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Abstract

The complexes (OC)3ClRe(abpy) (1) and [(OC)3ClRe]2(abpy) (2) with abpy=2,2%-azobispyridine were structurally characterized
and studied by spectroelectrochemistry in the UV–vis and in the IR carbonyl stretching region. Compound 1 exhibits a
s-cis/E/s-trans configurated abpy ligand with metal coordination to one pyridyl and one azo function and one non-bonding Re�N
interaction at 3.293 A, to the second pyridyl nitrogen atom. The dinuclear complex 2 with two azoimine-coordinated metal centers
is distinguished by the trans arrangement of the chloride ligands with respect to the Re2(m-abpy) plane, the Re�Re distance is
5.033(7) A, . The azo bond lengths at 1.272(9) (1) and 1.304(10) A, (2) indicate substantial p back donation from the rhenium(I)
centers into the p*(abpy) orbital. Spectroelectrochemistry reveals the successive occupation of the p*(abpy) orbital by electrons;
metal-to-ligand charge transfer features are shifted to higher energies and carbonyl stretching bands to lower wavenumbers. The
EPR spectra of both radical anion intermediates 1�− and 2�− are dominated by very similar 185,187Re hyperfine splitting, ruling
out a mixed-valent formulation. The second electron uptake is followed by the rapid loss of one chloride, leading to an
unsymmetrical species in the dinuclear system. © 2000 Elsevier Science S.A. All rights reserved.
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N�N�C�N, such as 2-phenylazopyridine (pap) [15,16],
3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) [17–19] or
2,2%-azobispyridine (abpy) [18–23]. The latter can form
dinuclear complexes with (OC)3ClRe complex frag-
ments as previously shown [4,6]; in this work we report
the isolation and structural characterization of the
mononuclear (OC)3ClRe(abpy) (1) and of the dinuclear
[(OC)3ClRe]2(m-abpy) (2) with trans configuration of
the chloride ligands.

Both 1 and 2 were also studied by spectroelectro-
chemistry in the UV–vis and in the middle IR region.
The complex (OC)3BrRe(abpy) related to 1 has been
studied before [11] by UV–vis/IR spectroelectrochem-
istry. We also compare the EPR results for 1�− with
those of previously reported 2�− [4,6].

1. Introduction

Occupation of low-lying p*(N�N) orbitals during
the reduction (1) or metal-to-ligand charge transfer
excitation (2) of complexes (OC)3XRe(N�N) (N�N=
a-diimine or related chelate ligand, X=halogen) has
been much studied [1–14] in the context of photo- or
electrocatalyzed CO2 reduction which involves labiliza-
tion of the halide ligand as a crucial step [2,3,8,12,14].

(OC)3ClReI(N�N)+e−� [(OC)3ClReI(N�N−I)]�−
(1)

(OC)3ClRe(N�N)���

hn

MLCT
[(OC)3ClReII(N�N−I)]* (2)

Ligands N�N with especially low lying p*(N�N)
orbitals are those containing the azoimino function
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2. Results and discussion

2.1. Structures

The mononuclear 1 was obtained by briefly reacting
(OC)5ClRe with abpy. Both 1 and 2 are air-stable
compounds which could by crystallized for structure
determination; the results are summarized in Tables
1–3 and illustrated in Figs. 1 and 2.

Compound 1 exhibits a bonding pattern and abpy
conformation familiar from previously characterized

Table 2
Selected bond lengths (A, ) and angles (°) of (OC)3ClRe(abpy) (1)

Bond lengths
1.916(14)Re�C(11) N(1)�C(1) 1.337(11)

Re�C(13) 1.272(9)N(2)�N(3)1.918(8)
N(2)�C(1) 1.444(13)1.941(8)Re�C(12)

Re�N(3) 2.143(5) N(3)�C(6) 1.441(13)
C(11)�O(11)2.145(6)Re�N(1) 1.156(16)

2.475(4)Re�Cl C(12)�O(12) 1.133(10)
C(13)�O(13) 1.152(12)

Bond angles
93.5(3) N(3)�Re�ClC(11)�Re�N(3) 85.3(2)

101.4(3)C(12)�Re�N(3) C(11)�Re�C(12) 86.5(4)
C(13)�Re�N(3) 88.4(4)C(13)�Re�C(12)169.8(4)

97.3(3)C(11)�Re�N(1) C(11)�Re�C(13) 90.0(4)
C(12)�Re�N(1) 173.1(3) O(11)�C(11)�Re 177.9(9)

O(12)�C(12)�ReC(13)�Re�N(1) 178.4(8)97.4(3)
N(1)�Re�Cl 176.4(9)O(13)�C(13)�Re84.9(2)

N(1)�C(1)�N(2) 117.4(9)72.7(3)N(3)�Re�N(1)
C(11)�Re�Cl 177.0(3) 112.3(7)C(1)�N(2)�N(3)

115.8(6)C(1)�N(1)�ReC(13)�Re�Cl 91.7(3)
N(2)�N(3)�Re 121.5(6)C(12)�Re�Cl 91.1(3)

Table 1
Crystallographic data and refinement parameters for compounds 1
and 2 a

(OC)3ClRe(abpy) (1) [(OC)3ClRe]2(abpy) (2)

Empirical C13H8ClN4O3Re C16H8Cl2N4O6Re2

formula
Formula weight 489.88 795.56
Crystal size 0.3×0.2×0.20.4×0.3×0.3

(mm)
173(2)Temperature 173(2)

(K)
Space group C2/c P21/c
Unit cell

dimensions
a (A, ) 13.315(3) 6.3904(13)

11.908(2)9.0032(18)b (A, )
12.197(2)c (A, ) 13.654(3)

a (°) 90.00 90.00
98.21(3)b (°) 97.01(3)

g (°) 90.00 90.00
1447.2(5)V (A, 3) 1031.3(4)

2Z 4
2.248Dcalc (g cm−3) 2.562

0.12030.8598Absorption
coefficient
(cm−1)

5.48–60.022u Range (°) 4.56–60.00
−185h511, −15h58, −15k516,Index ranges

−195l519−115k512,
−175l517

Reflections 40584849
collected

3294No. unique 2999
reflections

R (merge) 0.04360.0351
1.1321.068GOF (F2) b

2999/0/1123294/2/200Data/restraints/
parameters

R indices (all R1=0.0364, R1=0.0492,
data) c,d wR2=0.0945 wR2=0.1144

Largest residual 0.2473 0.4226
density (e/A, 3)

a All structures were obtained on a Siemens four-circle diffractome-
ter P4, graphite monochromated Mo–Ka radiation (l=0.71073 A, ).

b GOF={Sw(�Fo�2−�Fc�2)2/(n−m)}1/2 where n=number of data
and m=number of variables.

c R= (S��Fo�−�Fc��)/S�Fo�.
d Rw={S[w(�Fo�2−�Fc�2)2]/S[w(Fo

4)]}1/2.

Table 3
Selected bond lengths (A, ) and angles (°) of [(OC)3ClRe]2(abpy) (2)

Bond lengths
Re(1)�C(2) 1.928(7) C(1)�O(1) 1.139(8)

C(2)�O(2)Re(1)�C(3) 1.160(9)1.930(7)
1.937(6) C(3)�O(3)Re(1)�C(1) 1.129(9)

1.361(7)N(2)�C(01)Re(1)�N(2) 2.135(5)
2.134(6) 1.409(7)Re(1)�N(1) C(01)�N(1A)

1.304(10)Re(1)�Cl(1) 2.4587(18) N(1)�N(1A)

Bond angles
C(2)�Re(1)�C(3) N(2)�Re(1)�Cl(1)90.5(3) 82.35(14)

N(1)�Re(1)�Cl(1)C(2)�Re(1)�C(1) 86.00(14)86.5(3)
C(3)�Re(1)�C(1) 92.3(3) C(2)�Re(1)�Cl(1) 91.1(2)

178.2(2)C(3)�Re(1)�Cl(1)98.2(2)C(2)�Re(1)�N(2)
C(3)�Re(1)�N(2) 176.7(6)O(1)�C(1)�Re(1)98.3(2)

178.4(7)168.4(2) O(2)�C(2)�Re(1)C(1)�Re(1)�N(2)
O(3)�C(3)�Re(1)C(2)�Re(1)�N(1) 176.8(7)170.7(2)

92.6(2)C(3)�Re(1)�N(1) N(1A)�N(1)�C(01A) 114.0(6)
102.2(2)C(1)�Re(1)�N(1) N(1A)�N(1)�Re(1) 118.9(5)

126.6(4)C(01A)�N(1)�Re(1)N(2)�Re(1)�N(1) 72.63(18)
86.96(19)C(1)�Re(1)�Cl(1) N(2)�C(01)�N(1A) 115.3(5)

(OC)4Mo(abpy) [21]. The versatile [18] abpy ligand
adopts a s-cis/E/s-trans conformation with metal coor-
dination to one pyridyl and one azo function. The
bonds to the better s-donating pyridyl and better p-ac-
cepting azo nitrogen atoms are of equal length. As in
(OC)4Mo(abpy) [21] there is one non-bonding interac-
tion at 3.293 A, from the metal to the second pyridyl
nitrogen atom which suggests that the twist of the
uncoordinated pyridyl ring py% is mainly caused to
minimize repulsion (which would be larger with the CH
group pointing towards the metal); at the same time,
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Fig. 1. Molecular structure of compound 1 in the crystal.

this arrangement ensures p conjugation through ap-
proximate planarity of coordinated abpy, the dihedral
angle beetwen the planes of py% and the rest of coordi-
nated abpy is 16.1°.

The dinuclear complex 2 with two azoimine-coordi-
nated metal centers at virtually identical Re�N bond
lengths is distinguished by the trans arrangement of the
chloride ligands with respect to the approximately pla-
nar Re2(m-abpy) moiety. The Re�Re distance is 5.033(7)
A, and there is a slight twisting of the abpy ligand as
illustrated by the torsional angle of 17.7° for
Re(1)�C(1)�N(1)�C(1A).

It is the first time that such a positional isomer could
be structurally identified. The preference for this isomer
(there is only one detectable by NMR) is not immedi-
ately obvious, apart from the higher symmetry and
resulting absence of a dipole moment; a cis isomer
should not be disfavored on steric reasons. In any case
there has to be conformational reorganization of the
abpy ligand on the way from the free ligand (s-trans/E/
s-trans [22,24]) via the mononuclear 1 (s-cis/E/s-trans)
to the dinuclear 2 (s-cis/E/s-cis).

The azo bond lengths at 1.272(9) A, (1) and 1.304(10)
A, (2) indicate substantial p back donation from the
rhenium(I) centers into the p*(abpy) orbital. Such ef-
fects have been noted previously for a dicopper(I) com-
pound of abpy [21] and for various complexes of pap
[15,16]; however, the value for 2 with its large deviation
from that of free abpy at 1.246(2) A, [24] and its
closeness to the 1.345(7) A, of one-electron reduced
2,2%-azobispyrimidine in a dicopper(I) complex [25] il-
lustrate the large amount of metal-to-ligand p electron
shift in the ground state. It is interesting to note that
non-organometallic rhenium(III) fragments such as
Cl3(Ph3PO)Re induce similar lengthening of N�N
bonds in complexes of 2-phenylazopyridine ligands [16].

2.2. Reduction of 1 and 2

Compound 1 shows the conventional [7,9–13] elec-
trochemical behavior for complexes (N�N)Re(CO)3Cl,
i.e. a reversible one-electron uptake followed by a com-
pletely irreversible step (loss of chloride; Table 4).
Complex 2 was reinvestigated [20] by cyclic voltamme-
try at varying scan rates to reveal a similar pattern,
however, the loss of chloride after the second reduction
was found to be slower than for system 1n−. Accord-
ingly, half-wave potentials could be determined both
for the systems 20/−/2− and for [2-Cl−]+/0/−, [2-Cl−]
={[(OC)3Re](abpy)[ReCl(CO)3]} (Table 4). The case
for dissociation of only one chloride ligand in 22− is
made by IR spectroelectrochemistry (cf. below). The
EPR experiments in dichloromethane or 1,2-
dichloroethane/0.1 M Bu4NPF6 gave spectra with par-
tially resolved metal hyperfine splitting [4,6], ligand
HFS was not resolved due to the large line widths of

Fig. 2. Molecular structure of compound 2 in the crystal.

Table 4
Spectroelectrochemical data for the reduction of 1 and 2 a

1n 2n

E (red 1) b −0.78 (E1/2) 0.00 (E1/2), 0.34 (E1/2) d

E (red 2) b −1.54 (Epc) −0.80 (E1/2), −0.56 (E1/2) d

nCO
c (n=0) 2044w, 2010vs, 1960sh,2030vs, 1943s,

1938m1917s
2017w, 2005s, 1909s, 1885sh2004vs, 1898s,nCO (n=−1)

1866s
n.a.nCO (n=−2) d 1999m, 1989s, 1877s,

1858sh f

lmax/o
e (n=0) 565/2.68, 360/6.72 788/10.99, 710sh, 404/11.10

(MLCT), 332/12.80 (IL)(MLCT)
502/2.20 (MLCT),lmax/o (n=−1) 631/3.40, 532sh, 497/7.20

(MLCT), 382/13.70 (IL)392/10.08 (IL)
lmax/o 546sh, 507/8.00, 483/8.10,440/2.20, 320/6.30

392sh (IL)(IL)(n=−2) d

a Measurements in CH2Cl2/0.1 M. Bu4NPF6 (1n) or 1,2-
dichloroethane /0.1 M Bu4NPF6 (2n).

b Potentials in V vs. (C5H5)2Fe+/0, half-wave (E1/2) or cathodic
peak potentials (Epc) for irreversible processes.

c Carbonyl stretching bands in cm−1.
d Chloride-free species, see text.
e Absorption maxima (lmax) in nm; molar extinction coefficients (o)

in 103 M−1 cm−1.
f Pyridyl ring vibrations at 1610 and 1482 cm−1, see text.
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Fig. 3. IR spectroelectrochemistry of 20/− (top) and 2−/[2-Cl−]−

(bottom) in 1,2-dichloroethane/0.1 M Bu4NPF6.

about 0.2 mT. The EPR studies reveal that both radical
anions 1�− (g=2.0041) and 2�− (g=2.0039) have the
spin predominantly in the p*(abpy) MO, the large
185,187Re (I=5/2) coupling constants of 2.38 mT (1�−,
six lines, 1 Re) and 2.54 mT (2�−, 11 lines, 2 Re) [4,6]
notwithstanding (complex [(bpy)ReCl(CO)3]�− has a
(Re)=1.2 mT [4]). The close similarity of the metal
coupling constants of 1�− and 2�− is in agreement with
the radical ligand [26] formulation; a delocalized mixed-
valent situation would produce only half the coupling
constant in the dinuclear system [27,28].

Spectroelectrochemistry in the UV–vis and IR re-
gions using an OTTLE cell [29] was further employed
to elucidate the response of the two compounds to-
wards electron uptake. The results are summarized in
Table 4; Figs. 3 and 4 show the response of 2.

Complex 1 shows essentially the same behavior as
(OC)3BrRe(abpy) [11] (Table 4). The dinuclear 2 ex-
hibits a weak carbonyl stretching band at high energies
in the IR spectrum, in addition to the three more
intense features typical [11] for a fac-(OC)3Re moiety.

The uniform low-energy shifts of nCO are as expected
[7,11], reflecting the charge effect [30] rather than lig-
and-to-metal electron transfer. It is remarkable, how-
ever, that only after the chemically irreversible second
reduction the typical bands for pyridyl vibrations
emerge at 1610 and 1482 cm−1 (Fig. 3). This observa-
tion strongly suggests the loss of inversion symmetry
through dissociation of only one chloride from 22− to
produce the species [2-Cl−]−={[(OC)3ReI](abpy−II)-
[ReICl(CO)3]}−; according to the selection rules for IR
spectroscopy, the vibrations must be accompanied by a
change in the dipole moment to exhibit well observable
bands. The centrosymmetric 2 and 2�−, on the other
hand, exhibit only very small pyridyl ring vibration
bands at 1598 and 1482 cm−1. The small shift of the
high-energy ring vibration to higher energies on reduc-
tion (Fig. 3) is compatible with the notion of an azo-
centered orbital p*(abpy) [31]. Apparently, the loss of
chloride does not produce essentially different CO
stretching vibrations, a splitting of the corresponding
bands could not be detected. The stability of pentacoor-
dinate tricarbonylrhenium(I) centers is not unexpected
[7,11] and has precedents in tricarbonylmanganese
chemistry [32]; hydrazido ligands as in abpy2− are very
electron rich (s+p) [33] and can thus well stabilize a
16 valence electron situation. Obviously, the dissocia-
tion of only one chloride ion in system 2 is sufficient to
stabilize the doubly reduced state.

UV–vis spectroelectrochemistry as shown in Fig. 4
for dinuclear 2 exhibits the expected intensity decrease
and high-energy shift of the long-wavelength metal-to-
ligand charge transfer (MLCT) band (Table 4). In
addition, the one-electron reduced species 1�− and 2�−

Fig. 4. UV–vis spectroelectrochemistry of 20/− (top) and 2−/[2-Cl−

]− (bottom) in 1,2-dichloroethane/0.1 M Bu4NPF6.
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exhibit the typical narrow intra-ligand (IL) bands of
azoaromatic radical anions at about 390 nm; for in-
stance, the E-azobenzene anion has lmax at 430 nm [34].
After dissociation of one chloride ion, the resulting
species still show intense absorption in the visible which
may be tentatively assigned to IL transitions: Loss of
chloride causes a destabilization of p*(abpy) as evident
from anodically shifted potentials (Table 4); this desta-
bilization would lower the energy of IL transitions.

3. Experimental

3.1. Syntheses

3.1.1. 2,2 %-(Azobispyridine)(tricarbonyl)chlororhenium
(1)

An amount of 240 mg (0.66 mmol) Re(CO)5Cl and
120 mg (0.66 mmol) abpy [19] was heated to reflux for
20 min in 40 ml of a 3:1 toluene–dichloromethane
mixture. The deep blue solution was concentrated to 20
ml, treated with 5 ml pentane and cooled to 4°C. After
24 h a deep blue precipitate was collected, washed with
diethyl ether and dried to yield 249 mg (78%). Anal.
Calc. for C13H8ClN4O3Re: C, 31.87; H, 1.65; N, 11.44.
Found C, 31.85; H, 1.50; N, 11.45%. 1H-NMR
(CD2Cl2): d=7.66 (ddd, 1H, H5%), 7.72 (ddd, 1H, H5),
8.05 (ddd, 1H, H4%), 8.15 (dt, 1H, H3%), 8.29 (td, 1H,
H4), 8.71 (ddd, 1H, H3), 8.83 (ddd, 1H, H6%), 9, 12 (ddd,
1H, H6), ppm. 3J(H3H4)=8.0 Hz, 4J(H3H5)=1.3 Hz,
5J(H3H6)=0.7 Hz, 3J(H4H5)=7.8 Hz, 4J(H4H6)=1.6
Hz, 3J(H5H6)=5.3 Hz, 3J(H3%H4%)=8.2 Hz,
4J(H3%H5%)=1.0 Hz, 5J(H3%H6%)=1.0 Hz, J(H4%H5%)=
7.8 Hz, 4J(H4%H6%)=1.6 Hz, 3J(H5%H6%)=4.8 Hz.

Deep blue crystals for X-ray diffraction were ob-
tained through slow evaporation of a CH2Cl2 solution.

Complex 2 was obtained as previously described [20].
Deep green single crystals suitable for X-ray diffraction
were obtained from a saturated solution in acetone
through layering with n-pentane.

3.2. Instrumentation

EPR spectra were recorded in the X band on a
Bruker System ESP 300 equipped with a Bruker
ER035M gaussmeter and a HP 5350B microwave coun-
ter. 1H-NMR spectra were taken on a Bruker AC 250
spectrometer; IR spectra were obtained using Perkin–
Elmer 684 and 283 instruments. UV–vis/NIR absorp-
tion spectra were recorded on a Bruins Instruments
Omega 10 spectrophotometer. Cyclic voltammetry was
carried out in 0.1 M Bu4NPF6 solutions using a three-
electrode configuration (glassy carbon electrode, Pt
counter electrode, Ag/AgCl reference) and a PAR 273
potentiostat and function generator. The ferrocene/fer-
rocenium couple served as internal reference. Spec-

troelectrochemical measurements were performed using
an optically transparent thin-layer electrode (OTTLE)
cell [29] for UV–vis spectra and a two-electrode capil-
lary for EPR studies [35].

3.3. Crystallography

The structures of 1 and 2 were solved by the Patter-
son method. The refinement was carried out employing
full matrix least-squares method [36]. Absorption cor-
rection (c-scan) did not improve R values or standard
deviations. All non-hydrogen atoms were refined an-
isotropically. The hydrogen atoms were introduced at
proper geometric positions and treated according to the
riding model with isotropic thermal parameters fixed at
20% greater than that of the bonded atom. Anisotropic
thermal parameters were refined for all non-hydrogen
atoms.

4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC-140132 and -140133 for com-
pounds 1 and 2, respectively. Copies of the information
may be obtained free of charge from: The Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(fax: +44-1223-336033; e-mail: deposit@ccdc.
cam.ac.uk; www: http://www.ccdc.cam.ac.uk).
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