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Abstract: The reaction of Cr(CeHg)2 and 1,2,4,5-tetracyanopyrazine (TCNP) forms [Cr(CsHs)2][TCNP], and
TCNP is reduced and forms the eclipsed 7-[TCNP],>~ dimer. Diamagnetic [TCNP],>~ has an intradimer
separation of 3.14(2) A. The intradimer C---C and N-++N separations are 3.29(2) and 3.42(2) A, respectively,
and increase with the distance from the center of the molecule, due to nitriles bending away from the
plane of the molecule by 5 & 1°. [TCNP],?" is best described by an atoms-in-molecules analysis as having
a 2e /8¢ C—C bond involving the four C atoms from each six-member ring. The results of B3LYP/6-31+G(d)-
computed interactions indicate that the [TCNP]"~-+-[TCNP]~ interactions in an isolated [TCNP],>~ are
repulsive by 58.9 kcal/mol, and that the stability of [TCNP],?~ primarily originates from [TCNP]"~---cation*

electrostatic interactions, whose sum (—209.8 kcal/mol) exceeds the sum of the repulsive
[TCNP]"~--+[TCNP]~ and cation*+--cation™ interactions (140.3 kcal/mol).

Introduction

Electron poor cyanocarbons form numerous Mulliken
donor—acceptor complexes,' and frequently form radical anions
that are stabilized via charge and spin delocalization. This is
the basis for numerous stable electron transfer salts that have
been characterized to exhibit technologically important proper-
ties such as magnetic ordering,” metal-like electrical conductiv-
ity> and even superconductivity.* In the former case, for
example, the reaction of V(CO), with TCNE (tetracyanoethylene),>
TCNQ (7,7,8,8-tetracyano-p-quinodimethane),” TCNB (1,2,4,5-
tetracyanobenzene),®* and TCNP (1,2,4,5-tetracyanopyrazine),’
forms organic-based magnets with magnetic ordering temper-
atures exceeding room temperature.

 Universitat de Barcelona.
* Stony Brook University.
¥ University of Utah.
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Some of these electron transfer salts, however, do not exhibit
collective electronic properties, as they form closed-shell singlet
(diamagnetic) dimeric dianions with exceptionally long, in-
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Figure 1. MO diagram arising from the overlap of the SOMO on each
A" to form [A],>" (The same diagram can be used for A"t or A".)
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Figure 2. High-resolution synchrotron powder diffraction data (blue) and
Rietveld fit of the data (red) for [Cr(C¢Hg),],[TCNP],. The lower trace is the
difference, measured — calculated, plotted to the same vertical scale (black).

tradimer C—C bonds. Long, 2.9 A, multicenter C—C bonds have
been established for eclipsed cofacial dimers of [TCNE]"", and
diamagnetic [TCNE],> is best described as having a 2-electron
4-center (2e”/4c) C—C bond that arises from the overlap of the
by, singly occupied MO (SOMO) on each moiety to form by,
and by, bonding and antibonding [TCNE],>" orbitals.'” In
addition, dispersion contributes to the bonding.'! Likewise, long,
multicenter bonding has been reported for [cyanil],>~ (cyanil
= tetracyano—1,4—benzoquin0ne),]0b as well as cationic [TTF],>"
(TTF = tetrathiafulvalene),lOC and neutral [2,5,8-tri-z-
butylphenalenyl],'* among other examples including [TC-
NQIJ,>"."% The generic MO diagram for these multicenter bonded
dimers is illustrated for A,>~ in Figure 1.

TCNE {E° [vs SCE(MeCN)] = 0.14 V} and TCNQ [E° =
0.17 V] are easily reversibly reduced, but TCNB and TCNP
are more difficult to reduce, as they undergo reversible one

electron reductions at the substantially more negative potentials
of —0.64 and —0.31 V, respectively.”> As a consequence,
examples of reduced forms of TCNB and TCNP were sought
to study the intradimer bonding. While reduced TCNB and
TCNP are present in V-based magnets®® and Ru-based
coordination compounds,'® except for the unusual [TCNB];>~
trimeric dianion,®® they have not been structurally characterized.
[TCNE],>~ '° and [TTF],>* ' form eclipsed dimers; how-
ever, benzene-based [cyanil],>~ '® and [TCNQJ,>~ '** dimers
have a slipped arrangement. The latter examples can be
understood as arising from a compromise between the most
attractive SOMO—SOMO intradimer bonding allowed by the
symmetry and the electrostatic repulsion of an eclipsed con-
formation, which provides for good overlap for the slipped
arrangement for these species without the steric and electrostatic
interactions present for an eclipsed dimer. The a, symmetry of
the SOMO of [TCNP]" ", however, does not support a slipped
arrangement for [TCNP],>"; hence, unlike [cyanil],?, it should
be eclipsed. Herein, we report the synthesis, as well as structural,
magnetic, and electronic characterization of [TCNP],>".

Experimental Section

Cr(CgHg), was used as purchased, and TCNP was prepared by a
literature route.'* THF was distilled under nitrogen over sodium
and benzophenone. All syntheses were performed in an oxygen-
free (<1.0 ppm O,) drybox. Infrared spectra (£1 cm™') were
recorded on a Bruker Tensor FTIR 37 spectrometer. Elemental
analyses were performed by Chemisar Laboratories.

[Cr(CgHg),][TCNP] was prepared in a drybox (<1 ppm O,) from
TCNP (0.28 mmol) dissolved in 3 mL of THF being added to
Cr(CgHe)» (0.28 mmol) dissolved in 2 mL of THF. The color changed
from green to dark blue. After stirring overnight, the dark purple
precipitate was filtered and washed with THF, and dried under vacuum
(yield: 92 mg; 85%). FT-IR (KBr): vey; 2174 (s) em™ L. Caled (obs)
for [Cr(C¢He),][TCNP]-0.2THF, Cy5H;36CrtN¢Opa: %C = 62.03
(61.44), %H = 3.40 (3.24), %N = 20.87 (20.42).

Magnetic susceptibilities were measured in an 1 kOe applied
field between 5 and 300 K on a Quantum Design MPMS
superconducting quantum interference device (SQUID) equipped
with a reciprocating sample measurement system, low field option,
and continuous low temperature control with enhanced thermometry
features, as previously described.'’Powder samples for magnetic
measurements were loaded in gelatin capsules. In addition to
correcting for the diamagnetic contribution from the sample holder,
2 ppm iron impurity, the core diamagnetic correction of —170 x
107% emu/mol was used.

Powder diffraction measurements for Rietveld structure analysis
were performed at Beamline X16C at the National Synchrotron Light

I=!gure 3. Atom labeling diagram of the [Cr(CgHg),]"" cation, and cofacial [TCNP],?>~ indicating the shortest [TCNP]'~+++[TCNP]"~ the shortest H+*+N distances
(A) in bold numbers. This unit is centrosymmetric, and the nitriles bend slightly out of the plane.
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Figure 4. Layered structure [Cr(C¢Hg),][TCNP] showing the herringbone motif.

Figure 5. Nearest neighbor interactions for the [TCNP],>~ with six
[Cr(CgHe),]"" cations (hydrogens not shown for clarity).

Source at Brookhaven National Laboratory. The powdered samples
were held in a 1.0 mm diameter thin-wall glass capillary. An X-ray
beam of wavelength 0.69862(2) was selected by a Si(111) channel
cut, and diffracted X-rays were selected by a Ge(111) analyzer and
detected by a scintillation counter. The incident intensity was monitored
by an ion chamber and used to normalize the measured signal. The
pattern was indexed with TOPAS, solved using DASH, and refine
with TOPAS.'*™"®

Theoretical calculations on [TCNP]~, [TCNP],>~, and
[Cr(C¢He)2].[ TCNP], aggregates were evaluated using the B3LYP
density functional theory (DFT).'® As previously shown,'%!'" this
DFT functional is expected to describe the electronic properties of
[TCNP],2~, and the origin of the energetic stability of
[Cr(CeHp), o[ TCNP], aggregates. In all computations the structures
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Figure 6. MO diagram arising from the overlap of the a, SOMOs on each
[TCNP]"~ forming [TCNP],>~ by, bonding and a, antibonding orbitals.

were based on the crystal structure described herein. The geometry
of [TCNP],>~ was optimized and is stable. As [TCNP],>~ is
diamagnetic (vide infra), only the closed-singlet state is focused
upon. All B3LYP calculations were done using the 6-31+G(d) basis
set’’and the Gaussian-03 suite of programs.?' In all cases the
interaction energies were corrected by the basis set superposition
error (BSSE) using the counterpoise method.****

Results and Discussion

The reaction of Cr(C¢Hg), and TCNP in THF forms
[Cr(CeHe),][TCNP] as an air sensitive polycrystalline powder.**
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Figure 7. Isosurface of 0.075 atomic units for the B3LYP electron density of the [Cr(CsHg),]o,[ TCNP], aggregate, which graphically indicates the position of the
four (3,—1) bond critical points (red spheres) (a) by the four funnels that connect each the two [TCNP]™ moieties (b); cut of the computed electron density along
the plane that passes through four nitrile groups to show the absence of funnels (bond critical points) involving the nitrile groups (c); and cut of the electron density
along the plane that passes through the equator of the [TCNP],?~ dimer (d). These plots are very similar to those obtained when analyzing the density of a [TCNP],>~

dimer (Figure S1 in the Supporting Information).

The strong vcy absorption occurs at 2174 cm™! indicative of
reduced TCNP {it occurs at 2223, 2188, and 2136 cm™! for
VI[TCNP], and 2254 (sh) and 2248 (m) cm™' for TCNP°},
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which among other possibilities could be the isolated [TCNP]™
or its ¢ or s dimer, as has been established for reduced TCNE.?

Structure. Attempts to grow single crystals were unsuccessful,
but high-resolution X-ray powder diffraction patterns (Figure 2)
were collected, and Rietveld refinements of the data, Table 1,
enabled the determination of the structure. In the refinement,
Cr(C¢Hg), was constrained to have Cg symmetry; TCNP, C,,. The
atom-labeling diagram is shown in Figure 3.

The structure consists of the [Cr(C¢Hg),]"" cation and a
centrosymmetric 7 dimer of [TCNP],>~ (Figure 3). The TCNP
fragment has C(sp?)—N, C(sp?)—C(sp?), C(sp>)—C(sp), and
C(sp)—N distances of 1.33, 1.45, 1.43, and 1.14 A, respectively.
The C(sp) is linear, and the NCC(sp), CCC, and NCC angles

J. AM. CHEM. SOC. = VOL. 131, NO. 25, 2009 9073
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Table 1. Summary of Crystallographic Parameters for
[Cr(CeHe)2I[TCNP]

formula CaoH12CrNg z 4
M\y, g/mol 388.36 P2,/c (No. 14)

space group

a, A 9.3374(2) Peales glem® 1.480
b, A 10.8037(2) Ry, “* 0.0675
¢, A 17.3964(4) Rexp?® 0.0287
B, deg 95.327(1) T, K 296

v, A3 1747.34(6) GOF (Ryp/Rexp) 2.355
A 0.69862(2)

apr — {[Z[W[(YICMC _ y[OhS)z]/[Ziwi()’inbs)z]}]/2- b yfak and y[OhS are the
calculated and observed intensities at the ith point in the profile,
normalized to monitor intensity. The weight w; is 1/0? from the counting
statistics, with the same normalization factor. N is the number of points
in the measured profile — number of parameters. “Re, = [N/

(ziw[(yinbs)Z] ]/2.

around the C(sp?) atom are 118, 119, and 123°, respectively,
while the CNC angle averages 115°; thus, the reduced TCNP
unit is slightly nonplanar as the nitriles bend away from the
ring by 5.0(10)° (e.g., 180° — £LC14—C16—C20). This bending
is comparable to that reported for [TCNE],>~,'% and larger than
observed for [cyanil],>~,'” while it does not occur for [TC-
NQJ,>"."? The pyrazine unit was allowed to bend along the
NI—N2 seam, but the refinement found it to be planar.
Furthermore, [TCNP],>™ has cofacial intrafragment sub van der
Waals C+++C and N-:*N separations of 3.14(3) A with
intradimer C(nitrile)—C(nitrile) and N(nitrile)—N(nitrile) separa-
tions of 3.29(3) and 3.42(3) A, respectively, that increase with
the distance from the center of the molecule, due to nitriles
bending away from center of the molecule. The structure of
[Cr(CeHg)o]"" is typical,>* with a Cr—C distance of 2.15(2) A,
ring centroid—Cr distance of 1.62(2) A, but the benzene rings
are staggered by an unusually large 21(1)°.

The solid-state motif is composed of layers possessing a
herringbone arrangement of [Cr(C¢He),][TCNP],[Cr(CsHe),]
units, Figure 4. These units have the Cg-rings both nominally
parallel and perpendicular to the nominal TCNP-plane. The
former has Cr+++N separations ranging from 4.84 to 5.31 A
(Figure 3), while the latter has Cr+++N separations exceeding 6
A. Nearest neighbor cations are nominally rotated 90° with
respect to each other and have Cr-++Cr separations of 6.67 A.
Each [TCNP],?~ dimer is surrounded by six nearest neighbor
[Cr(C¢Hg),]"" cations, Figure 5. Noninteracting [TCNP],>~
dimers occur along the ag-axis, Figure 4, with the shortest
interdimer N(sp)+++N(sp) separation being 4.05 A, but there is
no overlapping between the dimer orbitals.

Magnetic Properties. Magnetic studies show that [TCNP],>~
is diamagnetic, which is similar to that previously reported for
[TCNE],2~.'* The EPR spectrum of the solid has a single
absorption at g = 1.991(1) that is characteristic Cr',>>* and lacks
an absorption assignable to [TCNP]~. The room temperature
value of ¥7T is 0.374 emu K/mol,>” in accord with § = 1/2
paramagnetic cation and its observed g value. The lack of
antiferromagnetic coupling among the S = 1/2 cations is
attributed to the large separations of the SOMO d.2 orbitals.

Electronic Structure and Stability of [TCNP],>". The RB3LYP-
computed interaction energy for [TCNP],>~ for the closed-shell
singlet state crystal geometry is repulsive by 57.5 kcal/mol (58.9
kcal/mol, when the BSSE is corrected); i.e. it is unstable with
respect to the dissociation of into its fragments. As shown for
[TCNE],>~,"! B3LYP calculations do not properly account for the
dispersion component of the interaction energy, but its inclusion
at the MCRQDPT2/CASSCF(2,2) level results in a more meta-

9074 J. AM. CHEM. SOC. = VOL. 131, NO. 25, 2009

stable minimum. A similar stabilizing effect of reducing the
repulsive nature of these ion radicals is expected to occur for
[TCNP],>~. Therefore, as previously reported for ion radical
dimers,'®'*" the bonding component that originates from the
SOMO—SOMO overlap of the radical ions is insufficient to
compensate for the electrostatic repulsion associated to the ionic
nature of these radicals. Hence, its existence in the solid state should
be attributed to the presence of energetically stable aggregates that
contain these dimers, whose stability primarily originates in the
cation™ +++anion attractive interactions whose sum exceeds the sum
of the cation™++cation™ and anion™+*+anion™ repulsive interac-
tions."!

To validate the previous ideas, the energetic stability of [TC-
NP],>~ dimers found in the [Cr(C¢Hg),],[TCNP], aggregate (Figure
3) was computed. The results of B3LYP/6-31+G(d) calculations
indicated that the aggregate is stable against its dissociation in its
four constituent fragments by 99.7 kcal/mol (97.4 when the BSSE
is corrected). This stability was evaluated from the results of
computing the anion™ *++anion”, cation™++cation™, and the four
nearest neighbor cation™+++anion™ pairwise interactions. At the
B3LYP/6-31+G(d) level, the values for these interactions are
respectively 57.5, 81.4, —53.1, —52.9, —53.1, and —52.9 kcal/
mol, totaling —73.1 kcal/mol (the corresponding BSSE-corrected
values are 58.9, 81.4, —52.3, —52.4, —52.5, and —52.4 kcal/mol,
totaling —96.3 kcal/mol). This is qualitatively in accord with the
—99.7 kcal/mol interaction energy computed above, and the
differences indicate the importance of the polarization and non-
nearest neighbor pairwise (and higher order) interactions.
Therefore, the stability of the [Cr(C¢He),].[TCNP], aggregates
can be mostly attributed to the [TCNP]"~+++cation™ interactions,
whose sum exceeds the sum of the [TCNP]"™+++[TCNP]~ and
cation™++cation’ repulsions and this is expected to increase
when the stabilizing dispersion is properly accounted for in the
anion” ***anion” interaction.

As a consequence of the short 3.14 A sub van der Waals
intradimer separation, the computed electronic structure of [TC-
NP],>~ shows that the SOMO of each [TCNP]'~ fragment overlap
to form bonding and antibonding orbitals, Figure 6. Note that due
to the nodes at the ring nitrogens, contribution to the bonding
overlap does not occur for these atoms. Therefore, as a consequence
of the SOMO—SOMO overlap, [TCNP],>~ has the typical MO
diagram found on other ion radicals dimers, Figure 1. This diagram
explains the closed-shell singlet ground state and the diamagnetic
properties of [TCNP],?~ dimers. Therefore, a long, multicenter bond
is present for [TCNP],>". Its properties can be evaluated from an
atoms-in-molecule analysis®® of the B3LYP-computed electron

(19) B3LYP is a density functional obtained by taking the three parameter non-
local exchange functional of Becke and the non-local correlation functional
of Lee—Yang—Parr:(a) Becke, A. D., J. Chem. Phys. 1993, 98, 5648. (b)
Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(20) A basis set built by adding diffuse functions to the 6-31G(d) basis
set: Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971,
54, 724.

(21) Frisch, M. I.; et al.; Gaussian-03, Revision-C.02; Gaussian, Inc.:
Wallingford, CT, 2004. See Supporting Information for the full
reference.

(22) Boys, S. F.; Bernardi, F. Mol. Phys. 1970, 19, 553.

(23) BSSE (basis-set-superposition error) is the error introduced by the use
of finite basis sets when computing the interaction energy between
two molecules. As originally shown by Boys and Bernardi,?* it can
be corrected by using the counterpoise correction. While the validity
has been questioned, it has shown to be valid on the basis of
analytical®** and numerical®*® studies when basis sets of good quality
are used. (a) van Duijneveldt, F. B.; van Duijneveldt-van de Rijdt,
J. G. C. M.; van Lenthe, J. H. Chem. Rev. 1994, 94, 1873. (b) Novoa,
J. J.; Planas, M.; Whangbo, M.-H. Chem. Phys. Lett. 1994, 225, 240.
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Table 2. Summary of Long, Multicenter Bonding Observed for [TCNE].?, [TCNQ].?, [Cyanil],?, and [TCNP],?>~ Ordered in Terms of Their

Shortest Intradimer Separation

dimer intradimer separation, A rel orientation eclipsed atoms overlap bonding type 2e7/nc, n ref
[cyanil],>~ 2.88 slipped 14 10 (8C +20) 10b
[TCNE],*>~ 2.89 eclipsed 20 4C 10a
[TCNP],>~ 3.14 eclipsed 28 8C this work
[TCNQJ*~ 33 slipped 18« 12a—32120 20 (12C+8N) 12b

“E.g.: Goldberg, S. Z.; Spivack, B.; Stanley, G.; Eisenberg, R.; Braitsch, D. M.; Miller, J. S.; Abkowitz, M. J. Am. Chem. Soc. 1977, 99, 110.

density of [TCNP],>~ and [Cr(C¢Hg),],[TCNP], aggregates. This
analysis shows in both cases four (3,—1) bond critical points that
connect the four carbon atoms from each ring with each other
(Figure 7a,b) in accord with the bonds drawn in Figure 3. These
bond critical points have a density of 1.26 x 1072 atomic units,
and a positive Laplacian (1.26 x 1072 atomic units) similar to those
found in other long bonds.'%*"!?" The similarity in the atom-in-
molecule analysis when the [TCNP],>~ dimer is isolated or in
[Cr(C¢He)2lo[ TCNP], aggregates indicates that the polarization
induced by the cations in the [TCNP],>~ density does not alter the
main features of the density topology in these dimers. This is
graphically demonstrated by looking at the 2-D cuts of the density
plotted in Figures 7c,d and S1 in the Supporting Information. Note,
however, that there eight new H-++N bond critical points, two for
each cation™ +++[TCNP]"~ interaction. Given the computed energetic
stability of the cation® +++[TCNP]"~ interaction, eight C—H"++*N~
bonding interactions can be said to exist. The previous results
indicate that the long, multicenter intradimer bond in [TCNP],?~
involves only four C+++C components (bond critical points) and
is a 2e7/8c bond (Figure 7ab). The absence of any N-+*N
components could be attributed to an decrease of the electron
density due to the shape of the SOMO in that region, or to
contraction of the atomic electron density on N compared to C, as
corresponds to its higher electronegativity. Based on a comparison
with other molecules (vide infra) the former is more important.

Conclusion

[TCNP],>~ has been experimentally observed and computation-
ally studied. B3LYP/6-31+G(d) calculations on isolated [TCNP],*~
dimers and in representative [Cr(C¢H):lo[TCNP], aggregates
indicate that interaction energies for an isolated [TCNP],>~ dimer
at the crystal geometry are repulsive, and their stability primarily
originates in the cation™ +++anion™ attractive interactions whose sum
exceeds the sum of the cation®«++cation™ and anion™+**anion™~
repulsive interactions. As a consequence, the two radical anions
can approach each other such that their SOMOs can overlap to
form bonding and antibonding orbitals (Figures 1 and 6) in a similar
manner to that produced in the usual covalent bonds. This
stabilization and overlap also occurs for [TCNE],>~, [TCNQ],>",
and [cyanil],>~ (Table 2). In all cases the bonding orbital has two
electrons and the dimers have closed-shell diamagnetic ground
states, as observed. The computational results for [TCNP],>~ are
compared with previous results obtained on similar anion radical

(24) Reduction of TCNP with CoCp,*, KCg, and [(Me,N),C], formed
materials with different vcy absorptions indicating that a form of
reduced TCNP other than [TCNP],>~ was present.

(25) (a) Miller, J. S.; O’Hare, D. M.; Chakraborty, A.; Epstein, A. J. J. Am.
Chem. Soc. 1989, 111, 7853. (b) Corrected for 2 ppm Fe impurity.

(26) (a) Bader, R. F. Atoms in Molecules. A Quantum Theory; Clarendon
Press: Oxford, 1990. (b) All atoms-in-molecules calculations were
performed using PROAIM: Biegler-Konig, F. W.; Bader, R. F. W.;
Tang, T. H. J. Comput. Chem. 1982, 3, 317.

dimers that exhibit long, multicenter bonding, namely, [TCNE],>",
[TCNQ],>", and [cyanil],>~ (Table 2). [TCNP],*" has an intradimer
separation that exceeds that of both [TCNE],>"and [cyanil],>~, but
is less than that observed for [TCNQJ,>". [TCNP],>~ like [TC-
NE],*~ has eclipsed conformations, while [TCNE],?>~and [cyanil],>~
have slipped orientations. As the intradimer distance increases, the
overlap between two anion radical SOMOs decreases (for the same
orientation), but the atom—atom Coulombic repulsion should also
decrease. Hence, the optimum geometry of these dimers and
intradimer separation depends in a complex manner on the
SOMO—SOMO overlap and the Coulombic repulsion. Each of
these dianionic dimers has long, multicenter two electron bonds,
but the number of centers differ. This reflects the differences in
the number of atoms, topology, overlap and electron densities of
each radical anion that dimerizes. Also relevant is the coplanarity
of the nitrile groups with respect to the plane of the radical anions.
They are coplanar for [TCNQ],?", and hence contribute to the
multicenter bonding.120 In contrast, they bend away for [TCNE],>",
[cyanil],>~, and [TCNP],>~ and do not contribute to the multicenter
bonding. Note, however, in all cases there is no C(sp)+**C(sp)
contribution to the long bond. Finally, the number of eclipsed atoms
is not equal to the number of bond components found in the atoms-
in-molecules analysis (Table 2), reinforcing the importance of the
topology of the fragments SOMO on the total density of these
dimers.
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