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Electrochemical, spectrochemical and structural characterization of  the tetraalkylammonium salts of
the 1,1,2,5,6,6-hexacyano-3,4-diazahexa-1,5-dienediide anion [(R4N)2(C10N8): R = Et 1a; R = Bu 1b]
are reported. The dianion displays two one-electron reversible oxidation processes at E90

1 = 20.10 V
[(C10N8)~2/(C10N8)

22] and E90
2 = +0.59 V [(C10N8)/(C10N8)~2] (ref. Fc+/Fc). Solutions of  the radical anion

have been prepared by bulk electrolysis and fully characterized by EPR spectroscopy. Chemical oxidation
of  1a by iodine in dichloromethane affords this radical anion as its tetraethylammonium salt
(Et4N)(C10N8) 3a. (C10N8)

22 and (C10N8)~2 have unequivocally different IR and visible spectra. Single
crystal X-ray diffraction studies of  1b and 3a have been carried out. In 1b, the dianion is planar within
±0.03 Å and has a crystallographically imposed 1̄ symmetry but the point group is approximately C2h while
in 3a the (C10N8)~2 unit, which has no crystallographically imposed symmetry, is only roughly planar. In
both cases, the two ]C(CN)C(CN)2 groups are in trans positions relative to the N]N bond. The crystal
structure of  3a clearly shows that the anion exist as dimer units [(C10N8)2]22. This is in agreement with the
EPR spectra and the molecular orbital study carried out at the semi-empirical AM1 level which both
indicate a thermally populated triplet excited state.

Neutral and anionic cyanocarbons and azacyanocarbons,
defined respectively as polycyanosubstituted moieties with all-
carbon and all-carbon and nitrogen backbones and no hydro-
gen, are interesting synthetic targets.1,2 Many of their deriv-
atives show interesting optical, electrical and/or magnetic
properties.1–6 Some of them have also been used as dyes and
pigments.7,8 Although a great deal of chemistry has been
reported in the literature on cyanocarbanions, even excluding
TCNQ~2, TCNE~2 and DDQ~2 (TCNQ = tetracyanoquino-
dimethane; TCNE = tetracyanoethylene; DDQ = dichloro-
dicyanobenzoquinone), there were few references 9–11 to the
(C10N7)

2 and (C10N8)
22 azacyanocarbanions (Scheme 1) since

their syntheses by Middleton et al.12 Therefore, in order to
obtain a more unified view of the bonding mode–electronic
structure relationship in these and other conjugated anionic
systems which might lead to a rationale of their properties of
interest, we decided to study the properties of such anions by
themselves and as ligands in metal complexes.13 The objectives
of the work described here were (i) to fully characterise the
(C10N8)

22 closed-shell dianion, (ii) to study the possibility of
generating the corresponding radical monoanion C10N8~2, and
(iii) to compare the molecular and electronic structures of these
two anionic species.

Results and discussion
Syntheses and solution studies
In agreement with a previous work,12 TCNE reacted with
hydrazine to afford the hexacyanodiazahexadienediide anion
which was isolated as tetraalkylammonium salts (R4N)2(C10N8)

† Laboratoire de Synthèse et d‘Electrosynthèse Organométalliques,
UMR CNRS 5632.

(1a R = Et; 1b R = Bu). During the synthesis of 1a, obtention
of a minor derivative 2a was observed for which elemental
analyses, 1H and 13C NMR data are consistent with the formu-
lation (Et4N)2[(NC)2CC(CN)NNC(CN)C(CN)(NHNH2)]?1.5
H2O. 2a is a slightly hydroscopic orange–red solid. As shown in
Fig. 1, (Et4N)2(C10N8) 1a displays two redox processes in the
electrochemical range of benzonitrile. These two oxidation
processes [C10N8~2/C10N8

22: E981 = 2 0.10 V; C10N8/C10N8~2:
E982 = + 0.59 V (ref. Fc+/Fc)‡] have cyclic voltammetry (CV)

Scheme 1 Syntheses of the C10N7
2, C10N8

22 and C10N8~2 azacyano-
carbanions: (i) NH3 in dry acetone;12 (ii) NH2NH2, H2O in water;12

(iii) I2 in CH2Cl2 (this work)

‡ Throughout this work, the reference electrode used is Fc+/Fc. For
comparison of the present results with other work, the Fc+/Fc formal
potential has been measured versus the standard calomel electrode
(SCE) in benzonitrile (0.2  Bu4NPF6) :E98(Fc+/Fc) = +0.43 V vs. SCE.
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characteristics indicative of one electron diffusion-controlled
reversible exchanges for scan rate v, 0.1 < v < 1.0 V s21 (i.e. ∆Ep

ca. 60 mV, ipa/ipc ca. constant, ip/v¹² constant).
Bulk electrolysis of the yellow solution of 1a at a potential

more positive (+0.20 V) than the first reversible oxidation pro-
cess generates, after an exchange of n = 1.0 ± 0.1 electron per
molecule, a brown–red solution. The change of the current
intensity with time [log i = f(t) linear] agrees well with a simple
electron exchange as does the CV observed after this elec-
trolysis, which is the same as the initial one except that the first
process corresponds now to a reduction. Solutions of the oxi-
dized species are reasonably stable (a few hours). The UV–VIS
spectrum of the anion is significantly affected by the oxidation
process; the maxima of absorption are shifted from 474 and 454
nm for the starting solution to 506 and 476 nm for the oxi-
dized species solution. At room temperature, the benzonitrile
solution of the oxidized species displays a characteristic EPR
spectrum centred at g 2.003 (Fig. 2). At a very low modulation
a complex hyperfine structure can be clearly seen on the cen-
tral lines of the spectrum. It is noteworthy that MO calculations
reported below allowed us to interpret the observed hyperfine
structure arising from coupling with different nitrogen nuclei of
the (C10N8)~2 radical taking into account the fact that the coup-
ling constants with the nitrogen nuclear spins should be pro-
portional to the spin densities retained on these atoms. These
spin densities may be estimated from the squares of the coef-
ficients affecting the pπ nitrogen atomic orbitals in the HOMO
according to the simple McConnell’s relation ai = Q ci

2. The
corresponding values are gathered in Table 1 (the Q constant is
taken as equal to 2.2 × 1023 T); they lead to a simulated spec-
trum which presents features similar to that of the experimental
spectrum at a high modulation (Fig. 2).

A bulk electrolysis conducted at a potential more positive
than the second oxidation process (+0.90 V, exchange of
2.1 ± 0.1 electron per molecule) induces a partial degradation
of the solution since a decrease in peak heights is noted on the
voltammogram. These results unambiguously establish that the
first one-electron oxidation process consists of the generation
of the stable radical anion (C10N8)~2 while the second oxidation
process generates the instable (C10N8) species according to
eqn. (1).

C10N8
22

E981

e2
C10N8~2

E982

e2
C10N8 (1)

Attempts to prepare the oxidized species by chemical oxid-
ation of the dianion were made. Reaction of 1a with iodine in
dichloromethane affords the monoanion as its tetraethylam-
monium salt (Et4N)(C10N8) 3a in good yield (ca. 80%). 3a and
1a may be easily distinguished by their IR and VIS spectra (see
Experimental part). Furthermore, in benzonitrile, 1a gives no
EPR signal while 3a displays a spectrum similar to that of the
electrogenerated species.

By comparison with the work on tetracyano-1,4-
benzoquinone, Q, which is to date the strongest acceptor that
has been isolated in the neutral form (Q/Q~2: E98 = 0.52 V),14

attempts to obtain C10N8 (C10N8/C10N8~2: E982 = + 0.59 V) by

Fig. 1 CV of 1a (Et4N)2(C10N8) (ca. 1023 in PhCN; 0.2  Bu4NPF6;
Pt electrode; scan rate 0.1 V s21; V vs. Fc+/Fc)

bromine or chlorine oxidation of the disilver salt Ag2C10N8
12

were made. Colour change and precipitation of silver halide
were observed but we were unable to isolate the dioxidized
neutral species.

Crystal structures
(Bu4N)2(C10N8) 1b. Compound 1b crystallizes in the triclinic

P1̄ space group; the asymmetric unit contains two cations
related by an inversion centre and one anion which has crystal-
lographic imposed 1̄ symmetry. However, the anion, which is
planar within ±0.03 Å, also presents a pseudo twofold axis and

Fig. 2 RT EPR spectra of a benzonitrile solution of 1a (Et4N)2(C10N8)
after electrolysis at a potential more positive (+0.20 V) than the first
reversible oxidation process: (a) experimental spectrum recorded at a
modulation of 6.3 × 1024 T; (b) simulated spectrum obtained with
the coupling constants given in Table 1. The signal is centred at g 2.003;
(c) experimental spectrum partially resolved at a modulation of
0.063 × 1024 T. This spectrum could not be simulated at this level of
resolution owing to limitations of the calculation program.

Table 1 ESR coupling constants aexp and acalc (= Qci
2) (1024 T) for the

(C10N8)
2 radical. (The labelling scheme for the nitrogen atoms is given

in Fig. 6)

N1 N2 N3 N4

aexp 2.80 0.16 0.90 0.90
Q ci2 2.98 0.19 0.85 0.85



J. Chem. Soc., Perkin Trans. 2, 1997 267

a pseudo mirror plane and its point group is therefore approxi-
mately C2h (Fig. 3).

In the dianion, the two C(CN)C(CN)2 groups are in trans
positions relative to the N(1)]N(19) bond. The C(1)]N(1)]N(19)
value [113.9(3)8] argues strongly for a sp2 and not a sp3 hybrid-
ization of the central N atoms. The N(1)]N(19) bond length
[1.372(4) Å], although shorter than Na]Nb single bond
lengths 15 (ca. 1.40 Å with Na and Nb planar, ca. 1.45 Å with Na

and Nb pyramidal), is much longer than that found for trans-
C]N]]N]C units (ca. 1.22 Å) 15 indicating only a slight character
of multiplicity.

The C(1)]N(1) bond length [1.297(3) Å], shorter than the
usual Csp2]N single bond lengths (1.33 to 1.38 Å with Nsp2

planar and up to 1.42 Å for Nsp3 pyramidal), may be compared

Fig. 3 Two different views of the (C10N8)
22 anion in 1b

(Bu4N)2(C10N8): atom numbering, bond lengths (Å, esd values in least
significant digits: 3 or 4) and bond angles (8, esd values in least signi-
ficant digits: 3)

Fig. 4 Two different views of the [(C10N8)2]
22 anion in 3a

(Et4N)(C10N8) with the atom numbering

with the 1.273 Å given by Allen et al. 15 for Csp2]]N double
bonds. The C(1)]C(2) and C(1)]C(3) bond lengths [1.464(4)
and 1.416(4) Å, respectively] indicate that electronic delocaliz-
ation occurs over each NC(CN)C(CN)2 fragment. Bond angle
values at the C(1) and C(3) atoms [from 116.3(3) to 122.9(3)8;
sum = 360.08 at each atom] are in agreement with a sp2 hybrid-
ization of these carbon atoms (Fig. 3). For the nitrile groups,
the C]N bond length is slightly longer for the groups on the
‘terminal’ C(3) carbon atom [1.142(4) Å for C(4)]N(3) and
C(5)]N(4)] than for the C(2)]N(2) groups [1.134(4) Å] bonded
to the C(1) atom in α position relative to the N(1) atom; all of
them have usual values.

(Et4N)(C10N8) 3a. Compound 3a crystallizes in the mono-
clinic space group Cc; the asymmetric unit consists of two cat-
ions and two C10N8~2 anions. However, the anion exists as
[(C10N8)2]

22 dimer units and is therefore composed of two crys-
tallographically different (C10N8)~2 moieties denoted A and B
(Fig. 4).

Although deviations from planarity are more important than
for (C10N8)

22 in 1b, each (C10N8)~2 unit may be considered as
roughly planar (maximum of deviation from the mean plane:
0.19 for A, 0.18 Å for B). As in the dianion, the two
C(CN)C(CN)2 groups are in the trans positions relative to the
N]N bond. Within the dimer, the two mean planes are almost
parallel (dihedral angle 2.88) and the intradimer separation
between the mean planes (ca. 3.0 Å) is significantly less than the
generally accepted 3.4–3.5 Å van der Waals separation. Such
dimerization is often observed with roughly planar radicals.
As for example, (TCNQ)~2 often exists as [(TCNQ)2]

22 dimers
which usually exhibit slipped eclipsed configurations where
slippage occurs along either the short or the long TCNQ
axis.16–18 In 3a, the geometry of the [(C10N8)2]

22 dimer roughly
corresponds, starting from the perfectly eclipsed form, to a two-
fold rotation of one of the (C10N8)~2 unit about an axis parallel
to the N]N bonds.

The character of multiplicity of the central N]N bond
[1.25(1) Å in A; 1.32(2) Å in B] is greater than in the (C10N8)

22

dianion. However, some crystallographic problems encountered
in the resolution of the structure of 3a precluded a sharp com-
parison of the (C10N8)

2 geometry with that of (C10N8)
22: the

number of observed reflections was low; high thermal motion
and disorder were found for some of the carbon atoms of the
cations. This resulted in rather high esd values for bond lengths
and bond angles.

Solid state EPR spectra and magnetic susceptibility
Finely divided powder samples of (Et4N)(C10N8) 3a at room
temperature and at 150 K have a central line present in the EPR
spectra at g 2.003 attributed to radical impurities at low level,
most likely (C10N8)~2 (Fig. 5). The features of the left and right
of this central line are absorptions characteristic of randomly
oriented triplets and can be analysed in terms of the standard
spin Hamiltonian containing the electronic Zeeman term and
the zero-field splitting (ZFS) term describing the dipolar inter-
action between the two unpaired electrons.19–23 The two ZFS
parameters, D, which provides a measure of the average dis-
tance between the interacting electrons in the triplet, and E,
which is sensitive to the asymmetry of the triplet wavefunction
and vanishes for wavefunctions with threefold and higher sym-
metry, were extracted from the triplet-state powder spectra of
3a using eqns. (2)–(4) where ∆Hz is the separation between

∆Hz = 2D (2)

∆Hy = D + 3E (3)

∆Hx = D 2 3E (4)

the outermost pair of absorptions, ∆Hy is the separation
between the next pair of absorptions, and ∆Hx is the separation
between the innermost pair of signals. At room temperature,
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the values of the D and E parameters are |D| = 1.35 1022 T (|D|/
hc = 0.0126 cm21) and |E | = 2.1 1023 T (|E |/hc = 0.0020 cm21).
This value for D is of the same order of magnitude as that
found for the [|C3{C(CN)2}3|2]

22dimer.22 The average distance
between the two interacting electrons can be estimated from D
to be ca. 6 Å. Further confirmation of the triplet-state is pro-
vided by the observation of the ‘forbidden’ ∆ms = ± 2 half-field
absorption (Fig. 5). The intensities of the EPR absorptions
decrease with decreasing temperature indicating that the triplet
state is thermally populated and cannot be the ground state.
Compound 3a exhibits essentially temperature independent
diamagnetic behaviour below 270 K with a small paramagnetic
contribution attributed to (C10N8)~2 impurities detected by
EPR. From room temperature, the magnetic susceptibility
increases with increasing temperature; this observation is also
in agreement with a thermally populated triplet excited state.

Electronic structures of (C10N8)~2 and [(C10N8)2]22

In order to interpret the solution EPR spectrum of the (C10N8)~2,
the triplet state observed for the dimer [(C10N8)2]

22, as well as
the optical properties of these two entities, a study of molecular
orbital states has been carried out at the semi-empirical AM1
level.24

The (C10N8)~2 radical. The molecular structure of the isol-
ated radical not being available (the X-ray determination con-
cerns the diamagnetic dimer form), its geometry has been opti-
mized by using a UHF AM1 semi-empirical hamiltonian. A
planar molecule possessing C2h point symmetry was obtained
(Fig. 6).

In order to check the validity of this method, a similar optim-
ization has been carried out on the dianion (C10N8)

22 whose
crystal structure is known. A very good overall agreement

Fig. 5 RT powder ESR spectrum of 3a (Et4N)(C10N8): (a) ∆ms = ±1
transitions; (b) ‘forbidden’ half-field ∆ms = ±2 transitions

Fig. 6 AM1 optimized structure for (C10N8)~2 radical with bond
lengths (Å) and bond angles (8). The axis origin is on the inversion
centre of the molecular system.

between the calculated and the X-ray geometries was observed,
with the exception of the N(1)]C(1)]C(2) angle (Fig. 3) which
was slightly overestimated in our calculation (124.38 vs. 120.88).
Thus, the method used is well adapted for this type of anion,
and consequently, the optimized structure of the radical may be
submitted to the molecular orbital calculations. The energy
levels are shown in Fig. 7. The unpaired electron occupies the
HOMO of bg symmetry (Fig. 8). It is noteworthy that the good
agreement between the calculated EPR coupling constants
based only on the composition of the HOMO and the experi-
mental values confirms that the calculated HOMO is a good
function for the unpaired electron.

The electronic spectrum of the radical may be interpreted
using full configuration interaction (CI) within the three occu-
pied and one empty (LUMO) molecular orbitals (Fig. 7). The
doublet ground-state Ψ0 is essentially formed by one configur-
ation (2bg)

1 which will be labelled (2Bg)1. The two next electronic
excited terms, relevant for the study of electronic transitions,
are Ψ1 and Ψ3 based essentially on the mixing of two configur-
ations (1au)1(2bg)

2 and (2bg)
0(2au)1 [eqn. (5)], corresponding to

Ψ1 = (2Au)1 = 0.60{(1au)1(2bg)
2} + 0.77{(2bg)

0(2au)1} + . . . (5)

36% of the first configuration and 60% of the second one
[eqn. (6)], corresponding to 53% of the first configuration and

Ψ3 = (2Au)2 =
0.73{(1au)1(2bg)

2} 2 0.57{(2bg)
0(2au)1} + . . . (6)

32% of the second one. For the sake of clarity, other less
important configurations are omitted in the above expressions.

The Ψ2 function is still a doublet state, but it belongs to the
Bg representation and therefore, the electronic transition
(2Bg)1 → (2Bg)2 is orbitally forbidden. The two allowed transi-
tions Ψ0 → Ψ1 and Ψ0 → Ψ3 give the calculated excitation
energies corresponding to 846 and 496 nm, respectively. These
values agree well with the two first low energy bands observed
at 806 and 506 nm in the electronic spectrum of (C10N8)~2.

The 806 nm transition is less intense than that at 506 nm.
This observation may be explained by an analysis of transition

Fig. 7 Partial molecular orbital interaction diagram for (C10N8)~2

and [(C10N8)2]
22. The electronic transition giving rise to the NIR

absorption in the dimer is shown.
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dipoles involving the above discussed excitations.25 Let us
approximate the Ψ1 and Ψ3 by eqns. (7) and (8).

Ψ1 = 22¹² [{(1au)1(2bg)
2} + {(2bg)

0(2au)1}] (7)

Ψ3 = 22¹² [{(1au)1(2bg)
2} 2 {(2bg)

0(2au)1}] (8)

The transition dipole involving the x coordinate (see Fig. 6
for axis definition) for Ψ0 → Ψ1 is given by eqn. (9), and for
the Ψ0 → Ψ3 transition by eqn. (10).

R01x = 22¹² FE (1au)1(2bg)
1xΨ0 dτ + E (2bg)

0(2au)1xΨ0 dτG (9)

R01x = 22¹² [I1x + I2x]

R03x = 22¹² [I1x 2 I2x] (10)

The same algebra is valid for y and z components. Comput-
ing the transition dipole components integrals show that eqn.
(11) holds, and that I1x ≈ 2I2x.

I1x @ I1y; |I2x| @ |I2y|; I1z = I2z = 0 (11)

This leads to eqn. (12).

R03 = 22¹² [I1x 2 I2x] @ R01 = 22¹²  [I1x + I2x] (12)

Since the oscillator strength is proportional to the square of
Rij, one concludes that the Ψ0 → Ψ1 transition should be
much less intense than the Ψ0 → Ψ3 one, in good agreement
with the observed spectrum. A similar type of CI effect has
been already reported in the electronic spectra of porphyrin
systems for which a four orbitals model has been proposed by
Gouterman.25,26 In this last model one weak band labelled as Q
and a second strong one (labelled B or Soret) were observed.

Fig. 8 Plot of the (C10N8)~2 π HOMO orbital. This orbital has a bg

symmetry and is plotted 0.3 Å above the molecular plane.

The [(C10N8)2]22 dimer. In solid state the two radicals
(C10N8)~2 stack to form a diamagnetic dimer species
[{C10N8)2]

22 (Fig. 4). Of course, it is interesting to investigate
the change in electronic structures during the dimerization
process. This analysis should provide insight into magnetic
properties and into the stacking driving force. As for the
(C10N8)~2 radical, this study has been performed at the AM1
level of approximation.

Attempts to minimize the geometry of the dimer failed, due
to the large electrostatic repulsion between the two negatively
charged moieties of the species. In order to relieve this repul-
sion, we included two cations (NH4

+ in our model) located at
the positions observed for cations in the crystal study.
Unfortunately this did not lead to a stable solution: the two
negative charges moved to one moiety of the dimer and con-
sequently, the cations migrated towards this doubly charged
fragment. Instead of using the crystallographic molecular
geometry we preferred to build a more symmetric model by
using the structure of the isolated radical (C10N8)~2 previously
optimized. The resulting model has a D2 symmetry and closely
fits the X-ray structure.

The binding interaction between two parts of the dimer is
strong since the observed interplanar distance of 3.0 Å is short.
In order to explain the stability of the dimer, several effects
should be taken into account, mainly the electrostatic repul-
sions, the orbital interactions and the steric hindrances.27

Electrostatic interaction should not be neglected since both
fragments of the dimer carry a negative charge. However this
repulsive effect is balanced by the two cations located at both
sides of the dimer.

As shown in the orbital diagram (Fig. 7), the stacking force
may be understood in terms of π–π interactions between both
radical subsystems. In this diagram, the π orbitals of the
monomers (C10N8)~2 belongs to the bg and au representations
according to C2h symmetry, the phase and out-of-phase com-
binations of these orbitals lead to bonding and antibonding
functions. The ag orbitals, which are localized in the constituent
monomer planes, represent the lone pairs of the N(1) atoms.
They overlap very weakly and consequently do not interact. We
used this fact to linearly scale the energy of the dimer to that of
the monomers by equalizing the nearly degenerate levels 1b1

and 1a of the dimer to that of ag. The most stabilising effect
occurs in the combination of the two singly occupied HOMO
2bg of  the monomers leading to the doubly occupied 2b3 for the
dimer (Fig. 9). As one could expect, the bigger π–π overlap, the
greater will be the stabilization energy of the whole system. The
best overlap is of course achieved in a perfectly eclipsed con-
formation which is not the case in [(C10N8)2]

22. In fact, the
overlap requirement is in competition with the steric repulsive
effect, thus the overall structure leading to a good orbital over-
lap and a small steric hindrance should exist. This is well
achieved in the dimer since in the actual conformation only four
pairs of atoms [N(1) and N(21), N(2) and N(22), C(3) and
C(22), C(8) and C(27), Fig. 4] are approximately eclipsed (18 in
the eclipsed conformation). The fact that the HOMO electron
density of each monomer is essentially located on these atoms
(Figs. 8 and 9) leads to a very good overlap while still keeping a
low steric repulsive effect.

An interesting optical feature has been reported for such
symmetrical or asymmetrical π–π dimers.28 These systems are
formally built by the stacking of two partners with partially
filled HOMOs. The HOMO and the LUMO of the dimer are
formed by the bonding and the antibonding interactions of two
monomer-based HOMOs. This often gives rise to a long-
wavelength absorption in the near-infrared (NIR) region of the
spectrum. A CI calculation of the singlet excited states for
[(C10N8)2]

22 shows that the singlet ground state is {b3
2} labelled

1A, while the first excited state, labelled 1B1, is essentially formed
in {b3

1b2
1} configuration (Fig. 7). The calculated excitation

energy for 1A → 1B1 transition which is predicted at 1005 nm,
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corresponds well to the observed spectrum of [(C10N8)2]
22

which exhibits a wide absorption band centred at 950 nm. The
width of this band is an indication of a large vibronic coupling
and the pure electronic transition should so occur at lower
energy.29,30 At this level of approximation (AM1 with the UHF
procedure), the triplet state based on the configuration {b3

1b2
1}

exhibits almost the same energy as that of the singlet one. This
agrees quite well with the experimental observation consisting
of an easy thermal access to the triplet state.

Experimental
IR spectra were obtained with a Perkin-Elmer 1430 spec-
trometer (KBr pellets). The NIR spectra were recorded on a
Varian Cary 5E spectrometer for suspensions in Nujol. EPR
spectra were recorded using a JEOL FE 3X spectrometer (X-
band). UV–VIS spectra were recorded on a Hewlett Packard
8552 A spectrometer. The apparatus, the three-compartment
microelectrochemical cell, the treatment of the solvent and the
supporting electrolyte for the electrochemical studies have all
been previously described.31 The reference electrode used is
the half-cell: Pt/ferrocenium picrate (1022), ferrocene (1022),
Bu4NPF6 (0.2 ), benzonitrile. For comparison of the present
results with other works, the Fc+/Fc formal potential has been
measured vs. SCE in benzonitrile (0.2  Bu4NPF6): E98(Fc+/
Fc) = + 0.43 V vs. SCE.

Tetraethylammonium 1,1,2,5,6,6-hexacyano-3,4-diazahexa-1,5-
dienediide 1a and tetraethylammonium 1,1,2,5,6-pentacyano-6-
hydrazino-3,4-diazahexa-1,5-dienediide 2a
The literature preparation of Middleton et al.12 was modified as
follows. TCNE (6.4 g, 50 mmol) was slowly added at 0 8C to a
well-stirred water solution of hydrazine (92 g; 13%). Stirring
was maintained for ca. 0.5 h; then the mixture was filtered.
Solid Et4NBr (10.5 g, 50 mmol) was added and the resulting
precipitate was filtered, dried under vacuum and then extracted
with dichloromethane (50 ml). The resulting solution was kept
at 220 8C for several hours and then filtered to give 2a as an
orange–red solid (1.5 g, 11%). Addition of diethyl ether to the
filtrate afforded 1a as orange microcrystals (4.9 g, 40%).

Fig. 9 [(C10N8)2]
22 π HOMO orbital with b3 symmetry: top: 3D plot;

bottom: plot in the midplane of the dimer

The tetrabutylammonium salt 1b was similarly prepared
using Bu4NBr instead of Et4NBr. (Et4N)2(C10N8) 1a (Found: C,
63.4; H, 8.2; N, 28.5. Calc. for C26H40N10: C, 63.4; H, 8.2; N,
28.4%). λmax(CH3CN)/nm 474 and 454. νmax/cm21 2220w, 2170s,
2140s and 2120sh (νCN). δH[300 MHz, (CD3)2SO, SiMe4] 1.30
(12 H, m, CH3), 3.45 (8 H, m, CH2). δC[300 MHz, (CD3)2SO,
SiMe4]: 36.6 [s, C(CN)], 112.1 [s, CC(CN)2], 120.8 (s, CCN),
135.5 [s, CC(CN)2].

(Et4N)2(C9N9H3), 1.5 H2O 2a (Found: C, 57.6; H, 8.2; N,
30.3. Calc. for C25H43N11, 1.5 H2O: C, 57.2; H, 8.8; N, 29.4%).
νmax/cm21 2220w, 2180s, 2150s and 2120sh (νCN); 3360w and
3200w (νNH). δH[300 MHz, (CD3)2SO, SiMe4]: 1.30 (24 H, m,
CH3), 3.45 (16 H, m, CH2), 4.95 (1 H, NH), 6.10 (2 H, NH2).
δC[300 MHz, (CD3)2SO, SiMe4]: 29.6 and 75.2 [s, C(CN)], 110.0,
116.8, 122.7, 122.9, 123.8 (s, CN), 159.5 [s, C(CN)2]. CV
(PhCN): 4 irr. oxid. pks at 20.36, 20.14, +0.11 and +0.90 V
(ref. Fc+/Fc).

Tetraethylammonium 1,1,2,5,6,6-hexacyano-3,4-diazahexa-1,5-
dieneide 3a
The synthesis was performed in Schlenk tubes under dry
oxygen-free nitrogen. To a dichloromethane solution of 1a
(0.25 g, 0.5 mmol) was slowly added with stirring a dichloro-
methane solution (25 ml) of iodine (0.25 g, 1 mmol). The
resulting dark precipitate which appeared was filtered, washed
with diethyl ether and dried in vacuo (0.14 g, 80%) (Found: C,
58.9; H, 5.6; N, 34.5. Calc. for C18H20N9: C, 59.6; H, 5.6; N,
34.8%). λmax(CH3CN)/nm 806, 506 and 476. νmax/cm21 2200s
(νCN). EPR (powder, room temp.): gxx = 2.004; gyy = 2.003;
gzz = 2.002; |D|/hc = 0.0126 cm21; |E|/hc = 0.0020 cm21.

X-Ray structure analysis
Orange crystals of (Bu4N)2(C10N8) 1b were obtained from a
dichloromethane–diethyl ether solution which was allowed to
stand at 220 8C; dark crystals of (Et4N)(C10N8) 3a were simi-
larly obtained from an acetone–diethyl ether solution. Intensity
data were collected on an Enraf–Nonius CAD 4 X-ray diffract-
ometer with graphite-monochromated Mo-Kα (λ = 0.710 73 Å)
using the ω–2θ scan technique; a summary of the crystallo-
graphic data is reported in Table 2. Cell parameters of both
compounds were determined by least-squares refinement of dif-
fractometer setting angles for 25 carefully centred reflections.
The intensities of three standard reflections were monitored
periodically during data collection. There was no significant
decay (<0.4%) during any of the data collections. Intensity data
were corrected for Lorentz and polarization effects, the struc-
tures were solved with direct methods which reveal all non-
hydrogen atoms.§

(Bu4N)2(C10N) 1b. All the hydrogen atoms were found with a
Fourier difference between 0.41 and 0.23 e Å23 and refined with
an isotropic thermal parameter B of  4 Å2. Anisotropic thermal
parameters were used with all the non-hydrogen atoms.

(Et4N)(C10N8) 3a. The structure was refined in two parts
since the number of observed reflections was low (small sam-
ple). The non-hydrogen atoms were refined with anisotropic
thermal parameters, except for all carbon atoms of the cations.
Some of the later showed high thermal motion and disorder; in
particular, two CH2 carbon atoms of a cation were located in
two sites with occupancy factors of 0.5. All the hydrogen atoms
were introduced in calculated positions, with an overall temper-
ature factor of 6 Å2 in the final cycle of refinement. All calcul-
ations, carried out on a Digital MicroVAX 3100 computer, were
performed using the MOLEN set of programs.32 Atomic scatter-

§ Atomic coordinates, bond lengths and angles, and thermal para-
meters have been deposited at the Cambridge Crystallographic Data
Centre (CCDC). For details of the deposition scheme, see ‘Instructions
for Authors’, J. Chem. Soc., Perkin Trans. 2, 1997, Issue 1. Any request
to the CCDC for this material should quote the full literature citation
and the reference number 188/47.
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ing factors were taken from International Tables for X-Ray
Crystallography.33
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