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Attempts to prepare and study the title complexes yielded the structurally characterized neutral com-
pounds anti-{(l-abpy)[Re(CO)3X]2}, X = Br (I41/a), I (C2/c), and two crystalline forms of anti-{(l-abpy)-
[Re(CO)3Cl]2}. One of these forms (P21/c) has been reported before, the other (I41/a), obtained through
crystallization in the presence of Zn, is isostructural to the form found for anti-{(l-abpy)[Re(CO)3Br]2}.
Syntheses of {(l-abpy)[Re(CO)3Cl]2} at high or low temperatures yielded different compositions, the high
temperature procedure led to partial formation of syn/anti mixtures and one-electron reduced species. The
same was observed to a greater extent in the preparation of labile syn/anti-{(l-abpy)[Re(CO)3F]2}o/��.
The identity of isolated species was investigated using 1H NMR spectroscopy, variable frequency EPR
spectroscopy, cyclic voltammetry, UV/Vis- and IR-spectroelectrochemistry. The effects of halide variation
on structure, reduction potentials, isomerism and electronic situation are being discussed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction tural alternatives (e.g. syn/anti isomerism), on the synthesis varia-
Complexes (N–N)Re(CO)3X, X = halogen, with unsaturated
a-diimine chelate ligands (N–N), including 2,20-bipyridine or
1,10-phenanthroline, have raised attention because of their
photoemission [1], their energy and charge transfer properties
[2], and their photo- and electrocatalytic activity, especially in
the reduction of CO2 [3–6]. The involvement of intermediates con-
taining the radical anion (N–N)�� in both the MLCT excited states,
[(N–N)��ReII(CO)3X]* [1,2], and in the electrocatalytic cycles [3,6]
has prompted studies of the electrochemistry, spectroscopy [7]
and spectroelectrochemistry (IR, UV–VIS, EPR) of systems
[(N–N)Re(CO)3X]�� [8–12] with ‘‘18+d” valence electron configura-
tion [8a]. For reasons of symmetry and more sophisticated
electronic structure we have also studied dinuclear systems
(l-N–N)[Re(CO)3X]2 with corresponding bridging bis-bidentate
ligands [7a,7b,13–15], among them the strongly p-accepting
a-azoimine chelate system 2,20-azobipyridine, abpy [7a,7b,16].
With X = Cl and Br these compounds could be well characterized
and also studied by advanced computational methods [16]. Since
the mononuclear series (abpy)Re(CO)3X, X = F-I, was described
previously [10], we have now investigated the dinuclear series
(l-abpy)[Re(CO)3X]2, X = F, Cl, Br or I. This report on possible struc-
All rights reserved.
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m).
tion, on variable electrochemical behaviour, and on the
spectroscopy (IR, UV–VIS, EPR at variable frequencies), particularly
of the persistent radical forms {(l-abpy)[Re(CO)3X]2}��, will be dis-
cussed in connection with other dinuclear compounds of abpy [17]
with electron-rich metals such as copper(I) [18], molybdenum(0)
[19], tungsten(0) [20], ruthenium(II) [21], osmium(II) [22], rho-
dium(I) and iridium(II) [23].

The complexes {(l-abpy)[Re(CO)3Cl]2}o,� and {(l-abpy)-
[Re(CO)3Br]2}o,� have been reported earlier [7a,7b,9]. One purpose
of this work was to obtain more precise information about the rad-
ical complexes by means of high-field/high-frequency EPR
(m P 200 GHz). The series of complexes will also be extended to
the new fluoride and iodide analogues. Few homodinuclear com-
plexes with the metal complex fragment [Re(CO)3Br] are known,
only one with [Re(CO)3I] [24] and none with [Re(CO)3F]. To study
the influence of the halide on {(l-abpy)[Re(CO)3X]2}n, the follow-
ing methods have been employed: 1H NMR, EPR (particularly
high-field EPR), X-ray crystallography, cyclic voltammetry, UV/Vis
and IR spectroelectrochemistry. Relevant DFT calculation results
[16] will be used for discussion.

2. Syntheses and characterization

In comparison to the mononuclear systems (abpy)Re(CO)3X
[10] the dinuclear complexes {(l-abpy)[Re(CO)3X]2} exhibit
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additional complications. They can occur as syn and anti isomers
(Scheme 1), and reactions of two electron-rich precursors can lead
to dinuclear radical anion complexes of abpy. This phenomenon
has already been reported for rhodium and iridium complexes
[23] as well as for copper compounds [25].

2.1. {(l-abpy)[Re(CO)3Br]2} and {(l-abpy)[Re(CO)3I]2}

The complex {(l-abpy)[Re(CO)3I]2} was synthesized in the
unreduced (neutral) state by the same route as the known chloride
and bromide analogues [7a,7b]. While 4 h refluxing in a 3:1 tolu-
ene/dichloromethane mixture was sufficient for the synthesis of
the chloride and bromide derivatives, 12 h were necessary to ob-
tain the iodide complex.

Besides the elemental analysis (see Section 9) 1H NMR spectros-
copy was used for characterization. The isolated compound {(l-ab-
py)[Re(CO)3I]2} showed a well-resolved spectrum for only one
isomer with the expected [17] abpy coupling pattern (see Section
9). The complex {(l-abpy)[Re(CO)3Br]2} exhibited a similar spec-
trum with slightly broadened signals, possibly due to traces of re-
duced material.

The 1H NMR signals are slightly shifted to lower field with re-
spect to the signals of the free ligand [7a,7b,9,17], they do not indi-
cate clearly as to which of the possible syn or anti isomers are
formed (see Section 3 below).

X band EPR showed that the isolated {(l-abpy)[Re(CO)3I]2} does
not involve a stable radical. It had to be reduced electrochemically
to obtain an EPR signal at giso = 2.008 (see Section 7).

2.2. {(l-abpy)[Re(CO)3Cl]2} and {(l-abpy)[Re(CO)3Cl]2}o/��

An alternative to the synthesis as shown in Scheme 1 for {(l-ab-
py)[Re(CO)3Cl]2 is the reaction under refluxing conditions in tolu-
ene. The latter will be referred to as high-temperature synthesis
(HT), whereas the procedure described in Scheme 1 will be referred
to as low-temperature synthesis (LT).

The HT synthesis led to the formation of an EPR active material
with giso = 2.004, which is the same value as obtained for the elec-
trolytically reduced {(l-abpy)[Re(CO)3Cl]2} as synthesized by the
LT route. A well-resolved 1H NMR spectrum could be obtained even
for the radical compound, however, the compounds obtained from
LT and HT syntheses exhibit different 1H NMR shifts (see Section 9)
although in both cases the expected coupling pattern of abpy is ob-
served [7a,7b,9].

Elemental analyses confirm the {(l-abpy)[Re(CO)3Cl]2} compo-
sition for both LT and HT products although the presence of a
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Scheme 1. Synthesis of {(l-abp
reduced radical form in the HT product requires a positive counter
ion.

Mass spectrometry measurements using the FAB negative ion
method showed that the expected isotope pattern is well repro-
duced for both LT and HT compounds.

2.3. {(l-abpy)[Re(CO)3F]2}o/��

For the fluoride-containing complex, a different route than in
Scheme 1 was preferred (Scheme 2) since the precursor is not sta-
ble at higher temperatures.

Although it has been reported that Re(CO)5F oligomerizes above
room temperature [26], the reaction temperature had to be in-
creased because no reaction took place below 55 �C. Since the che-
lating effect was believed to counteract the tendency of
polymerization, that slight increase of temperature was hoped to
have only a small effect on the synthesis. Not unexpectedly, how-
ever, the results obtained from elemental analyses were not satis-
factory for {(l-abpy)[Re(CO)3F]2} (Section 9). It was then
discovered that the product displayed an intense EPR signal and
that the percentage of the one-electron reduced form {(l-
abpy)[Re(CO)3F]2}�� could be estimated to approximately 90% by
polarography. Thus, a counter cation is required which would ex-
plain the deviation in the elemental analysis. Since the fluoride
compound product did not crystallize we cannot as yet offer a sug-
gestion of its full identity. It could be verified by IR spectroscopy
that there is no other carbonyl containing moiety in the product
ruling out the aggregation of the dinuclear complex with other
Re(CO)n moieties [26].

In spite of the fact that the dinuclear fluoride complex is iso-
lated predominantly as a stable radical, a moderately resolved 1H
NMR spectrum could be obtained (see Section 9). However, no
information about possible isomers is provided by 1H NMR spec-
troscopy. Conversely, cyclic voltammetry experiments (see Section
4) strongly suggest that syn/anti isomers are present.

Attempts to obtain {(l-abpy)[Re(CO)3F]2} by exchanging
bromide or iodide in corresponding species by fluoride were
unsuccessful.

3. Crystal structures

A crystal structure of {(l-abpy)[Re(CO)3Cl]2} has been reported
[9]. Deep green crystals (needles) were obtained from a saturated
solution of the HT synthesis product in acetone through layering
with pentane. This material crystallized in the space group P21/c
and it was possible here to obtain the same structure [9] with
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Re(CO)5I + 6 AgF
toluene

RT, 2 h
"Re(CO) 5F"

55°C, 4 h + (abpy)Re(CO) 3F / - 2 CO

{(   -abpy)[Re(CO)3F]2}μ

Scheme 2. Synthesis of {(l-abpy)[Re(CO)3F]2}o/��.

Table 2
Selected distances in Å for molecules {(l-abpy)[Re(CO)3X]2} (X = Cl, Br, I)

Compound abpy [38] X = Cl X = Cl X = Br X = I

P21/c I41/a I41/a C2/c
N1–N1 1.246(2) 1.315(7) 1.314(8) 1.319(10) 1.308(8)
N1–Re – 2.131(4) 2.119(4) 2.124(6) 2.123(7)
N2–Re – 2.143(4) 2.134(5) 2.123(7) 2.130(4)
Re–X – 2.4593(13) 2.4540(16) 2.5997(11) 2.7902(4)
Re–Re – 5.034(8) 4.997(9) 5.023(11) 5.071(8)
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better R values. Green needles of {(l-abpy)[Re(CO)3Cl]2} for X-ray
diffraction were obtained at room temperature by slow evapora-
tion of a solution of {(l-abpy)[Re(CO)3Cl]2} (LT product) in dichlo-
romethane, layered with hexane. Relevant crystallographic
parameters for all structurally characterized species are presented
in Table 1, selected bond lengths and angles are summarized in Ta-
bles 2 and 3. The packing of the unit cell is shown in Fig. 1 for the
P21/c form of {(l-abpy)[Re(CO)3Cl]2}.

It was also possible to crystallize {(l-abpy)[Re(CO)3Cl]2} in an-
other form, i.e. I41/a. This was obtained at room temperature by
slow evaporation of a solution of {(l-abpy)[Re(CO)3Cl]2} (LT prod-
uct) containing zinc dust (added for reduction purposes) in dichlo-
romethane, layered with hexane. The packing of the unit cell is
shown in Fig. 2.

No Zn2+ has been found in the structure, the crystal does not
contain a radical (as shown e.g. by EPR measurements).

The packing in Fig. 2 shows two types of voids. In these voids
there would be space for a small solvent molecule or a counter
ion. However, no electron density of sufficiently quantity was
Table 1
Crystallographic data of complexes

{(l-abpy)[Re(CO)3Cl]2} 1st
structure: P21/c

{(l-abpy)[Re(CO)3Cl]
structure: I41/a

Empirical formula C16H8Cl2N4O6Re2 C16H8Cl2N4O6Re2

Formula weight (g mol�1) 795.56 795.56
Crystal size (mm) 0.4 � 0.2 � 0.1 0.6 � 0.1 � 0.1
Temperature (K) 293(2) 293(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Monoclinic Tetragonal
Space group P21/c I41/a
Unit cell dimensions
a (Å) 6.44910(10) 25.2051(16)
b (Å) 11.9513(2) 25.2051(16)
c (Å) 13.7455(2) 7.4658(5)
b (�) 96.799(1)
Cell volume (Å3) 1051.99(3) 4743.0(5)
Calculated density

(g cm�3)
2.512 2.228

Absorption coefficient
(mm�1)

11.79 10.46

Maximum 2h (�) 54.97 56.08
Index ranges �8 6 h 6 7, �15 6 k 6 15,

�17 6 l 6 17
�33 6 h 6 33, �33 6
�9 6 l 6 9

Formula units per cell, Z 2 8
Reflections collected 26000 22151
Unique reflections 2418 2797
Rint/Rr 0.0964/0.0327 0.0660/0.0341
Goodnes-of-fit (GOF)/F2 1.053 0.945
Data/restraints/

parameters
2418/0/137 2797/0/153

R indices (for all data) R1 = 0.0311, wR2 = 0.0678 R1 = 0.0438, wR2 = 0.0
R indices (for I > 2r(I)) R1 = 0.0269, wR2 = 0.0655 R1 = 0.0304, wR2 = 0.0
Extinction 0.0025(2) 0.00070(4)
Largest residual densities

(e Å�3)
1.28, �1.15 0.98, �0.61
found. The voids cause a drop in density from 2.512 g cm�3

(P21/c) to 2.228 g cm�3 (I41/a).
The structure of crystallized {(l-abpy)[Re(CO)3Br]2} exhibits

the same kind of packing as shown in Fig. 2. Thus, the new crystal
form of {(l-abpy)[Re(CO)3Cl]2} and that of {(l-abpy)[Re(CO)3Br]2}
are isostructural (I41/a). Green needles of {(l-abpy)[Re(CO)3Br]2}
for X-ray diffraction were obtained at room temperature through
slow evaporation of a solution of {(l-abpy)[Re(CO)3Br]2}
2} 2nd {(l-abpy)[Re(CO)3Br]2} {(l-abpy)[Re(CO)3I]2}

C16H8Br2N4O6Re2 C16H8I2N4O6Re2

884.48 978.46
0.3 � 0.2 � 0.1 0.3 � 0.2 � 0.2
293(2) 293(2)
0.71073 0.71073
Tetragonal Monoclinic
I41/a C2/c

25.5231(7) 15.2359(2)
25.5231(7) 10.7964(2)
7.5854(2) 13.7359(2)

104.866(1)
4941.3(2) 2183.83(6)
2.378 2.976

13.06 13.94

54.95 54.93
k 6 33, �32 6 h 6 32, �32 6 k 6 32,

�9 6 l 6 8
�19 6 h 6 19, �14 6 k 6 14,
�17 6 l 6 17

8 4
23329 25649
2820 2498
0.0849/0.0403 0.1236/0.0415
1.132 1.157
2820/0/153 3598/0/137

756 R1 = 0.0620, wR2 = 0.1004 R1 = 0.0326, wR2=0.0737
719 R1 = 0.0477, wR2 = 0.0946 R1 = 0.0303, wR2 = 0.0725

0.00017(3) 0.00158(6)
1.09, –1.13 1.46, �1.69



Table 3
Selected angles in � for molecules {(l-abpy)[Re(CO)3X]2} (X = Cl, Br, I)

X = Cl X = Cl X = Br X = I

P21/c I41/a I41/a C2/c

C1–Re–C2 89.3(2) 90.1(3) 89.3(4) 91.8(2)
C1–Re–C3 92.2(2) 91.1(3) 91.2(4) 89.8(2)
O1–C1–Re 177.4(5) 177.9(6) 179.4(8) 175.8(5)
O2–C2–Re 178.4(5) 175.3(6) 175.0(10) 179.4(6)
O3–C3–Re 176.3(5) 175.9(2) 176.1(11) 176.8(5)
C1–Re–X 178.5(2) 177.9(2) 177.6(3) 175.99(17)
C2–Re–X 91.98(18) 90.6(9) 90.9(3) 91.69(18)
C3–Re–X 87.17(16) 86.9(2) 86.4(3) 88.60(16)
N1–Re–X 85.75(10) 86.53(12) 85.99(17) 85.42(10)
N2–Re–X 82.33(10) 81.75(12) 82.10(18) 85.12(11)
C1–Re–N1 93.04(19) 93.2(2) 94.3(3) 91.45(19)
C2–Re–N2 98.24(19) 95.3(2) 95.2(3) 96.1(2)

Fig. 1. Arrangement of {(l-abpy)[Re(CO)3Cl]2} in the unit cell (P21/c).
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containing Zn dust (added for reduction purposes) in dichloro-
methane, layered with hexane. A crystal of {(l-abpy)[Re(CO)3Cl]2}
obtained by the high-temperature synthesis to yield a paramag-
netic solution (shown by EPR) gave the same I41/a structure. It
may be assumed that the tetragonal crystals require the radical an-
ion form for nucleation but that the diamagnetic neutral forms
have a higher crystallizing rate and a lower solubility in common
organic solvents.
Single crystals of {(l-abpy)[Re(CO)3I]2} were obtained from a
non-reduced solution of the complex, which crystallizes in C2/c.
Green needles for X-ray diffraction were obtained at room temper-
ature through slow evaporation of a solution in acetone, layered
with hexane. The packing of the unit cell is shown in Fig. 3.

The molecular structures of the complexes {(l-abpy)
[Re(CO)3X]2} (X = Cl, Br, I) are given in Figs. 4 and 5. All structures
exhibit centers of inversion for the molecules. Little change is
observed in the overall molecular arrangement on going from the
chloride to the iodide complexes. All structures show the (s-cis)-
E-(s-cis) conformation of the approximately planar abpy bridge
(see below) and an anti arrangement of the halides with respect
to the abpy ligand plane.

The azo bond length (N1–N1) is not significantly influenced by
the change of the halogen (Table 2). The N1–N1 distance is length-
ened relative to that in the free ligand value due to both steric ef-
fects (induced by the coordination of two heavy atoms) and by
electronic factors such as p back donation. Even though the solu-
tions from which the I41/a compounds were crystallized contained
radicals as shown by EPR measurements, the crystals did not show
EPR signals and the structures do not involve a reduced compound.
In fact, the azo bond lengths at ca. 1.31 Å would be short for one-
electron reduced abpy [28]. From calculations on {(l-abpy)
[Re(CO)3Cl]2}n [16], the bond length should increase from 1.329 Å
for the neutral complex (n = 0) to 1.359 Å for the stable radical
anion (n = �1). This has been confirmed experimentally by the
example of the abcp complex {(l-abcp)[Cu(PPh3)2]2}(PF6),
abcp = 2,20-azobis(5-chloropyrimidine), [29] with an azo N–N bond
length at 1.345 Å.

It is noteworthy that all rhenium–nitrogen bond lengths are
similar despite different halide substituents, X, and different nitro-
gen atoms (p accepting azo N and basic pyridyl N). The comparable
distances ReI–Nazo and ReI–Npyridyl reflect a compensation of p back
bonding and r donor effects for both kinds of N donor centers.
Similarly, the increasing halogen size in the series Cl < Br < I may
be compensated by increasingly covalent binding to the metal.

The Re–Re distances across the compact abpy bridge are also of
interest. The rhenium–rhenium distance is slightly longer for the
iodide complex (Table 2). The reason lies in the more planar con-
formation of the bridge in the iodide compound. In fact, the dihe-
dral angles between the N1–Re–N2 plane and the pyridyl ring
plane are 11.5� for the iodide complex whereas they are 21.3� for
the bromide and 21.5� and 23.1� for the P21/c and I41/a forms of
the chloride, respectively.

Regarding the bond angles (Table 3) there are very few differ-
ences between the analogues. The largest deviation is observed
for {(l-abpy)[Re(CO)3I]2} in which the angles O1–C1–Re and C1–
Re–X are smaller by about 2–3� in comparison to the other ana-
logues. This cannot be induced by I�/I� interactions since the
smallest I–I distances are about 5 Å. The halide/rhenium/trans-CO
alignment is thus less linear for {(l-abpy)[Re(CO)3I]2} than for
the chloride and bromide complexes, which has also been observed
for (abpy)Re(CO)3I in the mononuclear series [10] and may be ex-
plained by the better electron donor effect of I�.

4. Cyclic voltammetry

The new dinuclear complexes {(l-abpy)[Re(CO)3F]2}o/�� and
{(l-abpy)[Re(CO)3I]2} as well as the high-temperature product
{(l-abpy)[Re(CO)3Cl]2}o/�� will be separately described with re-
spect to their redox behavior. The potentials obtained for these
three compounds are summarized in Table 4.

The isomerically uniform compound anti-{(l-abpy)[Re(CO)3I]2}
exhibits a typical electrochemical behavior upon reduction
(Fig. 6) as observed previously for {(l-abpy)[Re(CO)3Cl]2} and
{(l-abpy)[Re(CO)3Br]2} [7a,7b,9].



Fig. 2. Packing of {(l-abpy)[Re(CO)3Cl]2} molecules in the unit cell (I41/a); {(l-abpy)[Re(CO)3Br]2} is isostructural.

Fig. 3. Arrangement of {(l-abpy)[Re(CO)3I]2} molecules in the unit cell (C2/c).
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The first reduction step occurs in a totally reversible fashion,
involving an azo-centered reduction (see below). The chloride
and bromide analogues have similar reduction potentials, whereas
the iodide complex is slightly less easy to reduce. The chloride and
bromide complexes also display the same potential for the second
reduction which is not an entirely reversible process. This step



Fig. 4. Molecular structure of {(l-abpy)[Re(CO)3Cl]2} in the crystal (I41/a); {(l-
abpy)[Re(CO)3Br]2} is isostructural.

Fig. 5. Molecular structure of {(l-abpy)[Re(CO)3I]2} in the crystal (C2/c).
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Fig. 6. Cyclic voltammogram of {(l-abpy)[Re(CO)3I]2} in CH2Cl2/0.1 M Bu4NPF6

(scan rate: 100 mV/s).
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consists of the uptake of a second electron followed by the slow
loss of a halide. The |E2–E1| values point to a slightly easier release
of the halide for the iodide complex. The loss of the halide appears
to be less dependent on the halogen variation in the case of the
dinuclear complexes than for the mononuclear complexes [10].
This can be rationalized by the less negative reduction potentials
in the case of the dinuclear systems.
Table 4
Electrochemical potentialsa from cyclic voltammetryb

Complex E1
c E2

d |E2–E1|

{(l-abpy)[Re(CO)3F]2}e 0.36 �0.84 0.48
0.53f �0.63f 1.16

{(l-abpy)[Re(CO)3Cl]2}e 0.00 �0.81 0.81
0.28f �0.58f 0.86

{(l-abpy)[Re(CO)3Cl]2} [7a,7b]e �0.01 �0.81 0.80
{(l-abpy)[Re(CO)3Br]2} [7a,7b]g �0.02 �0.81 0.79
{(l-abpy)[Re(CO)3I]2}e �0.10 �0.86 0.76

a Potentials E in V vs. FeCp2
0/+.

b At 100 mV/s scan rate.
c Half-wave potential corresponding to a reversible step.
d Half-wave potential corresponding to a quasi-reversible step (peak current ratio

<1).
e Measurements in CH2Cl2/0.1 M Bu4NPF6.
f Attributed to syn isomer, all other potentials refer to the anti isomer.
g Measurements in DCE/0.1 M Bu4NPF6 vs. SCE, conversion according to the lit-

erature values [73].
The product {(l-abpy)[Re(CO)3Cl]2}o/�� obtained by high-tem-
perature synthesis (see Section 2) exhibits a different electrochem-
ical behavior than the previously described compounds
{(l-abpy)[Re(CO)3X]2} (X = Cl, Br, I). In the cyclic voltammogram
two waves at E1 = 0.28 V vs. FeCp2

0/+ [30] and at E10 = 0.00 V are
fully reversible and may thus represent two isomers (syn/anti, ca.
45% reduced at E1 and 55% at E10). Two irreversible waves at
E2 = �0.58 V and E20 = �0.81 V would then reflect the second
reduction with the first chloride dissociation [10]. At E3 = �1.10 V
vs. FeCp2

0/+ another reversible wave of higher intensity is observed
which concerns a species with one less chloride ligand (no isomers
possible).

The complex {(l-abpy)[Re(CO)3F]2}o/�� exhibits an electro-
chemical behavior which is similar to that of {(l-abpy)
[Re(CO)3Cl]2}o/�� (HT product). Polarographic measurements with
a mercury electrode have established that the compound studied
was a mixture of approximately 90% of reduced species and 10%
of the neutral form. Thus, in order to obtain proper voltammo-
grams, the compound had to be polarized first, either totally
reduced to {[(l-abpy)Re(CO)3F]2}��, or fully oxidized to
{[(l-abpy)Re(CO)3F]2}. It was preferred to oxidize it (Fig. 7) for
better comparison.
1.0 0.5 0.0 -0.5 -1.0 -1.5

5 A

2'
E2E1'

E1

 E / V vs. FeCp2
0/+

μ

Fig. 7. Cyclic voltammogram of {(l-abpy)[Re(CO)3F]2} in CH2Cl2/0.1 M Bu4NPF6

(scan rate: 100 mV/s).
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The cyclic voltammogram shows four signals of comparable
intensity which can be grouped into two sets of two signals. This
points again to the presence of a syn/anti isomer mixture in the
compound which was originally isolated in 90% reduced and thus
Re–F bond-labilized form. From the current ratio it appears that
ca. 45% of the neutral complex is reduced at E1 and ca. 55% at E10

(syn/anti isomers). These steps are totally reversible, they can be
assigned to abpy centered reductions which occur at very positive
potentials, about 0.3 V higher than for the chloride system. The
reduction potentials thus vary from about +0.45 V (fluoride com-
plex, 90% reduced form isolated) via �0.0 V (chloride complex,
containing only small amounts of reduced form) to �0.10 V vs.
FeCp2

0/+ (iodide complex, no reduced form isolated). This series ni-
cely illustrates how the formation of anion radicals during synthe-
sis correlates with the reduction potential.

Upon uptake of a second electron, that sequence seems to be in-
verted. This step involves an EC mechanism where loss of the ha-
lide takes place after second reduction. This release of halide
appears to occur as easily for the fluoride compound at E2 and E20

as for the chloride analogue.
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Fig. 8. UV–Vis-spectroelectrochemical reduction at E1 (top) and E2 (bottom) from
{(l-abpy)[Re(CO)3I]2} via the radical anion to [(CO)3Re(l-abpy)Re(CO)3I]� in
CH2Cl2/0.1 M Bu4NPF6.

Table 6
5. UV/Vis spectroelectrochemistry

The complexes {(l-abpy)[Re(CO)3Cl]2} (low-temperature prod-
uct), {(l-abpy)[Re(CO)3Br]2} and {(l-abpy)[Re(CO)3I]2} exhibit
similar spectroelectrochemical behavior as shown in Table 5 and
as illustrated by Fig. 8 for {(l-abpy)[Re(CO)3I]2}.

The neutral complexes {(l-abpy)[Re(CO)3X]2} exhibit long-
wavelength metal-to-ligand charge transfer (MLCT) bands at about
800 nm with high- and low-energy shoulders [7a,7b]. The bands at
about 400 nm can also be assigned to MLCT transitions (d?p2

*

(abpy) [7b]).
On reversible one-electron reduction the complexes {(l-ab-

py)[Re(CO)3X]2} exhibit the expected high-energy shift and inten-
sity reduction of the MLCT band to about 650 nm. They also
display the typical intra-ligand bands of azoaromatic radical anions
at about 390 and 500 nm, as shown also in Table 5 for abpy��.

After the second reduction the MLCT (d?p1
*(abpy)) band van-

ishes and structured bands at ca. 500 nm appear which are tenta-
tively assigned to ligand (abpy2�)-to-metal transitions (LMCT).

The complexes {(l-abpy)[Re(CO)3F]2}o/�� and {(l-abpy)
[Re(CO)3Cl]2}o/�� which exhibit comparable electrochemical
behavior as shown in Section 4 were compared by means of
UV/Vis spectroelectrochemistry (Table 6).
Table 5
Absorption data obtained from spectroelectrochemistry in CH2Cl2/0.1 M Bu4NPF6

Compound kmax/nm (e/103 M�1 cm�1)

abpy [21]a 312(8.7), 470(0.9)
abpy�� [21]a 286sh, 360sh, 408(26.5), 548(2.6)
abpy2� [21]a 275sh, 342sh, 358(14.2), 380sh, 450sh
{(l-abpy)[Re(CO)3Cl]2} 331(9.7), 412(10.3), 590sh, 705sh, 784(11.0)
{(l-abpy)[Re(CO)3Cl]2}�� 310sh, 383(11.2), 496(7.4), 615(5.7)
[(CO)3Re(l-

abpy)Re(CO)3Cl]�
329(10.7), 396(7.1), 481(8.0), 506(8.1), 550sh,
735(3.1)

{(l-abpy)[Re(CO)3Br]2} 334(12.4), 395(14.4), 700sh, 795(5.0)
{(l-abpy)[Re(CO)3Br]2}�� 335(11.4), 387(11.4), 460sh, 505(8.4), 540sh,

645(5.0)
[(CO)3Re(l-

abpy)Re(CO)3Br]�
329(12.4), 400sh, 483(9.4), 505(9.4), 540sh, 713(2.0)

{(l-abpy)[Re(CO)3I]2} 355(8.2), 397(8.2), 421(6.6), 488(3.6), 735sh,
826(5.3)

{(l-abpy)[Re(CO)3I]2}�� 355(8.2), 376(8.0), 508(4.9), 545sh, 660(2.5)
[(CO)3Re(l-

abpy)Re(CO)3I]�
320sh, 470(5.8), 500(6.0), 535sh

a Measurements in DMF/0.1 M Bu4NPF6.

Absorption dataa obtained from spectroelectrochemistry in CH2Cl2/0.1 M Bu4NPF6 for
{(l-abpy)[Re(CO)3X]2}o/�� (X = F, Cl)

Compound kmax/nm (e/103 M�1 cm�1)

{(l-abpy)[Re(CO)3F]2} 275sh, 340sh, 425(0.59), 700(0.59)
{(l-abpy)[Re(CO)3F]2}�� at E1 280sh, 340sh, 350sh, 423(0.47), 510sh,

706(0.35)
{(l-abpy)[Re(CO)3F]2}�� at E10 275sh, 350(0.45), 380sh, 455(0.34), 480sh,

520sh, 620sh
{[(CO)3Re](l-

abpy)[Re(CO)3F]2}– at E2

240sh, 380(0.35), 440sh, 471(0.35), 496(0.36),
530sh, 630sh

{[(CO)3Re](l-
abpy)[Re(CO)3F]2}– at E20

240sh, 330sh, 440sh, 471(0.36), 498(0.35),
535sh

{(l-abpy)[Re(CO)3Cl]2} 281(0.76), 405(0.42), 588(0.29), 747(0.27)
{(l-abpy)[Re(CO)3Cl]2}�� at E1 281(0.76), 380(0.49), 582(0.31), 730sh
{(l-abpy)[Re(CO)3Cl]2}�� at E10 268(0.84), 370(0.37), 582(0.20)
{[(CO)3Re](l-

abpy)[Re(CO)3Cl]2}� at E2

270sh, 368(0.37), 670sh

{[(CO)3Re](l-
abpy)[Re(CO)3Cl]2}� at E20

275sh, 320sh, 466(0.33), 502(0.31), 540sh

Measurements in DMF/0.1 M Bu4NPF6.
a Molar extinction coefficients are not given for the complexes since the precise

formulae including the counter ion are not known for the partially radical com-
plexes. Absorbance values are given (in italics) for comparison purposes between
the different steps.
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The spectroelectrochemical series appear as two steps despite
the occurrence of four waves in cyclic voltammetry since syn/anti
isomers are not expected to exhibit very different spectra. The fea-
tures observed on reduction (E1 and E10 together as well as E2 and
E20) are in agreement with the results observed for the other halide
complexes (Table 6).

For the neutral species the bands at around 700–800 nm, as-
signed to MLCT transitions, show the opposite trend to what might
be expected from the electrochemical values, the lower reduction
potential suggesting a higher p* orbital for the iodide. This appar-
ent discrepancy can be explained by a strong destabilization of dRe

while going from fluoride to iodide. The bands around 400 nm are
tentatively assigned to the second MLCT process.

The monoreduced species exhibit MLCT bands at 600–660 nm.
The trend observed is the same as for the neutral species. However,
as expected, the absorptions are all shifted to higher energies, due
to the decreased p acceptor capability of abpy�� with respect to
abpy. The bands at ca. 500 nm and 380 nm are typical IL bands
for abpy�� complexes (for abpy��, bands are at 548 and 408 nm
[17]). The species obtained after the second reduction exhibit
structured bands at ca. 500 nm.

6. IR spectroelectrochemistry

The complexes {(l-abpy)[Re(CO)3Cl]2} (low-temperature prod-
uct), {(l-abpy)[Re(CO)3Br]2} and {(l-abpy)[Re(CO)3I]2} exhibit
similar behavior as shown in Table 7 and as illustrated in Fig. 9
for {(l-abpy)[Re(CO)3I]2}. The carbonyl stretching in the Re(CO)3Cl
fragment and the ring vibrations from the pyridyl moieties of the
ligand were monitored.

The neutral complexes {(l-abpy)[Re(CO)3X]2} display the ex-
pected three-band pattern for fac-Re(CO)3 moieties with asymmet-
rical co-ligation. No relevant changes are observed while going
from the chloride to the iodide complex.

The dinuclear complexes exhibit a similar behavior on reduc-
tion as the mononuclear complexes [10]. After one-electron reduc-
tion the expected low-energy shift of the carbonyl stretching bands
is observed for all complexes while no change is observed in the
pyridyl ring vibrations.

The shifts observed after the second reduction are less pro-
nounced than those recorded for the first reduction. This can be ex-
plained by the fact that there is no change of charge due to the loss
of one halide. Accordingly, the narrow high-energy CO stretching
bands show a clear splitting because of the asymmetry of [(CO)3

Re(l-abpy)Re(CO)3X]�. It is noteworthy that the bands for the
pyridyl ring vibrations at about 1600 and 1470 cm�1 become more
intense (Fig. 9). This suggests that the inversion symmetry is lost,
caused by the dissociation of one halide: According to IR spectro-
scopy selection rules the transition must be accompanied by a
change in the dipole moment to produce well observable bands.
The normally split low-energy CO stretching bands merge into
Table 7
IR vibrational data obtained from spectroelectrochemistry in CH2Cl2/0.1 M Bu4NPF6

for {(l-abpy)[Re(CO)3X]2} (X=Cl, Br, I)

Complex ~mCO/cm�1

{(l-abpy)[Re(CO)3Cl]2} 2012(vs) 1953(s) 1939(s)
{(l-abpy)[Re(CO)3Cl]2}�� 2012sh, 2007(vs) 1912(s) 1894sh
[(CO)3Re(l-abpy)Re(CO)3Cl]� 2001(s)/1991(s) 1882(s),br
{(l-abpy)[Re(CO)3Br]2} 2046sh, 2014 (vs) 1959(s) 1941(s)
{(l-abpy)[Re(CO)3Br]2}�� 2014sh, 2008(vs) 1912(s) 1899(b)
[(CO)3Re(l-abpy)Re(CO)3Br]� 2001(s)/1992(s) 1883(s),br
{(l-abpy)[Re(CO)3I]2} 2042sh, 2012(vs) 1953(s) 1938(s)
{(l-abpy)[Re(CO)3I]2}�� 2012sh, 2005(vs) 1907(s) 1897sh
[(CO)3Re(l-abpy)Re(CO)3I]� 1999(s)/1990sh 1881(s),br
one broad feature due to the overlap of four closely spaced bands.
Again, no significant variations of the stretching frequencies are
observed upon going from chloride to iodide.

It has been shown from the electrochemical and UV/Vis spectro-
electrochemical measurements that the complexes {(l-abpy)
[Re(CO)3F]2}o/�� and {(l-abpy)[Re(CO)3Cl]2}o/�� exhibit comparable
behavior. Thus, they will also be compared by means of IR spectro-
electrochemistry in the carbonyl stretching and the pyridyl ring
vibration regions. The spectral changes are shown by the example
of {(l-abpy)[Re(CO)3F]2}�� in Figs. 10 and 11, the values are sum-
marized in Table 8.

The electrochemically generated neutral complexes {(l-ab-
py)[Re(CO)3X]2} exhibit again the expected three-band pattern.
The broadening of the bands and the shoulders observed (for all
states) can be explained by the presence of syn/anti isomers. After
the first reduction more than three bands are observed. The non-
reduced form of one isomer remains while the easier reducible
other isomer is being converted.

The neutral fluoride and chloride complexes exhibit similar
stretching frequencies. The values obtained for {(l-
abpy)[Re(CO)3Cl]2}�� (HT product) are significantly different from
the values obtained for anti-{(l-abpy)[Re(CO)3Cl]2}�� as electro-
2100 2000 1900 1600 1500 1400
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Fig. 9. IR-spectroelectrochemical reduction at E1 (top) and E2 (bottom) from {(l-
abpy)[Re(CO)3I]2} via the radical anion to [(CO)3Re(l-abpy)Re(CO)3I]� in CH2Cl2/
0.1 M Bu4NPF6.
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Fig. 10. IR-spectroelectrochemical reduction at E1 (top) and E10 (bottom) of {(l-
abpy)[Re(CO)3F]2} to {(l-abpy)[Re(CO)3F]2}�� in CH2Cl2/0.1 M Bu4NPF6.
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Fig. 11. IR-spectroelectrochemical reduction at E2 (top) and E20 (bottom) from {(l-
abpy)[Re(CO)3F]2}�� to {[(CO)3Re](l-abpy)[Re(CO)3F]}– in CH2Cl2/0.1 M Bu4NPF6.

Table 8
IR vibrational data obtained from spectroelectrochemistry in CH2Cl2/0.1 M Bu4NPF6 of
{(l-abpy)[Re(CO)3X]2}o/�� (X = F, Cl)

Complex ~mCO/cm�1

{(l-abpy)[Re(CO)3F]2} 2056sh 1960sh 1918(s)
2020(vs) 1948(s)
2006sh

{(l-abpy)[Re(CO)3F]2}�� at E1 2056sh 1965sh 1916(s)
2017(s) 1946(s)

{(l-abpy)[Re(CO)3F]2}�� at E10 2019sh 1921(s) 1903(s)
2009(s) 1892sh

[(CO)3Re(l-abpy)Re(CO)3F]� at E2 2004(s)/1993(s) 1910sh
2020sh 1886(s),br

1860sh
[(CO)3Re(l-abpy)Re(CO)3F]� at E20 2009sh 1878(s),br 1838(s)

1992(s) 1862sh
{(l-abpy)[Re(CO)3Cl]2} 2035sh/2023(s) 1961sh

2012(s)/1999sh 1940sh
1919(s),br

{(l-abpy)[Re(CO)3Cl]2}�� at E1 2035sh/2023(s) 1915(s),br
2007(s)/1999sh

{(l-abpy)[Re(CO)3Cl]2}�� at E10 2037(s)/2023sh 1945sh
2008sh/1986(s) 1913(s),br

[(CO)3Re(l-abpy)Re(CO)3Cl]� at E2 2024(s) 1918sh
2002 (s) 1898(s),br

1885sh
[(CO)3Re(l-abpy)Re(CO)3Cl]� at E20 2023(s)

2017(s) 1905(s),br
1991(s) 1881(s)
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generated from the LT product. This shows that there are isomers
in case of the HT product (which contains some stable radical)
but not in the case of the LT form.

On the first and second reduction steps at E1 and E10, the ex-
pected low-energy shifts for the carbonyl stretching bands are ob-
served (Fig. 10). No intense ring vibration IR bands are displayed
during these steps, confirming that they are associated with the
first reduction processes of two isomers.

The spectra displayed on the third and fourth reductions at E2

and E20 correspond to the features expected for an EC mechanism
where one of the halide is dissociated. The shifts observed after
these second reduction processes are less pronounced than those
recorded for the first reductions. This can be explained by the fact
that there is no change of charge due to the loss of one halide.
Accordingly, the narrow high-energy CO stretching bands show a
clear splitting because of the asymmetry of [(CO)3Re(l-abpy)
Re(CO)3X]�. It is noteworthy that the bands for the pyridyl ring
vibrations at about 1600 and 1470 cm�1 become more intense
(Fig. 11). This suggests that the inversion symmetry is lost, caused
by the dissociation of one halide.

7. EPR spectroscopy

The radical complexes {(l-abpy)[Re(CO)3X]2}�� have been stud-
ied by X band EPR in this work (X = F, I) or earlier [7a,7b] (X = Cl,
Br). Full EPR analysis was difficult because of the limited informa-
tion. The dominant metal hyperfine splitting (from 185,187Re, I =
5/2), the broadness of the lines due to quadrupolar effects, and
unresolved halogen coupling from 19F, 35,37Cl, 79,81Br or 129I
[10,27] not only obscure 1H and 14N hyperfine splittings from the
presumably spin-bearing abpy ligand, they also preclude the anal-
ysis of the g factor anisotropy at X band frequency (9.5 GHz). Even
though the g anisotropy is small for radicals with little metal
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Fig. 12. High-field/high-frequency (285 GHz) EPR spectra of {(l-abpy)
[Re(CO)3X]2}�� in CH2Cl2/toluene at 5 K showing the increase of the g anisotropy
on going from X = F to I. Spectra were shifted to the same g1 value to clearly see the
change in anisotropy. For X = F, the isolated compound was measured as a stable
radical, X = Cl, the radical was obtained through electrolysis, X = Br and I, the
radicals were obtained through reduction with Zn.

Table 9
Experimental and computeda g values for the systems {(l-abpy)[Re(CO)3X]2}��

Complex giso
b g1

c g2
c g3

c Dgd

{(l-abpy)[Re(CO)3F]2}�� Exp. 2.008 2.014 2.007 1.983 0.031
Calc. 2.005 2.014 2.006 1.995 0.019

{(l-abpy)[Re(CO)3Cl]2}�� Exp. 2.004e 2.019 2.009 1.984 0.034
Calc. 2.012 2.029 2.013 1.995 0.035

{(l-abpy)[Re(CO)3Br]2}�� Exp. 2.004e 2.021 2.007 1.984 0.037
Calc. 2.018 2.042 2.006 2.005 0.037

{(l-abpy)[Re(CO)3I]2}�� Exp. 2.008 2.030 2.010 1.989 0.041
Calc. 2.041 2.084 2.042 1.995 0.088

a From DFT calculations, see Ref. [16].
b Experimental isotropic g value obtained from X band measurements in CH2Cl2

at 298 K.
c Experimental values obtained from measurements at 285 GHz in CH2Cl2/tolu-

ene at 5 K.
d Dg = g1–g3.
e For hyperfine information see Refs. [7a,7b].
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contribution to the Singly Occupied Molecular Orbital (SOMO), it
should be enhanced by the large spin–orbit coupling constants f
of heavy transition elements such as rhenium (f � 2000 cm�1

[27]) or of the heavier halogens [10,31].
Contrary to the reported room temperature X band spectrum of

{(l-abpy)[Re(CO)3Cl]2}�� [7a,7b] obtained through electrolysis of
the neutral complex {(l-abpy)[Re(CO)3Cl]2}, no resolution of the
metal hyperfine splitting was detected for {(l-abpy)[Re(CO)3I]2}��.
This is expected in analogy to the reported spectrum of {(l-
abpy)[Re(CO)3Br]2}�� [7a,7b] and is attributed to the broadening of
the signal due to unresolved halogen coupling.

The X-band EPR signal obtained from the stable radical complex
{(l-abpy)[Ru(CO)3F]2}�� is also unrevealing. No 185,187Re and 19F
splittings could be observed, in contrast to what was detected for
the mononuclear complex [10]. The signal is very intense and
rather narrow (peak-to-peak width: DHpp = 3.1 mT). This could
be due to exchange-narrowing [27] caused by aggregation of the
radicals. On electrolysis, a broader signal (DHpp � 9 mT) was ob-
tained, uptake of another electron by the radical anion led to the
formation of an EPR-silent species. The signal obtained after elec-
trolysis looks more like the expected signal with hidden rhenium
hyperfine splitting [7a,7b], however, the resolution was not good
enough to obtain accurate values for the hyperfine coupling of
185,187Re or 19F. In any case, the g anisotropy observed at higher fre-
quencies strongly suggests that the compound is a rhenium radical
complex.

Since the g factor measurements had to be done for immobi-
lized species, it was preferred to carry them out in frozen solutions
at 5–40 K in order to minimize intermolecular dipolar interactions
between the radicals. The samples consisted of saturated solutions
of the starting complexes. Thus, the concentration was not the
same for all studied samples, and when the complex had to be re-
duced in situ the available amount of radical species was not easily
predictable.

The measurements at 230 and 285 GHz carried out at the Gre-
noble High Magnetic Field Laboratory gave satisfactory signal-to-
noise ratios (Fig. 12).

In the following, the values obtained after electrolysis of the LT
compound will be taken into account for the {(l-
abpy)[Re(CO)3Cl]2}�� species, since this radical has been character-
ized earlier [7a,7b] in the X band by obtaining an eleven line
pattern (corresponding to two rhenium centers interacting with
one unpaired electron) at room temperature.

Measurements of the series {(l-abpy)[Re(CO)3X]2}�� (X = F, Cl,
Br. I) at 285 GHz gave the spectra shown in Fig. 12. Experimental
data as well as data obtained from DFT calculations [16] are sum-
marized in Table 9.

The experimental giso values for {(l-abpy)[Re(CO)3X]2}�� are
identical for the chloride and the bromide analogues (2.004). The
values for the fluoride and iodide analogues are slightly greater
(2.008). A relatively large giso value for the fluoride complex has al-
ready been observed for the mononuclear [(abpy)Re(CO)3F]�� [10],
pointing to an orbital configuration where the SOMO lies closer to
the HOMO than in the case of the chloride and bromide dinuclear
complexes. Calculations reported earlier [16] overestimate giso.

The high-field measurements show a rhombic splitting with
both negative and positive g shift (g–ge) for all complexes {(l-
abpy)[Re(CO)3X]2}�� (Fig. 12). The relatively small g anisotropy
g1–g3 between 0.031 for the fluoride and 0.041 for the iodide deriv-
ative and the fact that the three g values are still rather close to
ge = 2.0023 are proof for the largely organic nature of the SOMO,
involving H, C and N atoms but not Re or halides with large
spin–orbit coupling constants. The anisotropy increases continu-
ously but only slightly when going from fluoride to iodide. Calcu-
lations appear to satisfactorily reproduce the g anisotropy for the
chloride and bromide derivatives. For the iodide species, the g
anisotropy is overestimated, for {(l-abpy)[Re(CO)3F]2}�� the g
anisotropy is slightly underestimated. The halide effect is clearly
overestimated by DFT when comparing experimental and calcu-
lated g anisotropy values. Apparently there is only marginal spin
transmission from the radical ligand via the rhenium metal atom
to the halide co-ligands.

8. Conclusion

Our efforts to obtain and study the dinuclear complexes
{(l-abpy)[Re(CO)3X]2} led to the isolation of structurally charac-
terized neutral compounds, anti-{(l-abpy)[Re(CO)3X]2}, X = Br
(I41/a), I (C2/c). On the other hand, two crystalline forms of anti-
{(l-abpy)[Re(CO)3Cl]2} were obtained, one of which (P21/c) had
been reported before [9], while the other (I41/a), obtained through
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crystallization in the presence of Zn, proved to be isostructural to
the form found for anti-{(l-abpy)[Re(CO)3Br]2}. Different synthetic
procedures for {(l-abpy)[Re(CO)3Cl]2} at high or low temperatures
yielded different compositions, with the high temperature
procedure leading to partial formation of syn/anti mixtures and
to one-electron reduced species as evident from EPR. The same
was observed to an even greater extent in the preparation of labile
syn/anti-{(l-abpy)[Re(CO)3F]2}o/��. The identity of the isolated spe-
cies as investigated by 1H NMR spectroscopy, X-band and high-
frequency EPR spectroscopy, cyclic voltammetry/polarography,
UV/Vis- and IR-spectroelectrochemistry illustrated the effects of
halide variation on the structural arrangement, on the reduction
potentials decreasing from F to I, on the facilitated isomerization
on going from I to F, and on the electronic situation in both the
neutral and the radical anion complexes {(l-abpy)[Re(CO)3X]2}o/��.
In a straightforward sense, the two new systems (l-abpy)
[Re(CO)3X]2 are distinguished by the large difference in electroneg-
ativity of X, the less electronegative X = I stabilizing the unreduced
anti isomer while the most electronegative ligand X = F facilitates
reduction (still centered on the abpy bridge) and electron-transfer
induced [32] isomerization.

9. Experimental

9.1. 1. Instrumentation

EPR spectra in the X band were recorded with a Bruker System
EMX. EPR spectra at 285 GHz were recorded using a multifre-
quency spectrometer [33]. A Gunn diode operating at 95 GHz and
equipped with a third harmonic generator has been used as a radi-
ation source. An InSb bolometer (QMC Instruments) was used for
detection. The main magnetic field was provided by a supercon-
ducting magnet (Cryogenics Consultant) which generates fields
up to 12 T. Owing to different field sweep conditions, the absolute
values of the g components were obtained by calibrating the pre-
cisely measured g anisotropy data with the isotropic g value from
X-band measurements. While this procedure does not account for
the temperature dependence of g, the values extracted are identi-
cal with those obtained using an added standard. The accuracy of g
values is estimated at ±0.0003. 1H NMR spectra were taken on a
Bruker AC 250 spectrometer. IR spectra were obtained using a
Nicolet 6700 FT-IR instrument. UV–Vis–NIR absorption spectra
were recorded on J&M TIDAS and Shimadzu UV 3101 PC spectro-
photometers. Cyclic voltammetry was carried out in 0.1 M Bu4NPF6

solutions using a three-electrode configuration (glassy carbon
working electrode, Pt counter electrode, Ag/AgCl reference) and a
PAR 273 potentiostat and function generator. The ferrocene/ferro-
cenium (Fc/Fc+) couple served as internal reference. Spectroelect-
rochemistry was performed using an optically transparent thin-
layer electrode (OTTLE) cell [34a]. A two-electrode capillary served
to generate intermediates for X band EPR studies [34b].

9.2. Syntheses

The preparation of {(l-abpy)[Re(CO)3Cl]2} (LT and HT forms)
and of {(l-abpy)[Re(CO)3Br]2} has been reported previously
[7a,7b,9].

9.2.1. {(l-abpy)[Re(CO)3F]2}o/��

Eighty milligrams (0.18 mmol) Re(CO)5I and 140 mg
(1.10 mmol) AgF were stirred in the dark for 2 h in 30 mL toluene.
The AgI precipitate and the remaining AgF were filtered off (several
times). A solution of 95 mg (0.20 mmol) (abpy)Re(CO)3F in 5 mL
toluene was added to the pale yellow solution. The mixture was
stirred for 4 h at 55 �C. The green/brown solution was evaporated
to half of its volume and 25 mL hexane was added. The solution
was kept at �25 �C overnight. The green precipitate was filtered
off and dried under vacuum. Due to a mixture of reduced form
(90%, cation unknown) and non-reduced form (10%) as deduced
from polarography, the isolated material could not be ascertained
by elemental analysis. Spectroscopy (see main text) gave the fol-
lowing information:

{(l-abpy)[Re(CO)3F]2}: IR (CH2Cl2): ~mCO/cm�1 = 2056sh,
2020(vs), 2006sh, 1960sh, 1948(s), 1918(s). UV/Vis (CH2Cl2): kmax/
nm = 280sh, 340sh, 425, 700. 1H NMR (CD2Cl2): d = 9.30 (ddd, 2H,
H3), 9.23 (ddd, 2H, H6), 8.31 (ddd, 2H, H4), 7.82 (ddd, 2H, H5).

{(l-abpy)[Re(CO)3F]2}�� (unknown counterion): IR (CH2Cl2):
~mCO/cm�1 = 2019sh, 2009(s), 1921(s), 1903(s), 1892sh. UV/Vis
(CH2Cl2): kmax/nm = 275sh, 350, 380sh, 455, 480sh, 520sh, 620sh.
EPR (CH2Cl2-toluene, 5 K): g1 = 2.014, g2 = 2.007, g3 = 1.983.

9.2.2. {(l-abpy)[Re(CO)3I]2}
One hundred and thirty milligrams (0.29 mmol) Re(CO)5I and

25 mg (0.14 mmol) abpy were heated to reflux for 12 h in 40 mL
of a 3:1 toluene–dichloromethane mixture. The deep green solu-
tion was evaporated to dryness. The solid was dissolved in a
40 mL 3:1 mixture of hexane–dichloromethane and cooled to
�25 �C. After 5 h a deep green precipitate was collected, washed
with hexane and dried under vacuum. Yield: 82 mg (0.07 mmol,
50%). Anal. Calc. for C16H8I2N4O6Re2�2 CH2Cl2 (1148.34 g/mol):
C, 18.83; H, 1.05; N, 4.88. Found: C, 18.87; H, 0.93; N, 4.99%. IR
(CH2Cl2): ~mCO/cm�1 = 2042sh, 2012(vs), 1953(s), 1938(s). UV/Vis
(CH2Cl2): kmax/nm (e/M�1 cm�1) = 355(8200), 397(8200),
421(6600), 488(3600), 740sh, 826(5300). 1H NMR (CD2Cl2): d/
ppm = 9.30 (ddd, 2H, H3), 9.23 (ddd, 2H, H6), 8.31 (ddd, 2H, H4),
7.82 (ddd, 2H, H5); 3J3,4 = 8.6 Hz, 3J4,5 = 7.5 Hz, 3J5,6 = 5.5 Hz,
4J3,5 = 1.2 Hz, 4J4,6 = 1.6 Hz, 4J3,6 = 0.7 Hz.

9.3. Crystallography

Single crystals of compounds (l-abpy)[Re(CO)3X]2 were grown
by layering dichloromethane solutions (X = Cl, Br) or an acetone
solution (X = I) with slowly diffusing hexane. The two crystals
which exhibited space group I41/a (X = Cl and Br), were obtained
from solutions containing zinc powder.

Data collection was performed on the diffractometers NONIUS
Kappa-CCD STOE IPDS. The structures were solved via direct meth-
ods using the programme SHELXS-97 [35]. Refinement was carried
out by the full matrix least-squares method employing the pro-
gramme SHELXL-97 [36]. All non-hydrogen atoms were refined
anisotropically, hydrogen atoms were introduced at appropriate
positions with coupled isotropic factors using the riding models.
Absorption corrections were performed numerically using the pro-
gramme HABITUS [37].
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Supplementary material

CCDC 699834, 699835, 699836 and 699837 contains the sup-
plementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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[2] (a) A. Vlček Jr., M. Busby, Coord. Chem. Rev. 250 (2006) 1755;
(b) C. Shih, A.K. Museth, M. Abrahamsson, A.M. Blanco-Rodriguez, A.J. Di Bilio,
J. Sudhamsu, B.R. Crane, K.L. Ronayne, M. Towrie, A. Vlček Jr., J.H. Richards, J.R.
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