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The ambidentate nitrite ion, NO2
�, is a biologically relevant species that can be coordinated to transition

metals via the nitrogen or oxygen atom. Most of its physiological effects involve metalloproteins so it is
important to understand the factors that control the predominance of one or another isomer. In this work,
we present the syntheses and characterization by spectroscopy, electrochemistry and DFT calculations of
new rhenium(I) tricarbonyl complexes with different polypyridyl ligands in the coordination sphere and
with the nitrite ion coordinated through either its N- or O-atom. For two of them we have determined their
crystal structures by X-ray diffraction and we have found that in the solid when the ancilliary ligand is bpy
the N-binding mode is the most stable, while dmb is the ligand, the –CH3 substituents imposed the C–H
(methyl group)� � �O–NO (nitrito) interactions favoring the O-binding mode. However, at room temperature
in CH2Cl2 the nitro isomer is the most stable for both complexes in agreement with DFT calculations. Both
complexes exhibit photoinduced linkage isomerism which could be of interesting in the design of new
materials. Although nitro complexes are precursors of nitrosyl compounds, in this work the synthesis of
the nitrosyl complexes as solid could not be possible because there is higher p-backbonding from Re(I)
to the carbonyl groups, or to the polypyridil ligands instead of to the NO group, which is p-acceptor, in con-
sequence the nitrosyl complexes are unstable and decompose immediately to the solvate complexes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that nitrite ion, NO2
�, is an ambidentate ligand

which can coordinate through either the O- or N-atom, generating
linkage isomerism in nitrite species. When the ion NO2

� is coordi-
nated via the nitrogen atom, the resulting M–NO2 species is termed
as ‘‘N- nitrite or nitro’’ complex, while when is coordinated via an
oxygen atom, the M-ONO species is termed as ‘‘O-nitrite or nitrito’’
complex. The first example of linkage isomerism extensively stud-
ies was the fast isomerization of pentaamminenitritecobalt(III) ion
bounded through either O- or N-, discovered by Jörgensen in 1894
and extensively studied by Alfred Werner (Nobel Prize in Chemis-
try in 1913) [1], where the O-nitrite complexes isomerizes
spontaneously and stereo-retentively to the more stable N-nitrite
complex. Kinetics and thermodynamic of NO2/ONO interconver-
sion investigated by thermal methods shows that N-nitro isomer
is more stable than O-nitrite and isomerism could occur simulta-
neously both in solution and solid state [2].

In contrast with Co(III), Cr(III) binds nitrite ions as the nitrito
isomers [3]. Generally, the relative stability of linkage isomers is
associated with the sigma-donating tendencies of the two donor
atoms of the ambidentate ligand: the stronger is the donor atom,
the stable is the isomer. Moreover, steric effects play a decisive
role, when both binding modes involve different steric hindrances
toward co-ligands present in the coordination sphere. For instance,
it is interesting to note that the pyridine rings in Ni(py)4(ONO)2

provide sufficient repulsion to cause the formation of a stable nit-
rito rather than a nitro complex [4].

On the other hand, complexes of transition metals, in particular
Ru(II)/(III) and Os(II)/(III), with nitrite ion have been studied due to
the interesting reactivity of the coordinated nitro ligand, with
emphasis in the potential use of these complexes as nitro based
oxygen atom transfer catalysts and because to their use as
synthetic precursors for nitrosyl complexes [5]. Most of the mech-
anisms proposed for these reactions involves linkage isomerization
of the coordinated nitrite ion [6–9]. In addition, photoinduced
conversion between isomers in complexes with nitrite at the solid
state, could be interesting in the design of new material with
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technological applies [10]. Related with the biological properties of
the nitrite ion, Meyer and co-workers [11,12] described in detail
the reduction of nitrite to ammonia using nitro complexes of Ru
and Os, in order to model the reaction catalyzed by enzymes in
the redox cycle of nitrogen .

For a long time, the nitrite ion was considered a dead end prod-
uct of the metabolism of nitric oxide, until recently that it has re-
ceived more attention due to the discovery of its physiological
properties. This anion is the major vascular storage of NO [2a],
and its roles in mammalian physiology includes hypoxic vasodila-
tation [13,14], cytoprotection in ischemia/reperfusion injury [15]
and its potential use as therapeutic drug in the treatment of these
diseases, [16] signaling [17] and regulation of gene expression in
tissues.[18] Additionally, it was found that in ferriheme models
and proteins the reductive nitrosylation is strongly catalyzed by
nitrite ion [19,20], a product of this reaction, illustrating the impor-
tance of other NOx species, and not only NO, in biological processes
[21,22].

For proteins and heme models coordinated to nitrite [23] the
N-binding mode is the most common; however, recently two crys-
tal structures of heme proteins (one of them human hemoglobin)
with nitrite coordinated via the O-binding mode have been
reported [24,25]. Besides, it has been found that H-bonding with
pocket residues directs the occurrence of that isomer [26]. The
differences of energy between isomers have been calculated as rel-
atively small, and reaction mechanisms involving both isomers are
viable and correlate well with experimental data for these reac-
tions [27,28]. Thus the chemical reactivity of nitrite ion is a func-
tion of the binding modes, and understanding the types of
binding modes and the factors that determine them is important
to unravel the chemical properties of this metabolite [29].

In this work, we present for the first time, the synthesis and
characterization by spectroscopy and electrochemistry of new rhe-
nium(I) tricarbonyl complexes with different polypyridyl ligands in
the coordination sphere and with the nitrite ion in the N- and O-
binding mode: [Re(bpy)(CO)3(NO2)] (1), [Re(bpy)(CO)3(ONO)] (2),
[Re(dmb)(CO)3(NO2)] (3) and [Re(dmb)(CO)3(ONO)] (4), where
bpy = 2,20-bipyridine and dmb = 4,40-dimethyl-2,20-bipyridine. The
experimental studies have been accompanied by elemental analy-
sis and DFT and TDDFT calculations. For complexes (1) and (4) the
structures have been confirmed by X-ray diffraction. Global chem-
ical reactivity descriptors such as chemical hadness (g), electrophi-
licity (x), and electronic chemical potentials (l) [30] are calculated
and used to probe the relative stability and reactivity of compounds
(1) to (4). Although nitro complexes are precursors of nitrosyl com-
pounds, in this work the synthesis as solid of the nitrosyl complexes
derived from (1) and (3) could not be possible because there is
higher p-backbonding from Re(I) to the carbonyl groups, bpy or
dmb instead of to the NO group, which is p- acceptor, in conse-
quence the nitrosyl complexes are unstable and decompose
immediately to the solvate complexes. Though, work in progress
will be done, to confirm that nitrosyl complexes could be form in
solution by oxidation at higher potential of the nitro complexes.

2. Experimental

2.1. Materials and instrumentation

All chemicals used were analytical reagent grade. CH2Cl2 (anhy-
drous from Sigma–Aldrich) and CH3CN (freshly distilled over
P4O10) were used for electrochemical and luminescence measure-
ments. UV–Vis absorption spectra were recorded on a Varian Cary
50 spectrophotometer, using 1-cm quartz cells. Infrared spectra
were obtained with a Perkin-Elmer Spectrum RX-1 FTIR spectrom-
eter as KBr pellets for solid samples and in a demountable sealed
cell from Perkin-Elmer with AgCl windows for solutions. Cyclic
voltammetry experiments were carried out using a BAS Epsilon
EC equipment, with vitreous C as working electrode, Pt wire as
auxiliary electrode, and Ag/AgCl (3 M NaCl) as reference electrode.
Solutions were prepared in CH2Cl2 anhydrous or CH3CN distilled
and dried over molecular sieves with 0.1 M TBAPF6 (tetra-n-butyl-
ammonium hexafluorophosphate) dried at 150� for 24 h as sup-
porting electrolyte, protected of light and degassed for 15 min
with Ar prior to each measurement. Controlled potential electroly-
ses were performed using an SEC-C thin layer quartz glass spectro-
electrochemical cell from ALS, with Pt gauze as working electrode,
Pt wire as counter electrode and Ag/AgCl (3 M NaCl) as reference
electrode. Emission spectra were measured with a Shimadzu RF-
5301 PC spectrofluorometer, provided with 1-cm fluorescence
cells; solutions were protected of light and deoxygenated with Ar
prior to measurements. Emission quantum yields were calculated
in CH2Cl2 using Eq. (1), where: 1, 2 are referred to complex and ref-
erence respectively, U2 quantum yield of [Ru(bpy)3]2+, n refractive
index of solvent, A peak area and I intensity of absorption at wave-
length of the MLCT. Chemical analyses for C, H and N were carried
out at INQUIMAE, University of Buenos Aires, Argentina, with an
estimated error of ±0.5%. Mass Spectra (ESI) was recorded at
UMYMFOR, University of Buenos Aires, Argentina.
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2.2. Syntheses

2.2.1. [Re(bpy)(CO)3(NO2)] (1)
[Re(bpy)(CO)3(CF3SO3)] (70 mg, 0.122 mmol) and 12-fold ex-

cess of NaNO2 (101 mg, 1.46 mmol) were suspended in 15 mL of
water. The mixture was heated at reflux for 2.5 h under Ar and
protected from light. During that time a brilliant-yellow solid pre-
cipitated. The solid was filtered off, washed with water and dried
under vacuum over P4O10. Yield: 51 mg (88%). Chem. Anal. Calc.
for C13H8N3O5Re: C, 33.0; H, 1.7; N, 8.9. Found: C, 33.2; H, 1.7; N,
8.8%. ESIMS: m/z 495.99140 (M+Na)+.

2.2.2. [Re(dmb)(CO)3(ONO)] (4)
The synthesis was done with the same procedure as before from

100 mg of [Re(dmb)(CO)3(CF3SO3)] (0.166 mmol) and 138 mg of
NaNO2 (2 mmol). Yield: 74 mg (90%) of a pale-yellow solid. Chem.
Anal. Calc. for C15H12N3O5Re: C, 36.0; H, 2.4; N, 8.4. Found: C, 35.9;
H, 2.3; N, 8.2%. ESIMS: m/z 524.02270 (M+Na)+.

2.2.3. [Re(bpy)(CO)3(15NO2)] (10) and [Re(dmb)(CO)3(O15NO)] (40)
The 15N-labeled complexes were synthesized using a 6-fold ex-

cess of Na15NO2 with the same procedure for (1) and (4). The yields
were 40% and 42% respectively. There were characterized by IR
spectroscopy as it shows in Table 1.

2.3. X-ray structure determination

Yellow single crystals of complexes (1) and (4) were obtained by
slow evaporation of acetone:water (1:1) solutions. These crystals
were coated with perfluoropolyether, picked up with nylon loops
and mounted in an Oxford Xcalibur, Eos, Gemini CCD area-detector
diffractometer using graphite-monochromatic Mo Ka radiation
(k = 0.71073 Å) at 298 K. Final cell constants were obtained from
least squares fits of several thousand strong reflections. Data was
corrected for absorption with CrysAlisPro, Oxford Diffraction Ltd.,
Version 1.171.33.66, applying an empirical absorption correction
using spherical harmonics, implemented in SCALE3 ABSPACK scal-
ing algorithm [31]. The structures were solved by direct methods
with SHELXS-97 and refined by full-matrix least-squares on F2 with



Table 1
Relevant IR stretching frequencies in cm�1 for the nitro and nitrito complexes, including the 15N-labeled complexes.

(1)a (10) a (4) a (40) a (3)b

2026 (mCOax) 2016 (mCOax) 2029 (mCOax)
1926 (mCOeq) 1885 (mCOeq) 1919 (mCOeq)
1353 (maNO2

�) 1326 (ma
15NO2

�) 1426 (mN = O) 1413 (m15N = O) 1357 (mNO2
�)

1323 (msNO2
�) 1297 (ms

15NO2
�) 1055 (mN–O) 1042 (m15N–O) 1322 (msNO2

�)
810 (dONO) 804 (dO15NO) 812 (dONO) 806 (dO15NO) –
568(qwNO2

�) 562 (qw
15NO2

�) –

a Solid samples.
b Solution in CH2Cl2 (see the text for more details).

Fig. 1. IR spectra as KBr pellets of: (a) complex (1) (solid red line) and complex (10)
(dashed black line). (b) complex (4) (solid blue line) and complex (40) (dashed black
line). (Colour online.)
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SHELXL-97 [32]. All non-hydrogen atoms were anisotropically refined
and hydrogen atoms bound to carbon were placed at calculated
positions and refined as riding atoms with isotropic displacement
parameters.

In compound (4) structure, as a consequence of the crystallo-
graphic imposed two-folded axis, a static disorder between car-
bonyl ligand and the trans nitrito ligand, in a 0.5:0.5 ratio is
observed. The only restraint applied within the two overlapping
moieties of the disordered (carbonyl and nitrito ligands), was to
the carbonyl oxygen atom, O2, and the nitrogen atom, N2, of the
nitrito ligand which were refined roughly superposed (employing
the EXYZ command) with equivalent fixed anisotropic displace-
ment parameters (employing the EADP command). Additionally,
the non-coordinated oxygen atom, O4, of the nitrito ligand compo-
nent was modeled disordered around two positions in 0.5:0.5 ratio.

2.4. Quantum chemical calculations

The geometry optimizations, the vibrational frequencies and
the electronic structures of nitro- and nitrite- isomers of com-
plexes (1)–(2) and (3)–(4) were calculated by DFT methods using
GAUSSIAN03 [33] program package. Calculations employed the hybrid
Perdew, Burke, Ernzerhof exchange and correlation functional
(PBE1PBE) [34]. For H, C, N and O atoms, 6-311G⁄⁄ basis set were
used. The Re atom was described by quasirelativistic effective core
pseudopotential and corresponding set of basic functions [35]. The
solvent was described by conductor-like polarizable continuum
model (CPCM) [36]. Excited singlet states (fifty states) were calcu-
lated by time-dependent DFT (TD-DFT). The UV–Vis absorption
spectra were simulated with the GaussSum software [37], includ-
ing all calculated transitions. Gaussian shapes (5500 cm�1 fwhm)
of the absorption bands were assumed.

Chemical hardness (g), associated with the stability and reactiv-
ity of a chemical systems is approximated using Eq. (2). Electronic
chemical potential (l) is defined as the negative of electronegative
of a molecule and is determined using Eq. (3). The global electro-
philicity index (x) introduced by Parr [30] is calculated using
Eq. (4) and measures the capacity of a species to accept electrons.

g ¼ ðeLUMO � eHOMOÞ
2

ð2Þ

l ¼ ðeHOMO þ eLUMOÞ
2

ð3Þ

x ¼ l2

2g
ð4Þ
3. Results and discussion

3.1. Syntheses

The syntheses of the precursor complexes of Re(I) were per-
formed according to literature [38] and those previously developed
in our laboratory [39–43], starting from [Re(CO)5Cl] with slight
modifications. The nitro and nitrito complexes (1) and (4) were
prepared as solids with high yields by a modification of previously
published procedure for Ru(II) complexes [44]. The purity of the
complexes was confirmed by chemical analysis and mass spec-
trometry. The complexes were very soluble in acetone, dichloro-
methane and acetonitrile, slightly soluble in methanol and
ethanol and insoluble in water. The nitro and nitrito complexes
(3) and (2) were studied only in solution.



Fig. 2(a). ORTEP diagram for complex (1). Ellipsoid represents 50% of probability.

Fig. 2(b). ORTEP diagram for complex (4). Ellipsoid represents 50% of probability.
The O4 was modeled disordered around two positions in a 0.5:0.5 ratio; 1:�x, y,
0.5 � z. (see the text for details).

Table 2
Crystallographic refinement data for complexes (1) and (4).

Complex (1) (4)

Chemical formula C13H8N3O5Re C15H12N3O5Re
Crystal size (mm3) 0.40 � 0.38 � 0.24 0.46 � 0.20 � 0.10
Formula weight 472.42 500.48
Lattice type triclinic monoclinic
Space group P�1 C2/c
a (Å) 6.6337(3) 6.3927(2)
b (Å) 10.6572(5) 19.4344(6)
c (Å) 10.7531(5) 13.4758(6)
a (�) 79.675(4) 90.00
b (�) 73.366(4) 102,732(4)
c (�) 72.074(4) 90.00
V (Å) 689.56(6) 1632.85(10)
Z 2 4
T (K) 298(2) 298(2)
qcalcd (g cm�3) 2.275 2.036
Reflection collected/2hmax 15716/54.00 8780/54.00
Unique reflection I > 2r(I) 3014/2850 1777/1656
Number of parameters/restr. 199/0 126/1
k (Å)/k (Ka) (cm�1) 0.71073/8.84 0.71073/7.47
R1a/Goodness of fitb 0.0208/1.071 0.0243/1.077
wR2

c (I > 2r(I)) 0.0482 0.0556
Residual density (e Å�3) 0.75/�1.22 0.75/�0.87

a Observation criterion: I > 2r(I) R1 =
P

||Fo| � |Fc||/
P

|Fo|.
b GooF = [

P
[w(Fo

2 � Fc
2)2]/(n-p)]1/2.

c wR2 = [
P

[w(Fo
2 � Fc

2)2]/
P

[w(Fo
2)2]]1/2 where w = 1/r2(Fo

2)+(aP)2 + bP,
P = (Fo

2 + 2Fc
2)/3.

Table 3
Selected bond distances (Å) and angles (�) for (1) and (4).

(1) (4)

Bond lengths (Å)
Re(1)–C(3) 1.913(4) Re(1)–C(1) 1.906(5)
Re(1)–C(2) 1.917(4) Re(1)–C(1_1)# 1.906(5)
Re(1)–C(1) 1.924(4) Re(1)–C(2) 1.964(12)
Re(1)–N(2) 2.169(3) Re(1)–C(2_1)# 1.964(12)
Re(1)–N(3) 2.169(3) Re(1)–N(2) 2.169(3)
Re(1)–N(1) 2.181(3) Re(1)–N(2_1)# 2.169(3)
N(1)–O(5) 1.232(5) Re(1)–O(3) 2.089(8)
N(1)–O(4) 1.234(5) Re(1)–O(3_1)# 2.089(8)
C(3)–O(3) 1.153(5) N(1_1)–O(4A_1) 1.131(19)
C(2)–O(2) 1.144(5) N(1)–O(4A) 1.332(10)
C(1)–O(1) 1.152(5) C(1)–O(1) 1.154(6)

C(1_1)–O(1_1) 1.154(6)
C(2)–O(2) 1.120(2)

Bond angles (�)
C(3)–Re(1)–C(2) 88.10(18) C(1)–Re(1)–C(1_1)# 87.7(3)
C(3)–Re(1)–C(1) 88.00(18) C(1)–Re(1)–C(2–1)# 86.3(4)
C(2)–Re(1)–C(1) 90.40(17) C(1_1)#–Re(1)–C(2_1)# 84.1(4)
C(2)–Re(1)–N(2) 98.95(15) C(1)–Re(1)–C(2) 84.1(4)
C(1)–Re(1)–N(2) 92.39(15) C(1_1)#–Re(1)–C(2) 86.3(4)
C(3)–Re(1)–N(3) 98.21(15) C(2_1)#–Re(1)–C(2) 166.7(6)
C(1)–Re(1)–N(3) 96.00(13) C(1_1)#–Re(1)–N(2_1)# 172.65(16)
C(2)–Re(1)–N(3) 171.14(14) C(1)–Re(1)–N(2_1)# 98.91(19)
N(2)–Re(1)–N(3) 74.73(11) C(2_1)#–Re(1)–N(2_1)# 93.1(3)
C(3)–Re(1)–N(1) 94.90(16) C(2)–Re(1)–N(2_1)# 97.5(3)
C(2)–Re(1)–N(1) 90.45(16) N(2)–Re(1)–N(2_1)# 74.67(19)
C(1)–Re(1)–N(1) 177.00(14) C(1)–Re(1)–O(3) 98.0(3)
N(2)–Re(1)–N(1) 84.64(12) C(1_1)#–Re(1)–O(3) 103.1(3)
N(3)–Re(1)–N(1) 82.85(12) O(3)–Re(1)–N(2) 77.5(3)
O(5)–N(1)–O(4) 118.7(4) O(3)–Re(1)–N(2_2)# 79.3(3)

O(4A)–N(1)–O(3) 111(3)

Symmetry transformations used to generate equivalent atoms: #1 �x, y, �z + 1/2.

474 S.E. Domínguez et al. / Polyhedron 67 (2014) 471–480
3.2. IR spectra

The nitro and nitrito isomers are the most common forms in
mononuclear complexes. When a crystal structure is not available,
the isomers are usually differentiated by their IR spectra. For nitrito
complexes, the two NO stretching frequencies m(N@O) and m(N–O)
are well separated falling in the ranges 1510–1400 cm�1 and
1100–900 cm�1, respectively. The separation is much smaller for
the nitro complexes, which typically exhibit ma(NO2) and ms(NO2)
bands in the ranges 1470–1370 cm�1 and 1340–1290 cm�1 respec-
tively [45].

The IR spectra of complex (1) and (4) in KBr pellets (Fig. 1), dis-
play the characteristic vibrational modes for polypyridyl ligands
between 1600 and 600 cm�1. The values of the carbonyl stretching
frequencies (mC„O) in a facial configuration for both complexes are
almost the same as those reported for related complexes of the
type fac-[Re(4,40-X2-bpy)(CO)3(L)]PF6 [39–43]. On the other hand,
the values of the carbonyl stretching frequencies in (1) are higher
(2026 and 1926 cm�1) than those of (4) (2016 and 1885 cm�1).
The p-accepting capability is higher for bpy than for dmb and
therefore there is p-backbonding from Re(I) to the carbonyl groups
in (1) than in (4) [46] increasing the (mC„O) frequencies. In addition,
a nitrite ion coordinated through the N atom is more electron
withdrawing than when is coordinated through the O atom, con-
tributing to the shifting of the carbonyl stretching frequencies to
higher energies in complex (1). Table 1 gives the IR stretching fre-
quencies for the new nitro and nitrito complexes, including the
15N-labeled complexes. Based on the displacements between these



Fig. 3. The shortest interactions C–H� � �O–NO (nitrito) between the –CH3 sub-
stituent in dmb and O-nitrite in complex (4).

Table 4
Electronic absorption data for complexes (1) to (4) in CH2Cl2 at 22 �C.

Complex kmax, nm (10�3emax, M�1 cm�1)

(1) 369 (3.2), 318 sh (7.0), 286 (14.0), 244 (14.8)
(2) 382 (2.8), 292 (14.9), 255 sh (12.3), 240 (15.6)
(3) 356 (2.8), 314 sh (6.3), 280 (12.0), 250 (12.4)
(4) 372 (2.4), 290 (12.4), 256 (10.7), 238 (12.4)

Table 5
Electrochemical data for complexes (1) and (3) in CH2Cl2 and CH3CN at 100 mV/s vs.
SCE.

Complex Process CH2Cl2 CH3CN

E1/2, V (DE, mV) Epeak

(V)
E1/2, V (DE, mV) Epeak

(V)

(1) Re2+/+ 1.54 1.56
bpy0/� �1.32(105) �1.22(96)
Re+/0 �1.81 �1.66

(3) Re2+/+ 1.51 1.53
dmb0/� �1.40(103) �1.32(84)
Re+/0 – 1.81

Fig. 4. Spectroelectrochemistry for complex (1) in 0.1 M TBAPF6 in CH2Cl2.
E = 1.55 V, t = 2 min, Dt = 0.4 min.

Fig. 5. Spectroelectrochemistry for complex (3) in 0.1 M TBAPF6 in CH2Cl2.
E = 1.55 V, t = 5 min, Dt = 0.4 min.
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bands we assign the frequencies (see Table 1) for that ligand in
both complexes, and we have found that it is coordinated through
N- in (1) (Fig. 1a) and through the O- in (4) (Fig 1b). This different
linkage between both complexes has also been confirmed by X-ray
structural determination, as seen in Figs. 2a and b.

In CH2Cl2, during the time of measurement (lesser than 5 min),
the IR spectra of complexes (1) and (4) (Supplementary Figs. S1
and S2), evidence that in solution only (4) isomerizes to give the ni-
tro complex, [Re(dmb)(CO)3(NO2)] (3), in agreement with other
complexes with metals centers coordinated to nitrites [3] which
suffer linkage isomerization processes. In (3), two new bands ap-
pear at 1357 and 1322 cm�1, which can be assigned to asymmetric
and symmetric stretching modes (ma and ms) respectively for this
N-bond ligand (Table 1 and Supplementary Fig. S2). Additionally,
the carbonyl bands shift to higher energies (2029 and 1919 cm�1)
respect to the solid sample (Supplementary Fig. S2), according with
the better p-accepting capability of the nitro ligand respect to nit-
rito, as observed previously [47]. In contrast, for complex (1) the
carbonyl frequencies and the bands corresponding to the nitro li-
gand are approximately the same than for the solid (Supplementary
Fig. S1), showing that the nitro complexes are the most stable iso-
mers in solution, as predicted by DFT calculations.

3.3. Crystal structure

Crystallographic data and values of R1 and wR for crystals (1)
and (4) are listed in Table 2. The ORTEP diagrams for complexes
(1) and (4) are shown in Figs. 2a and b, while the main angles
and distances are listed in Table 3. Finally, the crystal structures
of (1) and (4), confirmed the different linkage of the nitrite ion in
both complexes, predicted by IR spectroscopy. Both structures con-
tain a distorted octahedron, although compound (4) present more
deviations in the octahedron angles involving the nitrite ligand,
considering that the only restraint applied was to the carbonyl
oxygen atom, O2, and the nitrogen atom, N2, of the nitrito ligand
which were refined roughly superposed with equivalent fixed
anisotropic displacement parameters.

The distances Re–N (2,181(3) Å) for (1) and Re–O (2.089(8) Å)
for complex (4), are similar to those found for nitro and nitrito
complexes of Re(I) [47,48]. For (1), the N–O distances in the nitro
ligand are approximately the same (1.233 Å), while for (4) the
N–O distance in the nitrito for the uncoordinated oxygen N1–O4
is shorter (1.131(19) Å) than for the coordinated oxygen N1–O3
(1.332(10) Å), as expected due to its double bound character and
accordingly with other nitrite complexes [47,48]. As already deter-
mined in polypyridyl tricarbonyl rhenium(I) species [43], in the



Fig. 6. Cyclic voltammetry at room temperature in CH2Cl2 – 0.1 M TBAH,
v = 100 mVs�1 for: supporting electrolyte (dotted black line); complex (1) (solid
red line); complex (3) (dashed green line). (Colour online.)

Fig. 7. Emission spectra for nitro complexes in CH2Cl2 before and after 50 min of
irradiation for: complex (1) (solid red line); complex (3) (dashed green line),
complex (2) (dashed dotted purple line) and complex (4) (dotted blue line). The
peaks at 718 and 738 nm correspond to Rayleigh dispersion. kirrad = 369 nm for (1)
and 359 nm for (3). (Colour online.)

Fig. 8(a). UV–Vis spectra in CH2Cl2 for complex (1) before irradiation (solid red
line) and after 50 min of irradiation at k = 369 nm, complex (2) (dashed dotted
purple line). (Colour online.)
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crystal packing (Supplementary Figs. S3 and S4), the molecules
present p–p stacking between adjacent bipirydyl ligands, the
shortest plane to plane p–p distance between ring centroids have
been estimated as 4.097–4.098 Å for complex (1), and 3.672–
5.347 Å for complex (4). The shortest interactions C–H� � �O–NO
(nitro) between bpy and N-nitrite was 2.6115(43) Å in complex
(1), while in (4) exist C–H (methyl group)� � �O–NO (nitrito) interac-
tions (between 2.4024(39) and 3.6677(43) Å) imposed by the –CH3

substituent in dmb favoring the binding of the nitrite ion through
oxygen as shown in Fig. 3. In both cases the experimental bond dis-
tances and angles are in good agreement with the values calculated
using DFT as seen in Supplementary Table S5 and S6.

3.4. UV–Vis spectroscopy

Table 4 shows the electronic absorption data for complexes (1) to
(4) in CH2Cl2. The bands between 200 and 320 nm can be assigned to
characteristic intraligand p ? p⁄ transitions of bpy or dmb. As in
other Re(I) tricarbonyls polypyridines [39–43], the lowest energy
bands for the nitro complexes at kmax = 369 nm for (1) and
kmax = 356 nm in (3) are assigned to metal-to-ligand charge transfer
transitions (MLCT) from the dp orbital of Re to p⁄ orbitals of bpy or
dmb respectively. The shifting to higher energies for (3) is also re-
lated to the fact that electron donating –CH3 substituents in dmb in-
crease the energy of the p⁄ (dmb) acceptor orbitals to a greater
degree than to the dp(Re) donor orbitals [46]. Moreover, in com-
plexes (2) and (4) (obtained vide infra) the MLCT from the dp orbital
of Re to p⁄ orbitals of bpy or dmb are shifted to lower energies
(kmax = 382 nm for (2) and kmax = 372 nm in (4)), as expected in
the nitrite ion in the O-nitrite binding mode, which is lesser p-
accepting than the N-nitrite binding mode indicating the smaller
HOMO–LUMO energy difference in the O-nitrite configuration.

3.5. Electrochemistry and spectroelectrochemistry

Table 5 shows the electrochemical data obtained from cyclic
voltammetry for complexes (1) and (3) in CH2Cl2 and CH3CN using
0.1 M TBAPF6 as supporting electrolyte versus SCE. As related com-
pounds the complexes displays in the oxidative region one irre-
versible oxidative wave associated with a metal centered
reaction Re(I) ? Re(II) and at least one reversible reduction wave
assigned to the reduction of the polypyridine[38–43,46,49]. In CH2-

Cl2, for complexes (1) and (3) the redox potentials for the couple
ReII/ReI appears at E1/2 = 1.54 and 1.51 V, respectively, values very
similar to those reported for Meyer et al. [46]. As other polypyri-
dines tricarbonyl Re(I) complexes [41,49], the first reduction wave
based on the bipyridine ligand appears at E1/2 = �1.32 for complex
(1) and �1.40 V for complex (3), even as a second wave based in
the couple ReI/Re0 is observed at �1.81 V for (1) while for (3) this
process is out of the electrochemical limits imposed by the solvent.

For complex (3) the dmb0/dmb� reduction occurs at more neg-
ative potentials than for (1) because the acceptor ability of the p⁄

orbitals is diminished by the electron donating substituent. On
the other hand, the reductant ability of the ReI is increased in (3),
as observed with the shifting to lower potentials for the ReII/ReI

couple [46].
The oxidation based on the couple ReII/ReI was confirmed by

controlled potential electrolyses for complexes (1) and (3) respec-
tively. As shown in Figs. 4 and 5 when an external potential
E = 1.55 V is applied for 2 or 5 min in the spectroelectrochemical
cell to a 8.10�4 M solution of complex (1) or (3) in 0.1 M TBAPF6

in CH2Cl2, the bleaching of the MLCT bands dp(Re) ? p⁄(bpy or



Fig. 8(b). UV–Vis spectra in CH2Cl2 for complex (3) before irradiation (solid green
line) and after 50 min of irradiation at k = 359 nm, complex (4) (dotted blue line).
(Colour online.)

Table 6
DFT PBE1PBE/CPCM-CH2Cl2 calculated energies (eV) and compositions of selected
highest occupied and lowest unoccupied molecular orbitals expressed in terms of
composing fragments for complexes (1) to (4).

Complex MO E (eV) Re COax COeq NO2/ONO bpy/dmb

1 LUMO+1 �1.6 1 0 2 0 96
LUMO �2.57 3 0 3 1 92
HOMO �6.72 54 9 15 17 5
HOMO�1 �6.79 64 14 13 3 7
HOMO�2 �6.91 38 6 11 42 3

2 LUMO+1 �1.62 1 0 1 0 97
LUMO �2.59 2 0 3 1 94
HOMO �6.46 59 15 13 8 4
HOMO�1 �6.5 44 6 9 33 7
HOMO�2 �6.86 58 8 20 12 2

3 LUMO+1 �1.46 2 0 2 0 96
LUMO �2.45 3 0 3 1 93
HOMO �6.66 54 9 15 14 7
HOMO�1 �6.72 63 14 12 3 8
HOMO�2 �6.86 38 6 12 41 3

4 LUMO+1 �1.46 1 0 1 0 97
LUMO �2.49 2 0 3 1 94
HOMO �6.41 59 15 13 8 5
HOMO�1 �6.44 45 7 9 31 8
HOMO�2 �6.81 58 7 21 11 2

Fig. 9(a). UV–Vis spectra for complex (1) in CH2Cl2, experimental (solid red line)
and calculated by TD-DFT (black dash line). (Colour online.)

Fig. 9(b). UV–Vis spectra for complex (3) in CH2Cl2, experimental (solid green line)
and calculated by TD-DFT (black dash line). (Colour online.)

1 The [Re(dmb)(CO)3(CH3CN)]+ as ClO4- salt was obtained as solid state from
[Re(dmb)(CO)3(NO2)]+ using CH3CN/H2O (1:1 v/v) as solvent. Yield: 78%. Chem. Anal.
Calc. for C17H15N3O7Re: C, 34.3; H, 2.5; N, 7.1. Found: C, 34.5; H, 2.5; N, 7.2%.
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dmb) is observed as a consequence of the oxidation centered in the
Re(I). The presence of isosbestic points at 296, 302 and 358 nm for
complex (1) and at 247, 303 and 347 nm for complex (3), suggests
the absence of other processes [50]. When a potential of 0 V was
applied in both cases the complexes are recovered in 85%. On the
other hand, for complexes (1) and (3) applying an external poten-
tial of 1.8 V results in the loss of isosbestic points and definition of
the spectrum in agreement with decomposition of the complexes.

As observed previously for ruthenium [5–8,51] osmium [52]
and iron [53] complexes, the coordinated nitrite ion is unstable
and disproportionate upon oxidation producing the corresponding
nitrosyl and nitrato complexes. This disproportionation can also be
observed in complex (1) and (3) by cyclic voltammetry scanning to
higher positive potentials between 0.0 and 2.0 V. As seen in Fig. 6,
for both complexes, an irreversible oxidation wave appears around
1.84 V and a reversible reduction at E1/2 = 0.24 V, which can be as-
signed to the reversible nitrosyl couple, as well as the first oxida-
tion wave at �1.54 V disappear in concordance with mechanism
proposed for nitro complexes of polypiridyl ruthenium(III) [5].
We thus confirm that the coordinated nitrite ion through the N-
atom is unstable and disproportionate upon oxidation involving
isomerization of the nitrite ligand as observed previously for other
metal complexes [51–53]. Work in progress will be done to iden-
tify the products of this reaction.

Besides, in CH3CN solutions protected from light (to avoid the
solvation of the complex, vide infra), both complexes suffer decom-
position after oxidation generating the acetonitrile complexes. The
cyclic voltamogramms of complexes (1) and (3) in CH3CN present
in the oxidative region two waves. The first one assigned to rhe-
nium-based oxidation in the nitro complexes (as seen in Table 5)
and the second one at E = 1.89 V and E = 1.85 V corresponding to
the couple ReII/ReI in the electrogenerated acetonitrile complexes
[Re(bpy)(CO)3(CH3CN)]+ and [Re(dmb)(CO)3(CH3CN)]+ respec-
tively. In the negative potentials region two waves appear that
can be assigned to bipyridine-based and rhenium-based reduc-
tions. This decomposition after oxidation was observed previously
in similar rhenium(I) complexes [54–56] and in this work was con-
firmed by comparison with voltammograms of the synthesized
acetonitrile complex [Re(dmb)(CO)3(CH3CN)]+ 1and with values re-
ported in the literature for both complexes [38a,57].



Fig. 10. DFT PBE1PBE/CPCM-CH2Cl2 energy level diagrams for complexes (1), (2), (3) and (4). Forms and approximate description of the frontier orbitals are included.
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3.6. Luminescence and photolysis

As shown in Fig. 7, the nitro complexes emit weakly at room
temperature in CH2Cl2 solutions when are irradiated at
kirrad = (369 ± 10 nm). Complex (1) emits at kem = 581 nm while
(3) at kem = 566 nm. The shifting to the red for the nitro complex
is in concordance with the lower energy difference between states
involve in the MLCT transition for that complex, which was also
observed in the electronic absorption spectra (Figs. 8a and b).
The luminescence quantum yields for both complexes have been
determined as U = 0.0016 for (1) and U = 0.0012 for (3) using
[Ru(bpy)3]2+ in CH2Cl2 as standard and corrected by absorbance
(U = 0.029 [58]) in agreement with other diimine tricarbonyl
Re(I) complexes studies in our group.[39–43].

The linkage isomerization by effect of light was observed
previously for nitrite complexes of ruthenium [59], cobalt [60,61]
and manganese [62]. In this sense, after 50 min of irradiation for
both complexes, a displacement of the emission bands to lower
energy (kmax = 605 nm for (1) and 592 nm for (3)) and an incre-
ment in the intensity of emission was observed as seen in Fig. 7,
which is in agreement with the isomerization of complex (1) and
(3) to give the nitrito complexes [Re(bpy)(CO)3(ONO)] (2) and (4)
respectively. From the spectral changes, the isomerization rate
constants at room temperature were estimated as �10�3 s�1 for
both complexes; which is 2.8 times higher than cis-[Co(en)2

(CN)(ONO)]+ [2] due to the higher p-accepting capability of carbon-
yls group and bpy or dmb in these complexes. Moreover, the UV–
Vis spectrum for complexes (1) and (3) after irradiation shows that
in both cases the MLCT bands shift to higher wavelengths (Figs. 8a
and b). The decrease in the energy of the MLCT due to the nitrite
ion in the O-nitrite binding mode is DE � 1190 cm�1, in agreement
with the lesser p-accepting ability than in the N-nitrite binding
mode.

On the other hand, in CH3CN solutions, both complexes suffer a
light-induced solvation process to give the corresponding acetoni-
trile complexes, as evidenced by the increment of the intensity of
emission at wavelengths characteristics of these CH3CN complexes
with time of irradiation and by the final UV–Vis spectra. Supple-
mentary Figs. S7(a) and S8(a) shows changes of emission after irra-
diation for 3 h, at kirrad = 353 nm for (1) and kirrad = 347 nm for (3).
The increments in the emission intensity with time allow us to
estimate the pseudo-first order constants for the photosubstitution
reactions of the nitrite ligand by acetonitrile (Supplementary
Fig. S7(b) and S8(b)), giving a value of k = 5.6.10�4 s�1 for (1) and



Table 7
Global chemical reactivity indices for complexes (1)–(4).

Complex 1 2 3 4

DE (eV) 4.15 3.87 4.21 3.92
g (eV) 2.075 1.935 2.105 1.96
l (eV) �4.645 �4.525 �4.555 �4.45
x (eV) 5.199 5.291 4.928 5.052
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k = 5.8.10�4 s�1 for (3). In ethanol/water (2:1) solutions, the com-
plexes also decompose to give the corresponding acuo complexes
which were confirmed by chemical analyses, UV–Vis, IR spectros-
copy and crystal structure.
3.7. Computational calculations

Table 6 shows selected DFT calculated energies and composi-
tions of selected orbitals expressed in terms of composing frag-
ments. Figs. 9a and 9b shows the experimental and calculated
UV–Vis absorption spectra for complex (1) and (3) in CH2Cl2, while
Supplementary Table S9 summarized the TD-DFT calculated
energies of low-lying singlet electronic transitions for complexes
(1)–(4), the oscillator strengths and experimental values. More-
over, Fig. 10 shows the molecular orbital diagrams for complexes
(1)–(4). It could be seen that the LUMO and LUMO+1 are p⁄ orbitals
primarily localized on the bipyridine ligands for all complexes. The
energies of these orbitals are approximately the same for isomers,
(1)–(2) and (3)–(4), while for the same isomer between bpy and
dmb complexes it could be observed the increase of energy of
the orbitals for the dmb complex in agreement with the trend ob-
served experimentally (Figs. 8a and b, Table 4 and 5). On the other
hand, the HOMO is predominantly based in dp orbitals of the Re
atom. In the nitro complexes (1) and (3), it has a contribution of
the nitrite ligand, while for complexes (2) and (4) it has a contribu-
tion of the axial CO. The HOMO�1 is also a rhenium based orbital,
with a contribution of the nitrite ligand for complexes (2) and (4)
and with a contribution of the CO axial for complexes (1) and
(3), inversely than for the previous case. Besides the HOMO�2 is
a Re and nitrite based orbital for complexes (1) and (3), while for
complexes (2) and (4) the contribution of nitrite to this orbital is
minor (Table 6). These differences could explain the difference in
energy of the orbitals between isomers, giving as a result the de-
crease on the energy for the transitions for the nitrito complexes,
in agreement with the trend observed experimentally for the elec-
tronic absorption (Figs. 9a and b) and emission spectra (Fig. 7). The
calculated difference energy (DE � 0.9 kJ mol�1) between isomers
(1)–(2) and (3)–(4) in CH2Cl2 gave the nitro isomers as the lowest
energy structure, in agreement with UV–Vis and IR spectra in CH2-

Cl2 (Figs. 8a and b and Supplementary Figs. S1 and S2) for both
complexes.

At the same time as the chemical reactivity descriptors calcu-
lated using DFT for the isomers (1)–(4) in CH2Cl2 (Table 7) predict
that in both cases the nitro isomers (complexes (1) and (3)) are the
more stables and less reactive. Furthermore, the electrophilicity
values followed the hardness trend of the minimum electrophilic-
ity principle (MEP), ‘‘more stable isomers correspond to lesser elec-
trophilicity values’’. As shown in Table 7 the electrophilicity index
(x) between isomers (1)–(2) and (3)–(4) decreases from the nitro
isomers to the nitrite isomers. In addition the electrophilicity index
is higher for complex (3) than for complex (1), an indication of
reduction of p-backbonding ability of the dmb than bpy due to
the introduction of the –CH3 group in agreement with IR and
UV–Vis spectra in CH2Cl2. Along with the electronic chemical po-
tential trend is (4) > (2) > (3) > (1).

Figs. 9a and b shows a good agreement with the experimental
and calculated electronic spectra of complexes (1) and (3) in
CH2Cl2 although the molar absorptivities are overestimated. As
seen in Supplementary Table S9, two allowed electronic transitions
were calculated to contribute to the lowest energy absorption
band. For (1) and (3) these transitions correspond to HOMO ? LUMO
which is MLCT, and HOMO�2 ? LUMO that can be described as
mixed MLCT/LLCT (ligand-to-ligand charge transfer) with partici-
pation of the nitrite ion [40–43] or as MLLCT (metal–ligand-to-
ligand charge transfer), as found previously in similar Re(I)
tricarbonyl complexes and suggested experimentally [63]. For
nitrito complexes, (2) and (4), the two main electronic transi-
tions that contribute to the lowest energy band correspond to
HOMO�1 ? LUMO, described as MLLCT, and HOMO ? LUMO,
described as MLCT.
4. Conclusions

We have synthesized, characterized, determined their physico-
chemical properties and solved the crystal structures by X-ray dif-
fraction of two new tricarbonyl rhenium(I) complexes with
different polypyridyl ligands in the coordination sphere and coordi-
nated to the nitrite ion in the N- and O-binding mode. In this way
we made a contribution to understand the factors that controls
the occurrence of different isomers in nitrite complexes, which
have relevance related with the biological properties of this anion
coordinated to metalloproteins. In this context, we have found that
as solid the different binding mode could be explained due to the
different steric requirements of both polipyridines employed as
ancillary ligands. We have found that complex (1) as solid exist as
N-binding mode because exist C–H� � �O–NO (nitro) interactions be-
tween bpy and N-nitrite, while in complex (4) the –CH3 substitu-
ents in dmb imposed the C–H (methyl group)� � �O–NO (nitrito)
interactions favoring the O-binding mode. In contrast, in CH2Cl2

solution, only complex (4) rapidly isomerizes to the N-nitrite form,
illustrating the small differences of energy between both isomers.
These experimental studies on Re(I) tricarbonyls have been accom-
panied with density functional theory (DFT) calculations and shows
that nitro and nitrito linkage isomers (1)–(2) and (3)–(4) have sim-
ilar energies, being the nitro isomer the most stable and lesser reac-
tive in CH2Cl2 in both cases. Furthermore, by DFT and TD-DFT
calculations we have confirmed the assignment of the electronic
transitions and the nature of the orbitals involved. Finally, we have
found that both complexes present isomerization induced by light
and presumably by electrochemical oxidation, which can be used
in the design of new materials or as synthetic precursors for nitrosyl
compounds and which have relevance related with the biological
properties of this anion coordinated to metalloproteins.
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Appendix A. Supplementary data

CCDC 916047 and 916048 contains the supplementary crystal-
lographic data for [Re(bpy)(CO)3(NO2)] and [Re(dmb)(CO)3(ONO)].
These data can be obtained free of charge via http://www.ccdc.cam.
ac.uk/conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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