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New ionic complex {Co*(dppe), }-(Ce")-(CsH,CL,), (1) was obtained by the reduction of a Co(dppe)Br,
and C4 mixture by TDAE in o-dichlorobenzene followed by precipitation of crystals by hexane. Optical
and EPR spectra of 1 indicated the formation of C4'~ radical anions and diamagnetic Co*(dppe),
cations. The structure of 1 solved at 100(2) K involves chains of Cy'~ arranged along the lattice a-axis
with a center-to-center distance of 10.271 A. The chains are separated by bulky Co*(dppe), cations and
solvent molecules. All components of 1 are well ordered allowing the distortion of the Cy'~ radical
anion to be analyzed. An elongation of the Cy"~ sphere by 0.0254(2) was found. It is essentially smaller
than those in the salts (Cp*,Ni*)-(Cq)-CS, and (PPN*),-(Cg*) with greater distortion of the fullerene
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cage. The calculation of the electronic structure of fullerene by the extended Hiickel method showed
slight splitting of the C¢y LUMO, due to the distortion, by three levels. Two levels are located 180 and
710 cm™ higher than the ground level. The averaged 6-6 and 5-6 bonds in Cg "~ with lengths of 1.397(2)
and 1.449(2) A are close to those determined for the Cg> dianions in (PPN*),-(Cg2), but are slightly
longer and shorter, respectively, than the length of these bonds in neutral Cy.

Introduction

Tonic fullerene C4, complexes show a variety of promising physical
properties such as metallic conductivity, superconductivity and
ferromagnetism."* Great interest is directed to the intrinsic
structural and electronic properties of discrete fullerene Cgy"
anions.> The Jahn-Teller theorem predicts distortion of the Cq
cage from icosahedral symmetry when additional electrons are
added to the #,, LUMO orbital of C¢, to remove its degeneracy. The
presence or absence of such distortion in the fullerene anions are of
particular interest since degeneracy strongly affects the electronic
structure of fullerene and to a great extent defines such phenomena
as superconductivity and ferromagnetism.

Fullerene Cg, is nearly a spherical molecule and fullerene
anions are disordered in most ionic complexes and salts. Precise
geometry of ordered fullerene anions was determined in a few
compounds only.” These are mainly compounds containing
Cg?> dianions. The first crystal structure of the (PPN*),-(Cg?)
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salt with a triclinic unit cell, showed a strong enough deviation
from the fullerene cage I, symmetry (the difference between the
longest and the shortest diameter of Cy, was 0.086 A) allowing the
authors to conclude on the presence of an intrinsic Jahn—Teller
effect in the Cq> dianions.” Smaller but noticeable distortions
of the fullerene cage (from 0.060 to 0.075 A) were observed
in the [M(NH;)¢**]-(Cs*)-(NH;), salts (M = Ni, Mn, and Cd)
with triclinic lattice®® and in the (Cp*,Co*),-(Cg*)-(CsH,Cl,,
C,H;CN), complex with monoclinic lattice' However, the study
of the crystal structure of {(Ba*")-(NH;), }-(Cg?")-NH; with higher
trigonal lattice symmetry showed that the cage of the Cg?™ dianion
is essentially less distorted (0.014 A)."* Based on this observation
it was concluded that strong or moderate distortion of the Cg >
cage observed in previously studied compounds may be a result
of a low-symmetry, triclinic environment of Cg* rather than the
intrinsic Jahn-Teller effect.!! Indeed, the distortion of 0.014 At
is even smaller than that of the neutral fullerene cage in Cy
(0.025 A)"> which is not subject to the Jahn-Teller effect.

The strongest distortion of the fullerene cage from I, sym-
metry was found for well-ordered Cq'~ radical anions in the
(Cp*,Ni*)-(Cg-")-CS, complex with monoclinic lattice (0.098 A)."3
In this compound a pentamethylcyclopentadienyl ring of Cp*,Ni*
is located exactly over the Cq "~ pentagon and multiple short van
der Waals C. .. C contacts are formed between them. Therefore,
strong m-7 interactions of Cg ™~ with closely located Cp*,Ni*
cations can additionally contribute to the ellipsoidal distortion
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of Cg'~. Both antiferromagnetic and ferromagnetic phases of
(TDAE'*)-(Cg ") have a monoclinic lattice and contain ordered
Cq'~ radical anions which show a smaller distortion of the Cg™~
cage (0.02-0.04 A).1415

In this work we obtained the new ionic complex
of fullerene, {Co*(dppe),}(Ce)-(CsH,Cl,), where dppe is
bis(diphenylposphinio)ethane (1), as single crystals. The analysis
of the EPR-, IR- and optical spectra of 1 showed the formation of
the C4 " radical anions and the diamagnetic Co*(dppe), cations.
The structure of 1 determined at 100(2) K contains completely
ordered Cq~ radical anions for which the distortion from I,
symmetry is discussed.

Results and discussion
a. Synthesis

Tetrakis(dimethylamino)ethylene (TDAE) reduces Cq in o-
dichlorobenzene (C¢H,Cl,) to the radical anion state. How-
ever, the diffusion of hexane into C,H,Cl, solution containing
TDAE™* and Cg'~ ions does not afford the crystals of the
ionic complex. On the contrary, in these conditions fullerene
C, forms two phases: (TDAE™)-(C;)-(C4H,Cl,)-(C¢Hyy)o5 and
(TDAE"*)-(C;7)-(CsH,CL,)."** When the mixture of Co(dppe)Br,
and C, is reduced by an excess of TDAE, all components dissolve
to produce a violet-red solution from which well-shaped black
elongated parallelepipeds of {Co*(dppe),}-(Cs )-(CsH,CLy), (1)
are crystalized by diffusion of hexane. TDAE reduces both Cg,
to Cg'~ and Co** to Co*. Previously it was shown that Co** in
{Co(dppe),(CH;CN)} can be reduced electrochemically to Co*
at —0.7 V.'7 This is possible for TDAE as well since it has a
more negative first oxidation potential (E*/° =—-0.75 V)."® Further
reduction of Co* to Co® realized at —1.56 V' cannot occur in these
conditions.

Ni(dppp)Cl, (dppp is bis(diphenylposphino)propane) and Cg,
after reduction by sodium fluorenone forms a Ni(dppp)-(1n>-Cq)
complex where zero valent nickel coordinates to Cg, by the n>-type.
In these coordination units, the Ni-C(Cg,) bonds of 1.950(2) A
length are essentially shorter than the Ni-P bonds (2.152(2) and
2.155(2) A).* 1t is interesting that the Co(dppe)* unit does not
add to Cg" to form a coordinated Co(dppe)-(m>-Cq) complex.
Instead of that, the Co*(dppe), cations are formed in solution and
co-crystalize with non-bonded Cg,"".

b. Charged state of C4 and diamagnetism of Co*(dppe),

The spectra of 1 in the IR- and UV-visible-NIR ranges are shown
in supporting information.t IR active modes of Cg manifest
absorption bands at 533 (coincides with the band of Co*(dppe),),
576, 1180, and 1390 cm™'. The F,,(4) mode which is most sensitive
to the charged state of Cy, is shifted from 1429 cm™ in the neutral
state to 1396-1388 cm™' in the radical anion state.?*? The position
of this mode in the spectrum of 1 at 1390 cm™ indicates the
formation of the C,'~ radical anions. The spectrum of 1 with two
bands in the NIR range at 930 and 1090 nm is also characteristic
of Cg'=.4°

The EPR spectrum provides further evidence of the ionic ground
state of 1. The compound manifests a broad intense EPR signal
with a g-factor of 1.9986 and a linewidth (AH) of 4.57 mT at

room temperature (supporting informationt). Such signals are
generally observed in the complexes and salts containing Cgy™~
radical anions.*S Integral intensity of this signal corresponds to
the contribution of about one S = 1/2 spin per formula unit.
In the background of the broad signal from Cg ", a very weak
narrow signal with approximate g-factor of about 2.0000 can also
be resolved. This signal originates from about 0.3% of spins of
total amount of Cg, and can be attributed to defects.

Starting compound Co(dppe)Br,, with paramagnetic Co** ions,
manifests a broad intense EPR signal with g-factor = 2.0357 and
AH =15.5mT. Itis expected that cobalt ions in 3+ and 1+ charged
states with d° and d® electronic configurations, respectively, should
be diamagnetic and EPR silent. Indeed, the EPR spectrum of 1
shows no additional signals to that from C4 . Thus, the EPR data
justify the reduction of paramagnetic and EPR active Co* to the
EPR silent Co*. Electroneutrality of the complex also justifies the
formation of monocationic Co*(dppe), species since the complex
involves cations and fullerene anions ata 1 : 1 ratio and the charged
state of Cq, was estimated to be 1-.

c. Crystal structure of the complex

The crystal structure of 1 was studied at 100(2) K. It has
a monoclinic unit cell with well-ordered Co(dppe),* and Cg'~
ions and solvent C4H,Cl, molecules (R-factor is 3.28%). The
Co*(dppe), cation with the 1+ charged four-coordinated cobalt
atom was generated in solution electrochemically at —0.7
V starting from {Co(dppe),(CH;CN)}** which loses CH;CN
molecules during the reduction.” The structure of individual
Co(dppe),* cations was unknown. However, some L,Co*(dppe),
cations with six-coordinated cobalt atoms were structurally
characterized: {H,Co*(dppe),}, {HCo*(dppe),(CH;CN)} and
{0,Co*(dppe), }."*

(a)

Fig.1 The structure of Co*(dppe), cation viewed on upper (a) and along
(b) one PCoP plane.
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Fig. 2 The crystal structure of 1 viewed along the lattice ¢- (a) and b-axes (b).

Since the cobalt atom has d® configuration in Co*(dppe).,
square-planar geometry for this ion is expected. Nevertheless, the
P,Co fragment is not planar (Fig. 1). The angle between two P,Co
planesis 21.82(2)°. Such geometry is different from the tetrahedral
geometry of neutral Co’(dppp), and anionic Co~(dppe),.**** The
Co-P bond length in Co*(dppe), is in the 2.182-2.204(2) A
range. The ability of Co"porphyrins to form coordination Co—
C bonds with Cg,'~ is known.?® In the case of Co*(dppe),, such
coordination is not possible since a close approach of bulky Cg,"~ to
Co" is sterically blocked. Moreover, the shortest distances between
Co* and a carbon atom of Cg,"~ exceeds 8 A showing a minimal
effect of the cations on the geometry of Cy".

The C4 "~ radical anions form chains arranged along the lattice
a-axis (Fig. 2a shows fragments of the two chains). The center-to-
center distance of 10.271 A between the fullerenes in the chain is
longer than the van der Waals diameter of Cy, (10.18 A) and
no van der Waals C...C contacts are formed between them.
Fullerene chains are separated by bulky Co*(dppe), cations and
solvent C,H,Cl, molecules. As a result, the shortest center-to-
center distance between fullerenes from different chains is quite
long (13.6 A). Each Cg~ is surrounded by the phenyl groups
of six Co*(dppe), cations and forms van der Waals contacts

with two C¢H,Cl, molecules. Multiple shortened van der Waals
H(Co*(dppe),, CsH,ClL,)...C(Cg'") contacts in the 2.84-2.89 A
range and several C(phenyl group of Co*(dppe),)...C(Cq™)
contacts of 3.20 A length provide complete ordering of Cg"~ in
this complex.

d. Analysis of the fullerene distortion in 1

Ordering of Cg "~ provides an opportunity to study the distortion
of the Cq,'~ radical anions in 1. Labels of the carbon atoms in Cg,"*~
are shown in Fig. 3a and the distances of the carbon atoms from
the center of fullerene are presented in Fig. 3b. These distances
vary in a narrow range from 3.537(2) to 3.555(2) A with the mean
value of 3.545(2) A. All twelve carbon atoms (C301, C302, C306,
C307, C311, C312 and their symmetrically located equivalents
shown by red circles in Fig. 3a) which have the longest distance
from the center belong to two oppositely located hexagons. This
indicates the elongation of the C4 "~ sphere along the axis passed
through the centers of two 6-6 bonds (these bonds involved C311
and C312 atoms and their symmetrically located equivalents).
This axis forms an angle of 41.5° with the lattice a-axis along
which linear Cq "~ chains are formed (Fig. 2a). The distances
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Fig.3 Atom labelingin the C4 "~ radical anion. (a) Red labels mark atoms
with the longest distances from the center, violet labels mark atoms with
the shortest distances from the center and green labels mark atoms with
mean distances from the center. (b) Distances of the carbon atoms of Cg,"~
from the center.

between the midpoints of two oppositely located 6-6 bonds in
three orthogonal directions are 6.944, 6.948 and 6.970 A. The
latter distance was measured for the midpoints of two oppositely
located 6-6 bonds having maximal distance from the center of
the fullerene (Fig. 3b). The difference between the longest and the
shortest diameter of Cy, is only 0.026 A. The ellipsoid of Cy"~ was
calculated by the least-squares method in an orthogonal system
using the following equation: (X ,.,/3.5522)* + (Y .w/3.5395)* +
(Z,0e/3.5420)* = 1. The greatest radius was obtained to be
3.5520(1) A and two other radii were 3.5420(1) and 3.5395(1) A.
The difference between the longest and shortest diameter of the
Cq ellipsoid is also 0.0254(2) A, i.e. essentially smaller than those
in the (Cp*,Ni*)-(Cg")-CS, and (PPN*),-(Cg?) salts with strong
distortion of the fullerene cage (0.086-0.098 A). The distortion of
fullerene in neutral Cy, is 0.025 A only.” Since there is no Jahn—

Teller effect in neutral Cg,, it can be concluded that the effect
observed in Cg,"~ is rather small.

The electronic structure of fullerene in 1 was calculated using
the extended Hiickel method based on the crystal structure.®
This method provides reasonable values for the energy levels of
molecular orbitals in C4, since the calculated HOMO-LUMO
gap of 1.50 eV is close to the experimentally®! and theoretically*?
determined HOMO-LUMO gap in Cg. It is known that the
LUMO of Cy, with ideal I, symmetry consists of three degenerated
molecular orbitals (labeled as 121, 122 and 123). The distortion of
Cy " results in a small splitting of the LUMO. The 121 molecular
orbital is lowest in energy and is occupied by one electron. It is
distributed over the belt coming through two oppositely located
hexagons with the maximal distance in the fullerene cage as
shown in Fig. 4. The 122 molecular orbital is located 180 cm™
(260 K) higher and should be almost empty at 100(2) K. It is
also distributed over the belt coming through two oppositely
located hexagons with the maximal distance (Fig. 4). It should
be noted that the splitting of 180 cm™ is noticeably smaller than
the experimentally determined gap of 730 cm™ between singlet and
triplet states for the Cq,* dianions in (Cp*,Co*),-(Cg*)-(CeH,Cl,,
C¢H;CN),.!* However, the distortion of the C4> dianions in this
complex is also noticeably stronger (the difference between the
longest and the shortest diameter of Cg, was 0.060 Ay 0.026 A
in 1). The highest in energy, the empty 123 orbital, is located above
the 121 level by 710 cm™ (1020 K) and is distributed over the belt
located perpendicular to the long axis of the fullerene ellipsoid
(Fig. 4).

121 122 123

Fig. 4 The direction of the long axis of the fullerene ellipsoid (yellow
arrow) and the distribution of the 121, 122 and highest in energy 123
molecular orbitals over the Cy'"cage calculated by the extended Hiickel
method.

The 6-6 and 5-6 bond lengths in Cg,'~ are within the 1.393(2)-
1.401(2) and 1.446(2)-1.456(2) A range and are averaged at
1.397(2) and 1.449(2) A, respectively. The Cq? dianions with max-
imally distorted fullerene cage have close averaged lengths of the
6-6 and 6-5 bonds of 1.399(2) and 1.446(2) A in (PPN*),-(Cg?).”
Neutral Cy, has slightly shorter 6-6 bonds of 1.391(8) A and longer
5-6 bonds of 1.455(8) A.** The direction of the bond length change
at Cy charging is in accordance with the theory which predicts
that the 7,, LUMO orbital is antibonding for the 6-6 bonds and
bonding for the 6-5 bonds.**

Conclusion

A new ionic fullerene complex { Co*(dppe), }-(Cs')-(CsH4Cly), (1)
was obtained. Optical and EPR spectra indicate the formation of
Cy " radical anions and diamagnetic Co* (dppe), cations whose
molecular structures were analyzed. The C4 "~ cage elongates by
0.0254(2) A. This distortion is essentially smaller than that in
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the (Cp*,Ni*)-(Cg")-CS, and (PPN™),-(Cq*) salts and is close to
that in neutral Cy,. The calculation of the electronic structure of
fullerene by the extended Hiickel method showed slight splitting
of the C¢, LUMO due to the distortion by 180 and 710 cm™.
The splitting between occupied 121 and nearly empty 122 orbitals
is smaller than the experimentally determined singlet—triplet
energy gap for the Cq?>" dianions in (Cp*,Co*),-(C¢*)-(CsH,Cl,,
C¢H;CN),."* The averaged 6-6 and 5-6 bond lengths of 1.397(2)
and 1.449(2) A in Cg'~ are close to those determined for the
Cg? dianions in (PPN*),-(Cg?>") but slightly longer and shorter,
respectively, than the length of these bonds in neutral Cy.

Experimental
Materials

CoBr,, bis(diphenylposphinio)ethane (dppe) and TDAE were pur-
chased from Aldrich. Cg, 0f 99.9% purity was used from MTR Ltd.
Solvents were purified in argon atmosphere. o-Dichlorobenzene
(C¢H,Cl,) was distilled over CaH, under reduced pressure and
hexane was distilled over Na/benzophenone. The solvents were
degassed and stored in a glove box. All manipulations for the
synthesis of 1 were carried out in a MBraun 150B-G glove box
with controlled atmosphere and the content of H,O and O, was
less than 1 ppm. The crystals were stored in a glove box and put in
anaerobic conditions in 5 mm quartz tubes for EPR measurements
under argon. KBr pellets for IR and UV-Vis-NIR measurements
were prepared in a glove box.

Synthesis

For the preparation of Co(dppe)Br,, anhydrous CoBr, (300 mg,
1.38 mmol) was dissolved in 10 ml of acetonitrile (AN) and an
equimolar amount of dppe was added (547 mg, 1.38 mmol) to this
solution. After 1 h the green crystalline precipitate was filtered,
washed with 5 ml of cold AN and dried in air. Yield was 720 mg
(82%).

The crystals of 1 were obtained by diffusion. C4 (30 mg,
0.035 mmol), Co(dppe)Br, (43 mg, 0.07 mmol) and an excess of
TDAE (0.5 ml) were dissolved in 14 ml of DCB upon stirring at
60 °C for a night to produce violet-red solution. The solution was
cooled down to room temperature, filtered in a 50 ml glass tube of
1.8 cm diameter with a ground glass plug, and 30 ml of hexane was
layered over the solution. Diffusion was carried out for 1 month
to yield the crystals of 1 on the wall of the tube. The solvent was
decanted from the crystals, which were washed with hexane to give
black well-shaped elongated parallelepipeds of 1 up to 0.3 x 0.3 x
1 mm?® in size with 50% yield. The composition of the complex
was determined from the X-ray diffraction on a single crystal of
Co(dppe),-Cg-(CcH,Cl,), (1). Several single crystals selected from
the synthesis had similar unit cell parameters.

General

FT-IR spectra were measured in KBr pellets with a Perkin—
Elmer 1000 series spectrometer (400-7800 cm™). The UV-visible
spectrum was measured in KBr pellet on a Shimadzu-3100
spectrometer in the 600-1500 nm range. The EPR spectrum of
1 was recorded at room temperature with a Radiopan SE/X-2547
spectrometer. For the estimation of a number of spins in 1, integral

intensity of the signal from a weighed amount of the complex was
compared with that of the signal from a sample of a,0’-diphenyl-
B-picrylhydrazid (DPPH) with a known number of spins.

X-Ray crystal structure determination

Crystal data for 1. Cj,,HsCL,CoP,, M, = 1870.30 g mol™, black
parallelepiped, monoclinic, C 2/¢, a=10.2711(5), b=39.2279(18),
¢=20.6979(11) A, B =100.241(5)°, V =8206.6(7) A3, Z=4, d. =
1.514 g ecm™, u = 0.479 mm™', F(000) = 3820, T = 100(2) K,
26, = 54.2°, reflections measured 31494, unique reflections 8950,
reflections with 7 > 20(I) = 7369, parameters refined 600, restrains
0, R, =0.0328, wR, = 0.0877, GOF= 1.065.

X-Ray diffraction data for 1 were collected on an Ox-
ford diffraction “Gemini-R” CCD diffractometer with graphite
monochromated Mo-Ka radiation using an Oxford Instrument
Cryojet system. Raw data reduction to F? was carried out using
CrysAlisPro, Oxford Diffraction Ltd. The structure was solved by
direct method and refined by the full-matrix least-squares method
against F? using SHELX-97.* Non-hydrogen atoms were refined
in the anisotropic approximation. Positions of hydrogen atoms
were calculated geometrically. Subsequently, the positions of H
atoms were refined by the “riding” model with U, = 1.2U,, of the
connected non-hydrogen atom or as ideal CH; groups with U, =
1.5U,.
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