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Head-to-Tail Dimerization of N-Heterocyclic Diazoolefins
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Abstract: The head-to-tail dimerization of N-heterocy-
clic diazoolefins is described. The products of these
formal (3+3) cycloaddition reactions are strongly reduc-
ing quinoidal tetrazines. Oxidation of the tetrazines
occurs in a stepwise fashion, and we were able to isolate
a stable radical cation and diamagnetic dications. The
latter are also accessible by oxidative dimerization of
diazoolefins.

Diazoalkanes undergo (2+3) cycloaddition reactions with a
large variety of dipolarophiles (Scheme 1a).[1] First evidence
for such a transformation was provided in 1888 by
Buchner.[2] He noted that the reaction of methyl diazoace-
tate with dimethyl fumaric acid gives a well-defined addition
product. Soon after, von Pechmann investigated similar
reactions with diazomethane.[3] Today, 1,3-dipolar cyclo-
addition reactions (Huisgen reactions)[4] between diazoal-
kanes and dipolarophiles represent an indispensable tool in
heterocyclic chemistry.[1]

In contrast to the rich chemistry of diazoalkanes, there
are only limited studies with diazoolefins.[5–9] A key problem
for experimental work is the low stability of most diazo-
olefins, as they tend to lose dinitrogen, even at low temper-
atures. However, it could be established that diazoolefins
are also able to undergo 1,3-dipolar cycloaddition reactions
(Scheme 1b).[6,7]

We have recently reported the synthesis of N-hetero-
cyclic diazoolefins of the general formula (NHC)=C=N2

(NHC= imidazolylidene).[7, 8] These compounds display good
thermal stability, allowing handling and reactivity studies at
ambient temperature.[7–9] In the course of our investigations,
we observed that N-heterocyclic diazoolefins are able to
undergo a head-to-tail dimerization, which corresponds to a
formal (3+3) cycloaddition reaction (Scheme 1c).[10] The
resulting quinoidal tetrazines are strong reducing agents,
and they can be oxidized to give an isolable radical cation
and dications. Details about these findings are given below.

For our investigations, we have used N-heterocyclic
diazoolefins with 2,4,6-C6H2Me3 (Mes), 2,6-C6H3Me2 (Xyl),
and 2,6-C6H3iPr2 (Dipp) wingtip groups.[7] Dissolution of
these diazoolefins in methanol followed by evaporation of
the solvent after 10 minutes resulted in the formation of
pink solids. The 1H NMR spectra of the crude reaction
mixtures indicated that a transformation into new products,
1–3, had occurred (Scheme 2). Washing with small amounts
of acetonitrile gave 1–3 in analytically pure form (yields: 72–
80 %).[11] All three compounds turned out to be highly
sensitive, and storage at � 40 °C under an inert atmosphere
was required to avoid decomposition.

The molecular structures of 1 and 2 in the solid state
were established by single-crystal X-ray diffraction
(XRD).[12] The results showed that treatment with methanol
had induced a head-to-tail dimerization of the diazoolefins
via the CN2 group. The quinoidal character of the products
is reflected in the structural parameters of 1 and 2. The
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Scheme 1. 1,3-Diploar cycloaddition reactions of diazoalkanes (a) and
diazoolefins (b). Dimerization reactions of diazoolefins reported herein
(c).
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compounds show a pronounced bond length alternation in
the central C2N4 ring, with shortened N� N bonds (1.272(1)–
1.277(1) Å) and elongated C� N2 bonds (1.405(1)–1.407
(1) Å). The C� C bonds bridging the heterocycles are longer
(1.379(2)–1.387(1) Å) than a standard double bond (
�1.34 Å). This elongation is expected for compounds that
classify as ‘N-heterocyclic olefins’.[13] The imidazole rings in
1 and 2 are nearly planar, but the central C2N4 rings display
a boat conformation. Such a deviation from planarity was
predicted theoretically for the parent quinoidal tetrazine
H2C=(C2N4)=CH2.

[14]

Density functional calculations (DFT) at the M06-2X/6-
311+G(d,p) level of theory were used to investigate the
electronic structures of 1 and 2.[15] The optimized structures
match what was found experimentally by XRD analyses (for
details, see the Supporting Information, Table S12). The
HOMOs of 1 and 2 feature large contributions from the π
orbitals of the (NHC)� C and N� N bonds (Supporting
Information, Figures S54–S55), and the HOMO-1 orbitals
present the σ-bonding orbitals of the C� N bonds in the six-
membered C2N4 ring. These results further support the
quinoidal character of the tetrazines.

So far, experimental data for quinoidal tetrazines are
scarce.[16-18] Kotschy and co-workers have reported com-
pounds of the general formula (NHC)=(C2N4)=O.[16] These
tetrazines are structurally distinct from 1 and 2 since they
feature very long (NHC)� C bonds (1.453–1.470 Å), a strong
zwitterionic character, and large dipole moments. Further-
more, quinoidal tetrazines were prepared in situ by chemical
or electrochemical reduction of tetrazines with alkylpyridi-
nium substituents.[17] Structural data for the products were
not reported.

We propose that the formation of 1–3 is initiated by
protonation of the diazoolefin at the ylidic exocyclic carbon
atom (Scheme 3a). The resulting vinyl diazonium salt I
reacts with non-protonated diazoolefin to give an intermedi-
ate of type II. The latter is the dominant species in solution,
and conversion into the quinoidal tetrazine occurs upon
removal of the solvent under vacuum. The proposition that

the products are formed during evaporation of the solvent is
supported by the following observations: a) the character-
istic dark red color of the products developed after removal
of the solvent and drying under vacuum; b) the 1H NMR
spectra of the solutions of 1–3 in CD3OD showed the
presence of a low-symmetry species, with a double set of
signals for the wingtip groups R at the imidazolium rings
(Supporting Information, Figures S29–S31). These spectra
match what is expected for intermediates of type II. Further
indirect evidence for the relevance of II was obtained by the
synthesis of the structural analogs 4 and 5 (Scheme 3b). The
compounds were obtained by a reaction of the correspond-
ing diazoolefin with MeI or MeOTf (0.5 equiv), respectively,
and their structures were confirmed by single crystal XRD
analyses. It is worth noting that 4 and 5 were also formed
when an excess of the methylating agent was employed.

Based on our previous experience with azo-bridged N-
heterocyclic olefins,[19] we suspected that 1–3 should act as
reducing agents. In fact, reactions with AgOTf (2.1 equiv) in
THF at room temperature resulted in two-fold oxidation to
give the dicationic tetrazines 6–8 in good yields (Scheme 4).
The compounds were characterized comprehensively, in-
cluding single crystal XRD analyses for all three compounds
(Scheme 4 and Figures S50 and S51). The structural data
suggest that the compounds are best described as aromatic
tetrazines with two imidazolium groups as substituents. The
imidazole and the tetrazine heterocycles are tilted with
respect to each other (α=25–59°), and the C� C bonds
connecting the heterocycles have the length of a C� C single
bond (1.457(2)–1.470(3) Å).

The redox chemistry of the tetrazines was evaluated by
cyclic voltammetry measurements using solutions of 6–8 in
CH3CN in presence of 0.1 M TBAPF6. All three compounds
showed two reversible one-electron transitions, and the
voltammogram of compound 8 is depicted as a representa-
tive example in Figure 1. The transition at E1/2 = � 0.29 V
versus Fc/Fc+ can be attributed to the reduction of 8 to the
radical cation, and the transition at E1/2 = � 1.58 V corre-

Scheme 2. Synthesis of the quinoidal tetrazines 1–3. The structures of 1
and 2 could be confirmed by crystallographic analyses. Thermal
ellipsoids are at 40% probability and hydrogen atoms are not depicted. Scheme 3. The proposed mechanism for the dimerization of N-

heterocyclic diazoolefins (a), and synthesis of the methylated dimers 4
and 5 (b).
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sponds to the formation of the neutral tetrazine. The first
reduction of 6 and 7 occurred at ca. 0.26 V and the radical
cation/quinoidal tetrazine transitions were observed at
slightly higher values (6: � 1.42 V, 7: � 1.40 V). The data
show that quinoidal tetrazines are very powerful organic
reducing agents.[20]

It is interesting to compare the potentials of 8 with what
was reported by Ghadwal and co-workers for the structur-
ally related compound [(NHC)=(C6H4)=(NHC)]Br2 (NHC=

1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene).[21] The
first reduction of the phenylene-bridged dimer occurred at
E1/2 = � 1.04 V and the second reduction at E1/2 = � 1.29 V
(vs. Fc/Fc+). With ΔE1/2 =0.25 V, the difference between the
two redox transitions is significantly smaller than the ΔE1/2

of 1.29 V observed for 8. The higher oxidation power of 8
when compared to [(NHC)=(C6H4)=NHC)]Br2 can be
attributed to the more facile reduction of the tetrazine
linker.[22]

The CV data of 6–8 implied that radical cations should
be accessible by comproportionation of the quinoidal
tetrazines with the oxidized dications. Indeed, paramagnetic
tetrazine 9 could be obtained in 85 % yield by mixing 3 with
8 in acetonitrile (Scheme 5). Alternatively, 9 can be synthe-
sized by mono-oxidation of 3 with AgOTf in THF (yield:
74 %). When kept under an N2 atmosphere, solutions of 9 in
benzene are stable for several hours. Upon exposure to air,

the compound slowly degrades (Supporting Information,
Figure S44).

DFT calculations imply that most of the spin density is
found on the central C2N4 ring (Figure 2a and Supporting
Information, Table S13). Accordingly, the EPR spectrum of
9 (benzene, RT) features a singlet with hyperfine splitting
due to coupling to four 14N nuclei (Figure 2b). The spectrum
can be simulated by using the following parameters: g=

2.0039, AN =5.185 G (for details, see the Supporting
Information). The data suggest that 9 is best described as a
tetrazine radical anion[22] with two cationic imidazolium
substituents.

During our studies with N-heterocyclic diazoolefins, we
noticed that a head-to-tail dimerization can also be achieved
by oxidation. For example, the diazoolefin with Dipp wing-
tip groups is converted into the tetrazine salts 10 or 11 by
reaction with either tris(4-bromophenyl)ammoniumyl hexa-
chloroantimonate (‘magic blue’) or NOBF4 (Scheme 6). In
line with this observation, we found that the electrochemical
oxidation of diazoolefins is irreversible (for details, see the
Supporting Information).

To summarize: we have shown that N-heterocyclic
diazoolefins are able to undergo methanol-mediated head-
to-tail dimerizations to give quinoidal tetrazines. To the best

Scheme 4. Synthesis of the dicationic tetrazines 6–8. The structure of 8
is based on a crystallographic analysis. Thermal ellipsoids are at 40%
probability. Triflate anions and hydrogen atoms are not depicted.

Figure 1. Cyclic voltammogram of 8 vs Fc/Fc+ (0.1 M TBAPF6 in MeCN,
100 mVs� 1). Reversible redox transitions are observed at E1/2= � 0.29 V
and E1/2= � 1.58 V.

Scheme 5. Synthesis of the paramagnetic tetrazine 9.

Figure 2. a) Calculated spin density of the radical 9 (isovalue=0.004;
calculated at the M06-2X/6-311+G(d,p) level of theory). b) Experimen-
tal (benzene, RT) and simulated EPR spectra of the radical 9.

Scheme 6. Oxidative dimerization of diazoolefin 3 with tris(4-
bromophenyl)ammoniumyl hexachloroantimonate (‘magic blue’) or
NOBF4.
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of our knowledge, these reactions are first examples of
formal (3+3) cycloadditions of diazoolefins. The quinoidal
tetrazines are strong organic reducing agents with first
oxidation potentials between � 1.40 V and � 1.58 V (vs. Fc/
Fc+). These values are lower than what is found for common
organic reducing agents such as tetraazafulvalene
derivatives.[20] With respect to potential applications, one
should note that strongly reducing tetrazines could be
generated on demand by a quick treatment of stable
diazoolefins with methanol. The oxidation of quinoidal
tetrazines proceeds in a step-wise fashion, and the initial
radical cation is stable over a large potential range. The final
oxidation products are tetrazines with two imidazolium
substituents. These compounds can also be prepared by
direct oxidation of diazoolefins. The high propensity of
diazoolefins to undergo head-to-tail dimerizations should be
taken into account for future studies with this new com-
pound class.
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Head-to-Tail Dimerization of N-Heterocyclic
Diazoolefins

Methanol induces a head-to-tail dimeri-
zation of N-heterocyclic diazoolefins.
The products of these formal (3+3)
cycloaddition reactions, quinoidal tetra-
zines, are strong organic reducing
agents.
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