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Pyrazine-N,N 0-dioxide/tetracyanoethylene electron
donor–acceptor bonding and the effect of donor steric demand

and symmetry on the cocrystal assembly
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Abstract—The synthesis of a sterically hindered pyrazine dioxide electron donor (2,5-diethyl-3,6-dimethylpyrazine-N,N 0-dioxide)
and its cocrystallization with tetracyanoethylene (TCNE) are reported. The resulting DA assembly in the cocrystal is compared
to that observed for a smaller pyrazine-N-oxide donor. Increased steric demand and lower donor symmetry yield a new, more com-
plex two-dimensional DA assembly with slightly longer DA bonds and higher TCNE content in the cocrystal.
� 2006 Elsevier Ltd. All rights reserved.
Electron donor–acceptor (DA) attractions (or bonds)
can be used to build multi-component networks in
crystals.1–3 We have previously described the cocrystalliz-
ation of tetramethylpyrazine-N,N 0-dioxide, 1, with tetra-
cyanoethylene (TCNE), which is guided by N-oxide–
TCNE DA bonding.4 The resulting (1)2TCNE cocrys-
tals grow in two isomeric forms: a fast forming (kinetic)
polymorph with 1D DA-bonded strands and a more
slowly forming (thermodynamic) polymorph having a
2D (layered) DA bonded lattice.
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In this letter, we consider the effect of altering the steric
demand and symmetry of the pyrazinedioxide (PDO)
donor on its supramolecular chemistry with TCNE in
solution and in the crystalline solid state. Dioxide 2 is
prepared by OXONE oxygenation of the corresponding
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pyrazine,5 which is generated from 3-aminopentane, as
previously reported,6 via a modified Neber rearrange-
ment7 and subsequent self-condensation/oxidation.8

Ether vapor diffusion into acetonitrile solutions of di-
oxide 2 affords colorless needle crystals whose structure
has been determined by X-ray diffraction analysis.9 The
ethyl groups adopt an anti orientation with respect to
the pyrazine ring plane in the crystal. Figures 1 and 2
show ORTEP and packing diagrams for crystalline 2,
respectively.
Figure 1. ORTEP diagram (50% ellipsoids) of 2.
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Figure 2. Packing diagram for crystalline 2.

Figure 4. UV–vis spectrum of 2, TCNE, and mixture in CH2Cl2.

Figure 5. ORTEP (50% ellipsoids) diagram of (2)TCNE cocrystal.
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There are no especially short (less than van der Waals dis-
tance) intermolecular contacts in the crystal lattice of 2.
PDO units pack at van der Waals separation in columns
with nested ethyl groups, as depicted in Figure 3. Plane-
to-plane spacing of the PDO rings is�3.4 Å; the pyrazine
N atom lies directly above the methylene carbon of a
neighboring PDO in the stack with an intermolecular
C(4) 0–N(1)O(1) distance of 3.47 Å and angle of 93�.

When 2 is mixed in solution with TCNE, a violet solu-
tion results. The UV–vis spectra of 2, TCNE, and their
mixture are shown in Figure 4. The charge-transfer (CT)
absorption band for the DA complex occurs at km =
530 nm. Benesi–Hildebrand analysis10 of the CT band
(in CH2Cl2 with excess TCNE) yields e(530 nm) =
4.8(2) · 103 M�1 cm�1 and Keq = 2.1(1) for assumed
1:1 DA complexation.

Cooling of concentrated CH2Cl2 mixtures affords purple
cocrystals whose X-ray diffraction structure has been
determined.11 Interestingly, the cocrystal is composed
of 1:1 2:TCNE and the asymmetric unit of the (2)TCNE
lattice contains, two unique half TCNE acceptors and
two unique half PDO 2 donors, as illustrated in the OR-
TEP diagram shown in Figure 5.

A packing diagram of the cocrystal lattice reveals DA-
bonded layers (2D networks) composed of closely con-
Figure 3. Orthogonal views of molecular stacks in crystalline 2.
tacted PDO 2 and TCNE units (Fig. 6), linked by a
set of intermolecular NO� � �C DA bonds. The ethyl sub-
stituents of the donor flank the layer faces.

The two unique donors and two unique acceptors in the
crystal are each centered on a center of inversion sym-
metry. Figure 7 provides more detail of the 2D DA-
bonded network. Intermolecular contacts of 2.84–
3.02 Å are observed between the PDO oxygen atoms
and the olefinic (and some cyano) carbon atoms of
Figure 6. Packing diagram for (2)TCNE cocrystal showing DA-
bonded layers (vertical).



Figure 7. DA-bonded layer network of the (2)TCNE cocrystal. (a) DA
linkage scheme, (b) DA contacts in Å and (c) layer structure.

Figure 8. DA-bonded layer network of (1)2TCNE cocrystal. (a) DA
linkage scheme, (b) DA contacts in Å and (c) layer structure.
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TCNE. These contacts are 0.20–0.37 Å shorter than the
sum of van der Waals radii and provide clear structural
evidence of attractive N-oxide/TCNE DA bonding in
the cocrystal. (Note: O� � �C van der Waals distance is
3.22 Å using Bondi’s radii.)12

The complex nature of the 2/TCNE DA array is consis-
tent with its relative reluctance to form, compared to the
case of the 1/TCNE network, whose DA cocrystals
grow rapidly and in high yield from cooled CH2Cl2 mix-
tures of moderate concentration. For 2/TCNE CH2Cl2
mixtures, higher concentrations and much longer crys-
tallization times are required to produce cocrystals
which leave behind a still vividly colored solution, sug-
gesting a higher solubility in CH2Cl2 of (2)TCNE than
of (1)2TCNE.
Comparison of the (1)2TCNE and (2)TCNE lattice
structures is noteworthy. There is a stoichiometric differ-
ence in the two cases and a difference in the asymmetric
unit of the lattices. The red polymorph of (1)2TCNE con-
tains a 2D DA-bonded network (Fig. 8) similar to that
observed for (2)TCNE, except that the latter lattice has
‘opened up’ enough to include a second TCNE moiety
in the assembly at the ‘starred’ positions marked in
Figure 8c. In both cocrystals, supramolecular ‘rings’ of
8 molecules (4D, 4A) fuse together within the layers,
but in the ethyl-substituted PDO structure, the steric
requirements of the ethyl group seem to open up the
supramolecular D4A4 cycle enough for another TCNE
to be incorporated in the network. The ‘extra’ TCNE
in the network results in two distinct D and A units in
this more complex DD 0AA 0 array. One donor and one
acceptor are eta-4 linkers while the others are eta-2 link-
ers with respect to their complexation geometries within
the lattice. While we can only speculate on the growth
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mechanism and the relative energetics of the DA assem-
bly in (2)TCNE, we note that the intermolecular D–A
contacts of the ‘interstitial’ eta-2 TCNE units are longer
(and fewer) than those at the eta-4 TCNE groups, consis-
tent with the interpretation that the ethyl group pocket in
the array is promoting the incorporation of an ‘extra’
acceptor in what might otherwise prefer to be a D2A
network.

In conclusion, we have found that the steric change of
ethyl for methyl substitution on pyrazinedioxide affects
its aggregation with TCNE, such that a second unique
TCNE unit is incorporated in the resulting DD 0AA 0 net-
work layer of the more hindered donor. Otherwise, the
basic DA networking pattern as previously observed in
(1)2TCNE crystals4 is essentially preserved in (2)TCNE.
The 2D networks observed in both cocrystals demon-
strate the efficacy of N-oxide/TCNE bonding as a tool
for guiding molecular assembly in the solid state.
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