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Abstract: A neutral C, cumulene 1 that includes a cyclic
alkyl(amino) carbene (cAAC), its air-stable radical cation 1',
and dication I** have been synthesized. The redox property of
I'" was studied by cyclic voltammetry. EPR and theoretical
calculations show that the unpaired electron in I'" is mainly
delocalized over the central C, backbone. The commercially
available CBr, is utilized as a source of dicarbon in the
cumulene synthesis.

Recent research on species with low-valent elements and
main-group radicals has achieved tremendous success by
employing an N-heterocyclic carbene (NHC) as a ligand.!
cAAC? is one of the stable carbenes, which is shown by
theoretical calculations to have a singlet spin ground state
with a smaller HOMO-LUMO energy gap when compared
with NHCs.'">2<] Moreover, recent studies on cAAC show
that this molecule is more nucleophilic and also more
electrophilic than NHCs.*¥ This significantly influences the
chemical property of the products. Radicals centered on
main-group elements, such as PN**F P,* [ phosphinyl
radical cations,”! H-B*,”) and ketenes with biradical charac-
ter,”) can be successfully stabilized and isolated by utilizing
cAAC. Previously, we reported the syntheses of novel acyclic
silylone (cAAC),Si®® and germylone (cAAC),Ge.”! These
compounds are the congeners of allenes, which exhibit

biradicaloid character. Furthermore, a (cAAC),(Si,Cl,) com-
pound was prepared as a silicon analogue of 1,3-butadiene.!'"!
Although cAAC-stabilized silicon and germanium adducts
were successfully synthesized, the related chemistry of carbon
has not yet been reported.

Carbene-stabilized carbon(0) species, which possess a yli-
done structure (C:—:C:—:C), have been experimentally
prepared and theoretically analyzed by Bertrand and Frenk-
ing et al.' However, the synthesis of analogous (carbene),C,
has not been achieved, although compounds (NHC),Si, " and
(NHC),Ge,™ with the sister elements of carbon were
documented. Very recently, a Lewis base stabilized dicarbon
(C,) system has been theoretically predicted,'” which is
considered as a terminally functionalized 1,1,4,4-tetraamino
C,-cumulene." The general methods for synthesizing a C,
unit include metal-mediated C—C coupling of two smaller
precursors (C, and C,_,) or functional transformation of
a preformed C, unit."*! Cumulene carbon chains show redox
activity when they are connected terminally with transition
metals.”®! However, their radical species were only detected
spectroscopically as unexpected intermediates.'! On the
basis of the known carbene chemistry, we were curious to
introduce cAAC as a precursor into the synthesis of
a cumulene. Herein, we present the isolation of such
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a cumulene-type dicarbon (C,) species and its redox chemis-
try.

In an initial experiment, THF was added to a mixture of
cAAC (mixed with LiOTf salt),*”! CBr,, and K or Li in
a molar ratio of 2:2:9 at room temperature, immediately
forming a red suspension.'” After vigorously stirring for 48 h,
the suspension turned to brown and compound 1 was
obtained as yellow crystals from the toluene extract
(Scheme 1). Compound 1 is stable in air, even at high
temperature. Therefore, a modified method of purification
of 1 was developed. The reaction solution was dried and 1 was
obtained in 52 % yield by sublimation at 240°C (0.1 mmHg).
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amount of solvent. The X-ray diffraction analysis showed its
1*TfO" structure containing a C, cumulene radical cation and
a TfO~ counterion (see the Supporting Information). To
confirm this transformation, a mixture of 1 and LiOTf (1:1.2)
was stirred overnight in CH,Cl, under exposure to air, and
1"TfO~ was produced in high yield (Scheme 1). An alter-
native route to 1""TfO~ was also developed. The reaction of
cAAC (mixed with LiOTf salt), CBr,, and K or Li in a molar
ratio of 2:2:7 in THF smoothly led to 1""TfO™ in 87 % yield
(Scheme 1). A plausible intermediate of this reaction is
cAAC=C(Br)-C'=cAAC, which undergoes Li"-triggered
ionization via Br—TfO~ exchange. We envisage that 1 is
the reductive product of 1""TfO~ and both
are stepwise formed by debromination of
CBr,. As expected, reduction of 1"TfO~
with K exclusively afforded 1, which was
confirmed by NMR analysis. 17"TfO™ is
insoluble in toluene and n-hexane, but
well-soluble in THF, CH;CN, and CH,Cl,,
indicating its ionic character. It is thermo-
dynamically stable and has a clear melting
o+ point (205°C). Species 1" TfO~ is NMR-
silent, illustrating its paramagnetic nature.
Owing to the insufficient crystallinity of
1""TfO~, the quality of the crystal data is
limited. However, an X-ray quality crystal
of 1"TfO~-THF-H,O was obtained under

TfO"

1 1470 . .
slow evaporation of the THF solution of
lHN()a (con.) 2CPh3+B(CeF5)4‘l -CPhy* TfO" 1*TfO™; the corresponding structure is
~CPhy shown in Figure 1.1'®!

Dipp,

bipp bipp
T [H(NO),]"
Dlpp = 2,6-iPr206H3

Scheme 1. Synthesis of cumulene 1 and its conversion into a radical cation and two

dications.

Further exploration of an alternative reducing agent (KCy)
failed, and the formation of black carbon powder was
observed. 'H and CNMR spectra of 1 clearly exhibit
symmetric patterns, showing that both the cAAC units in
1 are equivalent. In the "CNMR spectrum of 1, the
resonance (0 =176.2 ppm) of the carbene carbons is shifted
remarkably upfield when compared with that of cAAC (6 =
304.2 ppm).?? The related resonance of the central C, is
shown at a higher field (6 =71.2 ppm). When a similar
reaction was carried out utilizing NHC as a carbene source,
the analogue of 1 was not obtained. To the best of our
knowledge, synthesis of a cumulene employing any carbene
has not yet been reported.

Surprisingly, after the separation of 1, a red crystalline
solid was slowly formed as part of the insoluble material,
which was filtered and exposed to air along with a small
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2+ Compound 1 was characterized by X-
ray crystallography (Figure2). The C,
backbone is centrosymmetric and almost
linear. Both the carbene carbon atoms
adopt a perfect planar geometry. The C1—
C21  (1.3236(16) A) and C21-C21li
(1.249(2) A) bond lengths, and the Cl—
C21—C21i angle (178.82(15)°) are compa-
rable to those found in the reported
cumulenes and the calculated case.*"!
In comparison to 1, the bond lengths of
1""TfO~-THF-H,O change, which is due to
the one-electron oxidation. The C1-C21
bond (1.373(4) A) in 1*TfO""THF-H,O is slightly elongated,
while the C21—C21i bond (1.229(5) A) is correspondingly
shortened. Moreover, the endocyclic CI1-N1 bond
(1.338(5) A) in 1""TfO-THF-H,O is shortened by about
0.04 A when compared with that in 1 (1.3817(17) A), indicat-
ing the strengthening of the C—N bond that is due to the
electron deficiency of the C, backbone.

The UV/Vis spectrum of 1 recorded in CH,Cl, shows
a weak absorption band at 535 nm, which is quite different
from that of 1" TfO~ (535(s), 495, 466, 408(s), 388 nm).

The EPR spectrum of 1"TfO~ was recorded in THF
solution at room temperature, centered at g=2.0032. The
relatively small "*N hyperfine coupling of 5.3 Gauss (quintet
1:2:3:2:1 for two equivalent nitrogen atoms, Figure 3) reflects
the concentration of spin on the C, backbone with limited
participation of the nitrogen centers. This is in agreement with
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Figure 1. Molecular structure of 1*TfO™-THF-H,O. Ellipsoids are set at
50% probability; hydrogen atoms, iPr groups, and solvent molecules
are omitted for clarity. The second halves of the C, units symmetrically
generated are displayed in gray. Only one TfO™ is shown. Owing to the
essential similarity between the two C, units, selected bond lengths
(A) and angles (°) of one labeled C, unit are given (calculated values
at the M06-2X/SVP level of theory are listed in square brackets): N1—-
C11.338(5)[1.333], C1-C21 1.373(4)[1.375], C21-C21i 1.229(5)[1.240];
N1-C1-C2 112.08(21)[111.91], C21-C1-N1 123.18(21)[123.13], C21-C1-
C2 124.74(24)[124.95], C21i-C21-C1 176.38(26)[178.68].

Figure 2. Molecular structure of 1. Ellipsoids are set at 50% proba-
bility; hydrogen atoms and solvent molecule (toluene) are omitted for
clarity. Selected bond lengths (A) and angles (°) (calculated values at
the MO06-2X/SVP level of theory are listed in square brackets): N1-C1
1.3817(17)[1.387], C1-C21 1.3236(16)[1.333], C21-C21i 1.249(2)-
[1.272); N1-C1-C2 108.74(28)[109.35], C21-C1-N1 123.87(10)[124.48],
C21-C1-C2 127.37(25)[126.14], C21i-C21-C1 178.86(14)[178.80].

structural and computational results (see the Supporting
Information). Radical ions of 1,2,3-butatriene were reported
but they were only characterized by EPR spectroscopy.'® The
coupling of 'H with remote substituents is expectedly small
and may only contribute to the overall linewidth of two Gauss
peak-to-peak difference. The *C hyperfine interactions could
not be observed as satellites of the main lines and must be
smaller than 8 Gauss, in agreement with the DFT calculation.

Compound 1"TfO~ is redox-active and exhibits one
reversible one-electron reduction at E;,=—0.313 V versus
Fc'/Fc in the cyclic voltammogram, which corresponds to

www.angewandte.de
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Figure 3. Left: X-band EPR spectrum recorded in THF solution at room
temperature for 1"TfO ™. (g=2.0032); Right: Cyclic voltammogram for
a CH,CN solution of 1*TfO™, containing 0.1 M nBu,NPF; as electrolyte
(potential versus Fc'/Fc, scan rate 100 mVs™').

1*—1 (Figure 3). Interestingly, another reversible one-elec-
tron oxidation is shown at E;,=0.608 V, prompting us to
further explore the potential of a dication by employing
stronger oxidizing agents.

As anticipated, treatment of 1 with concentrated HNO;
successfully produced 1*[H(NO,),”], as yellow crystals
(Scheme 1). An alternative way by the oxidation of 1""TfO~
with CPh;*B(C4Fs),” in CH,Cl, also produced the brown-red
dication 1**[B(C4Fs), ], (see Scheme 1 and the Supporting
Information). Both compounds are hardly soluble in organic
solvents and show high melting points (296 and 302°C,
respectively). The molecular structure of 1*'[H(NO,), ], is
shown in Figure 4. On the one hand, the C1—C21 bond
(1.4367(10) A) in 1>*[H(NO;), ], is longer than those in 1 and
1-*. On the other hand, the C21—C21i bond (1.1855(14) A) is
greatly shortened, which falls in the range of a triple bond.
Moreover, the endocyclic C1-N1 bond distance (1.2865(9) A)
in 1*"[H(NO,), "], is significantly shorter, by about 0.05 and
0.1 A, than those in 1 and 1, respectively. This change
indicates the C—N double-bond character that is due to the
increase of electron deficiency of the C, backbone.

For a better understanding of the structural, electronic,
and redox properties, geometry optimization of 1 was per-

Figure 4. Molecular structure of 1*'[H(NO;), ], Ellipsoids are set at
50% probability; hydrogen atoms in the C, unit are omitted for clarity.
The second half of the C, unit which is symmetrically generated is
displayed in gray. Only one H(NO;),™ is shown. Selected bond lengths
(A) and angles (°) (calculated values at the M06-2X/SVP level of theory
are listed in square brackets): N1-C1 1.2865(9)[1.288], C1-C21
1.4367(10)[1.431], C21-C21i 1.1855(14)[1.211]; N1-C1-C2 115.37(7)-
[114.61], C21-C1-N1 120.41(7)[121.48], C21-C1-C2 124.22(7)[123.90],
C21i-C21-C1 177.58(11)[176.82].
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formed at the M06-2X/SVP level of theory.” Optimizations
at both the singlet and triplet states reveal the singlet state to
be the electronic ground state with an energy difference
(AEsy) of 312 kcalmol™'. The energy-minimized structures
show strong resemblance with the X-ray crystal structure as
seen from the alignments and superposition of the respective
geometries (Supporting Information, Figure S9).

The HOMO and HOMO-3 of 1 show strong m-inter-
actions along C21—C21i and C1—C21/C21i—Cli bonds with
additional electron densities localized on the nitrogen lone
pairs (Figure 5a). A similar electron density distribution was
reported by Dutton and Wilson in the DFT study of NHC-

Figure 5. a) KS-HOMO and KS-HOMO-3 of 1; b) Selected NLMOs of
1. The orbital energies (E) are shown in brackets.

stabilized C, analogues.'*! Selected natural localized molec-
ular orbitals (NLMOs) of the C21—C21i bond (at M06-2X/
TZVP//M06-2X/SVP level) are plotted to emphasize the
bonding environment along the C1—-C21-C21i—Cli (C,)
backbone (Figure 5b). The calculated Wiberg bond indices
(WBI), at M06-2X/TZVP//M06-2X/SVP level, of C21—-C21i
and C1—C21/C21i—C1i bonds are 2.07 and 1.62 A, respec-
tively (Supporting Information, Table S2). The values indi-
cate that both the central C, core and the terminal bonds
possess double bond character; the former is to a greater
extent. Removal of an electron from the HOMO (Figure 5a)
results in the depletion of electron density on the terminal
C1-C21/C21i—Cli bonds. This understanding is in agreement
with the fact that oxidation of 1 to a radical cation (1'*) results
in the elongation of C1-C21/C21i—Cli bond along with the
shortening of C21—C21i and N1—C1/N1i—Cli bonds (Sup-
porting Information, Table S2).

MO06-2X/SVP optimized structures of the radical cation
(1) and dication (1*") show appreciable difference in
geometries, particularly in the central C, core and the C—C
linkages of cAAC to the C, fragment (Supporting Informa-
tion, Table S2). Under geometry optimizations, both 1" and
1" undergo an analogous geometry change, resulting in
a linear structure similar to that of 1. There is, however, a very
slight decrease in linearity of 1?" with respect to that of
1 (Supporting Information, Table S3). Stronger deviations in
bond angles between the solid-state and gas-phase structures
are not surprising (Supporting Information, Table S3). A
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similar observation was reported by Bestmann et al. in their
model phosphonioboratoacetylene species and a possible
explanation for such geometrical deviation is due to crystal
packing effects.*!!

Calculations suggest that the structural deviation of 1**
and 1** with respect to 1 can be explained from the standpoint
of lone-pair electron-density depletion on nitrogen atoms and
accumulation at the central C, core. NBO analysis reveals that
in 1'* and 1**, lone pairs are missing on the nitrogen atoms
unlike in 1, indicating that electron density is delocalized to
the neighboring Cl1 center, and N1—C1/N1i—Cli bonds
become shorter in the cationic species (Supporting Informa-
tion, Table S2). Similarly, an opposite trend is observed in
C1—C21/C21i—Cl1i bonds, where we notice that the same
bonds are elongated following the trend 1> 1" >1*". With
subsequent oxidation of 1—1""—1", the electron density on
the central C21—C21i bond becomes accumulated as is
evidenced from the V%o, values (Supporting Information,
Table S4), allowing the bond to strengthen (Supporting
Information, Table S2). Furthermore, the decrease in g,
(Supporting Information, Table S4) for the C1-C21/C21i—
Cli and C21-C21i bonds as a consequence of oxidation
implies that terminal and central double bonds are trans-
formed to C—Csingle and triple bonds, respectively, both with
higher cylindrical symmetry.?” Based on our calculations, we
consider that 17" and 1*" exhibit different resonance structures
(Supporting Information, Schemes S2, S3). To evaluate the
Lewis basicity of the C, species, we have calculated the
energies for BH; association with 1 and 1" moieties.
Formation of the BH; adduct 1-BH; is more favorable
(AGhos=6.2 kcalmol ! for 1 vs. 20.5 kcalmol ! for 1'") than
1+BH,." The calculated ionization energies of 1, 1'*, and
1*" are 5.1, 8.8, and 13.5 eV, respectively, which are compa-
rable to those reported in (cAAC),P, species.l! Compared to
simple butatriene (C,H,) and other acetylenic compounds,
the low first ionization energy of 1 can be attributed to
a stable electronic ground state of 17, having extended
delocalization of the positive charge (Supporting Informa-
tion, Scheme S2).1%%! The calculated hyperfine coupling
constant of N atoms in 1" is roughly 3.8 G (Supporting
Information, Tables S5, S6), which is relatively close to the
experimental value 5.3 G. The computed spin density values
unfold the presence of roughly 60 % of a-spin density on the
C, unit and the rest residing on the N atoms (Supporting
Information, Figure S11).

In summary, a novel synthesis of a 1,4-diamino derivative
of C, cumulene 1 was developed by the reaction of cAAC,
CBr,, and K or Li. A systematic synthetic study showed that
the primitive species 1" forms first, which further undergoes
one-electron reduction to form the neutral species 1. This was
further confirmed by cyclic voltammogram, which also
suggests the potential approach of a stable dication 1**. 1,
1", and 1*" were synthesized and characterized by X-ray
crystallography. The oxidation in the series of 1—1"—1*"
results in the increase of the electron density on the central
C—C bond with the consequence that this bond is shortened
and the terminal C—C bonds are elongated. EPR spectrum of
1" exhibits quintet hyperfine lines, which are originated from
the coupling of the radical electron with two equivalent
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nitrogen atoms. Both EPR and theoretical calculation indi-
cate that the unpaired electron in 17" is mainly delocalized
over the central C, backbone. Moreover, 1°"TfO™ is stable in
air, despite it having a radical character.
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