is triplet in its
ground state and has been studied in matrix isolation experi-
ments.” Changing the phenyl-substituent with an amino-
substituent leads to an isolable singlet carbene namely acyclic
diaminocarbene (ADC)** which has been used as a ligand in
transition metal coordination chemistry*® and in catalysis.*
Due to the open-framework of acyclic diaminocarbenes (ADCs),
the N-C(carbenic carbon)-N bond angle is wider in comparison
to that of cyclic diaminocarbenes. Moreover, the conforma-
tional flexibility at the N-centres is much more than in cyclic
diaminocarbenes. As a result the steric- as well as electronic-
properties of acyclic diaminocarbene (ADC) are very much
different from those of cyclic diaminocarbenes.” For instance
ADCs are stronger o-donors and T-acceptors compared to both
cyclic imidazolidin-2-ylidenes, which are non-aromatic 5-
membered NHCs with a saturated backbone, and cyclic
imidazole-2-ylidenes, which are aromatic 5-membered NHCs
with an unsaturated backbone.'® Moreover, the synthetic routes
for ADCs are relatively simpler than those of cyclic dia-
minocarbenes with a huge substrate scope.'” Furthermore,
recent results show that carbene-derived diradicaloids'® can
function as a new class of singlet fission materials.’® We were
thus interested in considering the replacement of
diphenylcarbene-scaffold (Ph,C) of Ia-c¢ by an acyclic dia-
minocarbene (ADC)-motif. The envisaged compounds will
represent a new class of diradicaloids with tunable spin states
and electronic properties. Herein we present the synthesis and
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Scheme 1 Chemical structures of I-VI (R = monoanionic organic
substituents).

characterization of isolable acyclic diaminocarbene (ADC)-
based Thiele, Chichibabin, and Miiller hydrocarbons VI as
Kekulé diradicaloids (Scheme 1).

Results and discussion

Keeping in mind that acyclic diaminocarbene (ADC)-based
Thiele, Chichibabin, and Miiller hydrocarbons possess a reso-
nance structure of open-shell diradical form, we have consid-
ered the corresponding dications as a surrogate to gain
synthetic access to these compounds.*® Accordingly, we have
chosen 1,4-dibromobenezene 1a, 4,4’-dibromobiphenyl 1b, and
4,4"-dibromo-p-terphenyl 1c as readily available precursors,
respectively to synthesize the targeted dications in a modular
approach (Scheme 2).*

Three in situ sequential reactions of 1a, 1b, and 1c¢ with two
equivalents of nBuLi, N,N'-diisopropylcarbodiimide, and
methyl iodide lead to 2a, 2b, and 2¢, respectively in a good yield
(Scheme 2).>* Formation of 2a, 2b, and 2¢ has been confirmed by
'H and "*C{"H} NMR spectroscopy. Further the formation of 2b
and 2c has been confirmed by the solid-state molecular struc-
ture determination (see Fig. S57 in the ESIT).** The subsequent
reactions of 2a, 2b, and 2¢ with two equivalents of MeOTf lead to
the bis-amidinium cations 3a (76%), 3b (87%), and 3c (89%),
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Scheme 2 Synthesis of 3a, 3b and 3c.

respectively in a very good yield (Scheme 2).>* Compounds 3a,
3b and 3c¢ have been characterized by solid-state molecular
structure analysis (see Fig. S58 in the ESIT)* along with 'H, °C
{'H} and "F{'H} NMR spectroscopy, elemental analysis, and
HRMS. Among the possible conformations, bis-amidinium
dications 3a-3c adopt a pseudo-cis orientation in the solid-
state in which four methyl groups are in an anti-arrangement
with respect to the m-conjugated spacer.”” The solid state
molecular structures of 3a, 3b and 3c reveal the presence of C2-
symmetry which also has been reflected in their solution state
'H and "*C{'H} NMR spectra. In the *C{"H} NMR spectra the
most downfield shifted signals are at ¢ = 169.5, 170.9, and
171.2 ppm, respectively for 3a, 3b and 3¢ which are for the **C-
nuclei that are flanked between the two nitrogen centres (see
Fig. S4, S14 and S23 in the ESIT).

The cyclic voltammograms of 3a-3c were measured in
CH3CN/0.1 M Bu,NPF, using a glassy carbon (GC) working
electrode (Fig. 1).>* A first reduction wave for 3a, 3b and 3c is
observed at —1.42, —1.61 and —1.82 V vs. FcH/FcH', respec-
tively. For all three cases the peak-to-peak separation between
the forward and the reverse wave is rather small (40-50 mV),
and this fact already points to the two-electron nature of the
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Fig. 1 Cyclic voltammograms of 3a (black), 3b (blue) and 3c (red)
displaying the 1% reduction in CH3CN/0.1 M BusNPFg measured at
a GC working electrode with 100 mV s~ %,
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Scheme 3 Synthesis of 4a, 4b and 4c.

reduction waves. UV-Vis-NIR spectroelectrochemical measure-
ments deliver spectra (see Fig. S44-546 in the ESIT) after the first
reduction waves that match perfectly with the spectra of the
isolated two-electron reduced species (vide infra), thus
providing further evidence for the two-electron nature of the
first reduction waves.** This observation is similar to what we
had recently reported for the dication of compound V (—1.36 V
vs. FcH/FcH'), and shows the stability of the two-electron
reduced form possibly enabled through a quinoidal struc-
ture.® However, the dications for NHC-based Thiele and Chi-
chibabin hydrocarbons (IVa-b) exhibit two one-electron redox
waves.”*? The first reduction occurs at relatively lower reduction
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potentials (—0.80 to —1.29 V vs. FcH/FcH"). This could be due to
the relatively larger structural reorganization in the case of ADC-
systems than that of NHC-systems after reduction which has
been evidenced by the change of angle between the planes
involving the carbene-scaffold (N1-C1(carbenic carbon)-N2)
and adjacent aryl ring (C3-C2-C4’/C7) of starting dications (3a-
¢) to the corresponding two-electron reduced compounds (4a—c)
(see Scheme 3 and Table 1). Compounds 3b and 3c display
further irreversible reduction steps (see Fig. S42 and S43 in the
ESIT), which we tentatively assign to the reduction of the
extended spacers.”

Subsequently, the reduction of 3a, 3b, and 3c with two
equivalents of KCg led to 4a (89%, pale yellow), 4b (53%, dark
blue), and 4c (64%, dark green), respectively as crystalline solids
(Scheme 3). The *' "H NMR spectrum of 4a shows a singlet at
0 = 6.32 ppm for the central phenyl protons which is very much
upfield shifted in comparison to 3a (6 = 7.81 ppm). In the case
of 4b two doublets appeared for the central biphenyl protons at
6 = 7.30 and 6.53 ppm with a coupling constant of *Jiy 1) =
9.6 Hz.

The "*C{"H} NMR spectra of 4a and 4b display downfielded
resonances at 6 = 147.4 and 150.0 ppm (see Fig. S7 and S17 in
the ESIf), respectively for the *C-nuclei which are flanked
between the two nitrogen atoms. In the case of 4¢ the 'H NMR
spectrum at room temperature displays a featureless broad
signal only for the alkyl region, and there are no significant

Table 1 Selected bond lengths (A), bond angles (°) and other selected crystallographic parameters of 3a—c, 4a—c, la—b, IVa—c and V

N1\ch2 NQC _C/03 CAC _;:/6 C7\C ‘_C/.Nz
L TR TR SR
e’ e, N, C;—Cq C4s—Cs Ny
| |
G’ -Ca N .
(|:2 N{c C/C3 C4\C /09 C{(]C '—cc/ 6 07\0 '—C/'N2
e /RS RR N
N, Ny N, C;—Cg Ci—Cq'  C—Cy' N,
a Cc
Angle between N1-C1-N2
Compound N;-C, N,-C, C,-C, C,—C; C;-Cy C5-C5'/Cqg /N;-C;-N, SN[ BLA [13] and C3-C2-C4’/C7 planes
3a 1.324 1.321 1.489 1.389 1.376 — 123.279 359.9 0.02 64.818
4a 1.386 1.396 1.383 1.435 1.344 — 113.89 358.7 0.09 24.372
Ia — — 1.381 1.449 1.346 — — — 0.10 —
va™™ 1.415 1.417 1.376 1.452 1.355 — 104.577 353.9 0.09 9.171
vaS™? 1.407 1.405 1.365 1.448 1.347 — 107.878 350.9 0.10 13.263
A\ 1.396 — 1.381 1.452 1.352 — — 358.1 0.10 —
3b 1.334 1.320 1.489 1.390 1.377 1.480 123.448 359.9 0.02 66.674
4b 1.382 1.396 1.387 1.437 1.347 1.407 114.11 358.5 0.09 25.079
1b — — 1.415 1.424 1.372 1.448 — — 0.05 —
\Y i 1.393 1.400 1.388 1.443 1.358 1.413 104.643 356.9 0.08 19.804
IVbS™Pr? 1.383 1.397 1.386 1.442 1.360 1.409 107.886 351.7 0.08 15.332
3¢ 1.335 1.323 1.494 1.384 1.380 1.491 123.126 359.9 0.00 62.550
4c 1.379 1.379 1.401 1.437 1.360 1.435 114.86 358.3 0.07 28.553
v 1.399 1.400 1.401 1.439 1.364 1.431 104.529 358.65 0.07 5.433
ST 1.382 1.391 1.398 1.436 1.361 1.433 107.985 349.9 0.07 19.031

“ IPr for imidazole-2-ylidene based NHC. ” SIPr for imidazolin-2-ylidene based NHC.

This journal is © The Royal Society of Chemistry 2020
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Fig.2 Selected region of the temperature-dependent HNMR spectra
of 4c in THF-d8.

signals in the aromatic region (Fig. 2). The absence of the 'H
NMR signals of the aromatic hydrogens at room temperature
indicates a diradical contribution of 4c even at room tempera-
ture.”® On lowering the temperature to 233 K it shows proton
signals at 6 = 7.15, 6.96, and 6.31 ppm with equal intensity. The
intensities of these signals also further increase with lowering
the temperatures (Fig. 2). There was no *C{'"H} NMR signal for
4c even at 218 K (see Fig. S27 in the ESIt). In the case of 4b at
higher temperatures the signal intensity gets reduced and peaks
get broad due to a higher population of the paramagnetic triplet
diradical state (see Fig. S18 in the ESIf).”*

Compounds 4a and 4b are well soluble in benzene, toluene,
and THF. This is in contrast to 4¢ which is soluble in THF only.
Compounds 4a, 4b, and 4c are stable both in solution and in the
solid state under an inert atmosphere for at least a month. 4a

View Article Online
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and 4b are stable in solution and in the solid state even after six
months under an inert atmosphere. 4a and 4b are also stable
after melting at 136 °C and 118 °C, respectively which was
confirmed by measuring "H NMR spectra (see Fig. S8 and $19 in
the ESIt). Compound 4c starts to slowly decompose at room
temperature after 5-6 days, whereas it is quite stable at —30 °C.
It is stable for a month in the solid state but decomposes after
melting at 118 °C. However, compounds 4a, 4b, and 4c are air-
sensitive and decomposed within a minute in the solution state
(see Fig. S39 and S40 in the ESIT).

The solid-state structures of 4a, 4b, and 4c (Fig. 3) suggest
that the C-N bond lengths (1.38 to 1.39 A) are longer than those
in 3a, 3b, and 3c (1.32 to 1.33 A) but shorter than those of the
corresponding NHC-analogues IVa-c (Table 1).” The N-C-N
bond angles of 4a, 4b, and 4c are 113.89 (2), 114.11(1), and
114.86(1)°, respectively. These angles are smaller than that in
bis(diisopropylamino)carbene (£N-C-N = 121.0°)** but close
to that in  N,N-ditertiarybutyl-N,N'-diphenyl  acyclic
diaminocarbene-coordinated AuCl (4ZN-C-N = 115.0°).”
Among the possible conformations, 4a-4c¢ adopt a pseudo-cis
orientation in which all four methyl groups are in a syn-
arrangement with respect to the m-conjugated spacer, which is
in contrast to that of 3a-3c. In 4a the dihedral angle between the
acyclic diaminocarbene-scaffold and the central phenyl ring is
24.36° and the two acyclic diaminocarbene-motifs are parallel
to each other with a distance of 0.261 A. In 4b the two phenyl
rings of the biphenyl motif are coplanar and the two acyclic
diaminocarbene-scaffolds are parallel to each other with
a distance of 0.661 A. The dihedral angle between the acyclic
diaminocarbene-scaffold and the central biphenyl ring is
25.25°. The C5-C5' bond length is 1.407(19) A which is shorter
in comparison with that of Ib (1.445 A) (Table 1).2¢

In 4c the two terminal benzene rings of the p-terphenyl motif
are parallel to each other with a distance of 0.597 A, while the

Fig. 3 Solid-state structures of 4a (left), 4b (top-right), and 4c (bottom right). Hydrogen atoms are omitted for clarity.
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middle benzene ring is twisted with respect to the terminal
benzene rings. The dihedral angle between the middle benzene
ring and the terminal benzene rings is 6.21°. The dihedral angle
between the acyclic diaminocarbene-scaffold and the connected
phenyl ring is 28.89°. The C5-C8 bond length is 1.435(23) A
which is longer than that of C5-C5' in 4b (1.407(19) A) but very
similar to that of Ib (1.445 A) (Table 1). The sum of the bond
angles around C1 is 360°, and N1/N2 are 358.6° (4a), 358.8° (4b),
and 358.1° (4¢) indicating the planarity of the respective centres.
The bond length alternation (BLA) of the aromatic wt-conjugated
spacer is different for 4a (0.10 A), 4b (0.08 A), and 4c (0.06, and
0.04 for the middle phenyl ring). The BLA for 4a is same as that
for Ia and for 4b is larger than that of Ib (0.05 A) (Table 1).>

DFT calculations at the PBEO/def2-TZVP level of theory
suggest a closed-shell singlet ground state for 4a-c. The singlet
triplet energy gaps for 4a, 4b, and 4c are AEs + = —27.96, —3.70,
—0.37 keal mol ™, respectively.?* This indicates that the singlet-
triplet energy gap gradually decreases with the increasing
length of the m-conjugated spacer (p-phenylene vs. p,p’-biphe-
nylene vs. p,p”-terphenylene) between the two ADC-scaffolds. To
further investigate the electronic structures we have also esti-
mated the biradical character for compounds 4a-c. Theoretical
calculations at the PBE0/def2-TZVP level of theory suggest that
4a has negligible biradical character while compounds 4b and
4c have a biradical character of 43% and 65% respectively.”
Accordingly, compound 4a is EPR silent just like V® whereas 4b
and 4c exhibit EPR signals both in the solid and solution states
at 298 K with a g-value of 2.004 (Fig. 4 and see Fig. S47 in the
ESIY).

This fact indicates that even though the singlet state is the
ground state for 4b (AEs_ = —3.70 keal mol ") and 4c¢ (AEg_y =
—0.37 kecal mol "), due to the small singlet-triplet gap, the
triplet state is populated to a certain extent at room tempera-
ture. Similar observations were made in related systems that
were investigated recently.”***” This is not the case for 4a which
has a relatively larger singlet triplet gap (AEsr =
—27.96 keal mol™").* Gratifyingly, the results from the EPR

330 333 336 339 342 345
B/mT
(b)

/
J

—

330 333 336 339 342 345
B/mT

Fig. 4 Solid state EPR spectra measured at room temperature and the
calculated spin density plot (with an isovalue of 0.004) at the PBEO/
def2-TZVP level of theory for 4b (a) and 4c (b).

This journal is © The Royal Society of Chemistry 2020
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experiments fit nicely with the observations from the NMR
experiments (vide supra). Additionally, fitting of the variable
temperature EPR data with the Bleaney-Bower equation fur-
nished further information about the singlet-triplet gaps of
AEg + = —2.3 keal mol™ for 4b and AEs_+ = —0.65 kcal mol™*
for 4c which also indicate significant population of the triplet
state at room temperature (see Fig. S48 and S49 in the ESI}).**
The obtained singlet-triplet energy gaps from the solid-state
variable temperature EPR study for 4b and 4c are very close to
those of theoretically calculated values.”

The above observations indicate that the enhancement of
paramagnetic triplet diradical character occurs with increasing
the length of the m-conjugated spacer. Further support for this
hypothesis comes from the bond lengths between the carbenic
carbon-C1 and the attached carbon-C2 of the m-conjugated
spacer (for 4a: 1.3827(38) A, 4b: 1.3871(19), and 4c: 1.4009(22) A)
(Table 1). Spin density calculations of 4a-4c suggest that
considerable unpaired electron density is located at the carbon-
centre which is flanked between two N-centres (Fig. 4 and see
Fig. S50 in the ESI}).*

The UV/Vis spectra of compounds 4a, 4b, and 4c exhibit their
main absorption bands at Aya = 436 (¢ = 77 185 Lmol ' em™ %),
591 (¢ = 46656 L mol ' cm™'), and 688 (¢ = 44 680 L
mol™" em™') nm, respectively (Fig. 5). TD-DFT calculations
suggest these to be HOMO-LUMO transitions (see Fig. S51, S53
and S55 and Tables S3, S6, and S9 in the ESIf).”* This clearly
shows that upon increasing the length of the aromatic -
conjugated spacer between the two acyclic diaminocarbene-
scaffolds the HOMO-LUMO gap decreases.

Remarkably, compound 4c displays additional absorption at
Amax = 879 nm (¢ = 10 572 L mol~* em ") (Fig. 5). TD-DFT
calculations on the triplet state of all three molecules suggest
long wavelength bands. We hypothesize that the observance of
a long wavelength band for 4c which also absorbs in the NIR
region is related to the population of the triplet state for this
molecule. These UV-Vis-NIR spectra match well with those ob-
tained from the corresponding UV-Vis-NIR spectroelec-
trochemical measurements (see Fig. S44-S46 in the ESI}).*

Normalized Absorbance

T ¥ T T 1
200 400 600 800 1000 1200

Wavelength (nm)

Fig. 5 Comparison of the UV/Vis spectra of 4a, 4b, and 4c in THF at
room temperature.
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Thus, the absorption maxima of these species can be tuned over
a range of greater than 250 nm. Intriguingly, 4¢, which displays
the highest diradicaloid character displays absorptions that go
deep into the NIR region.

Conclusions

In conclusion, we have designed and synthesized the first stable
acyclic diaminocarbene (ADC)-based Thiele, Chichibabin, and
Miiller hydrocarbons in a modular approach. The ADC-
analogues of the Chichibabin, and Miiller hydrocarbons
display population of the triplet state at room temperature,
whereas the ADC-analogue of the Thiele hydrocarbon exhibits
diamagnetic character. The straightforward synthetic method-
ology revealed in this study, and the resulting tuning of the spin
states and the color of these compounds will be instrumental
for the generation of new classes of carbon centre based Kekulé
diradicaloids and polyradicaloids.*®
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