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The Interaction of Cg,, C,,, and C (CN), Radical Anions with Cobalt(1)
Tetraphenylporphyrin in Solid Multicomponent Complexes

Dmitri V. Konarev,*[® ! Salavat S. Khasanov,[* ! Gunzi Saito,**! Rimma N. Lyubovskaya,™™
Yukihiro Yoshida,'?! and Akihiro Otsuka!® 9!

Abstract: A method for the synthesis of
the multicomponent ionic complexes:
[Cr'(C¢Hg), *][Co"(tpp)(fullerene)~]-

C¢H,Cl,, comprising bis(benzene)chro-
mium (Cr(C¢Hg),), cobalt(i1) tetraphen-
ylporphyrin (Co'(tpp)), fullerenes (Cy,
C¢(CN),, and Cy), and o-dichloro-
benzene (C¢H,Cl,) has been developed.

(tPPHCao(CN)} [Coo( CN), 1) -3 CHLCL,
are presented. The essentially shortened
Co-++ C(fullerene) bond lengths of
2.28-232 A in these complexes indi-
cate the formation of o-bonded
[Col(tpp)][fullerene]~ anions, which
are diamagnetic. All the ionic complexes
are semiconductors with room temper-

ature conductivity of 2x1073-4x
10~ Scm~!, and their magnetic suscepti-
bilities show Curie—Weiss behavior.
The neutral complexes of Co'(tpp) with
Co0> Ceo(CN),, Cy, and Cr(CgHy),, as
well as the crystal structures of [Co!l-
(tpp)](Ceo) - 2.5 CsH,4CL,, [Co™(tpp)[(Cro) +
1.3CHCl;-0.2C¢H,, and [Cr’(C¢Hg),]-

The monoanionic state of the fullerenes
has been proved by optical absorption
spectra in the UV/vis/NIR and IR rang-
es. The crystal structures of the ionic

[{Cr'(CHg)o}T17l{Co™(tpp)(Cen) o] 7~
33CH,Cl, and [{Cr!(CsHy),}*],[Col-

porphyrinoids
tures

Introduction

Ionic charge-transfer (CT) complexes and salts based on
fullerenes!'! show intriguing physical properties.?¥! The com-
pounds obtained up to now involve strong organic and
organometallic donors (denoted as D;), namely, metallo-
cenes  Co"(Cp),l*®  Cr%(C¢Hq),,”!  Cr’%(C¢HsMe),, 10
Cr'(CeH;Me;), ! Nit'(Cp*), [ Co™(Cp*),,1 Cr''(Cp#),, 1
and Fe!(Cp)(C¢Me,);["l metalloporphyrinates Cr''(tpp)™!
and Sn""TpTP;® and the amine TDAE.['! All of these ionic

Keywords: crystal engineering - do-
nor—acceptor systems - fullerenes -
solid-state struc-

[Co'(tpp)] are discussed. In contrast to
the ionic complexes, the neutral ones
have essentially longer Co--- C(fuller-
ene) bond lengths of 2.69-2.75 A.

compounds are two-component ones and can be presented by
a general formula: [(D,) *(fullerene) "], some of them also
contain solvent molecules (S).

At the same time, most organic and organometallic donors:
substituted tetrachalcogenafulvalenes,!'’-1 aromatic hydro-
carbons,['- 2% amines,?!l porphyrins,?> 28] porphyrazines,?Y and
their metal-containing analogues®> 2325281 (denoted as D)
yield mainly neutral complexes with fullerenes:
[(D,)>*(fullerene)®~]-S, where the degree of charge transfer
() is close to 0. The advantage of these complexes is their
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Abbreviations in the text: Co'(Cp),: cobaltocene; Cr’(CsHg),: bis-
(benzene)chromium(o); Cr'(CHsMe),: bis(toluene)chromium(o);
Cr’(C4H;Me3),: bis(mesitylene)chromium(o); Ni'!(Cp*),: bis(pentamethyl-
cyclopentadienyl)nickel(r); Co'(Cp*),: bis(pentamethylcyclopentadienyl)-
cobalt(t); Cr''(Cp*),: bis(pentamethylcyclopentadienyl)chromium(r);
Crli(tpp):  5,10,15,20-tetraphenyl-21 H,23 H-porphyrinate  chromium(1i);
Sn!'TpTP: 5,10,15,20-tetratolyl-21 H,23 H-porphyrinate tin(i1); TDAE: tet-
rakis(dimethylamino)ethylene; Fe''(Cp),: ferrocene; H,(tpp): 5,10,15,20-
tetraphenyl-21H,23 H-porphyrin; Zn"(tpp): 5,10,15,20-tetraphenyl-
21H23H-porphyrinate  zinc();  Cu(tpp):  5,10,15,20-tetraphenyl-
21H,23H-porphyrinate copper(i1); Co''(tmpp): 5,10,15,20-tetrakis(p-meth-
oxyphenyl)-21H,23H-porphyrinate cobalt(ir); Co'(tbp): 5,10,15,20-tetra-
kis[3,5-(di-tert-butyl)phenyl]-21H,23 H-porphyrinate cobalt(i); Co"(oep):
2,3,7.8,12,13,17,18-octaethylporphyrinate cobalt(i1); Ph,P*: tetraphenyl-
phosphonium cation.
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ability to form various packing motifs of fullerene molecules
in a crystal. The molecular configurations and fullerene
networks, which range from one- to three-dimensional in
fullerene complexes with tetraphenylporphyrin and their
metal-containing analogues, were demonstrated in our pre-
vious publications.?> 2035l Tt js well known that the neutral
complexes cannot show interesting conducting and magnetic
properties, and the change of their ground state to an ionic
one may be promising in the design of functional organic
solids. A third component with strong donor ability intro-
duced into the complex can ionize the fullerenes (the above-
mentioned D, molecules) and change their ground state.

To combine D, and D, molecules in one complex with
fullerene, we designed multicomponent complexes of ful-
lerenes of a general formula [(D,)*(fullerene)(D,)]-S; here
D, is a donor molecule of a small size potentially able to ionize
fullerenes, and D, is a large structure-forming molecule.
Tetraphenylporphyrins are convenient D, components since
H,(tpp) or M(tpp) (M =Co!, Cu!, and Zn") and fullerenes
form a specific architecture with large cavities or chan-
nels,?> 2321 which can accommodate a small D; component.
In our previous workP?*l we developed a method for the
incorporation of ferrocene (Fe'Cp,) into [Co"(tpp)(py)] and
[Zn"(tpp)(py)] (py: pyridine) complexes with Cg. The
resulting [M"(tpp)(py)].[Fe"(Cp).](C) - CsHsMe (M = Co,
Zn) complexes still have a neutral ground state since Fe''(Cp),
is too weak a donor to ionize Cg.

In contrast to Fe''(Cp),, Cr%(C¢Hg), has essentially stronger
donor properties (EI’/ZO:—O.72 V) to ionize fullerenes
(E%’ of Cg and Cy;o~-0.4 VP and E‘ffz’ of Cg(CN),=
—0.25 VBU) and can form ionic CT complexes with them:
[Cr'(CsHe)a] *(Ceo) ) and  [Cr'(CeHe)o] "[Coo(CN),] -
CsH,.PU The size of the Cr’(C4Hg), molecule is comparable
with that of solvent molecules and allows this donor to be used
as a D; component in the multicomponent ionic
[(Dy)*(fullerene)~(D,")]- S complexes.

In this paper we present the new ionic multicomponent
[Cr'(C¢Hg),] *+[Co"(tpp)(fullerene)~] - C¢H,Cl, complexes to-
gether with the neutral molecules: [Co"(tpp)](fullerene)-S
(fullerene = Cg, C4(CN),, and C,,; C4H,Cl, = o-dichloroben-

Table 1. Data for crystals of 1-9.

zene; S=C¢H,Cl,, CHCl;, C¢H,, CsHsMe), and
[Cr(C¢Hy),][Co'(tpp)]. The complexes have been character-
ized by IR, UV/vis/NIR, and EPR spectroscopy, and their
magnetic and transport properties have been studied. The
crystal ~ structures  of  [{Cr'(CeHe),}17][{Co" (tpp)(Ceo)la] -
33CGHCL (1), [{Cr'(CeHe)ab][Co™(tpp){ Coo(CN) [ Coo-
(CN),]-3CH,CL (3).21 [Co™(tpp)[(Cxo) -2.5CHLCL (4),
[Co"(tpp)](Cy) - 1.3CHCL;:0.2C,Hy (6), and [Cr’(C¢Hg),)-
[Co"(tpp)] (9) have been solved by using single-crystal
X-ray data. The interaction of Co'(tpp) with neutral ful-
lerenes Cyq, Ce(CN),, and C, and their radical anions in the
solid complexes has been analyzed.

Results

Synthesis: The complexes 1-9 are listed in Table 1. The
crystals of 1-3 were prepared under anaerobic conditions by
diffusion of n-hexane into a solution of Cr’%(CsHj),, fullerene,
and Co''(tpp) in C¢H,Cl,. The Cr%(C,Hg),/fullerene/Co"(tpp)
molar ratio is 2:1:1. Tonic [Cr'(C¢Hy),] **[fullerene] *~ - C;H,Cl,
and [Cr'%(CHg),][Co'(tpp)] (9) were crystallized in the
presence of an excess of Cr’(C¢Hg), (4:1:1 molar ratio).
H,(tpp), Cu''(tpp), Zn"(tpp) (as a D, component), or bulky
Cr''(Cp*),” ™® (as a D; component) do not form multi-
component complexes with Cg,.

Crystal structures: The main building block of
[{Cr'(CeH)ohi A [{Co(tpp)(Cep) )] - 3.3CcHLCL, (1) is  the
[Co"(tpp)(Cg)] unit  (Figure 1a). There are two
[Co"(tpp)(Cqp)] units (A and B), which have different atomic
displacement parameters for the fullerene moieties and Co---C
(Cg) bond lengths of 2.294(10) A in unit A and 2.319(9) A in
unit B. The next shortened Co-+- C(Cg,) contacts for carbon
atoms closest to coordinated carbon are 3.004—3.204 A (inset,
Figure 1a). Such a coordination corresponds to the o bonding
of Co''(tpp) to C4. The N(Co''(tpp)) -+ C(Cq,) bond lengths
are 2.968-3.264 A in both units.

The supramolecular arrangement of 1 is shown in Figure 2.
The o-bonded [Co"(tpp)(Cg)] units form a cage structure

N Complex Elemental analysis found/calcd Shape
C[%] H[%] N [%] Cl [%]

1 [{Cr'(CeH),} 171 [{Co™(tpp)(Ceo)}2] according to X-ray diffraction data elongated
+3.3C¢H,CL,k! prisms

2 [[Cr'(CeH),11[Co"(tpp)(C10)1(Cro) 84.48/84.62 2.16/2.16 2.63/2.03 5.12/5.08 prisms
-2 CH,CLD!

3 [{Crl(CeHg), )] [Co(tpp){Ceo(CN),} according to X-ray diffraction data elongated
[Cgo(CN),] -3 CeH,CLyl! parallelepipeds

4 [Co(tpp)](C) + 2.5 C;H,CL, according to X-ray diffraction data prisms

5 [Co™(tpp)](Co) - CeHsMe 89.55/89.76 257242 3.84/3.77 - prisms

6 [Co(tpp)](Cy) + 1.3 CHCl;+ 0.2 C¢Hy according to X-ray diffraction data prisms

7 [Co™(tpp)](Cro) » 2.5 CHLCL, 82.40/82.44 1.90/2.02 3.00/2.97 9.21/9.44 elongated

plates

8 [Co™(tpp)]{Ceo(CN),} - 2.5 CH Me 80.40/80.79 2.44/2.40 4.62/4.70 8.78/8.64 prisms
-1.5CHCl,

9 [Cr%(C4Hy),][Co"(tpp)] according to X-ray diffraction data parallelepipeds

The atomic ratio from the data of microprobe analysis (Co/Cr/Cl): obs/calcd: [a] 1.00 £0.07:0.86+0.07:2.2+0.1 / 1:0.85:3.3. [b] 1.00+£0.07:1.96 +

0.07:4.1+0.1/1:2:4. [c] 1.00 £0.07:2.00 £0.07:6.4+0.1 / 1:2:6.
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Figure 1. Different types of fullerene/porphyrin interaction in: a) [{Cr'(CsHg),}; /][{Co"(tpp)(Cep)}] + 3.3 C¢H,4CL, (1). Inset: a detailed view of the Co++-C o
bond in [Co(tpp)(Cy)] unit “A” (the Co--C(n) lengths are n=1: 229, n=2: 3.00, n=3: 3.00, n=4: 3.20 A. b) [{Cr'(CsH),},][Co"(tpp){Ce(CN),}]-
[Cso(CN),] -3 CcH,CL, (3). Inset: a detailed view of the Co++ C ¢ bond in [Co(tpp)(Cgy)(CN),] unit (the Co +-+ C(n) lengths are n=1:2.28, n=2:3.09, n =3:
3.06, n=4:2.99 A. c) [Co™(tpp)](Cgo) 2.5 CH,CI, (4). d) [Co™(tpp)](Cyo) - 1.3 CHCl, - 0.2 CgHg (6). The shortened van der Waals contacts (< 3.0 A) and the

obonding are shown by dashed and full lines, respectively.

with large cavities connected through channels along the b
axis. The walls of each cavity are built of six [Co'(tpp)(Cq)]
units. The cavities accommodate both C¢H,Cl, and Cr'(CsHg),
in six crystallographically different positions. Three of them
are partially occupied by orientationally disordered C;H,Cl,,
one position is partially occupied by orientationally disor-
dered Cr'(C¢Hg),, and the last two neighboring positions are
shared by both Cr(C¢Hg), and CeH,Cl,. The fullerene
molecules form isolated pairs with a center-to-center bond
length of 10.16 A and a shortened C---C contact of 3.216 A.
[{Cr'(CeHg),k][Co™(tpp){Can( CN)H[Ceo(CN),] - 3 CH,CL, (3)
contains [Co'(tpp)][{Ce(CN),},] units (Figure 1b). One
Cs(CN), (A) has a o-type coordination to Co'(tpp) with
the shortest Co---C bond length being 2.283(3) A. The
shortened Co--+C contacts for carbon atoms closest to
coordinated carbon are 2.99-3.09 A (inset, Figure 1b). The
second Cg(CN), molecule (B) forms only shortened van der -
Waals contacts with Co"(tpp) of the #*type with Co---C
distances of 2.790(3) and 2.927(3) A.

Chem. Eur. J. 2003, 9, 3837-3848 www.chemeurj.org
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The packing of 3 is shown in Figure3. The
[Co'(tpp)][{Ceo(CN),},] units form a cage structure with
channels (I and II) arranged along the a axis. I is occupied
by ordered Cr'(CsHg), molecules. Each Cr!(C,Hy), is sur-
rounded by six Cg(CN), molecules among which four
molecules (2A+2B) project C=N groups toward one
Cr'(C¢Hg), and the other two molecules (2B) toward the
Cr'(C¢Hg), embedded in the neighboring channels 1. The
N(Cg(CN),) --- C(Crl(C;Hg),) contacts are 3.24-3.26 A.
Channel I is larger than I since its walls contain two
additional ordered Cr!(C4Hg),, which form the shortened
C(Cg) »+» C(Cr'(C¢Hg),) contacts of 3.38—3.44 A. Channel II
contains disordered Cr!'(C4Hy), and CqH,Cl, (not depicted in
Figure 3) in two crystallographically independent positions.
One of these positions is occupied only by C¢H,Cl, and the
other one is shared by both Cr'(C,H), and C;H,Cl,. Their
disorder is associated with the absence of shortened contacts
with fullerenes. In 3 the fullerene molecules form several
shortened C---C contacts to each other (3.17-3.38 A).
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planes of porphyrin macrocycles

of A and B is 44.1°. A forms
shortened van der Waals Co-.- C
(Cg) contacts (2.691(3) and
2.796(3) A) of the 7? type with
the 6-6 bond of C,, while B
forms only one shortened Co---C
(Cq) contact of 2.690(3) A (the
Co+++ C(Cy) contact with another
carbon atom of this 6-6 bond is
3.11 A). There are also several
shortened N(Co''(tpp)) -+ C(Cq)
contacts in the 2.95-3.37 A range.
The zigzag arrangement of Cg, and
Co"(tpp) molecules in the chains
affords large cavities (Figure 4,
dashed circles) occupied by phenyl
substituents of Co''(tpp) and
C.H,Cl,. Each C4 molecule in 4

has two adjacent Cg molecules
with van der Waals C--- C contacts

Figure 2. The supramolecular arrangement of [{Cr'(C¢Hy),}1/][{Co™(tpp)(Cyo)}o] - 3.3 CsH,CL, (1) (view along
the b axis). The cavities connected by the through channels are shown by dashed circles. The phenyl
substituents of the Co"(tpp), Cr'(C,H,), and C¢H,Cl, moieties are omitted.

0 o
in the 3.11-336 A range and

a center-to-center distance of
10.10 A.

[Co"(tpp)](Cy) - 1.3 CHCl; -
0.2C,H¢ (6) contains C,, layers
parallel to the mirror (010) plane
of the lattice (Figure 5). There are
two crystallographically indepen-
dent C; and Co"(tpp) molecules
(A and B). The saddle-shaped A
forms shortened Co-+- C(C;,) con-
tacts in the 2.70-2.90 A range
with two crystallographically inde-

pendent C;, molecules, while the
planar B has a shortened contact
of 2.751(3) A with only one Cy,
molecule and its crystallographic
equivalent (Figure 1d). There are
several shortened C---C contacts
(3.30-3.48 A) between the non-
equivalent C;, molecules in the
layer, so that the zigzag chains of
0 C; molecules are clearly pro-

Figure 3. The two types of channel in [{Cr'(C¢Hy),},][Co™(tpp){Ceo(CN),}][Ceo(CN),] -3 C,H,CL, (3) (view
along the channels). The channels I and Il are depicted by full and dashed circles, respectively. The positions of

the Co'(tpp) macrocycles are shown schematically by dashed lines.

[Co"(tpp)](Cqp) + 2.5 CsH,C, (4) is isostructural to H,(tpp) -
Co* (CsHsMe)s,) [Zn"(tpp)[(Cr).,*! and [Cu'(tpp)](Cyo) -
1.5C.H;Me - 0.5 C,HCl,.1?

The main structural motif of the complex is zigzag chains of
alternating Co'(tpp) and Cg, molecules (Figures 1c and 4).
Each C4 molecule forms shortened contacts with the two
[Co'(tpp)] units (A and B). The dihedral angle between the

3840
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nounced (Figure 5). Disordered
solvent molecules occupy the cav-
ities within the C;, layer.

[Cr’(CHo)1[Co"(tpp)] (9): The
complex has a layered structure.
An almost square network of
Co"(tpp) molecules in the layer
contains ordered Cr’(C4Hy), molecules in the cavities formed
by the phenyl groups of Co''(tpp) (Figure 6).

Conformation of Co"(tpp) in the complexes: The main
geometric parameters of porphyrin macrocycles for 1, 3, 4,
6, 9 and related compounds are presented in Table 2. The
values of bond lengths and angles in the porphyrin ligand

www.chemeurj.org Chem. Eur. J. 2003, 9, 38373848
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Figure 4. The fragment of crystal structure of [Co"(tpp)](Cg) - 2.5 CsH,Cl, (4) (the view on the bc plane). The
channels shown by the dashed circles are occupied by the C;H,Cl, molecules (not depicted in figure). Only the

major orientation of the Cg, molecules is shown.

Figure 5. Fragment of the crystal structure of [Co"(tpp)](Cy)- 1.3 CHCl;-
0.2C4Hg (6). The view along the C;, layers is shown.

remain almost unchanged in 1, 3, 4, and 6 as compared with
the parent porphyrin,** whereas the N-.-Co bonds are
noticeably elongated. The cobalt atom in 1 and 3 coordinates
to fullerenes and TPP in a flattened square-pyramidal
manner, deviating by 0.096(3) and 0.091(3) A (1) and
0.113(1) A (3) from the mean plane of the porphyrin macro-
cycle toward fullerene. The deviations of the cobalt atom in 1
and 3 are comparable with that in [MY(tpp)(py)].[Fe"(Cp).]-
(Cg)* C¢HsMe (the deviation of the cobalt atom toward
pyridine is 0.190 Al6el),

Chem. Eur. J. 2003, 9, 3837-3848 www.chemeurj.org
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Porphyrin macrocycles in the
complexes with fullerenes have
nearly planar geometry except-
ing Co'l(tpp) “A” molecule in 6,
which has a noticeable saddle-
like deviation (Table2). The
[Co"(tpp)] units in 9 are also
bent in a saddle-like manner as
in the parent Co"(tpp).5?

IR spectra: Neutral Cy, has four
IR-active absorption bands at
527, 577, 1181, and 1429 cm™!
(F(1-4) modes, respectively).
The frequency of the Fy,(4)
mode is sensitive to charge
transfer to the Cq, molecule.P)
This mode has two components
(1408 and 1398 cm™') in 1,
which are noticeably shifted by
21-31cm™! to smaller wave
numbers relative to parent Cg,
and becomes close to that in Cy,
ionic salts with the 1~ charge on
the Cq molecule: 1390-
1394 cm~! in (Ph,X*),+(Cg'7)+
Y- (X=P, As; Y=CI, 1), and Rb*[Cg]~ at 1392 cm .13
The essential increase in the integral intensity of the F,(2)
mode relative to that of F;,(1) is also characteristic of Cgy*~ .1
The splitting of the F,,(4) mode into two bands can be caused
by the presence of two differently charged fullerene mole-
cules or the lowering of Cg symmetry in the o-bonded
[Co'(tpp)(Cq)] units. Several new weak bands at 548, 1196,
1204, 1232, 1262, and 1309 cm! can be attributed to the
“silent” symmetry-forbidden modes of Cy,, which appear as a
result of symmetry breakingl*”l in Cy at the formation of the o-
bonded [Co"(tpp)(Cy)] units.

Figure 6. Crystal packing of [Cr’(C¢Hy),][Co"(tpp)] (9).
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Table 2. Geometry of the TPP macrocycle and selected bond lengths and angles in Co''(tpp) molecules along with the shortest metal —fullerene contacts in 1, 3, 4,
and 6 and related compounds. For the notation for chemically equivalent bonds and bond angles see formula; for the A and B moieties see Figure 1a (1), b (3), ¢ (4),

and d (6).

Compound 1 3 4 6 9 [{(Co(tpp)(py)}]- [Co(tpp)]™*
[Fe(Cp)a(Coo)]
- C{HsMelel
porphyrin A/B A/B A/B
geometry planar planar planar saddle/planar saddle planar saddle
rmst [A] 0.035/0.048 0.085 0.016/0.014 0.193/0.035 0.436 - -
A M0 [A] 0.096(3)/0.091(3) 0.113(1) 0.0/0.0 0.009(1)/0.0 - 0.190 -
bond lengths [A]«
I 1.974(3)/1.974(2) 1.980(11) 1.979(9)/1.982(2) 1.976(5)/1.980(10)  1.923(2) 1.985(1) 1.948(1)
11 1.386(3)/1.388(8) 1.379(5) 1.381(3)/1.381(3) 1.379(4)/1.382(2) 1.402(5) 1.375(1) 1.378(1)
111 1.430(8)/1.440(8) 1.441(6) 1.440(4)/1.438(4) 1.432(4)/1.433(3) 1.435(7) 1.438(1) 1.441(1)
v 1.353(16)/1.357(16)  1.347(5) 1.349(1)/1.352(1) 1.340(3)/1.346(4) 1.350(6) 1.348(2) 1.361(1)
A\ 1.387(6)/1.394(5) 1.387(5) 1.389(5)/1.391(2) 1.388(4)/1.389(4)  1.386(7) 1.391(1)
1.390(1)
bond angles [°]!“
I-1I 127.7(2)/127.9(6) 127.5(2) 127.6(2)/127.5(4) 127.4(4)/127.6(4) 127.6(6) 127.4(1) 127.4(2)
II-11 104.3(5)/104.2(4) 104.9(5) 104.9(2)/105.0(1) 105.1(6)/104.8(2) 104.3(3) 104.9(1) 105.1(2)
I1-111 110.8(6)/111.1(5) 110.6(4) 110.6(2)/110.5(2) 110.2(3)/110.5(2) 110.2(3) 110.7(1) 110.8(2)
1I1-1v 107.0(4)/106.8(6) 106.9(5) 107.0(2)/107.0(2) 107.3(2)/107.1(1) 107.5(6) 106.8(1) 106.6(2)
n-v 125.7(3)/125.7(1) 125.7(3) 126.0(2)/126.1(2) 125.8(7)/125.8(3) 124.0(6) 125.9(1) 125.6(2)
vV-v 122.9(4)/122.8(6) 123.4(1) 122.9(2)/1122.9(3) 123.5(5)/123.2(2) 122.3(3) 123.0(2) 121.9(2)
Co -+ C(fullerene) 2.294(10)/2.319(9) 2.283(3)-Cg(A),  2.691(3) and 2.701(3), 2.739(3) - 2.82-3.49 -

lengths [A]

2.790(3) and
2.927(3) - Co(B)

2.796(3)/2.690(3) and

2.899(3)/2.751(3)

[a] Root-mean-square (rms) deviations of atoms from the mean plane in the porphyrin macrocycle. [b] Deviation of the cobalt atom from the mean plane of the
porphyrin macrocycle (2). [c] In brackets—standard deviation of the mean value over the porphyrin macrocycle.

The most intense IR-active bands of neutral C,, at 535, 794,
and 1429 cm™! are shifted in 2 to 530, 800, and 1391 cm~'. The
shift of the band of C;, from 1429 cm™! (neutral) to 1391 cm™!
(2) is similar to that of the F;,(4) mode of Cg, in its ionic
saltsP> %] and 1, and indicates the formation of C,, .
Numerous new bands attributed to symmetry breaking in
C; appear at 495, 546, 844, 944, 1110, 1154, 1204, 1244, 1259,
1280, and 1315 cm™.

Neutral C¢(CN), has more than 17 bands, with the most
intense ones at 766, 1430, and 2241 cm~! (the C=N stretching
mode). These bands are noticeably shifted in 3 to 738, 1391,
and 2230 cm~. The close position of the C=N stretching mode
was observed in ionic [Co™(Cp),]*[Cs(CN),]*~+CS,
(2233 cm ™).

Two IR bands are sensitive to charge transfer in Cr’(C¢Hy),
and are shifted from 459 to 415 cm~! and from 490 to 466 cm™!
at the transition from the neutral to the radical cation state in
[Cr'(C4Hg),]** - I".B4 The position of these bands at 418 and
460 cm™! in the spectra of 1-3 indicates the radical cation
state of [Cr!(C¢Hy),] -

The IR spectra of 48 are a superposition of the spectra of
the starting components in their neutral states. The bands of
fullerenes retain both the positions (within 42 cm~') and the
initial ratio of the intensities relative to parent molecules. The
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position of the IR bands of Co"(tpp) in the spectra of 4—8 is
shifted by 6 cm™! relative to parent Co'(tpp); this indicates
small changes in its initial geometry in the complexes with
fullerenes.

The IR spectrum of 9 consists of the bands of Co'(tpp)
(shifted by up to 10 cm™! relative to parent Co'(tpp)) and
those of Cr(C¢Hg),.

UV/vis/NIR spectra: The spectra of solid 1-3 exhibit an
essentially ionic ground state (Table 3). The bands of ful-
lerenes and Co''(tpp) are shifted in the complexes by 300—
400 cm~! to higher and lower energies, respectively, relative to
the parent compounds.

New bands are also observed in the NIR spectra of 1-3.
The bands B at 9.3 x 10° (1), 8.1 x 103 (2), and 9.5 x 10° cm™!
(3) are attributed to (fullerene)*~ (Figure 7a—c). These bands
have positions close to those in the solution spectra of Cgy*~
and Cy(CN),":9.2-9.4 x 10 and 9.8 x 10° cm 1! respec-
tively. The band of C,~ in 2 is shifted to higher energy
relative to that of C,,"~ in solution (7.2 -7.4 x 10* cm~!'[*). The
intense bands A at 7.8 x 10° (1), 10.9 x 10°* (2), and 8.3 x
10° cm~! (3) are ascribed either to transitions in the o-bonded
[Co"(tpp)(fullerene)] units or charge transfer between ful-
lerene anions. Relatively weak bands C in the visible range
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Table 3. UV/vis/NIR spectra of the starting compounds and 1-9.

Com- The bands of fullerenes and Co'(tpp) CT bands

pounds their anions, x 10° cm™! x10° cm™! x 10° cm™!
UV/vis range NIR Soret Q-band A C D

range band

Ce 37.6,29.1, 23.0

Cy -, 29.1, 25.8, 20.0

Co(CN), 382,305,238

Coll(tpp) 238 187

1 37.9,29.1 9.3 234 188 7.8 128

2 - 299 8.1 235 187 109 154

3 38.3, 30.7 9.5 234 188 8.3

4 38.1,29.7 233  18.6 13.5

5 37.9,29.6 234 187 13.5

6 39.5,29.7 233 187 13.2

7 - 29.7 234 1838 133

8 38.2,30.8 233 187 12.3

9lal 238 188

[a] The spectrum of 9 also contains the bands of Co''(tpp) at 38.0 x 10% and of
Cr'(C¢Hg), at 30.9 x 103 cm™".

CoTPP
l Fullerene™

Absorbance / arb. units

5 10 15 20 25 30 35
Wave number / 10° cm™'

Figure 7. The UV/Nis/NIR spectra of: a) [{Cr'(CsHg),}]15[{Co"(tpp)-
(Cap)ka]+33CH,CL (1) b) [{Cr'(CeHe)ko][Co™(tpp)(Cr0)[(Cro) - 2 CeHLCLy
(2); o) [{Cr'(CeHe)ob][Co™(tpp){ Cas( CN)H[Can(CN),] - 3CHLCL - (3);
d) [Co"(tpp)](Cy) - 2.5 CcH,CL, (4). The arrows and dashed curves show
the positions of the bands in the vis— NIR range. The assignment is given in
the text.

(Figure 7a and b) can be ascribed to charge transfer between
(fullerene~) and Cr'(C¢Hg),"*.

The ground state of solid 4—8 is a neutral CT one because
the UV/vis/NIR spectra do not exhibit the characteristic
bands of (fullerene) - (Figure 7d). The bands of Co'(tpp) and
fullerenes are shifted in 4-8 by up to 880 cm~! (~0.07 eV) to
the red and blue sides, respectively, relative to parent
compounds (Table 3). Weak and broad bands with maxima
at 13—-14 x 10° (4-7) and 12.3 x 10° cm~" (8) are attributed to
intermolecular charge transfer from Co''(tpp) to fullerenes
(band D). The energy of CT for the C¢(CN), complex (8) is
~0.1 eV lower than those for the Cg, and C,, complexes (4—
7); this indicates stronger acceptor properties of Cy,(CN),.

The spectrum of 9 reveals the bands ascribed to Co"(tpp)
(38.0, 23.8, and 18.8 x10°cm™') and Cr°(C¢Hy), (30.9 x
103 cm™).

EPR spectra: The EPR parameters of the complexes are
listed in Table 4. Only one Lorenzian signal is observed in the
spectra of 1 and 3 (Figure 8a and c) at room temperature

Chem. Eur. J. 2003, 9, 3837-3848 www.chemeurj.org
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Table 4. EPR parameters (g factor and line half width (AH)) for the obtained

compounds at RT (290 K) and 4 K.

Com-  Attribution of the signal RT 4K
pound g factor AH [mT] g factor AH [mT]
1 [Cr'(CsHg),]* 1.9861 11.0 1.9863 24
2 [Cr'(CsHg),]* & 1.9856 53 1.9924 6.7
Cy & 2.0238  14.0 2.0606 21.0
3 [Cr'(CsHg),]* & 1.9821 1.5
[Cr'(CeHe)o] " + g 1.9912 103 1.9934 2.1
Coo(CN), I
4 [Co"(tpp)], . 2.5705 294 24731 24.6
[Co"(tpp)], | 22872 44.6 2.3966 36.8
6 [Co(tpp)], .+ 2.6397 268 2.4654 224
[Co'(tpp)], | 24226  43.0 2.3241 35.0
8 [Co"(tpp)]. . 25110 152 24605 166
[Co'(tpp)], | 23240 31.0 2.3046 27.0
9 [Co(tpp)] absent 252 286.0
[Cr(CHg)o] & 1.9899 2.1
[Cr(CHy),l ™ 1.9828 1.1

[a] The signal is characteristic of strong exchange coupling between

Cr'(C4Hg),* and corresponding fullerene radical anions.

(RT=290 K). The g factor of the EPR signal of 1 is close to
that in ionic [Cri(CsHy),]""[Cel~ (g=1.9860)*1 or
[Cr'(C¢Hg),] ** in rigid solution (g = 1.9860).14!

Figure 9 shows the temperature dependency of the g factor
and the line half width (AH) of the EPR signal of 3. The signal
becomes narrower with decreasing temperature down to
180 K, and then remains almost constant (1.5-2.1 mT) in the
4-180 K range. At T< 180 K, the signal becomes asymmetric
and is simulated by the two Lorenzian components with g, =
1.996 (AH=1.6 mT) and g,=1.988 (AH=19mT) at 150 K
(Figure 8c). After the splitting, the g factors of the two
components are shifted to lower values with decreasing
temperature. The temperature dependency of the g factor
and AH of the EPR signal of 1 is similar to that of 3 (for the
component with g,).

The EPR signal of 2 is asymmetric at RT with the two
components centered at g; =2.0238 (AH=14 mT) and g,=
1.9856 (AH =5.3 mT) (Figure 8b). Both signals become broad
with decreasing temperature down to 4 K (AH=21 and
6.7 mT, respectively) and are shifted to higher g factors.

The EPR spectra of 4, 6, and 8 have intense asymmetric
signals with g =2.28-2.42 (AH=31-45mT) and g, =2.51-
2.64 (AH=15-30mT) depending on fullerene (Figure 8d).
The values of g, and g, become closer to each other with
decreasing temperature down to 4 K and are equal to 2.3-2.4
and 2.46-2.47, respectively.

Complex 9 is EPR silent at RT and shows a very broad
signal at 4 K (Table 4) attributed to Co'(tpp). The asymmetric
signal characteristic of [Cr'(C¢Hy),] ! is also observed at
4 K. However, its integral intensity is only 0.1 % from that of

Co''(tpp).

Magnetic properties: The data of SQUID magnetic suscept-
ibility measurements (1.9-300 K) of 1-3 and 8 are presented
in Table 5. The experimental data were corrected by the
sample-holder contribution and core-diamagnetic contribu-
tions. Magnetic susceptibilities of 1-3, and 8 follow the
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Intensity / a.u.

] 4 K 1

The temperature dependencies of .
for 1-3 and 8 are qualitatively similar.
Figure 10 shows the results for 3 as an
example. A small decrease of pu. is
observed with the temperature de-
crease down to 200 K, then u. re-
mains unchanged down to 50 K. At
2-50K, the magnetic moment de-
creases in 1-3 and 8 due to antiferro-
magnetic interactions of spins.

240 280

270 300 330 360 390

Field / mT

Intensity / a.u.

320
Field / mT

360 400

Conductivity: The compounds are
semiconductors with RT (290 K) con-
ductivity: 4 x 107 for 1,4 x 1076 for 2,
and 2 x 1073 Scm™! for 3. The com-
plexes 4-8 are dielectric (o<

107 Scm™).

Discussion

The complexes of Co"(tpp) with ful-
lerene radical anions: H,(tpp),

320 330 340 100 200

Field / mT

lines show the simulation of the EPR spectrum by the two Lorenzian lines.

2.000-
¥

1.996 - 0= g,

-0
19921

1.988 -

g factor

1.984 Vat
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10 b /' 9,
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o
u
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-
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Temperature / K
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Figure 9. Temperature dependency of EPR parameters a) g factors and
b) the line half width (AH) of the EPR signal from [{Cr'(C¢Hy),}]-
[Co"(tpp){Ceo(CN),}[Ceo(CN),] - 3 CH,Cl, (3) in the 4300 K range. Open
and closed symbols correspond to the g, and g, components, respectively.
“T” denotes the temperature of the splitting of the EPR signal into two
components.

Curie — Weiss law. The Weiss constants (6) determined from
the plots based on the equation 1/yy=C(T— @) are also
shown in Table 5.

The number of spins per formula unit was calculated from
the magnetic moment of the complexes at 300 K (Table 5).

3844

300
Field / mT

Figure 8. EPR spectra of: a) [{Cr'(C¢Hy),}7][{Co™(tpp)(Ceo)}2] - 3.3 C.H,CL, (1) at RT (285 K) and 4 K;
b) [{Cr'(CsHe), k] [Co"(tpp)(C70)](Cro) - 2CHLCL  (2) at 4K; ¢ [{Cr'(CeHy)alo][Co™(tpp){Cao(CN)oH-
[Cso(CN),]-3CcH,CL, (3) at RT and 4 K; d) [Co'(tpp)](Cg) - 2.5 C;H,Cl, (4) at 4 K. Dotted and dashed

400 Co'(tpp), Cu'(tpp), and Zn"(tpp)
form various complexes with neutral
fullerenes.”> 2281 However, only
Co'(tpp) forms ionic multicomponent
complexes 1-3 with fullerene radical
anions.

According to the X-ray structure
analysis, [{Cr'(CsHe),}17]-
[{Co(tpp)(Ceo)}o] - 3.3 CcHLCI, (1) contains a nonstoichiomet-
ric amount of Cr'(C¢Hy), relative to Cq (~1.7:2). Since

Table 5. Data of magnetic measurements.

Compound 6 Trange Uerr at 300 K [ug] e caled?!
K] K] Obsl’  Caled

1 —0.83 10-200 2.40 2.26 (1.7 spins with S=1) 4.14

2 +3.76  20-230 2.98 3.00 (3 spins with S =15) 3.87

3 —243 20-200 291 3.00 (3 spins with S =15) 3.87

8 +2.87 25-200 1.83 1.73 (1 spin with S=1) 1.73

[a] From the composition of the complex (S =" for Co"(tpp), Cr'(CsHg), " and

(fullerenes)*"). [b] From SQUID measurements

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3.0

2.8

20

T

5 100 150 200 250 300

oA

Temperature [K]

Figure 10. Temperature dependency of the effective magnetic moment of
[{Cr'(CeHg)o}][Co™(tpp){ Coo( CN)H[Coo(CN),] - 3 CeHLCLy (3) in the 1.9-
300 K range.
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Cr'(C¢Hg), forms radical cations in 1, the formal charge on the
two Cg molecules is 1.7 —. Thus, two differently charged
fullerene molecules can be present in the complex. Actually,
two different fullerenes were observed in the crystal structure,
and two bands for the F;,(4) mode were pronounced in the IR
spectrum. A 1:1 molar ratio of Cr'(CsH,), ™ to C;, or C¢(CN),
in 2 and 3 gives the 1 — formal charge on fullerene molecules
that is consistent with the optical data.

The number of spins estimated from the magnetic suscept-
ibility of 1-3 at 300 K (Table 5) is essentially smaller than
that expected from the composition of these complexes
(Co'(tpp), Cr'(C¢Hg),"*, and (fullerenes)*~ formally have S =
15 each). The magnetic moment of 1 (2.4 uy per formula unit)
is close to an uncorrelated 1.78 =" system (u.; of 2.26uz).
Since the EPR signal of 1 is characteristic of Cr'(C4Hg), ", it
is deduced that these spins are localized mainly on
Cr'(CeHg),.

The magnetic susceptibilities of 2 and 3 at 300 K (2.91-
2.98 u) are defined by three noninteracting spins per formula
unit (the spin-only value is 3.00u). The EPR signal of 2 has
two components at RT, whereas that of 3 is split into two
components below 180 K (Figures ¢ and 9, Table 4). The two
components (g; and g,) can be attributed to Cr'(C¢Hg),™ (g2)
and C;,'~ (gy) in 2 and to Cr!(C4Hy), " (g,) and the resonating
signal (g;) between C¢(CN),"~ and Cr'(CsHg),"* in 3. The
resonating signal is characteristic of a strong exchange
coupling and has a mean g factor between those of
Cr'(CeHy)," (g=1.9860141) and Cg(CN),~ (g=1.99985%).
The EPR signal of C,~ has a higher g factor value (g=
2.0238) in 2 than that in (PhyP+),(Cyp7) - I~ (g, =2.0047121),
Therefore, an exchange coupling between C,,~ and Co''(tpp)
is possible. Additional structural data allow the nature of this
coupling to be elucidated. In accordance with the EPR data,
three spins per formula unit are basically localized in 2 and 3
on Cr'(C¢Hg),"* (two spins with S=15) and the nonbonding
fullerene*~ (one spin with § ='%). Consequently, the o-bonded
[Co"(tpp)(fullerene)]~ anions are deduced to be diamagnetic
in1-3.

X-ray-diffraction analysis shows that both Cg, molecules are
o-bound with the Co'(tpp) units in 1, whereas only one
of two fullerene anions has such coordination in 3.
Accordingly, the ionic formulas of 1 and 3 are:
[{Cr'(CeHg)o} 11 5[{Co" (tpp)(Ceo)}o] "+ 3.3 CHLCL, (1), and
[{Cr'(CeHyg)o} L[ Co" (tpp){Coo(CN),} ][Coo(CN), ] - 3 CH,CLy
(3). Complexes 2 and 3 have similar composition and a close
value of the magnetic moment. By analogy with 3, the ionic
formula of 2 might be given as [{Cr(C¢Hg),}*],[Co!-
(tpp)(C0) 1(Cr)* -2 CH,CL,.

The Co—C(fullerene) bond lengths for ¢ bonding vary over
the 2.28-2.32 A range. These bond lengths are longer than
those in the strong covalent Co—C bond in alkylcobaltoamines
(1.99-2.03 A)“ but are essentially shorter than the M.
C(fullerene) bond lengths (in the 2.61-3.00 A range) in the
complexes of neutral fullerenes with metal-containing tetra-
phenyl- and octaethylporphyrins.?> 2325281 The UV/vis/NIR
spectra of 1-3 exhibit a noticeable redistribution of electronic
levels in both Co'(tpp) and fullerene anions relative to the
starting ones. Thus, the ¢ bonding results in noticeable
changes in the electronic structure of the starting components.

Chem. Eur. J. 2003, 9, 3837-3848 www.chemeurj.org
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The Co(tpp) complexes with neutral fullerenes: According to
the IR and UV/vis/NIR spectra, 4-8 have a neutral ground
state. However, a noticeable interaction of the m system of
fullerenes with the d-m system of Co(tpp) is observed. The
EPR spectra of 4, 6, and 8 and magnetic susceptibility
measurements for 8 reveal only one unpaired electron per
formula unit localized on Co'(tpp) with an S=" ground
state. The EPR spectra of the complexes are essentially
different from that of parent Co"(tpp) (g,=3.322, g =
1.798)1* due to the changes in the hyperfine interaction
parameters, which are the most sensitive to the local environ-
ment of the metal center. The EPR spectra of 4, 6, and 8 are
similar to those of the Co"(tpp) - A compounds in which A is a
strongly coordinated CO, P(OCH;);, or py ligand. These
compounds have asymmetric spectra with g, =2.017-2.027
and g, =2.17-232 in solution.*!] That the g, value in
Co'l(tpp) + A is larger than the theoretically calculated g=
2.002 expected for a pure (d,»)! ground state is attributed to
the elevation of the d,. level and the contribution of d,._,. to
the ground state due to orbital mixing.*" ! A similar increase
in the g-factor values relative to 2.002 is also observed in the
Co'!(tpp) —fullerene complexes.

Shortened contacts are formed in 4 and 6 between the
cobalt or nitrogen atoms of Co'(tpp) and the Cg or C,
carbons (d-m and m-m interactions, respectively). The
Co+++C(Cy or Cy) contacts of 2.69-2.75 A in 4 and 6 are
close to those in various neutral Cg, and C,, complexes with
cobalt-containing  tetraaryl- and octaethylporphyrins:
[Co'(tbp)](Cep): 261 A [Co"(tmpp)](Cyp) - CsHsMe:
2.64 A2l [Co"(oep)],(C) - CHCly: 274 APl and
[Co"(0ep)](Cyo) - CéHg- CHCl,:  2.80 A% These contacts
are shorter than nonbonded van der Waals contacts (3.1-
33 A) but are significantly longer than strong #*-coordination
(2.1-2.2 A) and can be described as a secondary bonding.

The red shift of the Soret and Q-bands of Co''(tpp) in the
UV/vis/NIR spectra of 4-8 relative to those of the parent
Co'l(tpp) is similar to the shift of these bands in 1-3, and
reported for the [Co'(tpp)(A)] compounds.*!] Thus, these
shifts are common for the coordination of different ligands
(including fullerenes) to Co''(tpp).

The complex [Cr’(C¢Hy),l[Co"(tpp)] (9): is afforded as a
result of crystallization of Co'(tpp) in toluene in the presence
of [Cr'(C¢Hg),]. The [Cr’(C¢Hg),] and [Co"(tpp)] units
interact weakly through ;- interactions between the C.Hg
groups of [Cr%(CsHg),] and the phenyl constituents of
[Co''(tpp)] According to the UV/vis/NIR and EPR spectra,
9 has a neutral ground state.

Bonding model of Co"(tpp)]with neutral fullerenes and their
radical anions: The [Co"(tpp)(fullerene)""] (n=0, 1) com-
plexes have some similarities with the [Co(tpp)(A)] com-
pounds, in which A is a diatomic ligand CO or NO.[*I
The model qualitatively describing the interaction between
the Co''(tpp) and A—B ligands with a bent Co:-- A—B
fragment can be used to describe the Co'(tpp)-fullerene
interaction. In this model Cg, (v*°), and Cgy*~ (7u*!) have the
same number of electrons on the t* level as CO (t*°), and
NO (z*1).
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The interaction of the d_. orbital of Co™(tpp) (d’) and Cg t,,
nt* orbital removes the triple degeneracy of the Cy, 7* level to
produce two molecular orbitals (MO), which are essentially
Cg 7* orbitals, and a third orbital capable of o bonding with
the metal d,.. The generalized MO scheme for the interaction
of Co'"(tpp) with C4 '~ is shown in Figure 11 (only Co d and
Cgo t* orbitals are shown).

[=%

x2-y2 dxg,yg

o(d,+0)

s R
d. - e
e o(o+d,)

-~ .
dy i
—H— dy %
dyy. .
T de g,

d,, H—
CoTPP  CoTPP-Cey  Cgo~

Figure 11. Schematic molecular-orbital diagram for the interaction of
neutral Cy, and its radical anion with Co'(tpp) (Cy (7*°), Cgo™ (st*'), and
Co'l(tpp) (d)).

For the interaction of Co'(tpp) (d”) with neutral Cg, (71+?),
seven 3d-orbital electrons are placed in the MO scheme. Only
one unpaired electron occupies the 0 MO. The secondary
bonding observed in 4 can be a result of the single occupancy
of this 0 MO. In this relation, 4 is similar to paramagnetic
[Co"'(tpp)(CO)].1!

The electronic configuration for the interaction of Co"(tpp)
(d7) with Cg'~ (wt*!) is obtained by placing one additional
electron in the MO Scheme (Figure 11). The ¢ MO is
occupied by two electrons. A two-electron covalent bond
between Co and C,°~ is formed. Given two-electron occu-
pancy of the 0 MO, the [Co'(tpp)(Cq) ] anion is diamagnetic.
It should be noted that covalently bonded [Co"(tpp)(NO)]
with a similar electronic configuration (Co" (d7), NO (;t*')) is
also diamagnetic and EPR silent.*!

Thus, the difference in the interaction of neutral and
negatively charged fullerenes with Co'!(tpp) is associated with
the presence of an additional electron at the nt* level of the
fullerene anion, which can be involved in the ¢ bonding.

The electronic configuration (Co'(tpp) (d’), fullerene*~
(m*1)) for the interaction of Co'(tpp) with Cg(CN),"~ or
C,,"~ is similar to that for Cy4"~. As a result, ¢ bonding is also
observed in 2 and 3, and the resulting [Co'(tpp)(fullerene)]~
anions are diamagnetic. However, the o bonding of Co'(tpp)
to C¢(CN), "~ in 3is only observed for one of the two fullerene
anions. Similarly, in [Fe'!(tpp)(NO)]-NO only one of the two
NO ligands coordinates to Fe'(tpp).[*]

Conclusion

New fullerene complexes of Co''(tpp) with ionic (1-3) and
neutral (4-8) ground states have been obtained. The multi-
component approach has allowed us to study the interaction
of Col'(tpp) with negatively charged fullerenes Cq, C;y, and
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Cg(CN), for the first time. This interaction is characterized by
o bonding between Co(tpp) and a carbon cage with
essentially shortened Co--- C contacts of 2.28-2.32 A. Thus,
it is shown that fullerene radical anions are able to be
essentially more strongly bound to Co''(tpp) than neutral
fullerenes. The possibility for ¢ bonding is associated with the
presence of an additional electron on the m* level of ful-
lerenes*~ that interacts with the d, orbital of Co'(tpp).
This bonding results in the diamagnetism of the
[Co''(tpp)(fullerene)]~ anions.

The complexes have cage structures with large cavities or
channels accommodating Cr'(C¢Hg),"* and C¢H,Cl,. The size
of the cavities allows the insertion of small donor molecules
into the [Co"(tpp)(fullerene)] framework. The D; component
affects the charged state of fullerenes and, consequently,
conductive, magnetic, and optical properties of the complexes.
The size of the D; component must be comparable to that of
the solvent molecules to be incorporated in the complex,
otherwise a multicomponent complex is not formed, as in the
case of Cr''(Cp*),.

The characteristic features of the Co"(tpp) complexes with
neutral fullerenes (4-8) are secondary M:-.- C(fullerene)
bonding with the shortest Co---C contacts in the 2.69-
2.75 A range and minor changes in the electronic structure
of the parent components. The absence of a noticeable degree
of CT between Co''(tpp) and fullerenes is associated with the
relatively weak donor properties of Co''(tpp) (El*/z‘) of
Co''(tpp) is +0.52 V),

Complexes 1-3 are paramagnets due to the magnetic
dilution of the paramagnetic [Cr'(C¢Hg),]* and the non-
bonded (fullerene)~ by the diamagnetic [Co'(tpp)-
(fullerene)]” anions. The semiconductive behavior of 1-3,
with conductivities of 2 x 10>—4 x 10~° Scm™!, is character-
istic of fullerene salts with bulky cationsl®! and is attributed to
the presence of diamagnetic [Co(tpp)(fullerene)]~ anions,
which gave rise to the localized nature of the (fullerene)*~
electrons rather than an itinerant one. At the same time, the
photoactive properties of the compounds containing
[Co(tpp)(fullerene)]~ anions make them interesting as dyad
analogues.[*’? The multicomponent complexes can be devel-
oped by varying either the D; or D, components.

Experimental Section

Materials: Co''(tpp) and Cr’(C¢Hg), were purchased from Aldrich and
Strem Chemicals. Cq, and Cy, of 99.98 and 99.0 % purity were used from
MTR Ltd. C4(CN), was synthesized according to the literature proce-
dure.™! o-Dichlorobenzene was distilled over CaH, at reduced pressure
under an argon atmosphere. Toluene, benzene, and hexane were distilled
over Na/benzophenone under argon. Acetonitrile was distilled over CaH,,
P,0s, and K,CO; under argon. CHCIl; was passed through a column with
activated alumina and distilled over CaH, under argon. The solvents were
degassed before the synthesis of air-sensitive complexes 1-3 and 9 and
were put into a glove box. All manipulations during the synthesis and
isolation of the crystals of 1-3 and 9 were carried out in a MBraun 150B-G
glove box with controlled atmosphere and a content of H,O and O, of less
than 1 ppm. The crystals were stored in the glove box and were sealed in
2 mm quartz tubes for EPR and SQUID measurements at 10~° Torr. KBr
pellets for IR and UV/vis/NIR measurements were also prepared in the
glove box.
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General: UV/vis/NIR spectra were measured on a Shimadzu-3100
spectrometer in the 240-2600 nm range. FTIR spectra were measured in
KBr pellets with a Perkin—Elmer 1000 Series spectrometer (400—
7800 cm™!). A Quantum Design MPMS-XL SQUID magnetometer was
used to measure static susceptibilities down to 1.9 K. A sample-holder
contribution and core diamagnetic susceptibility (y,) were subtracted from
the experimental data. The core diamagnetic contributions of —440,
— 141 —832, —54.8, —59.2 x 10-° emumol~! were used for Co''(tpp),
Cr’(C¢Hg),, C,H,Cl,, C4Hy, and CHCI;, respectively. The contribution of
fullerenes to total susceptibility can be ignored since the diamagnetic and
paramagnetic components cancel out.’3!] EPR spectra were recorded
down to 4 K with a JEOL JES-TE 200 X-band ESR spectrometer equipped
with a JEOL ES-CT470 cryostat. Conductivity was measured by a two-
probe technique in the glove box on pressed pellets.

Synthesis: Crystals of 1-3 were obtained by diffusion. Co'(tpp)
(0.027 mmol), Cr’(CsHg), (0.054 mmol), and fullerenes (0.027 mmol) were
dissolved at a 1:2:1 molar ratio in C4H,Cl, (20 mL), and the solution was
filtered in a glass tube of 1.5 cm diameter and 40 mL volume. n-Hexane
(20 mL) was layered over the C¢H,Cl, solution, and after 1 month, the
crystals of 1-3 were formed. The solvent was decanted, and the crystals of
1-3 were washed with n-hexane (50-70% yield).

The crystals of 5 and 8 were obtained by slow evaporation of C¢HsMe (5) or
C¢H¢/CHCI; (1:1) (8) solutions (30 mL) containing fullerene (0.027 mmol)
and Co"(tpp) (0.027 mmol) over 2 weeks. The crystals of 5 were washed
with acetonitrile (70-90% yield). They were unstable in storage and
decomposed over several weeks.

Table 6. Crystal data for 1, 3, 4, 6 and 9.

Crystals of 4 and 7 were obtained by diffusion of acetonitrile (20 mL) into a
solution containing fullerene (0.027 mmol) and Co"(tpp) (0.027 mmol)
in CgH,Cl, (20 mL) over 1 month (40-60% yield). The crystals were
unstable due to the loss of the solvent and were stored in C¢H,Cl,/
acetonitrile (1:1).

Crystals of 6 were obtained by diffusion of a solution of C;, (0.027 mmol) in
C¢Hg (20 mL) into a solution of Co"(tpp) (0.027 mmol) in CHCI; (10 mL)
over 3 weeks. The solvent was decanted, and the crystals were washed with
acetonitrile (40 % yield).

Crystals of 9 were obtained by diffusion of a solution of Cr’%(C¢Hy),
(0.15 mmol) in acetonitrile (15 mL) into a solution of Co'(tpp) (0.03 mmol)
in CgHsMe (15 mL) (Co'(tpp)/Cr’(C4Hg), 1:5 molar ratio). The crystals
were washed with acetonitrile to give a 30-60 % yield.

The compositions of 1, 3,4, 6,9 and 2, 5, 7, 8 were determined by X-ray and
elemental analyses, respectively. The composition of 1-3 was confirmed by
microprobe analysis for a Co/Cr/Cl atomic ratio on a single crystal. The
elemental analysis data and the shape of the crystals are presented in
Table 1.

Crystal structure determination: The intensity data for the structural
analysis were collected on a MAC Science DIP-2020 K oscillator-type
X-ray imaging plate diffractometer with graphite monochromated Moy,
radiation at 120 K by using an Oxford Cryostream cooling system or at
room temperature. Raw data reduction to F? was carried out by using the
DENZO program.’? The structures were solved by direct method and
refined by the full-matrix least-squares method against F? with SHELX-

Compound 1 3 4 6 9
structural formula [{Cr(CeHe)oh7l[{Co(tpp)}(Ceo)a] - [{Cr(CeHe)aLa][{Co(tpp) L{Ceo(CN)ob] - [{Coltpp)}a(Ceo)a] - [{Coltpp)}a(Cro)al [Cr(CsHe),][Co(tpp)]
+3.3C.H,Cl, -6 CsH,Cl, -5CH,Cl, +2.6CHCl;- 0.4 CH,
empirical formula Cous.47H59.89Cl6 50C0,Cry 73N CiooH25C11,C0,CryNyg CssH76CLgCoNg - Casz08He1 0sNsCl76Co;  CsgHygCoCrN,
M, [gmol™] 3627.87 6148.64 3519.43 3365.57 879.85
shape black prism black parallelepiped black prism black prism black prism
size [mm?) 0.44 x 0.18 x 0.12 0.75 x 0.25 x 0.14 0.4%x04x04 0.50 x 0.4 x 0.25 0.25 x 0.20 x 0.15
crystal system orthorhombic triclinic triclinic orthorhombic monoclinic
space group Pmn2, P1 Pl Pnma P2in
a[A] 15.5340(10) 13.967(1) 14.226(1) 26.240(3) 14.805(5)
b [A] 19.1650(10) 15.928(1) 16.808(1) 23.869(3) 9.506(6)
c[A] 27.0380(15) 30.332(1) 17.002(1) 22.006(3) 14.657(4)
a (] 90 92.30(1) 68.974(1) 90 90
A1 90 100.89(1) 85.982(1) 90 92.21(2)
v [°] 90 103.46(1) 77.651(1) 90 90
V[A%] 8049.5(8) 6419.3(6) 3706.8(5) 13783(3) 2061.2(1.5)
Z 2 1 1 4 2
Peaiea [gem ™3] 1.497 1.591 1.577 1.622 1.418
radiation graphite monochromated Moy, 1 =0.71073
u [mm~1] 0.497 0.494 0.479 0.468 0.712
absorption correction  none none none semiempirical none
from equivalents
max./min. transmission 0.94/0.91 0.93/0.89 - 0.89/0.71 0.89/0.84
T [K] 120 120 120 120 300
max. 20 [°] 55 55 55 50 53
reflns measured 42103 37757 23502 77463 14600
unique reflns 8885 22474 14555 12462 4464
R, R, 0.046, 0.034 0.026, 0.043 0.019, 0.033 0.053, 0.046 0.094,0.131
parameters 1238 2383 1552 1234 277
restraints 668 818 378 217 0
reflns F, > 40F, 7628 17869 11895 8373 2453
R, [F,>40F,] 0.085 0.067 0.056 0.049 0.068
wR, (all data)l® 0.243 0.188 0.142 0.128 0.160
a 0.149 0.104 0.054 0.075 0.036
b 15.2 9.0 4.8 0.0 0.0
G.OF 1.041 1.024 1.034 1.012 0.999
restr. G.O.F 1.013 1.042 1.022 1.011
largest diff. peak/hole ~ 1.78/ —0.55 1.60/ — 0.90 0.54/ —0.54 1.16/—0.32 0.51/-0.30
rms 0.10 0.07 0.06 0.08 0.06
[a] w=1/[0*(F?) + (aP)* + bP], P=[max(F20) + 2F?
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97531 The details of crystal structure analysis for the structures are given in
the Table 6.

CCDC-193661-5 (compounds 9, 1, 4, 6, 3, respectively) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.
cam.uk).
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