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analogous modes of the respective rings of the symmetrical
sandwiches. This indicates that the extent of pure vibrational
coupling between the macrocycles is negligible in all of the com-
plexes. This does not imply, however, that the electronic inter-
actions between the rings are small.

The high-frequency regions of the B-state excitation RR spectra
of Ce(OEP)(TPP)* are shown in the top traces of Figures 2 and
3. Comparison of these spectra with those of the neutral complex
reveals that the frequencies of certain skeletal modes of both the
OEP and TPP rings are shifted upon oxidation. (It should be noted
that the band observed at 1347 cm™ in the spectrum of the cation
corresponds to v, and is not due to v, of residual unoxidized
material.) The frequencies of several of these modes are compared
with those of the neutral complex in Table 1. In general, the
oxidation-induced frequency shifts are large for skeletal vibrations
of the OEP macrocycle and small for those of the TPP ring. In
addition, the shifts observed for the OEP and TPP modes of the
asymmetrical complex are larger and smaller, respectively, than
those observed for the analogous modes of the OEP and TPP rings
of the symmetrical sandwiches.® The oxidation-induced frequency
shifts observed for all three sandwich complexes are compared
in Table I. The shifts observed for Ce(OEP), and Ce(TPP), are
labeled Avgym{OEP) and Avgyy(TPP), respectively, while those
observed for Ce(OEP)(TPP) are labeled Av,sym(OEP) and
Avasym(TPP).

Discussion

The observation that the oxidation-induced frequency shifts of
the OEP and TPP skeletal modes in the asymmetrical sandwich
are larger and smaller, respectively, than those of these vibrations
in the symmetrical complexes is consistent with the notion that
the electron is removed primarily from a dimer molecular orbital
comprised predominantly of an OEP monomer orbital.®8" The
positive shifts observed for the v, and v,y modes of the OEP
macrocycle are further consistent with this dimer redox orbital
being derived from an a,,-like OEP monomer orbital'>!6 as is the
case for the symmetrical OEP sandwich complexes.®® On the
other hand, the frequency shifts observed for the v, and »;; modes
of the TPP ring in the asymmetrical sandwich, although relatively
small, are opposite in direction from those observed for these modes
in the symmetrical TPP sandwich.* These shifts are also opposite
to those typically observed for a,, porphyrin cations such as
CuTPP*'® or Ce(TPP),*.% The positive shifts observed for »,
and »;, modes of TPP upon oxidation of Ce(OEP)(TPP) are in
the direction expected for an a,,-like cation.!>!¢ This supports
the suggestion that strong 7 interactions result in redox orbital
reversal for the TPP ring in Ce(OEP)(TPP) relative to Ce(TPP),
(vide supra).

There is no direct way to relate the magnitude of the oxida-
tion-induced frequency shifts of the skeletal modes of the two
porphyrins in Ce(OEP)(TPP) to the relative magnitudes of the
coefficients of the redox orbital in the dimer. If the magnitudes
of shifts are assumed to be directly proportional to the hole density,
it might be estimated that the a,, orbital of OEP contributes
~80% to the dimer orbital. This value was obtained by averaging
|Avagym/ Asywml for the RR bands of OEP or TPP given in Table
[. Inherent in this analysis is the assumption that the oxida-
tion-induced shifts of the RR bands of the symmetrical dimers
are half as large as those of the analogous bands of monomeric
systems. This is true for some bands but not others.®< Another
qualitative estimate of the orbital coefficients can be obtained by
determining the eigenvectors of a two by two matrix in which the
redox energies of the a,, orbitals of the metallo~OEP and me-
tallo~TPP monomers lie on the diagonal and the off-diagonal
elements are adjusted to yield the 200-mV cathodic shift observed
for Ce(OEP)(TPP) versus metallo~-OEP monomers. Unfortu-
nately, the energy of the a,, orbitals of monomeric metallo-TPP
complexes cannot be estimated from redox potentials because all
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of these complexes are a,,-like cations.'®!7 If the a,, orbital of
TPP is placed 2000-3000 cm™! below the a,, orbital, '® then
diagonalization of the two by two matrix yields a dimer redox
orbital that is 70-75% OEP-like in character. This estimate is
reasonably close to that determined from the RR data considering
the crude level of approximation.

The observation that strong w= interactions perturb the redox
orbital ordering in Ce(OEP)(TPP) suggests that the detailed
character of the dimer redox orbitals in asymmetrical sandwich
complexes can be manipulated with judicious choice of porphyrin
ring substituent groups. For example, the oxidation potentials
of monomeric metallo-tetrapentylporphyrins (TPnP) are con-
siderably closer to those of metallo~OEP complexes than are those
of metallo-TPP systems.!® This suggests that an asymmetrical
sandwich complex such as Ce(OEP)(TPnP) would have a dimer
redox orbital in which the two rings contribute much more equally.
Finally, the perturbation of the ground state properties of the
asymmetrical sandwiches by strong = interactions suggests that
the properties of the asymmetrical SP dimer in the genetically
modified photosynthetic reaction centers!® may also be subject
to such perturbations. The importance of such effects will depend
on the magnitude of == interactions between the molecules in the
SP. This has yet to be determined.
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Psuedo-planar oligomers of the type Cu,X,,L, (X = CI-, Br7;
L = CI", Br, or a neutral ligand) aggregate in the solid state thru
the formation of long semicoordinate Cu--X bonds between oli-
gomers. A variety of stacking patterns (polymorphs) are ob-
served.”™*  We have developed a notation to classify these pat-
terns,>® as well as a simple pictorial scheme to illustrate the
stacking arrangements.” This classification scheme, while useful
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Figure 1. Top: (a) ORTEP drawing of the formula unit for (4-
methylpyridinium),Cu;Clg. Bottom: (b) Sterographic pair illustration
of the stacking of Cu;Brg?™ anions in (4-methylpyridinium),Cu;Brg.
Semicoordinate bonds are omitted for clarity.

for systematization, is limited in its predictive capability. In this
note, we report the structures of compounds containing two new
stacking patterns, as well as preliminary results of a phenome-
nological theory to predict the possible stable phases for a subset
of the observed types of stacking patterns.

Recent structure determinations in this laboratory have included
the (4-methylpyridinium),Cu,X; and Cu,X,(4,4’-dimethyl-2,2’-
bipyridine) systems. The 4-methylpyridinium salts contain nearly
planar, bridged trimeric Cu;Xg? anions.®® Each pyridinium
cation forms a bifurcated hydrogen bond to a terminal pair of
halide ions. This yields an extended coplanar cation-anion—cation
unit (Figure la). These units are very similar for X = Cl and
X = Br. The Cu,;Clg? oligomers adopt the pattern in I, while
planar Cu,Brg® oligomers assume a new stacking pattern, II, as
illustrated in Figure 1b. The bipyridine complexes'®!! contain

£ |

I II III

dimeric units in which one end of each oligomer is capped by the
bidentate ligand (Figure 2). The pattern adopted, III, has not
previously been observed for n > 1. A 180° rotation is associated
with each displacement, which minimizes steric repulsions between
the bidentate ligands. Full structural data for both pairs of
compounds will be published at a later data.!>!3
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Figure 2. Illustration of the stacking of Cu,Cl,L? oligomers in Cu,Cl,-
(4,4’-dimethyl-2,2’-bipyridine).
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Figure 3. Translations for the subset of stacking patterns of Cu,X,,L,
oligomers to be considered.

The impetus for seeking a spin-Hamiltonian approach to predict
stable stacking patterns is based on the successful application of
the next-nearest-neighbor Ising model to a variety of polytyptic!4!3
and magnetic systems.!61” For the latter, this yields the usual
ferromagnetic and antiferromagnetic states as well as a 11|}
sequence arising from competition between the nearest-neighbor
and next-nearest-neighbor interactions.!®-20

The spin-Hamiltonian to describe the polytypism in the
Cu,X,,L, oligomer systems will necessarily be more complex. If
the polytypes are limited to the cases based on the four translations,
7,, shown in Figure 3 for n = 2, a four-state system is defined. An
xy model with cubic anisotropy, in which the spins are restricted
to orientations paraliel to the projection of the 7 vectors onto the
XY plane, is suggested. Because of the XY nature of the model,
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Figure 4. (a) Stable phases for nearest-neighbor stacking patterns. (b)
Predicted stable competitive or next-nearest-neighbor phases.

the spins are restricted to lie in a plane, while the cubic anisotropy
term further restricts the spin orientations toward the corners of
a square in that plane. The following correspondences can be made

S=(.0) <1
§=(01)«1,
S=(1,0 1
S=(0,-1) 1,

where the components of the spin vectors refer to the coordinate
system in Figure 3. The Hamiltonian for the isolated one-di-
mensional stacks is taken to be of the form

= Kzgi'gm + JZ(gi'§i+l)2 +
DZ(S:',XSHIJ + Si‘ySi+I,x) + KZZgi'§1'+2

The three nearest-neighbor terms (K, J, D) describe the energy
relations between consecutive pairs of translations. With K, small,
four possible stable phases are predicted (at T = 0, since long-range
order cannot cxist at finite temperature for a 1d system), which
are shown in Figure 4a. For convenience, the patterns are labeled
by the subscripts of the sequence of 7, translation vectors defining
the stacking arrangements. The ferrodistortive 1,1,1,1 and an-
tiferrodistortive 1,3,1,3 phases are stable for K « 0 and K > 0,
respectively, while the vertical 1,4,1,4 and horizontal 1,2,1,2
propagation patterns are found when D >» 0 and D « 0, re-
spectively. All four of these polytypes are now observed exper-
imentally with the report of the Cu,X,L? structures.

The inclusion of the next-nearest-neighbor interaction leads to
a very rich series of nine competition phases (analogous to the
t11} phase of the next-nearest-neighbor spin !/, Ising model),
as shown in Figure 4b. The lower two rows contain three sets
of degenerate entantiomorphic pairs of stacking patterns. The
1,1.2,2 pattern reported in this paper is the first of these com-
petition phases to be observed experimentally.

The T = 0 phase diagram for this Hamiltonian is extremely
rich, with regions of stability predicted for the four nearest-
neighbor phases as well as for all nine competition patterns. This
is illustrated in Figure 5 for a D, K section through the four-
parameter space with K, < 0 and J = 0.5 K,. This particular
section includes all four nearest-neighbor phases, as well as five
regions where competition phases are predicted to be stable. The
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Figure §. Section of the predicted phase diagram in the D, K plane for
K, <0 and J/|K| = 0.5. Underlined phases have been observed exper-
imentally. Only one envelope diagram has been included for the two
regions containing degenerate enantiomorphic pairs.

distribution of known phases (underlined in Figure 5) is such the
currently unobserved phases lie in regions of parameter space
intermediate between the areas occupied by the known phases.
Thus, just as with the 1,1,2,2 phase, realization of other compe-
tition phases can be anticipated as design strategies are developed
based upon interpretation of the factors that determine the values
of the various energy parameters.
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Although more than one synthesis of 3-bromo-o-carborane (1)
appears in the literature, no current route makes this potentially
useful compound easily available. We report here a simple
modification of one synthesis of 1 that provides this molecule in
good yield and high purity.

One multistep source of 1 is the Sandmeyer reaction of 3-
amino-o-carborane (2), itself available in nearly quantitative yield
from (BoC;H,;)?~.23 The yield of 1 from this procedure seems
not to be reported, but that of the related 3-chloro-o-carborane
is 47.5%.
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