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Abstract: A study of the redox behavior of the cobalt complex of octaethylbilindione (H3OEB), a biliverdin analog,
reveals that coordination of the ligand allows its complexes to undergo reversible, one-electron transfer processes,
whereas the free ligand itself undergoes an irreversible two-electron oxidation. Thus, the four-membered electron
transfer series involving [Co(OEB)]n with n ) +1, 0, -1, -2 has been observed electrochemically. The most
highly oxidized member of this series has been isolated in the form of its triiodide salt, [CoII(OEBOx)]I3‚0.5CH2Cl2,
and characterized by X-ray diffraction. The structure involves helical coordination of the linear tetrapyrrole ligand
about the cobalt with all four nitrogen atoms coordinated with Co-N distances falling in the narrow range, 1.898(7)-
1.926(7) Å. The triiodide ion, which is disordered over three orientations, is ion paired to the complex. The Co‚‚‚I
distance (2.818 Å in the predominant orientation) is much longer than expected for a Co-I covalent bond. In the
solid state, pairs of [CoII(OEBOx)]I3 crystallize about a center of symmetry so that two identical tab/slot arrangements,
which involve CH‚‚‚O hydrogen bonds, occur. These supramolecular arrangements involve hydrogen bonding between
the lactam oxygen of one complex and methine and two methylene protons of an adjacent complex. Similar hydrogen
bonded motifs are found in other complexes derived from octaethylbilindione and may occur for biliverdin IX
derivatives as well.

Introduction

Biliverdin IXR (1a), which is formed by heme oxygenase
through oxidative attack upon theR-methine position of heme,1
has been suggested to have both anti-oxidant activity2 and anti-
HIV activity.3,4 Thus, studying the chemical behavior of
biliverdin and its synthetic analogs, especially in redox reactions,
may lead to a better understanding of these potentially significant
physiological roles. It has been previously reported that
octaethylbilindione (1b) undergoes a facile 2-electron oxidation
by diiodine to produce an oxidized tetrapyrrole cation,
[H2OEBOx]+, as shown in eq 1.5 This cation crystallizes as
the salt, [H2OEBOx]I3‚0.5I2‚0.5CH2Cl2‚0.2C6H14, in which two
cations are paired through hydrogen bonding.
Here we are concerned with the effect that complexation of

H3OEB by metal ions will have on the redox properties of the

resulting complexes. Previous work has also shown that
octaethylbilindione (1b) is a good ligand which forms an array
of complexes with manganese, iron, cobalt, nickel, and copper.6-9

An iron complex of1b is a significant product in the coupled
oxidation process in which an iron porphyrin is treated with
dioxygen in pyridine solution in the presence of a reducing
agent.10,11 This process has been widely employed as a model
for heme catabolism and the heme oxygenase reaction. Un-
fortunately, the iron complex of octaethylbilindione is unstable
with respect to loss of iron, and this severely hampers its further
study.
However, the cobalt complex, Co(OEB),3, is stable to both

metal ion dissociation and toward dioxygen.7 Thus, it is
convenient to use3 in further studies of the behavior of chemical
and physical behavior this sort of complex. The locations of
the terminal lactam oxygen atoms in this tetrapyrrole prevent
the ligand from becoming planar when it coordinates to a small,
first row transition metal ion. Consequently, in Co(OEB) the
cobalt ion achieves nearly planar coordination, but the ligand
adopts a helical geometry in which the two lactam oxygen atoms
are separated by 3.116 Å. Unlike the corresponding manganese
and iron complexes,7,10 which dimerize through pairwise axial
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coordination of an oxygen atom from an adjacent molecule,
Co(OEB) is monomeric both in solution and in the solid state.7

The physical properties of Co(OEB), which include a remarkable
1H NMR spectrum, suggest that its electronic structure is
comprised of resonance components that include CoIII /(OEB)3-

and CoII/(OEB•)2- electronic distributions (where (OEB)3- is
the trianion obtained by deprotonation of H3OEB and (OEB•)2-

is the radical dianion hypothetically obtained by one-electron
oxidation of (OEB)3-).7

Results and Discussion

Electrochemical and Chemical Studies.The chemical and
electrochemical results described in this section are summarized
in Scheme 1.
Figure 1 shows cyclic voltammetric curves and Osteryoung

square-wave voltammetric data for Co(OEB) in dichloromethane
solution. One reversible oxidation (at-152 mV with∆Ep )
59(1) mV andW1/2) 123(2) mV) and two reversible reductions
(at -784 mV with∆Ep ) 60(1) mV andW1/2 ) 122(2) mV)

Chart 1

Scheme 1
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and at-2076 mV with∆Ep ) 65(1) mV andW1/2 ) 126(2)
mV) are observed. The experimental values of∆Ep andW1/2

are close to the theoretical values of 57 and 125 mV that are
expected for reversible, one-electron processes.12 The clean,
reversible nature of the redox processes indicate that major
changes in the coordination environment do not occur during
the electron transfer processes. In contrast to the data shown
in Figure 1, comparable electrochemical data for the free ligand,
octaethylbilindione (H3OEB), reveal an irreversible oxidation
at+200 mV and an irreversible reduction at-1700 mV. Thus
Co(OEB) is more easily oxidized and more easily reduced than
free octaethylbilindione. As noted above the chemical oxidation
of octaethylbilindione results in a two-electron oxidation.5

The one-electron oxidation of Co(OEB) can be accomplished
chemically by the addition of either diiodine or silver hexafluo-
rophosphate to a solution of the complex. The results of titrating
a solution of diiodine in dichloromethane-d2 into a solution of
Co(OEB) in dichloromethane-d2 are shown in Figure 2. Trace
A shows the1H NMR spectrum of Co(OEB) which has been
discussed previously.7 Addition of diiodine causes a broadening
and shifting of the resonances in the spectrum as shown in trace
B. Addition of further quantities of diiodine results in a gradual
emergence of distinct resonances and a shift of these resonances
away from the diamagnetic region. After the addition of 1.5
molar equiv of diiodine, no further changes in the spectrum are
seen. The changes observed are consistent with the occurrence
of the following reactions.

The1H NMR spectrum of [CoII(OEBOx)]I3, [4] I 3, shown in
trace D reveals the presence of eight methylene resonances. Four
methyl resonances occur at 5.55, 3.73, 0.49, and 0.20 ppm, with
the two upfield resonances partially obscured by solvent
impurities in trace D. One meso resonance is clearly present
at -20 ppm. The other meso resonance coincides with the
methylene resonance at 12.62 ppm. That meso resonance is
more readily observed in trace C where it is found at higher
field.

The observation of only eight methylene resonances, four
methyl resonances, and two meso resonances indicates that the
presence of the triiodide ion makes a minor perturbation to the
core of the cobalt complex. If the complex were truly five-
coordinate with an anionic ligand firmly bonded to cobalt, then
16 methylene resonances, 8 methyl resonances and 3 meso
resonances would be expected to appear in the1H NMR
spectrum. The observations suggest that the oxidized product
exists as a loose ion pair and that the triiodide ion is not
coordinated to cobalt in solution.
Treatment of Co(OEB) with silver hexafluorophosphate in

dichloromethane-d2 produces changes in the1H NMR spectrum
that are similar to those seen in Figure 2. The similarity in
these spectra, in which either hexafluorophosphate or triiodide
is the counter ion, provides further evidence that the anion is
not coordinated in solution.
The oxidized complex has been isolated from diiodine treated

solutions of Co(OEB). Purple crystals of [CoII(OEBOx)]I3‚
0.5CH2Cl2 can be obtained by addition of pentane to a
dichloromethane solution of the complex. Additionally, treat-
ment of [H2OEBOx]I3 with cobalt(II) acetate produces a dark
green solution from which [CoII(OEBOx)]I3‚0.5CH2Cl2 can be
obtained.
The magnetic moment of [CoII(OEBOx)]I3 as determined by

the Evans’ method13 in dichloromethane solution is 1.8 (2)µâ.
The EPR spectrum of a dichloromethane solution of

[CoII(OEBOx)]I3‚0.5CH2Cl2 at room temperature shows a broad
(580 Gauss peak-to-peak) resonance atg ) 2.28. Figure 3
shows the spectrum of a sample of solid [CoII(OEBOx)]I3‚0.5CH2-
Cl2 at 77 K. The experimental spectrum (trace A) shows a
rhombic pattern that can be fit withg1 ) 2.42,g2 ) 2.23, and
g3 ) 2.01. The computed spectrum is shown in trace B.
Hyperfine coupling from cobalt is not resolved in spectra
obtained in dichloromethane or from the solid. Nevertheless,
theg values and line widths are consistent with previous work
on the EPR spectra of low-spin CoII complexes.14-16 Thus, they
are indicative of the presence of CoII in the complex.

(12) Galus, Z.Fundimentals of Electrochemical Analysis, 2nd ed.; Ellis
Horwood: New York, 1994; p 292.

(13) Evans, D. F.J. Chem. Soc.1959, 2003.
(14) Walker, F. A.J. Am. Chem. Soc.1970, 92, 4235.
(15) Walker, F. A.J. Magn. Reson.1974, 15, 201.

Figure 1. Cyclic voltammogram and differential pulse voltammogram
of Co(OEB) (1.6 mM) in dichloromethane solution with 0.1M tetra-
(n-butyl)ammonium perchlorate as supporting electrolyte.

Co(OEB)+ 1/2I2 f [CoII(OEBOx)]I (1)

[CoII(OEBOx)]I+ I2 f [CoII(OEBOx)]I3 (2)

Figure 2. 300 MHz 1H NMR spectra of a solution of Co(OEB) in
dichloromethane-d2 with incremental addition of diiodine. In traces C
and D the eight methylene resonances are identified by the numerals,
1-8, and two meso resonances are denoted by m, respectively. The
inset in trace D shows an expansion of the 7-3 ppm region where
methylene resonances 3 and 4 occur. The spectra in traces B, C, and D
were taken under inversion recovery conditions with aτ value of 20
ms.
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The Molecular Structure of [CoII (OEBOx)]I 3‚0.5CH2Cl2.
The structure of this oxidized complex has been determined by
X-ray crystallography. A perspective view of the complex
molecule is shown in Figure 4. Selected interatomic distances
and angles are given in Table 1.
The molecule lacks any crystallographically imposed sym-

metry. There is disorder in the positions of two ethyl groups.
Only the major sites for C(32) and C(33) with 0.65 occupancy
and C(34) and C(35) with 0.55 occupancy are shown. There
is also disorder in the location of the triiodide group. Three
sites were identified: I(1), I(2), I(3) with 0.50 occupancy; I(1′),
I(2′), I(3′) with 0.25 occupancy; and I(1*), I(2*), I(3*) with
0.25 occupancy. The major orientation is shown in the full
molecular drawing in Figure 4, while the inset shows the relative
locations of all three sites for the triiodide ion.

The cobalt atom is bonded to the four nitrogen atoms of the
tetrapyrrole ligand. A triiodide ion also lies in close proximity
to the cobalt atom. The four Co-N distances (1.898(7),
1.910(7), 1.916(7), 1.926(7) Å) span a narrow range which is
similar to that found for the Co-N distances (1.873(3), 1.909(3)
Å) in Co(OEB). The predominant Co-I(1) distance is 2.818(4)
Å, while the other two less populated sites have lengths of 2.875-
(10) for Co-I(1′) and 2.798(14) for Co-I(1*). These distances
are all considerably longer than the Co-I distances observed
in cobalt compounds with simple iodide (rather than triiodide)
coordination. The average Co-I distance found for 18 com-(16) McGarvey, B. R.Can. J. Chem..1975, 53, 2498.

Figure 3. Trace A, experimental EPR spectrum of solid [CoII-
(OEBOx)]I3‚0.5CH2Cl2 at 77 K. Trace B, computed EPR spectrum with
g1 ) 2.23,g2 ) 2.42, andg3 ) 2.01.

Figure 4. A perspective view of [CoII(OEBOx)]I3‚0.5CH2Cl2 with 50%
thermal contours. Only the major positions of the triiodide ligand and
the two disordered ethyl group (those involving C(32), C(33) and C(34),
C(35)) are shown. The lower inset shows the alternate orientations of
the disordered triiodide.

Table 1. Selected Bond Lengths [Å] and Angles [deg] for
[CoII(OEBOx)]I3‚0.5CH2Cl2

Bond Lengths [Å]
Co(1)-N(1) 1.916(7) Co(1)-N(2) 1.910(7)
Co(1)-N(3) 1.926(7) Co(1)-N(4) 1.898(7)
Co(1)-I(1) 2.818(4) Co(1)-I(1′) 2.875(10)
Co(1)-I(1*) 2.798(14) I(1)-I(2) 2.996(8)
I(2)-I(3) 2.812(7) I(1′)-I(2′) 2.90(2)
I(2′)-I(3′) 2.955(14) I(1*)-I(2*) 3.00(2)
I(2*)-I(3*) 2.820(11) O(1)-C(1) 1.196(10)
O(2)-C(19) 1.215(10) N(1)-C(4) 1.326(10)
N(1)-C(1) 1.462(11) N(2)-C(9) 1.358(10)
N(2)-C(6) 1.395(10) N(3)-C(11) 1.366(10)
N(3)-C(14) 1.391(10) N(4)-C(16) 1.360(10)
N(4)-C(19) 1.428(11) C(1)-C(2) 1.512(12)
C(2)-C(3) 1.342(12) C(2)-C(20) 1.480(12)
C(3)-C(4) 1.488(11) C(4)-C(5) 1.402(12)
C(5)-C(6) 1.368(11) C(6)-C(7) 1.461(11)
C(7)-(8) 1.352(12) C(8)-C(9) 1.462(11)
C(9)-C(10) 1.390(11) C(10)-C(11) 1.380(11)
C(11)-C(12) 1.456(11) C(12)-C(13) 1.350(11)
C(13)-C(14) 1.452(10) C(14)-C(15) 1.379(11)
C(15)-C(16) 1.362(12) C(16)-C(17) 1.498(12)
C(17)-C(18) 1.318(13)

Bond Angles [deg]
N(4)-Co(1)-N(2) 158.6(3) N(4)-Co(1)-N(1) 92.0(3)
N(2)-Co(1)-N(1) 90.3(3) N(4)-Co(1)-N(3) 89.0(3)
N(2)-Co(1)-N(3) 91.1(3) N(1)-Co(1)-N(3) 173.4(3)
N(4)-Co(1)-I(1*) 97.3(4) N(2)-Co(1)-I(1*) 104.1(4)
N(1)-Co(1)-I(1*) 84.8(4) N(3)-Co(1)-I(1*) 88.6(4)
N(4)-Co(1)-I(1) 100.7(3) N(2)-Co(1)-I(1) 100.6(3)
N(1)-Co(1)-I(1) 87.6(2) N(3)-Co(1)-I(1) 85.8(2)
N(4)-Co(1)-I(1′) 106.4(3) N(2)-Co(1)-I(1′) 94.9(3)
N(1)-Co(1)-I(1′) 89.3(3) N(3)-Co(1)-I(1′) 84.2(3)
Co(1)-I(1)-I(2) 105.9(2) I(3)-I(2)-I(1) 176.2(3)
Co(1)-I(1′)-I(2′) 104.2(4) I(1′)-I(2′)-I(3′) 162.4(5)
Co(1)-I(1*)-I(2*) 104.6(5) I(3*)-I(2*)-I(1*) 176.6(5)
C(4)-N(1)-C(1) 105.9(7) C(4)-N(1)-Co(1) 130.2(6)
C(1)-N(1)-Co(1) 123.9(5) C(9)-N(2)-C(6) 105.9(7)
C(9)-N(2)-Co(1) 127.2(6) C(6)-N(2)-Co(1) 126.8(5)
C(11)-N(3)-C(14) 105.4(7) C(11)-N(3)-Co(1) 128.5(6)
C(14)-N(3)-Co(1) 125.2(5) C(16)-N(4)-C(19) 105.5(7)
C(16)-N(4)-Co(1) 127.7(6) C(19)-N(4)-Co(1) 126.7(6)
O(1)-C(1)-N(1) 125.8(8) O(1)-C(1)-C(2) 126.6(8)
N(1)-C(1)-C(2) 107.5(7) C(3)-C(2)-C(20) 131.6(8)
C(3)-C(2)-C(1) 106.5(8) C(20)-C(2)-C(1) 121.7(8)
C(2)-C(3)-C(4) 107.8(7) N(1)-C(4)-C(5) 122.9(7)
N(1)-C(4)-C(3) 112.1(7) C(5)-C(4)-C(3) 124.9(7)
C(6)-C(5)-C(4) 123.8(7) C(5)-C(6)-N(2) 124.3(7)
C(5)-C(6)-C(7) 126.0(7) N(2)-C(6)-C(7) 109.7(7)
C(8)-C(7)-C(6) 106.8(7) C(8)-C(7)-C(24) 129.3(8)
C(7)-C(8)-C(9) 106.8(7) N(2)-C(9)-C(10) 125.4(7)
N(2)-C(9)-C(8) 110.8(7) C(10)-C(9)-C(8) 123.8(7)
C(11)-C(10)-C(9) 123.5(8) N(3)-C(11)-C(10) 123.2(8)
N(3)-C(11)-C(12) 111.0(7) C(10)-C(11)-C(12) 125.8(7)
C(13)-C(12)-C(11) 106.4(7) C(12)-C(13)-C(14) 107.3(7)
C(15)-C(14)-N(3) 123.6(7) C(15)-C(14)-C(13) 126.5(7)
N(3)-C(14)-C(13) 109.8(7) C(16)-C(15)-C(14) 123.5(8)
N(4)-C(16)-C(15) 122.9(8) N(4)-C(16)-C(17) 110.3(8)
C(15)-C(16)-C(17) 126.8(8) C(18)-C(17)-C(16) 107.1(8)
C(17)-C(18)-C(19) 108.0(8) O(2)-C(19)-N(4) 124.6(8)
O(2)-C(19)-C(18) 127.6(9) N(4)-C(19)-C(18) 107.8(8)
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pounds in the Cambridge Structural Database (CSD)17 with a
CoN4I core is 2.589 Å. The Co-I bond lengths in [CoII(OE-
BOx)]I3 also exceed the range of Co-I distances (2.523-2.697
Å) found in those 18 compounds. Thus the lengths of the Co-I
distances in [CoII(OEBOx)]I3 and the disorder in the location
of the triiodide suggest that in the solid state this anion is weakly
coordinated at best.
Within the triiodide ligand, the I-I distances, which range

from 2.812(7) to 3.00(2) Å, are normal and cluster about the
average I-I distance of 2.937 found in the CSD for 365 I-I
distances in Ix chains wherex g 3.
The helical tetrapyrrole ligands in [CoII(OEBOx)]I3 and

Co(OEB) are compared in Figure 5. The core of [CoII(OEBOx)]-
I3 is shown with solid lines, while that of Co(OEB) is indicated
by dashed contours. In both molecules, the tetrapyrrole ligands
possess closely related, helical structures. For [CoII(OEBOx)]-
I3, oxidation and the approach of the triiodide ion have brought
about a slight compression of the helical twist of the molecule.
However, it is notable that the approach of the triiodide has
introduced relatively little asymmetry to the two faces of the
tetrapyrrole. What asymmetry is present is most notably
observed in the trans-N-Co-N angle. In Co(OEB) these are
equal (162.0(2)°), but in [CoII(OEBOx)]I3 the N(1)-Co-N(3)
angle is widened to 173.4(3)°, while the N(4)-Co(1)-N(2)
angle is somewhat compressed to 158.6(3)°.
Intermolecular Packing of [CoII (OEBOx)]I 3 and Related

Molecules in the Solid State.A common structural element
comprised of C-H‚‚‚O hydrogen bonds is found in the solid
state structures of [CoII(OEBOx)]I3, M(OEB), (M ) Co, Ni,
Cu), and (py)MnIII (OEB). That structural unit, which involves
a tab/slot interaction between the lactam oxygen of one molecule
with a pocket of three C-H hydrogen bond donors of another
molecule, is shown in Figure 6. The three donors are a meso-
methine proton and protons from the two immediately adjacent
methylene groups. Table 2 presents distances and angles for
these tab/slot arrangements in [CoII(OEBOx)]I3 and other,
related complexes.
In the solid state, pairs of [CoII(OEBOx)]I3 crystallize about

a center of symmetry as shown in Figure 7. In this supramo-
lecular arrangement, two of the motifs shown in Figure 6 occur.
Only one of the lactam oxygen atoms in each tetrapyrrole ligand
participates in this hydrogen bonding arrangement, since the
proximity of the triiodide ion to the other lactam oxygen blocks
access to that oxygen atom.

The multipoint recognition that is present in the supramo-
lecular unit shown in Figure 6 enhances its stability and makes
it a common structural element that recurs in the crystal
structures of several complexes that are derived from octaethyl-
bilindione. The centrosymmetric pair of (py)MnIII (OEB) mol-
ecules shown in Figure 8 is similar in supramolecular archi-
tecture to that of pairs of [CoII(OEBOx)]I3, which are shown in
Figure 7. The absence of additional ligation or ion pairing in
the four-coordinate Co(OEB) and in the isomorphic Cu(OEB)
and Ni(OEB) facilitates hydrogen bonding by both lactam
oxygen atoms in each tetrapyrrole ligand. In these molecular
solids, linear hydrogen-bonded chains, rather than simple pairs
of complexes, form. Figure 9 shows a view of the linear chain
found for Co(OEB). Here the hydrogen bonding arrangement
shown in Figure 6 is repeated at both ends of the helical
tetrapyrrole ligand.
Examination of the hydrogen bonding parameters presented

in Table 2 shows that, for each example, all of the C‚‚‚O
distances involved in these arrangements are<3.6 Å and many
are less than 3.5 Å. Thus the C‚‚‚O distances are consistent
with previously determined cases of C-H‚‚‚O hydrogen
bonds.18-21

Discussion

This work shows that metal complexes of the linear tetra-
pyrrole, H3OEB, like those of porphyrins, can undergo facile
one-electron transfer reactions. For the cobalt complexes
obtained from octaethylbilindione, a four-membered electron
transfer series that involves [CoII(OEBOx)]+, Co(OEB),
[Co(OEB)]-, and [Co(OEB)]2- has been observed. The two
most highly oxidized members, [CoII(OEBOx)]+ and Co(OEB),
have been isolated and characterized by single crystal X-ray
diffraction. Electron transfer between these two complexes is
rapid on the NMR time scale. During the redox titration shown
in Figure 2 only a single set of averaged resonances for the
two species is observed. This observation and the reversible
electrochemical behavior are consistent with the structural work
which reveals only a modest differences in the geometry of the
helical cores of [CoII(OEBOx)]+ and Co(OEB). If electron
transfer between the oxidized and reduced forms of the complex
were slow (as might be the case if an axial ligand were strongly
bound in one form and not the other), then separate1H NMR
resonances for the two forms would be observed. In contrast
to these reversible redox processes, the free ligand undergoes
irreversible oxidation and reduction at potentials that make both
oxidation and reduction of H3OEB more difficult than those of

(17) Allen, F. H.; Kennard, O.Chemical Design Automation News1993,
8, 1.

(18) Taylor, R.; Kennard, O.J. Am. Chem. Soc.1982, 104, 5063.
(19) Sarma, J. A. R. P.; Desiraju, G. R.Acc. Chem. Res.1986, 19, 222.
(20) Desiraju, G. R.Acc. Chem. Res.1991, 24, 290.
(21) Desiraju, G. R.Acc. Chem. Res.1996, 29, 441.

Figure 5. A superposition of the core structure of Co(OEB), shown
as dashed lines, on the corresponding portion of [CoII(OEBOx)]I3.

Figure 6. An idealized drawing which shows the intermolecular
hydrogen bonding motif that involves the amide oxygen of one molecule
and the meso C-H group and the two flanking methylene hydrogen
atoms of a second molecule.
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Co(OEB). Thus coordination brings about a significant change
in the redox behavior of this biliverdin analog. Although
biliverdin has been observed in coordinated form in nature,i.e.,
the zinc biliverdin complex found in bird’s eggs,22 it remains
to be seen how metalation of biliverdin IXR affects its
biochemical behavior.

The structural and spectroscopic data presented here, espe-
cially the EPR spectra and the nearly planar, four-coordinate
geometry, are consistent with the formulation of the most highly
oxidized member of this electron transfer series as a complex
of CoII, i.e., [CoII(OEBOx)]+. The electronic structure of
Co(OEB) has been discussed previously in terms of contribu-
tions from the resonance structures shown in Scheme 1. Further
work is necessary to ascertain information on the electronic
distribution in the reduced forms, [Co(OEB)]-, and [Co(OEB)]2-.

However, it appears likely that [Co(OEB)]- will contain CoII

and (OEB)3-.
In the solid state, complexes derived from H3OEB or

[H2OEBOx]+ form supramolecular arrays in a common fashion
that involves association through the tab/slot scheme shown in
Figure 6. This packing arrangement can result in the formation
of discrete pair of molecules or ions that form about a center of
symmetry with only one lactam oxygen of each ligand partici-
pating in hydrogen bonding. Alternatively, a linear chain of
complexes can form in which both lactam oxygen atoms
function as hydrogen bond acceptors. Since centrosymmetric
arrangements are involved in both cases; the pairs of complexes
or linear chains contain equal numbers of helical complexes
with opposite senses chirality. Thus, crystallization produces
a racemic mixture within each solid. The tab/slot motif seen
in Figure 6 may also be important in the supramolecular
structural organization of biliverdin IX derivatives; since the
meso groups in biliverdin IX have similar environments that
can participate in the tab/slot interaction shown in Figure 6.

Experimental Section

Preparation of Compounds: H3OEB (1b). The compound was
prepared via the coupled oxidation of Co(OEP), as previously reported,
in 50% yield.23

[H2OEBOx]I 3 (2). This was prepared according to the previously
reported5 method in 72% yield.
[CoII (OEBOx)]I 3, [4]I3. Method 1, Insertion of CoII into

[H2OEBOx]I 3. [H2OEBOx]+I3- (70.3 mg, 0.0752 mmol) was dis-
solved in 20 mL of a 1:1 mixture of chloroform/ethanol to give a dark
green solution. Co(OAc)2‚4H2O (150 mg, 0.602 mmol) was partially
dissolved in 10 mL of ethanol and added to the above green solution.
The mixture was warmed in a 60°C water-bath for 5 min and then
stirred at room temperature for 20 min. Removal of solvents gave a
dark green paste, which was redissolved in chloroform. A red
precipitate (possibly cobalt(II) iodide) was formed and removed by
gravity-filtration. The filtrate was washed with water, dried over
anhydrous sodium sulfate, and gravity-filtered to remove the solid.
Removal of chloroform gave a dark green paste, which was purified
by crystallization from benzene/n-pentane: yield; 38.5 mg, 51.6%.
Purple prisms of [CoII(OEBOx)]I3‚0.5CH2Cl2, suitable for X-ray

(22) Fox, H. M.; Vevers, G.The Nature of Animal Colors; MacMillan
Co.: New York, 1960; p 102.

(23) Balch, A. L. Mazzanti, M. St. Claire, T. M.; Olmstead, M. M.Inorg.
Chem.1995, 34, 2194.

Table 2. Hydrogen Bonding Parameters in Solid State Aggregation of Octaethylbilindione Derived Complexes

distancea [Co(OEBOx)]I3 pyMn(OEB) Co(OEB) Cu(OEB) Ni(OEB)

O-Ha 2.70 Å 2.40 Å 2.73 Å 2.58 Å
O-Hb 2.65 Å 2.40 Å 2.44 Å 2.45 Å
O-Hc 2.55 Å 2.65 Å 2.50 Å 2.55 Å
O-Ca 3.574 Å 3.251 Å 3.576 Å 3.434 Å 3.578 Å
O-Cb 3.576 Å 3.344 Å 3.399 Å 3.401 Å 3.454 Å
O-Cc 3.414 Å 3.579 Å 3.318 Å 3.341 Å 3.361 Å
O-Ha-Oa 150° 147° 148° 147°
O-Hb-Ob 172° 168° 173° 176°
O-Hc-Cc 149° 163° 143° 141°
ref this work 7 7 8 6

a As defined in Figure 5.

Figure 7. View of a centrosymmetric dimer formed by intermolecular
contacts through hydrogen bonds (dashed lines) in [CoII-
(OEBOx)]I3‚0.5CH2Cl2.

Figure 8. View of a centrosymmetric dimer formed by intermolecular
contacts through hydrogen bonds (dashed lines) in (py)MnIII (OEB).

Figure 9. View of a linear chain of Co(OEB) molecules that associate
by means of intermolecular contacts through hydrogen bonds (dashed
lines). Similar chains are found in crystals of Ni(OEB) and Cu(OEB).
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crystallography, were obtained by diffusion of a layer ofn-pentane
into a dichloromethane solution of the complex. UV/vis data from
dichloromethane solution:λmax, nm, (ε, mol-1 cm-1); 294 (51 900),
360 (34 500), 610 (9600).

Method 2, Addition of I 2 to Co(OEB). Co(OEB) was prepared
according to the previously reposted method in 37% yield.18 A deep
purple solution of diiodine (25.4 mg, 0.10 mmol) in 10 mL of
dichloromethane was added to a dark green solution of Co(OEB) (30.5
mg, 0.050 mmol) in 10 mL of dichloromethane. The mixture was
stirred for 15 min, and then the volume of the solution was reduced to
4 mL. n-Pentane was then carefully layered over the solution. On
standing overnight, purple-green crystals of the product formed. These
were collected by filtration, washed with pentane, and vacuum dried:
yield; 42.0 mg, 84.6%. The spectroscopic properties of the compound
obtained by either method were identical.

Instrumentation. 1H NMR spectra were recorded on a General
Electric QE-300 FT spectrometer operating in the quadrature mode (1H
frequency is 300 MHz). The spectra were collected over a 20-kHz
bandwidth with 8K complex data points and a 6-µs 90° pulse. For a
typical spectrum, between 200 and 500 transients were accumulated
with a 100-ms delay time. The signal-to-noise ratio was improved by
apodization of the free induction decay. The resonance of the residual
protons in dichloromethane-d2 at 5.32 ppm was used as a secondary
reference. To observe the methyl resonances that were obscured by
signals in the 0.5-1.0 ppm region an inversion recovery sequence
(Super-WEFT) was used withτ values varying between 1 and 200 ms.24

Magnetic moments from solutions were obtained by the Evans’
method.12 Electronic spectra were obtained using a Hewlett-Packard
diode array spectrometer. EPR spectra were obtained through the use
of a Brucker ECS 106 electron spin resonance spectrometer which
operated at X-band. The simulation of the EPR spectrum was carried
out with the use of second-order perturbation calculations that were
developed earlier25 and modified to be consistent withI ) 7/2. Nuclear
quadrupole structure was not considered.

Cyclic Voltammetry. DC-cyclic and Osteryoung square-wave
voltammetry were performed using the BAS CV-50W potentiostat in
a three-electrode cell. The working electrode was a gold wire
(Bioanalytical system) with a diameter of 1.5 mm. Before each
experiment the electrode was polished with fine carborundum paper
and 0.5µm alumina slurry in sequence. The electrode was then
sonicated in order to remove the traces of alumina from the surface,
washed with water, and dried. A silver wire immersed in 0.01 M
AgClO4 and 0.09 M tetra(n-butyl)ammonium perchlorate (TBAP) in
acetonitrile and separated from the working solution by a ceramic tip
(Bioanalytical system) served as the reference electrode. Potentials
are expressed by reference to the ferrocene/ferrocenium redox system.
The counter electrode was a platinum tab with an area of∼0.5 cm2.
Tetra(n-butyl)ammonium perchlorate (0.1 M) served as the supporting
electrode.

X-ray Data Collection. A crystal of [CoII(OEBOx)]I3‚0.5CH2Cl2
was coated with paraffin oil and mounted on a glass fiber in a 130(2)
K dinitrogen stream of a Siemens R3m/v diffractometer that was
equipped with a locally modified Enraf Nonius low temperature
apparatus. Cell dimensions were determined by least square refinement
of 35 reflections in the range of 30° < 2Θ < 40°. A total of 9465

scans were collected at 8°/min with a scan range of 1.0°. Lorenz and
polarization corrections were applied. Crystal data are given in Table
3.
Solution Structure and Refinement. The solution and refinement

were done by use of the SHELXTL 5.01 family of programs. The
structure was solved in the space groupC2/c through direct methods.
Refinement was done using full-matrix least squares based onF2. An
absorption correction was applied with the program XABS2.26 Hy-
drogen atoms were refined by use of a riding model.
The triiodide ion is disordered over three sites. The site occupancies

were determined from the difference map at 50% for I1, I2, and I3 and
at 25% for I1′, I2′, I3′, I1*, I2*, and I3*. Two of the ethyl groups are
also disordered. The site occupancies were refined to 0.35(2) for C32A
and C33A, 0.65(2) for C32 and C33, 0.55(5) for C34 and C35, and
0.45(5) for C34A and C35A. The dichloromethane molecule was
refined with a fixed C-Cl bond length of 1.77 Å and a Cl-Cl distance
of 2.89 Å. A difference peak (2.003 eÅ-3, 0.40 Å from the chlorine
atom) suggests slight disorder in the position of the dichloromethane
molecule, but attempts to model this were unstable. All non-hydrogen
atoms were refined anisotropically except for the minor components
of the triiodide disorder, the disordered ethyl groups, and the solvate
molecule.
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Table 3. Crystallographic Data for [CoII(OEBOx)]I3‚0.5CH2Cl2
formula C35.5H44ClCoI3N4O2

fw 1033.83
crystal system monoclinic
space group C2/c
a, Å 25.053(7)
b, Å 17.256(4)
c, Å 18.161(4)
â, deg 95.16(2)
V, Å3 7819(3)
Z 8
T, K 130(2)
λ, Å 0.71073 (Mo KR)
F, g/cm3 1.756
µ, mm-1 2.911
R1 (obsd data)a 0.0678
wR2 (all data,F2 refinement)a 0.1827

a

R1 ) ∑||Fo| - |Fc||
∑|Fo|

; wR2 )x∑[w(Fo
2 - Fc

2)2]

∑[w(Fo
2)2]
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