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Abstract

The cocrystallites that contain Cg, C,, and endohedral metallofullerenes with metal complexes of macrocycles are reviewed.
Metal complexes of porphyrin cocrystallites with fullerenes form solids with remarkably close contact between the curved =
surface of a fullerene and the planar 7 surface of a porphyrin, without the need for matching convex with concave surfaces. The
structures of metal octaethylporphyrins (oeps) in CgyPd(I1)(0ep)-1.5CsHg, Cqo-Cu(Il)(oep)-2C4Hg, CqoAg(ID)(0ep)-2C¢H¢ and
Co2Ni(IT)(0ep)-2C4H;Cl reveal the remarkable anti-formed oep configurations, with the four ethyl groups of the metal oep
portions lying on both the same and the opposite sides of the porphyrin plane toward the Cq,. On the other hand, syn-formed
metal oeps are observed in the many cases of metal oep compounds, suggesting that there is a face-to-face interaction between
two adjacent oep planes. A new cocrystallite which exhibits a strong intermolecular interaction between fullerene Cg, and the
Co(tbp) is also reviewed, where tbp denotes a dianion of tetra(bis-zerz-butylphenyl)porphyrin. The intermolecular interactions of
the anti- and syn-formed metal oeps in the cocrystallites containing fullerenes are also described by DV-Xa molecular orbital
calculation. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Fullerene Cg,, C,, and endohedral metallofullerene; Macrocycles; Porphyrin oep and tpp; Fullerene cocrystallites; X-ray structural
analysis; DV-Xo molecular orbital calculation

1. Introduction
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comp.metro-u.acjp (M. Yamashita). the unique properties caused by their three-dimensional
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shapes [1,2]. The ball-shaped fullerenes such as Cgq, and
C,, are not appropriate to cocrystallize with planar
molecules, and curving of the planar molecule to match
the concave structure is required in order to fit to the
ball-shaped fullerenes [3,4]. In some circumstances,
there have been several reports of researchers obtaining
curved surfaces that are able to encircle a fullerene by
building complex structures from planar aromatic hy-
drocarbon units and other flat moieties. A number of
concave molecules based on calixarenes [5], oxa-
calix[3]arenes [6], resorcina[4]arenes [7], y-cyclodextrin
[8], azacrown ethers [9], porphyrazine [10,11], cyclotriv-
eratrylene [12], bis(ethylenedithio)-tetrathiafulvalene
[13] and tetramethylenedithiodimethyl-tetrathiafulva-
lene [14] have been reported to form cocrystallites with
Cs and C,,. Concerning the macrocyclic metal com-
pounds, concave structures based on non-planar
molecules (Fig. 1(a)) such as Ni(omtaa) [15], Ni(tmtaa)
[16] and Cu(tmtaa) [17] (omtaa = octamethyldibenzo-
tetraazaannulenato, tmtaa = tetramethyldibenzo-te-
traazaannulenato) have also been required in order to
form cocrystallites with Cg,. The first observation of a
porphyrin—fullerene close approach was reported by
Sun et al. [18]. Recently, metal complexes of octaethyl-
porphyrin (Fig. 1(b)) (oep, which is the dianion of
octaethylporphyrin) cocrystallites with Cq, have been
reported [19] to form solids with remarkably close
contact, that is, an interaction takes place between the
curved 7 surface of a fullerene with the planar « surface
of a porphyrin, without the need for matching convex
with concave surfaces [20]. In addition, unique cocrys-
tallites of Cq, and C,, fullerenes with tpps (tpp is a
dianion of tetraphenylporphyrin) have also been re-
ported [20].

Here, we review the metal complexes of macrocycles
such as tetraazaannulene (taa), syn- and anti-formed
[21] oep (Fig. 2), and Co(tbp) (tbp =5,10,15,20-te-
trakis[3,5-(bis-tert-butyl)phenyl]porphyrin)  cocrystal-
lized with Cy, and C,,. The orientation of the eight
terminal ethyl groups on the metal oep is supposed to
be very important in order to make a cocrystallite of
the curved surfaced fullerenes with the planar surfaced
porphyrin. There is also the possibility of a strong
interaction between fullerenes, including an air sensitive
endohedral metallofullerene, and the metal oeps. We
also describe the relationship between the configuration
and the energy levels in comparison between the syn-
and anti-formed oeps by means of DV-Xo molecular
orbital calculation.

2. Cocrystallites consisting of metal macrocycles with
fullerenes

The compounds reported here were obtained in a
form suitable for single-crystal X-ray diffraction.
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Fig. 1. (a) (5,7,12,14-tetramethyldibenzo[b,i ][1,4,8,11]tetraazacyclo-
tetradecine)nickel(II) (R =H) (Ni(II)(tmtaa)). (5,14-dihydro-2,3,6,8,
11,12,15,17 - octamethyldibenzo[b,i |[1,4,8,11]tetraazacyclotetradecine)
nickel(IT) (R = Me) (Ni(Il)(omtaa)). (b) 2,3,7,8,12,13,17,18-Octaethyl-
21H,23H-porphine metallate(II) (M(II)(oep), M = Zn, Ru(CO), Pd,
Cu, Ag, Ni, etc.).

Fig. 2. Configurations of metal oeps observed in cocrystallines with
Cqo; (a) syn-formed Zn(II)(oep) in Cgy-2Zn(I1)(0ep)2C¢H and (b)
anti-formed Cu(II)(oep) in CqyCu(Il)(0ep)-2C4Hs.
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2.1. Metal tetraazaannulene complexes, Cqy M(taa) and
C,o-M(taa) (taa = tetraazaannulenato)

Concerning the macrocyclic metal compounds, the
complementary of curvature based on non-planar
molecules such as Ni(omtaa), Ni(tmtaa) and Cu(tmtaa)
could be argued as assisting the host—guest interactions
in order to form cocrystallites with C¢, and C,,. The
M(taa) molecules (Fig. 1(a)) are curved, implying that
there is little change of the radius of curvature on
complexation with the ball-shaped C¢, and C,,. Among
them, the Cgy'Ni(tmtaa) complex is one of the most
popular cocrystallites consisting of annulene with Cg,
[16]. In this compound, Ni(tmtaa) has two divergent
concave surfaces in a saddle shape arrangement which
arises from the otherwise unfavorable interactions be-
tween the methyl groups and the adjacent H-atoms on
the aromatic rings, as shown in Fig. 3 [16]. It can act as
a divergent heterotropic receptor toward Cg,. In the
structure of Cg,Ni(tmtaa), two host molecules shroud
the fullerene such that a fullerene is in the saddle of one
Ni(tmtaa) molecule with the methyl groups directed
towards it and in the opposite saddle of another Ni(tm-
taa) molecule, the overall host—guest contacts form a
continuous zigzag array (Fig. 3) with the fullerenes
forming a corrugated two dimensional sheet [16]. Cu(II)
[17] and Zn(II) [20] tmtaa molecules similarly bind

Fig. 3. The continuous zigzag array of CgNi(tmtaa).

fullerene and are isostructural with the Ni(II) analogue.
For omtaa a 1:1 complex is formed with C, isolated as
[Cep'Ni(omtaa)](CS,), [15]. The extended supramolecu-
lar array is based on linear chains of close contact Cg,
molecules, and linear chains of m-stacked alternating
molecules of Cq, and Ni(omtaa) with adjacent chains
running in opposite directions and thus canceling out
dipole moments. The same macrocycle forms a 1:1
complex with C,, which is isostructural with the Cg,
complex of Ni(tmtaa), i.e. zigzag alternating
C,,—Ni(omtaa) chains with corrugated sheets of close
contact C,, molecules [22]. In all of these Ni(II) macro-
cycle structures there are no significant contacts be-
tween the metal centers and the fullerenes.

2.2. The syn-formed metal oep complexes with
fullerenes (oep = dianion of octaethylporphyrin)

One of the typical complexes consisting of syn-
formed metal oep with fullerene is Cy,' Ru(IT)(CO)(oep)-
2CcHsCHj; [23]. The centric unit cell of the Pnma space
group in the compound consists of a Cq, molecule, one
ruthenium carbonyl oep and two solvent molecules of
toluene, as shown in Fig. 4. Within this unit cell the
fullerene is positioned symmetrically between the two
Ru(IT)(CO)(oep) units. The distance from the ruthe-
nium atom to this C—C bond is 2.75 A. The Ru-C
distances are 2.83(3)-2.86(3) A. These distances are
short enough for interaction between neighboring
fullerenes.

The cocrystallite consists of the syn-formed oep and
C¢o- These eight ethyl groups of the ruthenium carbonyl
oep portion lie on the same side of the porphyrin,
toward the fullerene. In this porphyrin a carbonyl
ligand is located on the opposite side of the planar
porphyrin from the eight ethyl groups. This structural
feature is very similar to that reported for
Cgo'Fe(IIT)Cl(oep)-2CHCI, [19].

In addition to these fullerene/porphyrin interactions,
there are significant porphyrin/porphyrin contacts with
either pairwise or face-to-face contact. The combina-
tion of fullerene/porphyrin and porphyrin/porphyrin
contacts produces a ‘two slipped potlids-like’ structure.
The two slipped potlids arrangement is facilitated by
the positioning of all of the ethyl groups on the same
side of the porphyrin from the adjacent porphyrin.

Another example of a complex consisting of
syn-formed metal oep  with fullerene is
Ceo2Zn(Il)(0oep)-2C¢Hg [23]. The asymmetric unit cell
of the P2,2,2, space group in the compound consists of
a C4 molecule, two zinc oeps and two solvent
molecules of benzene. Within this unit cell, the fullerene
is positioned symmetrically between the two Zn(II)(oep)
units. The distance from the zinc atom to this C-C
bond is 2.97 A. The Zn—C distances are 2.98(3)-3.20(4)
A. This structural feature is very similar to that re-
ported in Cgy2Zn(11)(oep)-2CH,CI, [19].
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Fig. 4. A drawing that shows the molecular packing in Cgy'Ru(I1)(CO)(oep)-2CcHsCH;.

Fig. 5 shows a drawing of the molecular packing that
makes clear the neighboring fullerene toward the eight
ethyl groups of these zinc oep molecules. In addition to
these fullerene/porphyrin interactions, there are signifi-
cant porphyrin/porphyrin contacts with pairwise or
face-to-face contact. It is expected that the face-to-face
porphyrin/porphyrin contact is greater in the fullerene
cocrystallites than it is in the pristine Zn(II)(oep) com-
pound [24,25]. Other complexes with syn-formed metal
oep, such as Cqy2Co(II)(0ep)-CHCl;, Cyy2Zn(IT)(0ep)-
CHClL;, Cg,0-2Co(IT)(oep)-CHCI; and Cgy ClFe(IID)-
(oep)-:CHCI; have been reported [19] and are summa-
rized in Table 1.

An isomorphous series of cocrystallites with C,, i.e.
C,o-Co(Il)(oep)-C¢He CHC;, C,o'Ni(ID)(oep)-CcHg'
CHCI; and C,Cu(Il)(oep)-CcHy CHCI,, has also been
reported [19]. The Cs axis of the fullerene makes an
angle of 16.4° with the porphyrin plane in C,,Co(Il)-
(0oep) CcHg'CHCL;,  16.2°  in CyNi(II)(oep)-CeHg'
CHCI; and 16.6° in C,-Cu(Il)(oep)-CcHy CHCI,. In the
series  C,y'Co(Il)(oep)-C4HyCHCL;,  C,-Ni(IT)(oep)-
C¢H¢CHCI, and C,-Cu(Il)(oep)-C;Hy CHCI,, the clos-
est contacts between C,, molecules are 3.486, 3.438,
and 3.395 A, respectively. The structure of the cocrys-
tallite is shown for the complex consisting of VO(oep)
with C,,, C;,VO(oep)-C¢Hs'H,O in Fig. 6 [26]. In this

example the syn-formed configuration of VO(oep) can
be observed even though two adjacent VO(oep) planes
are separated enough for the face-to-face contact to
disappear. The VO(oep) molecules play a role as tem-
plate to line up the fullerene C,, molecules in a row, as
shown in Fig. 7. The intermolecular distances between
nearest C,, molecules are fairly short, 2.94-3.05 A, and
therefore there is a possibility for this to be a high
conducting material. Such a short distance between C,

Fig. 5. A view of the fullerene/porphyrin units in Cgy-2Zn(II)(oep)-
2C¢Hg. The benzene molecules are omitted in this drawing.
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Table 1

Fullerene Macrocycle Composition of Ref.
cocrystallite

Ceo Annulene Cgo'Ni(tmtaa) [16]

Ceo Annulene Cgo'Ni(omtaa)-2CS, [15]

Ceo Annulene CgoCu(tmtaa) [17]

Ceo Porphyrazine Cgo2Cu(Pz) [11]

Ceo Porphyrazine Ceo'Ni(Pz) [11]

Ceo tpp H,(tpp)-Ceo'3CHsCH; [20]

Coo tpp derivative H, T3 5 dibutyPPCoo [20]

Ceo tpp derivative H,T5 5 dimethytPP1.5Csg [20]
2C¢HsCH;

Ceo tpp derivative H,T,;,PP-Cg [20]

Ceo tpp derivative Cgo'Co(II)(tbp) [33]

Ceo syn-oep Cgo2Co(II)(0ep)-CHCl;  [19]

Ceo syn-oep Cgo-2Zn(1I)(0ep)-CHCl4 [19]

Ceo syn-oep Cg00-2Co(II)(oep)-CHCl; [19]

Ceo syn-oep Cgo ClFe(11I)(0ep)-CHCL;  [19]

Ceo syn-oep Cgo'Ru(II)(CO)(oep) [23]
2C¢H;CH;

Ceo Syn-oep Cgo2Zn(1I)(0ep)-2CcHy [23]

Ceo anti-oep CgoPd(I)(0ep)-1.5CcHy  [23]

Ceo anti-oep Cgo'Cu(Il)(0ep)-2C¢Hg [23]

Ceo anti-oep Cyo'Ag(II)(0ep)-2CsHyg [30]

Ceo anti-oep Ceo2Ni(IT)(0ep)-2C,HsCl  [30]

Cyo Annulene C,-Ni(omtaa) [22]

Cao tpp Zn(tpp)-Cs [20]

Cy tpp derivative Cro'Ho T3 5 dimemyPP4Cs- [20]
H,CH,4

Cyo tpp derivative NiT, methyPP-2C54-2Cs- [20]
H,CH,

Cyo Syn-oep C;o'Co(1I)(oep) [19]
‘C¢H¢"CHCl,4

Cyo syn-oep C,oNi(II)(oep) [19]
‘C¢HyCHCl,

Cyo Syn-oep C;o'Cu(II)(oep) [19]
‘C¢H¢"CHCl,4

Cyo syn-oep C;o'VO(oep)-C¢HeH,O [26]

NSc;@Cyg, syn-oep NSc;@CqgyCo(11)(oep) [41]

-1.5CHCl5-0.5C¢Hg¢
NErSc,@Cg,Co(Il)(0oep) [42]
-0.3CHCl5'1.5C¢Hg¢

NErSc,@Cg, syn-oep

molecules has not been observed previously in reports
of C,y'Co(II)(oep)-CcHyCHCL;, C,oNi(II)(oep)-CeHg:
CHCI; and C,y'Cu(II)(oep)-CcHyCHCI, [19].

2.3. Crystal structure of Cg, cocrystallites with
anti-formed metal oep

The first examples of cocrystallites which contain Cg,
with the anti-formed metal complexes of oep are re-
ported for Cqy-Pd(IT)(oep)-1.5CsHg and Cgyy-Cu(Il)(oep)-
2C¢H¢ [23]. These two compounds are almost iso-
morphous structures, but the space groups are differ-
ent, acentric P1 and centric P1 for the palladium and

the copper compounds, respectively. The unit cell in
each compound consists of a C4, molecule, one metal
oep and several molecules of benzene, as shown in Fig.
8 for Cgy'Pd(IT)(oep)-1.5CcH¢. Within this unit cell in
Fig. 8, the fullerene is positioned symmetrically between
the two Pd(IT)(oep) units, and the fullerene is too far
from the atoms of the Pd(II)(oep) for any covalent
bonding between them. The planar structure of the
metal porphyrin still remains in the cocrystallite with
C, In contrast to other M(tmtaa) and M(omtaa)
macrocyclic complexes with Cq, which have been re-
ported to have the saddle shaped structure. It is sup-
posed that interaction takes place between the curved n

Fig. 6. Atom numbering in C;,"VO(oep)-CsHyH,O with 50% thermal
ellipsoids.

Fig. 7. The molecular packing of fullerene C,, molecules in
C54'VO(oep)-CcHg'H,0; (a) top view and (b) side view. Only one set
of four orientations of the C,, units is shown.
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surface of the fullerene with the planar 7 surface of the
porphyrin, without the need for matching convex with
concave surfaces. In general, it has been thought that
Cqo 1s centered over the metal atom of complexes via
the electron-rich 6:6 ring-juncture C—C bonds, which
are provided with the filled /4, orbitals, in close ap-
proach to the plane of the metal complex core. On the
other hand, in the closest approach to the palladium
atom the fullerene is peculiarly positioned involving the
5:6 ring junction, which denotes m-antibonding between
the carbon atoms (i.e. the Pd(1)---[C(11)-C(135) bond]
in Fig. 9). The shortest distance from the palladium
atoms to the C-C bond is 3.01-3.04 A
(Pd(1)--[C(11)-C(135)]). In general, the closest contact
between Cg, and the central metal atom in the cocrys-
tallites with M(tmtaa) is 3.18-3.37 A. On the other
hand, this value for the copper compound is 3.007 A.
While these distances are too long for a coordinate
bond, they are shorter than the normal van der Waals
contact seen between neighboring fullerenes (greater
than 3.2 A) [27].

A characteristic feature is that these cocrystallites
Fig. 8. A drawing that shows the molecular packing in consist of the anti-formed metal oeps and Cg, that is,
CeoPd(ID)(0ep)-1.5CHs. the four ethyl groups of both metal oep portions lie on

Fig. 9. The 5:6 carbon ring junction in the closest approach to the palladium atom in Cg,Pd(II)(oep)-1.5CcHy shown from the opposite side to
the fullerene. The carbon atoms on fullerene except the (C labeled) atoms involving the 5:6 ring junction are omitted to guide the eye.
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Fig. 10. A view of the fullerene/porphyrin units in Cgy'Pd(II)(oep)-1.5C4Hg with 50% thermal ellipsoids.

the same side of the porphyrin toward the fullerene,
and the other four ethyl groups lie on the opposite side
of the porphyrin from the fullerene. The distances from
the fullerene to the ethyl hydrogen atoms span the
range 2.5-2.7 A.

In addition to these fullerene/porphyrin interactions,
there are significant anti-formed porphyrin/porphyrin
contacts with pair-wise character. The combination of
fullerene/porphyrin and porphyrin/porphyrin contacts
produces a ‘soccer ball on stackable chairs-like’ struc-
ture, as shown in Fig. 10. The pair-wise porphyrin—
porphyrin distances are Pd(1)---C(54), 3.30(1) A;
Pd(2)---C(57), 3.23(2) A. The porphyrin—porphyrin dis-
tance of the Cu compound is shorter still, that is,
3.177(2) A. Thus, the two porphyrin planes are within
van der Waals contact of each other.

The core molecular geometries of the metal oep in
Ceo'Pd(IT)(0ep)-1.5C¢Hy and Cgy-Cu(Il)(oep)-2CHg are
very similar to those that are found in pristine
Pd(IT)(oep) and Cu(II)(oep) compounds [28,29]. Notice
from these results that the pairwise porphyrin/por-
phyrin contacts are greater in the fullerene cocrystallites
than they are in pristine Pd(II)(oep) and Cu(II)(oep)

compounds. Other complexes with anti-formed metal
oep, such as CgAg(Il)(oep)2CcHy [30] and Cgy2Ni-
(IT)(0oep)-2C4H;CI [31] have been reported and summa-
rized in Table 1.

2.4. Strong intermolecular interaction in a cocrystallite
with cobalt tetrakis(di-tert-butylphenyl)porphyrin

Unique cocrystallites of Cq, and C,, fullerenes with
tetraphenylporphyrins (tpps) have also been reported
[20]. However, few cocrystallites of any metal tpp com-
plexes with Cg,, except the n2-Cg, cocrystallite with
tetrakis(pentafluorophenyl)borate [32], have been syn-
thesized. In the case of the metal tpp, only the cocrys-
tallite with C,, has been reported [20]. In metal tpps, a
modification of the structure of the terminal phenyl
groups is regarded to be very important in order to
make the cocrystallite of the curved Cg, surface match
with the planar surface of the porphyrin. So, we synthe-
sized the cobalt complex of 5,10,15,20-tetrakis[3,5-
(bis-tert-butyl)phenyl]porphyrin (tbp) (Fig. 11) cocrys-
tallized with C,, according to the strategy of structural
modification by the addition of bis-tert-butyl groups
into the tpp [33].
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Co(tbp)

Fig. 11.  5,10,15,20-Tetrakis[3,5-(bis-terz-butyl)phenyl]porphyrin
cobalt(II) (Co(II)(tbp)).

The unit cell in this compound consists of a Cg,
molecule and a Co(IT)(tbp), as shown in Figs. 12 and
13. Within this unit cell, the Co(II)(tbp) is positioned
symmetrically between two fullerene units and the
fullerene is very close to the atoms of the Co(II)(tbp),
allowing for the possibility for covalent bonding be-
tween them. The fullerene is caught by two porphyrin
planes from top and bottom. In addition, the fullerene

Fig. 13. Crystal Structure of Co(II)(tbp)-Cg, viewed along the a-axis.

is also surrounded by the four porphyrins placed side
by side. The fullerene is located in the position of
closest approach to the centered metal atom, which
involves an electron-rich m-bonding 6:6 carbon ring
junction (hexagon—hexagon junction). The C, symmet-

Fig. 12. Structure of Co(II)(tbp)-Cg, viewed along the c-axis.
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rical disorder of the carbon atoms on Cg, is observed.
The six carbon atoms, whose occupancy is 0.5, are
disordered in the six octahedral points on the Cg,
framework. Such a phenomenon is explained by the
two orientations at 90° relative to each other which are
refined with 50% occupancy factor [34,35]. The Cq,
molecule belongs to the icosahedral point group and its
cascade symmetry point group, (i.e. Ds,, Ds, Dy, etc.),
but it does not belong to the C, symmetry group. Each
individual fullerene molecule does not possess C, sym-
metry. On the other hand, the Co(II)(tbp) molecule
belongs to the typical C, point group. This unusual C,
symmetry of Cq, observed in the Co(IT)(tbp)-Cy, cocrys-
tallite is related to the strong intermolecular interaction
between the Cq, and the C, symmetric molecule of
Co(I)(tbp).

The closest distance between the cobalt atom and a
carbon atom on Cg, is 2.61 A (i.e. Co(1)--C(33)). On
the other hand, the closest distance from the terz-butyl
group of Co(II)(tbp) to the carbon atom on C, is
3.50(1) A (i.e. C(15)-*C(34)). The X-ray structural anal-
ysis of this compound was carried out at room temper-
ature. Over a dozen porphyrin/fullerene or
metalloporphyrin/fullerene structures have been re-
ported using lower temperatures in order not only to
optimize accuracy but also to conceal the imperfect Cg,
structures with large anisotropic thermal parameters.
So far, none of the cocrystallites with fullerene have
been determined with absolute atomic position for the
crystal structure using X-ray analysis at room tempera-
ture, because it is very difficult to reduce the effect of
the free rotation of the fullerene molecule at higher
temperature. Therefore, this is the first example of an
X-ray structural analysis performed at room tempera-
ture for a metal porphyrin cocrystallite with fullerene.

The structure of the Co(IT)(tbp)-Cs, cocrystallite is in
the perfect ideal 3-D packing form with a highly C,
symmetrical point group. The fullerene C4, molecule is
caught tightly by six Co(IT)(tbp) portions in the octahe-
dral position of the Cg,. As a result, X-ray structural
analysis of this compound at room temperature can be
done because the rotation of the C4, molecule is inhib-
ited. The intermolecular distance between the Cq, and
Co(II)(tbp) molecules is quite short, i.e. 2.61 A at room
temperature and it decreases and reaches 2.58 A at 83
K. This is the shortest length of all reported values,
allowing for the possibility for covalent bonding be-
tween them. It is well known that the Co(Il) ion in
cobalt porphyrin complexes easily forms metal—carbon
bonding along the axial direction. Such a short contact
distance for metal—carbon bonding in cobalt porphyrin
complexes has been reported in compounds such as
CH;COCH,—Co(tpp) [36], CHOCH,—Co(tpp) [37],
CH;—Co(oep) [38], C,Hs—Co(oep) [39] and maleic anhy-
dride—Co(tmp) [40] etc.

2.5. Endohedral metallofullerenes

Progress in exploring the chemical and physical
properties of the endohedral fullerenes has been
slowed by several factors: the low yields in which most
endohedrals are produced, the frequent low solubility
of the endohedrals, and the air sensitivity of some of
these species. On the other hand, cocrystallites consist-
ing of metal octaethylporphyrins with an endohedral
metallofullerene can be obtained in a form suitable for
single-crystal X-ray diffraction. The cocrystallites con-
sisting of cobalt octaethylporphyrins with endohedral
metallofullerenes (Fig. 14) have been reported by Olm-
stead et al. [41,42]. The structure of a mixed metal
endohedral, ErSc,N@Csg,, has been determined by sin-
gle-crystal ~ X-ray diffraction at 90 K on
ErSc,N@Cg, Co(Il)(0ep)-1.5CcH40.3CHCI,, which
was obtained by diffusion of a solution of
ErSc,N@Cs, in benzene into a solution of Co(II)(oep)
in chloroform. The structure of ErSc,N@C;g, consists
of a planar ErSc,N unit surrounded by an icosahedral
Cg, cage. The ErSc,N@Cg, molecule sits at a site of
crystallographic mirror symmetry. However, the Cg,
cage itself is orientationally disordered, and none of
the 15 mirror planes of any one of the icosahedral
cages coincides with the crystallographic mirror plane
[43]. The N and Er atoms lie on a crystallographic
mirror plane. The nominal Er-N distance is 2.089(9)
A and the Sc-N distance is, as expected, shorter,
1.968(6) A. The Er-N-Sc angle is 119.1(3)° and the
Sc—N-Sc angle is 121.3(6)°. The ErSc,N unit is planar
within experimental error, with the sum of the two
Er-N-Sc¢ angles and the Sc-N-Sc angle equal to
359.6°. The Er and Sc thermal ellipsoids are elongated
in directions which are indicative of motion of the
ErSc,N group along the walls of the Cg, cage. The
Co(IT)(oep) molecule resides on a crystallographic mir-
ror plane which coincides with a molecular mirror
plane that bisects the cobalt atom and two nitrogen
atoms. The geometry of the Co(II)(oep) molecule is
entirely normal. The Co-N distances (Co—N, 1.969(8),
1.9856) and 1.976(7) A) in  ErSc,N@Cg,
Co(II)(oep)1.5CcH40.3CHCI, are similar to those in
Co(Il)(oep) (Co-N, 1.967(3), 1.9752) A) [44], in
Cgo2Co(ID)(0ep)'CHCl;  (Co—N,  1.954(5)-1.985(6)
A), and in C,;yCo(Il)(oep) C¢HsCHCL;  (Co—N,
1.964(5)-1.967(5) A) [19]. The Co(II)(oep) molecule
is positioned so that the ethyl groups of the porphyrin
form a syn-formed octapoidal embrace about the
Cg, cage. The fullerene is too far from the cobalt
atoms for any normal covalent bonding between
them. The closest approaches of the cobalt atom to
the Cq, cage are 2.706 and 2.746 A from the cobalt
atom.
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Fig. 14. A drawing that shows the molecular packing in NSc;@Cg, Co(II)(0oep)-1.5CHCl5-0.5C¢H,. The Sc atoms are disordered with 0.5 of atomic

occupancies.

3. DV-Xa calculations of syn- and anti-formed oeps in
oep cocrystallites with Cg,

A variety of configurations of pristine oeps are re-
ported reflecting the structural flexibility of the terminal
ethyl groups, but only the compounds containing Cg,
with the syn- or anti-formed metal oeps have been
found. Therefore, the core molecular geometry of the
metal oep found in the cocrystallite with Cg, is not
always similar to that found in the pristine metal oep
compound. It is very important to discuss the difference
of the stability between the anti- and the syn-formed
metal oeps in the cocrystallites with Cg,.

In order to discuss the stability of these complexes,
the electronic level structures of syn- and anti-formed
Zn(IT)(oep), Ru(Il)(oep) and Pd(II)(oep) molecules
were calculated. The structural models for the DV-Xa
molecular orbital calculation [45] for the syn-formed
Zn(IT)(oep), Ru(IT)(oep) and anti-formed Pd(IT)(oep)
are derived from the results of the X-ray structural
analyses, though the syn-formed Pd(II)(oep) and the
anti-formed Zn(IT)(oep) and Ru(II)(oep) are calculated
by means of the MM2 method. The results of the
electronic structures of these metal oeps are summa-
rized in Fig. 15. From the result of this calculation, the
energy levels of the anti-formed configurations are

more stable in all cases than those of the syn-formed
configurations. This result is consistent with the fact
that the anti-formed configurations are observed in the
pristine metal oeps. In the syn-formed compounds,

2 O T e L
e —_—\ L RN
~, —_ —y —1:!
-6 — o H
— — — —
-7 — —
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syn anti syn anti syn anti
ZnOEP RuOEP PdOEP

Fig. 15. DV-Xa calculation for electronic level structures comparing
syn- and anti-formed Zn(II)(oep), Ru(Il)(oep) and Pd(II)(oep). Solid
and dashed lines indicate the electron occupied and unoccupied
energy levels, respectively. The signs ‘H’ and ‘L’ denote the HOMO
and LUMO energy levels, respectively. The basis functions of the
centered metal for the metal oeps were employed up to the 4p orbital
for Zn(II)(oep), and the Sp orbital for Pd(II)(oep) and Ru(II)(oep).
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there is the possibility for the existence of strong face-
to-face interaction between two adjacent metal oeps,
resulting in the syn-formed oeps being observed trans-
formed from the energetically stable anti-formed
configuration. The distances between two adjacent por-
phyrin planes in the syn-formed compounds are shorter
than those in the anti-formed compounds. This is the
reason why syn-formed configurations are observed in
the CqoZn(Il)(oep)2CHy and Cgy'Ru(II)(CO)(oep)-
2C(H;CH; compounds. In contrast, anti-formed
configurations are observed in the Cg,Pd(II)(oep)
1.5C4Hg, CgoCu(Il)(0ep)-2C¢Hg, Cop-Ag(IT)(0ep)-2C4Hg
and Cgy2Ni(I)(oep)-2C;HsCl compounds, suggesting
that there is the possibility for the existence of a strong
interaction between the Cg, and the centered metal
atoms of the metal oeps.

In C4'Ru(IT)(CO)(oep)-2C,HsCH; [23], a syn-formed
configuration of the metal oep has been observed, in
contrast to the fact that anti-formed configurations
have been reported in several Ru(oep) compounds
[46,47]. In this compound, a carbonyl ligand is located
at the opposite side of the porphyrin plane from the
eight ethyl groups. The face-to-face interaction between
adjacent porphyrins is strengthened by these two car-
bonyl ligands, with the result that the syn-formed
configuration of oep of the ‘two slipped potlids-like’
structure, which is also reported in Cg, CIFe(III)-
(oep)-CHCI; compounds [19], is observed.

4. Experimental section
4.1. DV-Xo molecular orbital computational method

The non-relativistic DV-Xa calculation [48] was per-
formed with the Slater exchange parameter, o, of 0.7
for all atoms and with 5000 DV sampling points, which
provided a precision of less than 0.1 eV for valence
electron energy eigenvalues. We employed the basis
functions of the centered metal atom for the metal oeps
up to the 4p orbitals for Cu and Zn, and the 5p orbitals
for Pd and Ru, while those of the nitrogen, carbon and
oxygen atoms were used up to the 2p orbitals. The
calculations were carried out self-consistently until the
difference in orbital populations between the initial and
final states of the iteration was less than 0.01 electron/
orbital. The computation details of the non-relativistic
(DV-HFS) method used in the present work have been
described elsewhere [49,50].
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