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The reaction of iV-methylpyridinium iodide, Mepy+I“, and tetracyanoethylene (TCNE) forms 
[Mepy]2[TCNE]2, which possesses [TCNE]22_ with an intradimer C-C  bond distance of 2.806(1) A at 50 
K from X-ray diffraction, and 2.801(4) A at 50 K from neutron diffraction. In the IR  it exhibits 
absorptions at 2191, 2174, 2169, 2163 and a vCc  absorption at 1366 cm”1, with UV/Vis absorption 
bands at 26,880 and 18,520 cm "1. Analysis of the cation-hydrogen to [TCNE]22_ interactions do not 
provide evidence that the cation stabilizes formation of the [TCNE]22_ dimer, which is stabilized by the 
intradimer 2e^-4 center C -C  bonding interaction.

Introduction

Interest in organic compounds exhibiting unusually long C-C 
bonds has been the subject of several recent studies.1-3 While the 
longest sp3-sp3 CC single bond reported to date is ~2.0 A,4 iz- 
[TCNE]22_ (TCNE =  tetracyanoethylene) dimers form long, 
two-electron C -C  bonds involving four carbon atoms, 2e_/4c. 
These long C-C  bonds range from 2.83 to 3.09 A,5-7 and are 
independent of the cations that span from electrostatically 
bonded Tl+8 to large bulky non-coordinating cations such as 
[TDAE]2+ [TDAE =  (Me2N )2CC(NMe2)2].9

The tc-[TCNE]22_ dimer is electronically best described as the 
b2g SOMOs on the two [TCNE]*- fragments interacting to form 
dimer b2u HOMO bonding and b ig LUMO antibonding orbitals 
(Fig. I).3-7 Hence, the [TCNE]22- HOMO has the 2e“ equally 
distributed over the four central C atoms.

As part of our ongoing studies into multicenter C-C  bonding, 
we have sought new examples, and in particular ones that form 
large crystals to enable their structure determination via single 
crystal neutron diffraction, importantly providing more accurate 
bond distances and angles to fully characterize the multicentre 
nature of the C-C bonding. Herein, we report the X-ray and 
neutron diffraction structure determination of methyl pyr- 
idinium tetracyanoethylenide, [Mepy]2[TCNE]2 (py =  N C 5H 5), 
which to date has the shortest C-C  bond reported for this family 
of compounds.
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Fig. 1 MO diagram arising from the overlap of two b2g SOMOs on each 
[TCNE]*- forming the [TCNE]22- b2u HOMO and b ig LUMO.

Experimental

Synthesis

Due to the extreme air/water sensitivity of the [TCNE]*- , all 
manipulations and reactions were performed in a Vacuum 
Atmospheres DriLab glove box (<l-ppm  0 2 and < l-ppm  H20). 
E t20  was distilled from sodium/benzophenone and MeCN was 
purified by passing it through two alumina columns under 
nitrogen. Pyridine and iodomethane were used as received, and 
TCNE was sublimed prior to use.

A solution of iodomethane (Mel) (2.28 g, 16.1 mmol) in 5 mL 
of diethyl ether was slowly added to a stirred solution of pyridine 
(py) (1.96 g, 24.7 mmol) in 5 mL of diethyl ether. The reaction 
solution was stirred for 1 h while cooled with an ice/water bath. 
White, powdery [Mepy]I was collected by filtration and was 
washed three times with 3 mL of diethyl ether (28.2% yield).

The synthesis of [Mepy]2[TCNE]2 was carried out under an 
inert atmosphere. A solution of [Mepy]I (421 mg, 1.91 mmol) in 4 
mL acetonitrile was slowly added to a rapidly stirring solution of 
TCNE (148 mg, 1.16 mmol) in 3 mL of acetonitrile. The solution 
volume was reduced to 3 mL by applying a vacuum, and then 
placed in a freezer at -3 0  °C. The resulting purple crystals were 
filtered off and then recrystallized twice from acetonitrile. IR  
(KBr/cm-1) : vc ^  2268 (w) (MeCN), 2243 (w) (MeCN), 2191 
(s), 2174 (m), 2169 (m), 2163 (sh); */Cc 1366 (s). UV/Vis (KBr/ 
cm-1) : 26,880, 18,520.
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Crystal structure determination

X-Ray diffraction. A dataset was collected from a single crystal 
(0.35 x 0.40 x 0.40 mm) at 50(2) K  using graphite mono- 
cliromated Mo K a radiation on a Bruker Smart 1000 fitted with 
a CCD detector and Oxford Cryosystems HeliX. Structure 
solution was carried out and refined by full matrix least squares 
using the SHELX suite.10 All non-hydrogen atoms were refined 
with anisotropic displacement parameters. Hydrogen atoms were 
positioned geometrically with isotropic displacement parameters 
fixed to ride on the parent atom [aromatic C H  0.94 A, Uiso =  l .2 
x Ueq(C): methyl C -H  0.98 A, Uiso =  l .5 x Ueq(C)]. No disorder 
o f the methyl group was apparent at 50 K. The crystallographic 
information is summarized in Table l. The structure had also 
been determined at 150(1) K  and the methyl groups of the cation 
were found to be disordered over two orientations with a 60.0° 
rotation between the two orientations in a 3 : 2 ratio.

Neutron diffraction. Neutron diffraction data were obtained at 
the intense pulsed neutron source (IPNS) at ANL using the time- 
of-flight Laue single crystal diffractometer (SCD).11-12 At the 
IPNS, pulses o f protons are accelerated into a heavy-element 
target 30 times a second to produce pulses of neutrons by the 
spallation process. Because of the pulsed nature of the source, 
neutron wavelengths are determined by time-of-flight based on 
the de Broglie equation A =  htiml, where h is Planck's constant, m 
is the neutron mass, and t is the time-of-flight for a flight path /, 
so that the entire thermal spectrum o f neutrons can be used. With

Tabic 1 X-Ray and neutron diffraction crystallographic data for 
[Mepy]2[TCNE]2 at 50 K

Neutron X-Ray

Empirical formula 
Form ula mass 
Space group 
a!A 
b/A 
d k  
pr
VIA'
z
Pcalc/g cm -’ 
ju/cnT1 
TIK 
A/A
Reflections collected 
Unique reflections 
R  index" [/ > 2a(I)}
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Goodness-of-fit1’ on !•-

Ci 2TLN5 
222.23 
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95.235(19) 

1104.887(416)
4
1.337
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0 .4 -10 .0 '
3749

2528 [/ > 3o17)f 
Rw 0.155.1

R = 0 .138‘7 
1.544

C12TLN5
222.23
P2]ln

6.7484(2)
10.0584(3)
16.5583(5)
95.276(1)
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4
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0.086

50(2)
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18183
3365 (Rim = 0.0252) 
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R l = 0.0460."
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1.042
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L-S-L— ''D a ta  with F02IFC2 > 2 were 

\ .1/2 d j
+ (aP)2 + bP] and P = 

rejected. 1 «„.(/”) =  ( E t '^ V  -  ^ c W E t 'K iv ) 2] ! "*(/=) =  W V

i v ’|/2 |iv l .  1 G ooF =  S  = \
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M number of
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reflections: N  = number of parameters refined. 'N eutron time-of-flight Laue.

position-sensitive area detectors and a range of neutron wave
lengths, a solid volume of reciprocal space is sampled with each 
stationary orientation of the sample and the detectors. The SCD 
has two f’Li-glass scintillation position-sensitive area detectors, 
each with active areas of 15 x 15 cm and a spatial resolution of < 
1.5 mm. One of the detectors is centered at a scattering angle of 75° 
and a crystal-to-detector distance o f 23 cm, and the second detector 
is at 120° and 18 cm. Details o f the data collection and analysis 
procedures have been published previously.11-12

A ~ l  x 3.5 x 4 ram crystal was wrapped in aluminium foil, 
glued to  an aluminium pin in a glove bag, and then was mounted 
on the cold stage of a closed-cycle helium refrigerator and cooled 
to  50 ±  l K. For each setting of the diffractometer angles, data 
were stored in a 3D histogram form with coordinates x. v.t cor
responding to horizontal and vertical detector positions and the 
time-of-flight, respectively. D ata were analyzed using the ISAW 
software package13 in addition to other local IPNS SCD 
programs. For intensity data collection, runs of 6 h per histo
gram were initiated, and covered a unique quadrant o f reciprocal 
space (Laue symmetry 2/m). Using this strategy, 17 histograms 
were completed during the 6 days available for the experiment.

Bragg reflections were integrated about their predicted loca
tion and were corrected for the Lorentz factor, the incident 
spectrum and the detector efficiency. The intensities were also 
corrected for absorption with wavelength-dependent linear 
absorption coefficients o f [ ^ ( c i t t 1) =  1.047 + 0.575 A] derived 
from cross sections for non-hydrogen14 and hydrogen15 atoms. 
Symmetry-related reflections were not averaged, since different 
extinction factors are applicable to reflections measured at 
different wavelengths. The GSAS software package was used for 
structural analysis.16 The atomic positions of the X-ray diffrac
tion structure were used as a starting point in the refinement, with 
the exception of the methyl group hydrogen atoms. These 
hydrogen atoms were confidently located in difference Fourier 
syntheses. The refinement was based on P  using 2528 reflections 
with a minimum (-/-spacing of 0.5 A. Weights were assigned as 
if(F02) =  l/[(cr(F02) + (0.002 iv )]2 where c2(F02) is the variance 
based on counting statistics. A Lorentzian Type-I extinction 
correction was applied. In the final refinement all atoms were 
refined with anisotropic displacement parameters. After final 
refinement the maximum peak of unmodeled scattering-density 
in the difference Fourier map was 0.21 cm x IO-12 A- \  which 
compares to approximately 4% of the peak maximum of 
a nitrogen atom in a Fourier map. The final least squares 
refinement was based upon 260 variables and converged to 
Rw( p )  =  0.155 and R(P) =  0.138.

Spectroscopic studies

Infrared spectra were taken using a Bruker Tensor 37 FTIR 
spectrophotometer with ±1 cm-1 resolution, and scanned in the 
range of 400 to 4000 cm -1. UV/Visible spectroscopy was carried 
out on a Hewlett Packard 8452A Diode Array Spectrophotom
eter from 190 to 820 nm. Samples were prepared as KBr pressed 
pellets (~5%  w/w) for both experiments.

Results and discussion

The reaction o f [Mepy]I and TCNE leads to the formation of 
[MepyMTCNE],, eqn (1), and [Mepy]I,. [Mepy]2[TCNE]2
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Tabic 2 Key bond distances for [M cpyHTCNE^ ( A)

Fig. 2 Large bronze-reflecting crystal o f [Mcpy]; 
McCN.

[TCNE]2 grown from

crystallizes prior to [Mcpy]I3, and was exclusively collected by 
careful observation during crystallization. The structure of 
[Mepy]2[TCNE ]2 was initially determined via X-ray diffraction 
and subsequently studied by neutron diffraction given the 
availability of large (14 mm’) single crystals (Fig. 2).

3 [Mepy]+ + 3 I- + 2 TCNE [Mepy]I,
+ [Mcpy],[TCNE], (1)

X-Ray. 50 KNcutron. 50 K X-Ray. 50 KNcutron. 50 K
Atoms Distance Distance Atoms Distance Distance

N l Cl 1.155(1) 1.156(4) C2 C3 1.422(1) 1.406(4)
N2-C3 1.155(1) 1.154(3) C2 C4 1.425(1) 1.423(4)
N3-C5 1.156(1) 1.158(4) C4-C5 1.420(1) 1.411(4)
N4-C6 1.154(1) 1.148(3) C4-C6 1.423(1) 1.408(4)
N5-C7 1.347(1) 1.339(3) C7-C8 1.380(1) 1.379(4)
N5 Cl I I .349(1) 1.351(3) C8-C9 1.388(1) 1.381(4)
N5 C l21.479(1) 1.468(4) C9 CIO 1.388(1) 1.389(4)
Cl C2 1.422(1) 1.414(4) CIO Cl 11.378(1) 1.382(4)

Tabic 3 Key bond angles for [M cpyHTCNE^ (“) at 50 K

Atoms

X-Ray. 
50 K 
Angle

Neutron. 
50 K 
Angle Atoms

X-Ray. 
50 K 
Angle

Neutron. 
50 K 
Angle

C7 -N5- C ll 121.32(8) 121.2(2) C2 C4 C6 119.71(8) 119.2(3)
C7 -N5- Cl 2 119.89(8) 119.8(2) C5 -C4-C6 120.88(8) 119.1(2)
C ll --N5-C12 118.78(8) 119.0(2) N3- C5 C4 178.44(9) 179.3(3)
Nl- Cl C2 178.06(10) 178.0(3) N4-C6- C4 177.07(10) 177.2(3)
Cl C2 C3 117.13(8) 117.1(3) N5- C7 C8 120.27(8) 120.5(3)
Cl C2 C4 120.31(8) 120.6(2) C7 C8 C9 119.19(9) 118.8(3)
C3 C2 C4 120.93(8) 121.1(3) C8 C9 CIO 119.70(9) 120.7(3)
N2- C3 C2 178.82(10) 178.1(3) C9 CIO Cl 1 119.00(9) 117.8(3)
C2 C4 C5 120.88(8) 120.3(2) N5- C ll  CIO 120.52(8) 120.9(3)

The structure consists o f a ccntrosymmctric rc-fTCNE]?2- 
dimer, the asymmetric unit of which is depicted in Fig. 3. Close 
approach between the two [TCNE]- anions results in an eclipsed 
dimer with an intradimcr separation of 2.806(1) A  at 50 K 
between olcfinic carbon atoms. The central C2 C4 bond distance 
on each [TCNE]- moiety is 1.425(1) A, and the cyano groups 
bend away from the center of the dimer to  accommodate this 
interaction. Thus, C2 and C4 deviate by 0.15(1) A  from the plane 
containing C l, C3, C5, C6 at 50 K, and the CN 's move away of 
the [TCNE]- plane by an average value o f 6.9° at 50 K .'7 The key 
distances and angles arc tabulated in Tables 2 and 3. The methyl 
group of the [Mcpy]+ cation displays rotational disorder over two

Fig. 3 Atom labeling and plot o f the symmetry independent compo
nents o f [McpyMTCNEk with thermal ellipsoids o f the non-hydrogen 
atoms depicted at the 50% probability level derived from the 50-K X-ray 
data.

positions at 150 K, but this disorder is frozen out at 50 K. The 
solid-state structure consists o f dimcrizcd zigzag chains of 
[TCNE]?2- with intra- and intcrdimcr separations of 2.806(1) 
(C4-C2a; a =  -,v, 1 -  y, - : )  and 4.061(2) A  (C4 C4b; b =  1 -  ,v, 
1 — j \  — r), respectively (Fig. 4). Despite the short intradimcr C--- 
C separations between pairs of [TCNE]- anions the spccics did 
not undergo a solid state cycloaddition reaction upon irradiation 
with broad band UV light; as no change in the crystal structure 
or diffraction quality was noted after 18 h irradiation at 180 K.

The 50-K neutron diffraction shows the same basic structural 
features as shown in Fig. 3, with the intradimcr separation being 
2.801(4) A, and a central TCNE C -C  bond distance o f l  .423(4) 
A. The CN 's groups lie out of the [TCNE]- plane by an average 
value of 6.7°.17 The key distances and angles arc tabulated in

Fig. 4 Intra- and intcrdimcr [TCNE]; 
distances at 50 K.

' interactions in [McpyMTCNE];
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Fig. 5 Atom labeling and thermal ellipsoid (50%) plot of asymmetric 
unit of [Mepy]2[TCNE]2 determined at 50 K via neutron diffraction. 
Dashed lines indicate four of the seven C - H - N  contacts that are at, or 
below, the sum of the van der Waals radii for hydrogen and nitrogen 
(2.75 A).

Tables 2 and 3; intradimer distances and torsion angles are listed 
in Table S l . |  N eutron diffraction data were used to accurately 
determine the location of the hydrogen atoms and close C -H  - • -N 
interactions were examined between the cation and anion(s), 
which may stabilize a long intradimer C-C  bond. Fig. 5 presents 
the molecular structure of the asymmetric unit. Close 
nonbonding contacts may be identified by examining distances 
shorter than those found for the sum of the van der Waals radii 
of the atoms in question. For hydrogen (1.20 A) and nitrogen 
(1.55 A) the sum of the radii is equal to 2.75 A ,18 and thus all 13 
H---N distances less than 3 A were examined. The lists of these 
distances and associated angles are found in Tables S2 and S3.| 
Seven of these distances fall at or below the sum of the van der 
Waals radii, within statistical error. There has been some debate 
in the literature over whether these short contacts constitute 
traditional hydrogen bonds.19,20,21 While these H - • - N  contacts are 
short and may fall into the range appropriate for classical 
hydrogen bonding, the angles in Table S 3 | indicate a distinct 
“lack of directional behavior” or near linearity that may be 
necessary to classify them definitively as hydrogen bonds.19,20 For 
example, the shortest contacts of H 9-N 2 (2.45 A) and H8-N1 
(2.52 A) have C - H - N  angles of 128.4 and 125.3°, respectively. 
Conversely, the two potential interactions with the larger C -H  - • • 
N  angles (165.0 and 158.6°) have distances that are at or above 
the sum of the van der Waals contact (H7-N4 =  2.77 A and 
H12c-N4 =  2.98 A), leaving no clear correlation between H---N 
distance and directionality of the contact. However, the short 
H---N contacts and the wide range of angles may direct the 
crystal packing forces, stabilizing the close tz-tz contact between 
the TCNE anions. As many of these H---N contacts are clearly 
less than the sum of the van der Waals radii but non-directional it 
may then be more appropriate to term these weak interactions as 
“hydrogen bridges”.21

Irrespective of the hydrogen bonding, [TCNE]22- is a tc dimer 
that is best described by a two-electron four-centered bond 
between the [TCNE]- monomer moieties.3 Dimerization of

[TCNE]- leads to overlap of the b2g singly occupied molecular 
orbital (SOMO) on each moiety to form bonding and anti
bonding orbitals of b2u and b ig symmetry (Fig. 1), respectively, 
with an (b2u2b ig0) ground state electronic structure for the 
dimer.

The intradimer C-C bond distance of 2.806(1) A is compa
rable to those previously reported that range from 2.83 to 3.09 
A.3 Another manifestation of the intradimer C-C  bonding is the 
change in hybridization of the central carbons, which results in 
C2 and C4 deviating by 0.15(1) A from a plane defined by C l, 
C3, C5 and C6. This is additionally noted by the trans-N C -C - 
C -C N  angle increasing from 0° for planar [TCNE]- to an 
average value of 6.7°17 for [Mepy]2[TCNE]2. This is in accord 
with those reported previously that range from 3.6 to 6.5°.3

Intradimer [TCNE]22- bond formation also leads to a change 
in the IR  spectrum, which differs with respect to its constituent 
fragments, i.e. two [TCNE]*- where the vcn IR absorptions 
occur at 2183 and 2144 cm-1,3’22 while the vCc is IR  inactive and 
not observed. In contrast, as previously reported tc-[TCNE]22- 
exhibits three vibrations at 2191 ± 2  (m), 2172 ±  2 (s), and 
2161 ±  2 (s) cm-1 and the vCc  at 1360 (s) cm-1.3,5 For 
[Mepy]2[TCNE]2 these IR  bands occur at 2191 (m), 2174 (m), 
2169 (m), 2163 (m) (vc =N), and 1366 (s) cm-1 (vcc) for 
[Mepy]2[TCNE]2 are consistent with the formation of 
a [TCNE]22- dimer. The ~1360-cm-1 absorption is the anti
symmetric combination of the intrafragment C-C  stretches of 
each central C-C bond, which becomes allowed and gains 
intensity due to electron-vibrational coupling.23

The electronic absorption spectrum of [TCNE]*- has an 
absorption at 23 375 cm-1 (428 nm; 2.89 eV) in solution, which 
has 17 vibrational overtones.22 This 2B2u —> 2B3g transition 
broadens in the solid state. In [Mepy]2[TCNE]2, [TCNE]22- also 
exhibits a broad absorption at 26 880 cm-1 (372 nm; 3.33 eV) as 
well as an additional absorption at 18 520 cm-1 (540 nm; 2.30 eV) 
(Fig. 6). The latter absorption is assigned to the b2u2b ig° 0 A lg) —> 
b2u1b ig1 0B lu) transition and gives these dimeric compounds the 
observed dark blue-purple color. This value is higher in energy 
than the 15 300 cm-1 (654 nm, 1.90 eV) reported for T12[TCNE]2, 
[(Me2N )2CC(NMe2)2][TCNE]2, and [CrI(C6H 6)]2[TCNE]2.3,5

Intradimer bond formation also affects the magnetic proper
ties. When doublet S  = 1/2 [TCNE]*- fragments approach each

£
2
!5L-<
ooc<BS2k_
o<0n<

10000 15000 20000 25000 30000 35000 40000 45000 50000 
Wavenumber, cm'1

Fig. 6 Solid-state UV-Vis spectra [TCNE]22" in [Mepy]2[TCNE]2.
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other to form the t> [T C N E ]/ dimer. Fig. 4, the spins interact to 
form an S  = 0 singlet ground state and an S  = 1 triplet excited 
state (or vice versa). Strong antifcrromagnctic coupling between 
the spins leads to the singlet ground state.3 However, upon 
warming thermal population of the triplet excited state may be 
achieved, as has been frequently reported.24 Similarly for related 
[TCNE]22 dimers,3 diamagnctic-likc behavior is observed for 
[Mcpy]2[TCNE]2 due to  only the singlet state being populated 
below room temperature.

Conclusion

The neutron data provide accurate structural parameters for the 
[TCNE]22 dimer, and the detailed analysis of the cation 
hydrogen-"[TCN E]/ interactions, while best described as 
“hydrogen bridges," do not stabilize the [TC N E]/ dimer. 
[Mcpy]2[TCNE]2 possesses [TCNE]22 dimers with an intradimcr 
C2-C4 bond distance from X-ray diffraction of 2.806(1) A at 50 
K  [2.822(1) A at 150 K)] The nitrilcs bend away from the ccntrc 
o f the dimer, with C2 and C4 deviating by 0.15(1) A from a plane 
containing C l, C3, C5 and C6, and the CN 's groups move away 
of the [TCNE] plane by an average value o f 6.8°. This bonding is 
best described as a two-clcctron four-ccntcrcd bond between the 
four ccntral carbon atoms within the pair o f [TCNE] moieties 
that arc related by an inversion ccntrc. As a conscqucncc, the 
[TCNE]22 dimers exhibit fc= n at 2191, 2174, 2169 (shoulder), 
2163 and fcc at 1366 cm 1 in the IR, and electronic 'A )g —> 1B, 
absorption bands at 26 880 and 18 520 cm 1 in the UV-vis 
spcctrum.
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