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The rhenium(I) carbonyl halide (X = Cl and Br) complexes, [ReX(CO)3{H2(py)L2}] (1a, 1b) and [ReX
(CO)3{H2(Fc)L2}] (2a, 2b), of the ligands derived from 2-acetylpyridine and ferrocenyl carbaldehyde deriv-
atives of 2-hydroxybenzoic acid hydrazide [H2(py)L2 and H2(Fc)L2, respectively] have been prepared in
good yield. The complexes have been characterized by elemental analysis, MS, IR, UV–Vis and 1H NMR
spectroscopic methods and their structures have been elucidated by X-ray diffraction. The ligand forms
a five-membered chelate ring but in H2(py)L2 it is Npyridine,N0-bidentate while it is O,N-bidentate in
H2(Fc)L2 complexes.

Reaction of complex 1a with copper(II) nitrate yields the unexpected aqua complex [Re{H(py)L2}
(H2O)(CO)3] (3) where the ligand is monodeprotonated but maintains the coordination mode observed
in 1a, as shown by X-ray diffraction. However, reaction of 1b with glycine yields a conformational poly-
morph of the original compound, 1b0. The X-ray study shows that the orientation of the O–H phenol
group against the carbonyl amide group is the main difference.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

There is growing interest in carbonyl rhenium(I) complexes
with 2-pyridine aldehyde and 2-acetylpyridine derivatives as a
way to conjugate the {M(CO)3}+ (M = 188Re and 99mTc) fragment
for the labelling of targeting biomolecules. Alberto et al. showed
that the ketone or aldehyde is activated by coordination to the
fac-[Re(CO)3]+ moiety and that the reaction with several (bio)mol-
ecules containing primary amines yields the corresponding
N,N0-diimine complexes, with rates of formation several orders of
magnitude faster than the reaction between free aldehyde, ketone
and amine [1]. This strategy has also been employed to obtain Lipi-
diol surrogates as possible agents for liver cancer imaging and
therapy [2] or to introduce amino acids or esters [3,4]. In addition
to labelling properties, the introduction of binding groups such as
aza-crown has been carried out in order to assay their properties in
cation and molecular recognition studies (see for example Ref. [5]).
Furthermore, the luminescent properties of rhenium(I) tricarbonyl
N,N0-diimine complexes have demonstrated to have applications in
biological imaging as fluorochromes in fluorescence microscopy
[6a]. The large Stokes shifts, long lifetimes and good quantum
yields allow easy differentiation of their emission from interfering
autofluorescence [6b].
All rights reserved.
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Hydrazine derivatives containing N-heterocycles and their com-
plexes exhibit strong antitumor and antivirus activities [7]. The
antimicrobial activities of copper complexes of these compounds
have also been reported [8]. As a consequence, the 2-acetylpyridine
derivatives of these systems are an interesting group of candidates
to design molecules for labelling. In contrast, we did not find any
evidence that the reaction of 2-acetylpyridine coordinated to rhe-
nium(I) yielded the corresponding hydrazone complexes by reac-
tion with salicylaldehyde hydrazide [9], but the synthesis of the
same target complex from the previously isolated ligand is
straightforward. As a result, several rhenium(I) acetylpyridine
hydrazones have recently been reported [10–12].

Recently, rhenium(I) complexes of 2-acetylpyridine ben-
zoylhydrazone [10] [H(py)L1 in Scheme 1] have been synthesised.
The ferrocenyl analog, H(Fc)L1 in Scheme 1, was also prepared be-
cause of the potentially improved antitumor and antivirus activi-
ties of the ferrocenyl group [13,14] and the possibility of
modulating the binding affinity of the ligand for the rhenium frag-
ment by altering the redox state [15]. These studies show that the
differences in the coordination of the ligand, j-N,N0 in H(py)L1 and
j-N,O in H(Fc)L1, cause different spectroscopic behavior (mainly in
1H NMR spectroscopy).

In this paper, we report a study of hydrazones derived from
2-hydroxybenzoic acid and 2-acetylpyridine and ferrocenyl carbal-
dehyde [H2(py)L2 and H2(Fc)L2 in Scheme 1, respectively]. Both
compounds are potentially diprotic ligands and they may act as
tetra- or tridentate planar chelating agents that coordinate through
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the phenolic hydroxy, amide oxygen and one/two imine nitrogen
atoms. However, in the copper(II) and zinc(II) complexes of the
pyridine derivatives reported, we observed exclusively the triden-
tate monodeprotonated ligand [H(py)L2]� [16]. The structural data
for H2(Fc)L2 are even more scarce, although the presence of a
bidentate neutral ligand has been reported in a ruthenium(II)
complex [17].

2. Results and discussion

2.1. Synthesis and spectroscopic characterization

Reactions of the ligands H2(py)L2 and H2(Fc)L2 with the adducts
fac-[ReX(CO)3(CH3CN)2] afforded orange or red solids that are sta-
ble in air, moderately soluble in organic solvents – such as toluene,
chloroform and ethanol – and highly soluble in acetone. Elemental
analysis and mass spectrometry confirmed the stoichiometries
[ReX(CO)3{H2(py)L2}] (1) and [ReX(CO)3{H2(Fc)L2}] (2) (Scheme 2).

The mass spectra contain the signal corresponding to the
molecular ion although the peaks due to the species [M�X]+ are
more intense, as observed in the rhenium(I) complexes of
benzoylhydrazones [9,15] and thiosemicarbazone derivatives [18].
A facial geometry around the rhenium atom is suggested by the three
strong m(C„O) IR bands in the range 2027–1892 cm�1 in the
complexes.

The solutions of ferrocene derivatives show evidence of decom-
position when stored for days in sunlight. We have tested the for-
mation of heterodinuclear complexes and co-crystals by reaction of
[ReX(CO)3(CH2(py)L2
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the rhenium derivatives with metallic acetates [zinc(II) or cop-
per(II)], aromatic amines or amino acids, unsuccessfully. In fact,
diffusion experiment of an acetone solution of 2a into a MeOH
solution of copper(II) acetate afforded few single crystals of the
metallocrown complex [Fe10(O2CCH3)10(OCH3)20], as determined
by X-ray diffraction [19]. However, the presence of metal nitrates
in aqueous solutions of H2(py)L2 derivatives yielded some single
crystals of [Re{H(py)L2}(H2O)(CO)3] (3).

2.2. X-ray studies

2.2.1. The crystal and molecular structure of the 2-acetylpyridine-
salicyloylhydrazone adducts [ReX(CO)3{H2(py)L2}] (1a, 1b and 1b0)

The complexes [ReX(CO)3{H2(py)L2}] (1a, 1b) are isotypic and
crystallize in the monoclinic P21/n space group. The molecular
structures of the complexes are shown in Fig. 1A and B along with
the atomic numbering scheme used. Selected bond lengths and an-
gles for both complexes are listed in Table 1.

The rhenium atom is coordinated by the N(2) hydrazone and
N(3) pyridine atoms, affording a five-membered chelate ring, as
well as three carbonyl carbon atoms and a halide atom. The result-
ing coordination geometry can be described as distorted octahedral
[the main distortion being the N(2)–Re–N(3) and C(22)–Re–N(2)
angles]. The differences between these angles are statistically
insignificant apart from the expected longer Re–Br distance than
Re–Cl and the N(2)@C(8) distance in 1a being clearly shorter than
in 1b. The latter distance in 1a is statistically equivalent to that ob-
served in the free ligand [1.285(4) Å] [16] and in its hydrochloride
form [1.288(2) Å] [20] while that in 1b is similar to that found in
the ferrocene derivatives 2 (vide infra).

Other interesting differences with respect to the free ligand
structure are the change in the orientation of the pyridine nitrogen
atom to allow N,N0 coordination to the rhenium and the loss of the
planarity observed in the free form [16] by rotation around the
N(1)–N(2) bond. Consequently, the angle between the planes de-
fined by the salicylaldehyde and pyridine groups (see Scheme 3)
is greater than 60�.

There is also rotation around the C(1)–C(2) bond, meaning that
the intramolecular hydrogen bond N(1)–H� � �O(2) observed in the
free ligand is broken and replaced by the interaction O(2)–
H� � �O(1). The distances between donor–acceptor atoms in both
interactions, i.e. the distances N(1)–O(2) in H2(py)L2 and
[H3(py)L2]+ and O(2)–O(1) in complexes 1a and b, are very similar
(see Table 2).

The molecules are associated into dimers by a weak hydrogen
bond N(1)–H� � �Xi (see Table 2 and Fig. 2A). We observed a similar
association in other rhenium(I) halide complexes with hydrazone
H3CN)2]
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Fig. 1. Molecular structures of the complexes 1b (A), 1a (B) and 1b0 (C).

Table 1
Selected interatomic bond distances (Å) and angles (�).

1a 1b 1b’a 2a.H2O 2b.EtOH 3

X = Cl X = Br X = Cl X = Br X = H2O
Y = N(3) Y = N(3) Y = O(1) Y = O(1) Y = N(3)

Re–X 2.485(3) 2.6121(11) 2.612(1) 2.471(3) 2.6092(19) 2.164(5)
Re–Y 2.173(7) 2.160(6) 2.131(11) 2.128(7) 2.151(10) 2.174(5)
Re–N(2) 2.194(7) 2.177(6) 2.134(9) 2.156(8) 2.156(11) 2.185(5)
N(2)–C(8) 1.254(11) 1.324(9) 1.315(14) 1.296(11) 1.273(15) 1.299(7)
N(2)–N(1) 1.388(10) 1.383(7) 1.425(11) 1.397(10) 1.358(14) 1.405(7)
N(1)–C(1) 1.386(11) 1.369(9) 1.363(13) 1.357(12) 1.322(16) 1.312(8)
C(3)–O(2) 1.342(12) 1.338(11) 1.344(14) 1.354(11) 1.389(16) 1.372(8)
O(1)–C(1) 1.246(11) 1.229(10) 1.200(12) 1.242(12) 1.251(16) 1.281(7)

N(2)–Re–X 82.04(19) 82.49(18) 85.1(2) 83.2(2) 82.5(3) 79.69(18)
N(2)–Re–Y 73.9(3) 73.8(2) 72.9(4) 73.9(3) 74.7(4) 73.56(19)
X–Re–Y 85.2(2) 85.96(19) 82.2(2) 82.0(2) 85.7(3) 81.97(19)
C(8)–N(2)–N(1) 115.3(7) 116.1(6) 115.4(9) 116.2(10) 118.5(12) 116.5(5)
C(1)–N(1)–N(2) 122.3(7) 121.2(7) 120.3(8) 115.4(9) 119.4(12) 114.8(5)
N(2)–C(8)–C(9) 115.2(8) 115.8(7) 112.6(11) 133.6(11) 129.5(15) 115.4(5)
O(1)–C(1)–N(1) 118.1(8) 120.7(9) 120.5(11) 119.6(10) 119.8(14) 126.2(6)
O(1)–C(1)–C(2) 123.7(9) 122.2(9) 122.1(11) 121.3(10) 116.7(14) 119.2(6)
N(1)–C(1)–C(2) 118.2(9) 117.0(9) 117.3(11) 119.0(10) 123.4(14) 114.3(6)

a Data are average values estimated from the equations x ¼ ð
Pn

j¼1xj=r2
j Þ
Pn

j¼11=r2
j and r2ðxÞ ¼ 1=

Pn
j¼11=r2

j [38].
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and thiosemicarbazone ligands [15,18,21]. These dimers are
packed through weak C–H� � �Ocarbonyl hydrogen bonds.

In addition, few single orange crystals obtained by diffusion of
an acetone/water glycine solution to an acetone solution of fac-
[ReBr(CO)3{H2(py)L2}] shows different cell parameters compared
to those described above (1b0). X-ray analysis of these crystals
showed two independent molecules per asymmetric unit and, fur-
thermore, non-merohedral twinning (two components were iden-
tified). In any case, the structure was solved and proved to be a
conformational polymorph (Fig. 1C) of the arrangement found pre-
viously. The main differences are the orientation of the hydroxyl
group and its role (acceptor/donor) in the intramolecular hydrogen
bond. In 1b0 the orientations of the carbonyl amide and hydroxyl
groups diverge in such a way that the N–H group establishes an
interaction with the –OH in a similar way to that observed in the
free ligand. However, this interaction is unable to impose a planar
conformation on the ligand and the N� � �O distance is slightly
lengthened.

On the other hand, apart from the Re–N(2) distance, which is
slightly shorter in 1b0 than in 1b, the bond distances and angles
are statistically equivalent in both forms.

The free N–H groups in 1a and 1b are too sterically hindered to
play a relevant role in the crystal packing (as depicted in the
Fig. 1B), but in 1b0 the –OH group establishes moderate interactions
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Table 2
Selected intra- and intermolecular interactions (Å, �).a

D–H� � �A d(D–H) d(H� � �A d(D� � �A) <(D–H� � �A) Reference

H2(py)L2 [16]
N(1)–H(1)� � �O(2) 0.86 1.93 2.607(4) 134.6

[H3(py)L2]Cl�2H2O [20]
N(1)–H(1)� � �O(2) 0.86(2) 1.90(2) 2.615(2) 140(2)

1a This work
O(2)–H(2)� � �O(1) 0.82 1.85 2.582(10) 147.7
N(1)–H(1)� � �Cli 0.86 2.54 3.381(8) 166.1
C(11)–H(11)� � �O(22)ii 0.93 2.47 3.237(13) 139.6
C(14)–H(14A)� � �O(23)iii 0.96 2.38 3.307(11) 162.4

1b This work
O(2)–H(2)� � �O(1) 0.82 1.84 2.569(9) 146.9
N(1)–H(1)� � �Bri 0.86 2.69 3.520(7) 162.2
C(11)–H(11)...O(22)ii 0.93 2.44 3.160(13) 133.7
C(14)–H(14A)� � �O(23)iii 0.96 2.40 3.316(11) 159.8

1b’ This work
N(1A)–H(1A)� � �O(2A) 0.86 2.22 2.693(18) 114.3
N(1A)–H(1A)� � �O(21B)iv 0.86 2.56 3.341(19) 151.8
O(2A)–H(2A)...O(1B)iv 0.82 1.98 2.768(18) 162.0
N(1B)–H(1B)...O(2B) 0.86 2.22 2.663(18) 112.3
N(1B)–H(1B)� � �O(21A) 0.86 2.48 3.248(18) 149.6
O(2B)–H(2B)� � �O(1A) 0.82 1.98 2.750(17) 155.8

2a.H2O This work
N(1)–H(1)� � �O(2) 0.86 1.92 2.576(11) 131.4
O(2)–H(2)� � �O(1W) 0.82 1.91 2.706(12) 163.3
O(1)–H(1W)� � �Clv 0.955(10) 2.180(3) 3.131(11) 174.4(6)
O(1W)–H(2W)� � �O(21)vi 1.109(12) 2.160(10) 3.202(15) 155.4(6)
O(1W)–H(2W)� � �O(22)vii 1.109(12) 2.565(9) 3.197(15) 115.1(5)

2b.EtOH This work
N(1)-H(1)� � �O(2) 0.86 1.99 2.634(15) 131.2
O(2)–H(2)� � �O(3) 0.82 1.81 2.586(15) 158.2
O(3)–H(3)� � �Brviii 0.82 2.56 3.308(14) 152.7
O(3)–H(3)� � �O(22)ix 0.82 2.68 3.154(18) 118.1

3 This work
O(2)–H(2)� � �N(1) 0.82 1.80 2.522(7) 145.6
O(1W)–H(2W)� � �O(1) 0.872(5) 2.158(4) 2.635(6) 113.9(3)
O(1W)–H(1W)� � �O(1)x 0.896(4) 1.794(4) 2.639(6) 156.1(3)

[CuBr{H(py)L2} [16]
O(2)–H(2)� � �N(1) 0.82 1.88 2.613(6) 147.6

[Zn{H(py)L2}2] [16]
O(2)–H(2)� � �N(1) 0.82 1.81 2.533(5) 147.0

a Symmetry equivalent: (i) �x + 2, �y, �z + 2; (ii) x + ½, �y + ½, z�½; (iii) x + ½, �y + ½, z + ½; (iv) x, y�1, z; (v) 1�x, 2�y, 1�z; (vi) �x, 2�y, 1�z; (vii) x, 1 + y, z; (viii) x + ½,
y + ½, z; (ix) ½ + x, �1/2 + y, z; (ix) �x + 1, �y + 1, �z + 2.
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as a donor with the oxygen carbonyl group of neighboring mole-
cules. This interaction seems mandatory in the crystal packing
but it is also supported by weaker interactions between the N–H
group and the metal carbonyl groups (Fig. 2B). In this way both
interactions contribute to the association of the molecules in
chains running along the b axis.
2.2.2. The crystal and molecular structure of the
ferrocenylcarbaldehyde-salicyloylhydrazone adducts
[ReCl(CO)3{H2(Fc)L2}]�H2O (2a) and [ReBr(CO)3{H2(Fc)L2}]�(EtOH)
(2b)

The molecular structures of the ferrocenylaldehyde derivatives
are depicted in Fig. 3A and B. Unfortunately, we were unable to ob-



Fig. 2. Molecular associations in 1a (A) and 1b0 (B).

Fig. 3. Molecular structures of the complexes 2a (A) and 2b (B).
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tain suitable single crystals of the ligand H2(Fc)L2 for comparison
with these structures. Compounds 2a and 2b were isolated as
water and ethanol solvates, respectively. The rhenium atom is
coordinated in both structures by the N(2) and O(1) hydrazone
atoms to give a five-membered chelate ring, as well as by three
carbonyl carbon atoms and the halogen atom. The Re–O(1) and
Re–N(2) distances are similar to those observed in the complex
[ReBr(CO)3{H(Fc)L1}] [15] although some differences can be high-
lighted concerning the conformation of the ligand. Firstly, in the
present structures the configuration around the C(8)@N(2) bond
is Z, meaning that the H atom is directed towards the fragment
{Re(CO)3}+. The conformation around this bond in the structure
of [ReBr(CO)3{H(Fc)L1}] [15] is E. In the latter complex the me-
tal–ligand link seems to be flexible enough to avoid the steric hin-
drance imposed by the ferrocenyl group, giving rise to a non-planar
chelate ring. In the present case, however, the absence of this hin-
drance means that the rhenium atom lies on the hydrazone plane.
The energetic difference between the two structures seems be
rather low and packing effects can probably overcome the energy
gap. In fact, we have observed both conformations in the ferroce-
nylcarbaldehyde thiosemicarbazones of rhenium(I) adducts and,
more surprisingly, a single crystal of each of the conformers of
the thiosemicarbazonate complexes was isolated and character-
ized [18]. Secondly, complexes 2a and 2b adopt a different orienta-
tion of the halogen with respect to the ferrocenyl group. The
chlorine atom in 2a, as observed in [ReBr(CO)3{H(Fc)L1}] [15],



Fig. 4. Molecular associations in 2a.H2O (A) and 2b.EtOH (B).

Fig. 5. ORTEP showing the molecular association of 3 by hydrogen bonding.
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and the bromine in the thiosemicarbazone adducts of the fragment
of {ReBr(CO)3} [18] are oriented towards the opposite side of the
ferrocene group (anti). However, in 2b the orientation is towards
the same side as the ferrocene group (syn). The presence of the
two possible orientations in solution was detected by the presence
of two sets of ferrocene and hydrazone signals in the 1H NMR spec-
tra (vide infra).

The N,O-coordination of the rhenium in both complexes forces
the ligand molecule to establish an intramolecular hydrogen bond,
as observed in the structure of free H2(py)L2 and 1b0, i.e., once again
the N(1)–H group is a donor group while O(2) is a hydrogen bond
acceptor. The U angle, as defined in Scheme 3, is noticeably lower
than in complexes 1a and 1b (Scheme 3).

The packing arrangement in both compounds is dominated by
the presence of the solvent molecule, which imposes a different
situation to reach a similar molecular association. In both crystals
the oxygen solvent atom (water/ethanol) is a hydrogen bond
acceptor with the O(2)–H group. In addition, the water molecule,
now a hydrogen bond donor, associates the complex molecules
to give centrosymmetric dimers through interaction between one
of the hydrogen atoms and the chlorine ligand. The other water
hydrogen atom establishes a bifurcated bond with two oxygen car-
bonyl atoms of two neighboring molecules. These interactions re-
sult in the formation of a 2D association, as depicted in Fig. 4A.
These sheets are parallel to the crystallographic ab plane.

In spite of the different crystallographic symmetry, similar asso-
ciation is observed in 2b. In this case there is a bifurcated donor
hydrogen bond with the Br atom of two different neighboring mol-
ecules (Fig. 4B) and the ethanol is associated with molecules of 2b
in sheets parallel to crystallographic ab plane.
2.2.3. The crystal and molecular structure of the 2-acetylpyridine-
salicyloylhydrazonate complex [Re{H(py)L2}(H2O)(CO)3] (3)

The molecular structure of the complex [Re{H(py)L2}(H2O)
(CO)3] is shown in Fig. 5 along with the atomic numbering scheme
used. Selected bond lengths and angles are listed in Table 1.

The rhenium atom is coordinated by the N(2) hydrazone and
N(3) pyridine atoms, by three carbon carbonyl atoms and by the
oxygen atom of a water molecule. The resulting coordination
geometry can be described as distorted octahedral [the main
distortion being the angle N(2)–Re–N(3)]. The differences in the
Re–N distances between the adducts 1a–b and 3 are statistically
insignificant. The Re–O(1W) distance is similar to those found in
[Re{(py)L1}(H2O)(CO)3] [10], the cationic derivatives mer,trans-
[Re(CO)3(H2O)(L)2]+ (2.216–2.263 Å; L = a phosphonite or phosphi-
nite ligand) [22] and the pyrazolonate-aqua complex fac-[Re(pyz)
(H2O)(CO)3] [2.216(5) and 2.203(6) Å] [21].

The main difference in the ligand bond distances in 3 with
respect to the free ligand is that the C(1)–O(1) bond is longer
(Table 1). This effect has also been observed in the complexes
[CuBr{H(py)L2}] and [Zn{H(py)L2})2] [16]. These findings suggest
the predominance of the resonance form shown in Scheme 4 in
complex 3, despite the uncoordinated character of the O(1) atom.
As observed in the Zn(II) and Cu(II) complexes, the intramolecular
hydrogen bond remains but now the N(1) atom is an acceptor and
O(2)–H the donor, with the structural parameters of this bond
being very similar in all three compounds (Table 3).

Furthermore, the O(1) atom is involved in two intra- and inter-
molecular hydrogen bonds. In the first bond it is an acceptor group
for the water molecule coordinated to the rhenium atom. The
intermolecular interaction involves the water molecule of a neigh-
boring complex and associates the molecules into centrosymmet-
ric dimers (Fig. 5). The metric parameters associated with the
two interactions (Table 3) suggest comparable behavior. It is worth
noting that, in spite of the intramolecular interaction O(1W)–
H� � �O(1), the U angle (Scheme 3) is lower than in 1a and 1b.

These dimers pack through weak C–H� � �O interactions involv-
ing the aromatic C–H group and the metal carbonyl oxygen atoms.



Table 3
Crystal data and data collection for the complexes.

1a 1b 1b0 2a.H2O 2b.EtOH 3

Empirical formula C17H13ClN3O5Re C17H13BrN3O5Re C21H18ClFe N2O6Re C23H22BrFeN2O6Re C17H14N3O6Re
Formula weight 560.95 605.41 671.87 744.39 542.51
Crystal system Monoclinic Monoclinic Triclinic Monoclinic Triclinic
Space group P2(1)/n P2(1)/n P2(1)/c P-1 Cc P-1
a (Å) 13.3775(12) 13.269(2) 8.3703(14) 10.3249(13) 20.928(3) 8.2681(9)
b (Å) 9.4010(8) 9.6612(16) 11.7744(19) 10.4231(13) 6.1229(10) 9.4458(10)
c (Å) 14.7552(13) 14.769(3) 38.473(6) 10.6126(13) 21.074(3) 11.7340(12)
a (Å, �) 97.134(3) 102.688(2)
b (�) 98.057(2) 97.277(4) 92.659(4) 90.292(3) 115.358(3) 90.208(2)
c (�) 103.565(3). 96.535(2)
Volume (Å3) 1837.3(3) 1878.1(5) 3787.7(11) 1101.0(2) 2440.2(6) 887.84(16)
Z 4 4 8 2 4 2
Dc (Mg/m3) 2.028 2.141 2.123 2.027 2.026 2.029
l (mm�1) 6.793 8.631 8.559 6.314 7.229 6.884
h range (�) 1.93–28.01 1.94–28.05 1.81–28.17 1.94–28.01�. 2.15–28.11�. 1.78–28.05
Index ranges �17,17; �10,12;

�19,16
�17,17; �10,12;
�19,19

�10,10; �15,15;
�29,50

�13,12; �13,12;
�13,13

–27,22; –8,7;
–24,27

–10,8; –11,12;
–15,15

Independent reflections (Rint) 4252 (0.0794) 4249 (0.0801) 9065 (0.1690) 4593(0.0695) 4064(0.0882) 3910 (0.0525)
Goodness-of-fit on F2 0.892 0.680 0.807 0.800 0.829 0.822
Final R1/wR2 [I > 2r(I)] 0.0419/0.0797 0.0432/0.0499 0.0718/0.0987 0.0518/0.0705 0.0504/0.0635 0.0426/0.0662
R1/wR2 (all data) 0.0877/0.1109 0.1362/0.0634 0.2232, 0.1254 0.1249/0.0903 0.1129/0.0765 0.0640/0.0709
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2.3. Solution studies

2.3.1. NMR studies
The 1H NMR spectra of the rhenium(I) complexes and ligands in

acetone-d6 and DMSO-d6 were acquired and the assignments are
included in the experimental section for comparison.

The 15N-HSQC experiments on H2(py)L2 allowed the assignment
of the N–H and O–H signals. The O–H proton is the most deshield-
ed in the spectra (DMSO and acetone) of H2(py)L2 and the next
signal (around 10.70 ppm in acetone and 11.50 ppm in DMSO) is
due to the N–H group. The position of the first signal shows a
more marked temperature dependence in DMSO-d6 (dd/dT = 8 �
10�3 ppm/� versus 4 � 10�3 ppm/� for the N–H group) and this is
similar to the effect observed in other rhenium(I) salicylhydrazone
complexes [16]. This finding is consistent with the freedom of this
O–H group, as shown in the X-ray structures (vide supra), changing
due to the mobility of the solvent molecules [23].

It was observed that, in general, the C–H proton signals in the
rhenium complexes are shifted downfield with respect to those
in the free ligand in hydrazone [15] and thiosemicarbazone
[18,21] derivatives. In contrast, the hydrazine proton singlet is
strongly shifted (about 2 ppm) when the N–H group is a member
of chelate ring, as in [ReBr(CO)3{H(Fc)L1}], or by around 1 ppm
when the N–H group does not form part of the ring, as in [Re-
Br(CO)3{H(py)L1}] [15]. The 1H NMR spectra of 1a and 1b show
substantial deshielding of the proton signals apart from the O–H
and N–H groups.

In the search for specific approaches to carry out a coordinative
diagnosis of hydrazone and thiosemicarbazone adducts in solution,
we were interested in assessing whether this behavior is general.

15N-HSQC experiments were again used to make a reliable
assignment of the signals. On coordination, the N(1)–H proton
gives rise to the most deshielded signal in the spectrum (Fig. 6)
but the signal is only shifted by 1 ppm with respect to that in
the free ligand – a finding that is consistent with the N,N0-coordi-
nation of the ligand.

In order to assess the utility of the temperature dependence
parameter proposed by Leeflang [23], we measured the variation
of both signals with temperature in DMSO solutions. It was unu-
sual to find that the dd/dT parameters for both O–H and N–H sig-
nals show low temperature dependence (values between 4.6 and
4.1 � 10�3 ppm/�). This finding is consistent with the hydrogen
bond O–H� � �O (structure II in Scheme 5) observed in the solid
structure of 1a and 1b, although one should expect a larger dd/dT
for the signal of the newly released N(1)–H group. Two factors
may explain these discrepancies: (i) steric factors disfavor substan-
tially the hydrogen bond donor character of the N(1)–H group (as
emphasized in Fig. 1B and shown by the poor role of this group
in the molecular association, see Table 2). In fact, the insensitivity
to hydrogen bonding of several secondary amides in DMSO solu-
tion and the solid state has been reported by McQuade et al. [24]
and this was also attributed to steric hindrance. (ii) The presence
of conformation I (Scheme 5) that observed in the solid of poly-
morph 1b0, may affect the positions of the signals in DMSO solu-
tion. Although we obtained several crystals under different
conditions, the corresponding study showed the presence of poly-
morphic forms of 1a and 1b in all cases. In fact, 1b0 seems to be a
kinetic product obtained in a diffusion experiment. Thus, we be-
lieve that the latter explanation is unlikely. In any case, these re-
sults invalidate the temperature dependence studies to
determine the nature of the group involved in the intramolecular
hydrogen bonding in these compounds.

The NMR studies of the ferrocene derivative, H2(Fc)L2, and its
complexes 2a and 2b were restricted by the lack of stability of
the rhenium complexes in DMSO. As a result, the dd/dT values
for both complexes were not determined.

The assignment of the N–H and O–H signals in the free ligand is
based on the 15N-HSQC experiments at similar positions to the pyr-
idine compound. The lack of stability of 2a and 2b also preclude the
use of these studies and therefore the assignment of the N–H and
O–H proton signals is based on the position in the [Re-
X(CO)3{H(Fc)L1}] complexes and assumes a strong deshielding of
the N(1)–H signal after the formation of the chelate ring by N,O-
coordination of the ligand.

2.3.2. UV–Vis spectra
The UV–Vis solution spectra of the ligands H2(py)L2 and

H2(Fc)L2 and their complexes were recorded and the main data
are included in Table 3.

The spectra of the ferrocene derivatives are strongly dominated
by the ferrocene bands, which have been discussed by Sohn et al.
[25]. The spectra of the compounds were obtained in two solvents
of different polarity, such as methanol and chloroform, and suggest
a slight positive hyperchromic effect – except for H2(Fc)L2.



Fig. 6. 15N-HSQC spectra for H2(py)L2 (A) and 1b (B) in DMSO-d6.
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Firstly, the spectra of the free ligand will be discussed. The
absorptions in the range 300–360 nm and bands centered at
260 nm in the ferrocene derivatives are due to p–p* transitions,
the latter probably those of cyclopentadienyl rings [17]. The band
centered at 300 nm, which is present in the uncoordinated ligands,
is attributed to the IL p–p* transitions, probably from the aroylhyd-
razone moiety [17], and this hardly changes upon coordination to
rhenium. The shoulder between 430–460 nm in the H2(Fc)L2 deriv-
atives is attributed to MLCT from iron to cyclopentadienyl rings. Fi-
nally, the bands near to 420 nm in 1a and 1b and 500 nm in 2a and
2b are assigned to MLCT transitions from the rhenium to the
hydrazone ligand [26a].

As observed in other hydrazone complexes based 2-acethylpyri-
dine [9], the emission of 1a and 1b is negligible at room tempera-
ture. The strong red shift of the MLTC bands (absorption and
emission) in hydrazone complexes when compares with N,N0-dii-
mine analogs explains the different photophysics properties [26b].

2.3.3. Electrochemistry studies
Cyclic voltammetry results for the ligand H2(Fc)L2 and its com-

plexes 2a and 2b in the range �0.4–1.3 V in CH2Cl2 are listed in Ta-
ble 3. The voltammograms show the typical form for a process
dominated by diffusion and this is attributable to the monoelec-
tronic oxidation of the ferrocenyl group. The separation between
waves corresponding to the anodic and cathodic process is similar
to that shown by ferrocene itself under the same experimental
conditions. Thus, the electrochemical behavior is a typical quasi-
reversible process.

The cyclic voltammetric response of H2(Fe)L2 (0.554 V in
CH2Cl2) is shifted with respect to that in free ferrocene (0.450 V)
and suggests electronic withdrawing character of the hydrazone
arm over the ferrocenyl group, thus making the oxidation more dif-
ficult. A similar process was observed by Graudo et al. in semicar-
bazone and thiosemicarbazone derivatives of ferrocene [27].

On the other hand, the N,O-coordination makes the oxidation of
the ferrocene group more difficult, a finding in agreement with a
higher acceptor character on the active group – as concluded from
the E1/2 value obtained for 2a and 2b (0.730 and 0.720 V, respec-
tively). These values are higher than that observed for [Ru(b-
py)2{H2(Fc)L2}] in acetonitrile (0.60 V) [17], suggesting a higher
electronic acceptor character for the fragment {Re(CO)3}+ in com-
parison to {Ru(bpy)2}2+ in spite of the different formal charge.

3. Conclusions

The present results, along with those from earlier studies
[15,16,18,21], indicate that NMR spectroscopy can be used to
determine the coordination behavior of hydrazones in solution
on the basis of the chemical shift of the N(1)–H proton. However,
the use of parameters such as the temperature dependence of this
signal to evaluate the role of the groups in intramolecular hydro-
gen bonding is ruled out.

The derivatives of H2(Fc)L2, in which the ligand acts in an O,N-
bidentate manner, have lower stability than the other complexes.
Work is in progress to determine the factors that influencing the
stability of these systems.

4. Experimental

4.1. Materials and methods

All solvents were dried over appropriate drying agents, de-
gassed using a vacuum line and distilled under an Ar atmosphere.
[ReX(CO)5] [28] and [ReX(CO)3(CH3CN)2] [29] were obtained by lit-
erature methods. The ligands H2(py)L2 and H2(Fe)L2 were obtained
as reported previously [16,17].

Elemental analyses were carried out on a Fisons EA-1108. Melt-
ing points (M.p.) were determined on a Gallenkamp MFB-595 and
are uncorrected. Mass spectra were recorded on a VG Autospec
Micromass spectrometer operating under FAB conditions (nitro-
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benzyl alcohol matrix). Infrared spectra were recorded from KBr
pellets on a Bruker Vector 22FT. UV–Vis spectra were obtained
on a CARY 100 (Varian) spectrophotometer. 1H NMR spectra were
obtained on a Bruker AMX 400 spectrometer from acetone-d6 and
DMSO-d6 solutions.

Electrochemical studies were performed at 293 K in dry dichlo-
romethane (concentration around 10�4 M) with tetrabutylammo-
nium perchlorate as the supporting electrolyte using an Autolab
Ecochemie potentiostat/galvanostat, an Ag/AgCl reference elec-
trode, a Pt wire as counter electrode and a 2 mm diameter disk
of Pt or graphite as the working electrode.

4.2. X-ray data collection, structure determination and refinement

Crystallographic data collection and refinement parameters are
listed in Table 3. All crystallographic measurements were per-
formed on a Bruker Smart CCD apparatus at CACTI (University of
Vigo) at r.t. (293(2) K) using graphite monochromated Mo Ka radi-
ation (k = 0.71073 Å). The data were corrected for absorption ef-
fects using the program SADABS [30]. Structure analyses were
carried out by direct methods [31]. Least-squares full-matrix
refinements on F2 were performed using the program SHELXL97.
Atomic scattering factors and anomalous dispersion corrections
for all atoms were taken from International Tables for Crystallogra-
phy [32]. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were refined as riders. Graphics were obtained
with PLATON [33] and MERCURY [34].

All crystals of compound 1b0 were non-merohedral twins
and two components were identified using the CELL_NOW program
[35]. SAINT-PLUS (version 6.29) was used for integration, TWINABS for
the absorption correction [36,37] and the structure was solved
using SHELXS97. A file including overlap of reflections was used
for the final refinement using SHELXL97. However, some con-
straints were applied in the anisotropic parameters of some car-
bon atoms.

4.3. Data for ligands H2(py)L2 and H2(Fe)L2

H2(py)L2, 1H NMR (DMSO-d6, ppm): 11.80s (1) d(O(2)–H);
11.50s (1) d(N(1)–H); 8.60d (1) d(C(13)–H); 8.10d (1) d(C(10)–H);
8.00d (1) d(C(7)–H); 7.90t (1) d(C(11)–H); 7.40m (2) d(C(12)–H,
C(5)–H); 7.00m (2) d(C(4)–H, C(6)–H); 2.50s (3) d(C(14)–H). 13C
NMR (DMSO-d6, ppm): d = 161.80 C(1); d = 156.24 C(9);
d = 154.77 C(8); d = 152.08 C(3); d = 148.56 C(13); d = 136.56
C(11); d = 133.44 C(5); d = 130.75 C(7); d = 124.03 C(12);
d = 120.28 C(10); d = 119.72 C(6); d = 117.82 C(2); d = 116.79
C(4); d = 11.67 C(14). UV–Vis: k in nm (e � 10�3; in L/mol cm):
MeOH as solvent 311(23200), 298(23800).

H2(Fe)L2,1H NMR (DMSO-d6, ppm): 12.10s (1) d(O(2)–H); 11.60s
(1) d(N(1)–H); 8.30s (1) d(C(8)–H); 7.90d (1) d(C(7)–H); 7.40t (1)
d(C(5)–H); 6.95m (2) d(C(4,6)–H); 4.70d (2) d(C(10, 13)–H); 4.50d
(2) d(C(11,12)–H); 4.30s (5) d(C(Cp)–H).

1H NMR (acetone-d6, ppm): 12.40s (1) d(O(2)–H); 10.90s (1)
d(N(1)–H); 8.40s (1) d(C(8)–H); 7.90d (1) d(C(7)–H); 7.40t (1)
d(C(5)–H); 6.90m (2) d(C(4,6)–H); 4.70d (2) d(C(10,13)–H); 4.40d
(2) d(C(11,12)–H); 4.20s (5) d(C(Cp)–H). UV–Vis: k in nm (e �
10�3; in L/mol cm): CHCl3 as solvent: 461(2116), 318(30391),
259(19848), 234(23515); MeOH as solvent: 458(1683), 315(26710),
266(15672). E1/2 (V in CH2Cl2): 0.554.

4.4. Synthesis of the complexes [ReX(CO)3(H2(py)L2)] (1a X = Cl, 1b
X = Br)

The rhenium complexes were synthesised by reaction of equi-
molar quantities of H2(py)L2 (33 mg, 1a; 30 mg 1b) with fac-[Re-
X(CO)3(CH3CN)2] (50 mg, 1a; 50 mg 1b) in dry chloroform
(10 mL) under reflux for 2 h. The orange solid was filtered off and
vacuum dried over CaCl2. Single crystals of the compounds were
obtained from an acetonitrile/acetone solution (for X = Cl and
X = Br, respectively) on standing at room temperature for several
days. The complexes were characterized by elemental analyses,
FAB-MS, IR, UV–Vis and 1H NMR.

4.4.1. Data for 1a
Yield: 63.6 mg (88.0%). M.p.: 270 �C. Anal. Calc. for

C17H13N3O5ClRe: C, 36.40; H, 2.34; N 7.49. Found: C, 36.70; H,
2.59; N, 7.62%. Mass spectrum [m/z (%)]: 560.90(12.56) [M]+,
525.93(35.22) [M�Cl]+, 496.93(5.26) [M�{Cl,CO}]+, 441.96(4.95)
[M�{Cl,3CO}]+. IR (m/cm�1): 3445m,br m(OH)/m(NH); 2027s,
1917vs, 1893vs m(COfac); 1643m m(C@O); 1605m, 1521m, 1480w
m(C@N) + m(C@C). 1H NMR (acetone-d6, ppm): 11.30s (1) d(O(2)–
H); 11.55s (1) d(N(1)–H); 9.10d (1) d(C(13)–H); 8.50d (1)
d(C(10)–H); 8.40t (1) d(C(11)–H); 8.10d (1) d(C(7)–H); 7.90t (1)
d(C(12)–H); 7.55t (1) d(C(5)–H); 7.10d (1) d(C(4)–H); 7.00t (1)
d(C(6)–H); 2.75s (3) d(C(14)–H).

1H NMR (DMSO-d6, ppm): 11.70s (1) d(O(2)–H); 11.90s (1)
d(N(1)–H); 9.05d (1) d(C(13)–H); 8.50d (1) d(C(10)–H); 8.40t
(1) d(C(11)–H); 7.90d (1) d(C(7)–H); 7.85t (1) d(C(12)–H); 7.50t
(1) d(C(5)–H); 7.05m (2) d(C(4)–H, C(6)–H); 2.60s (3) d(C(14)–
H). 13C NMR (DMSO-d6, ppm): d = 197.85, 196.46, 187.76 CO;
d = 176.87 C(1); d = 162.27 C(3); d = 157.16 C(8); d = 153.24
C(13); d = 153.22 C(9); d = 140.24 C(11); d = 134.07 C(5);
d = 129.87 C(7); d = 129.54 C(12); d = 128.83 C(10); d = 119.49
C(6); d = 116.91 C(2); d = 116.25 C(4); d = 16.88 C(14). UV–Vis:
k in nm (e � 10�3; in L/mol cm): CHCl3 as solvent: 420(2613),
280(7802), 243(10905); MeOH as solvent: 384(3410), 291 nm
(9041).

4.4.2. Data for 1b
Yield: 53.1 mg (73.1%). M.p.: 269 �C. Anal. Calc. for

C17H13N3O5BrRe: C, 33.73; H, 2.16; N, 6.94. Found: C, 33.68; H,
2.15; N, 6.94%. Mass spectrum [m/z (%)]: 604.95(15.05) [M]+,
576.96(8.79) [M�CO]+, 526.03(32.31) [M�Br]+, 497.03(3.51)
[M�{CO,Br}]+, 442.04(5.07) [M�{3CO, Br)]+. IR (m/cm�1):
3449m,br m(OH)/m(NH); 2026s, 1919vs, 1892vs m(COfac); 1643m
m(C@O); 1604m, 1516m, 1478w m(C@N) + m(C@C). 1H NMR (ace-
tone, ppm): 11.50s (1) d(N(1)–H); 11.25s (1) d(O(2)–H); 9.15d (1)
d(C(13)–H); 8.50d (1) d(C(10)–H); 8.40t (1) d(C(11)–H); 8.10d (1)
d(C(7)–H); 7.90t (1) d(C(12)–H); 7.55t (1) (C(5)–H); 7.10d (1)
d(C(4)–H); 7.05t (1) d(C(6)–H); 2.75s (3) d(C(14)–H). 1H NMR
(DMSO-d6, ppm): 11.85s (1) d(N(1)–H); 11.80s (1) d(O(2)–H);
9.05d (1) d(C(13)–H); 8.50d (1) d(C(10)–H); 8.40t (1) d(C(11)–H);
7.90d (1) d(C(7)–H); 7.85t (1) d(C(12)–H); 7.50t (1) d(C(5)–H);
7.05m (2) d(C(4)–H, C(6)–H); 2.65s (3) d(C(14)–H). 13C NMR
(DMSO-d6, ppm): d = 197.38, 195.93, 187.10 CO; d = 176.76 C(1);
d = 162.12 C(3); d = 157.00 C(8); d = 153.42 C(9); d = 153.42
C(13); d = 153.24 C(9); d = 140.16 C(11); d = 134.07 C(5);
d = 130.00 C(7); d = 129.45 C(12); d = 128.92 C(10); d = 119.53
C(6); d = 116.88 C(2); d = 116.33 C(4); d = 16.89 C(14). UV–Vis: k
in nm (e � 10�3; in L/mol cm): CHCl3 as solvent: 424(4789),
289(16445), 242(22705); MeOH as solvent: 381(6476), 285
(20417).

4.5. Synthesis of the complexes [ReX(CO)3(H2(Fe)L2)] (2a X = Cl, 2b
X = Br)

The rhenium complexes were synthesised by reaction of equi-
molar quantities of H2(Fc)L2 with fac-bis(acetonitrile)bromotricar-
bonylrhenium(I) in dry chloroform (10 mL) under reflux for 2 h.
The red solids were collected by filtration and dried under vacuum
over CaCl2. Single crystals were obtained from a chloroform solu-
tion of [ReX(CO)3{H2(Fc)L2}] on standing at room temperature for
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several days. The complexes were characterized by elemental anal-
yses, FAB-MS, IR, UV–Vis and 1H NMR.

4.5.1. Data for 2a
Yield: 59.8 mg (70.9%). M.p.: 248 �C. Anal. Calc. for C21H16N2O5

ClFeRe: C, 38.57; H, 2.47; N, 4.28. Found: C, 38.39; H, 2.39; N,
4.17%. Mass spectrum [m/z (%)]: 1272.47(4.67) [2M�Cl, H]+,
653.82(17.93) [M]+, 618.87(33.30) [M�Cl]+, 347.94(39.54) [FcL2]+.
IR (m/cm�1): 3444w,br m(OH)/m(NH); 2025s, 1938m,sh, 1909vs
m(COfac); 1608m m(C@O); 1548m, 1491sh,w, 1457w m(C@N) +
m(C@C). 1H NMR (DMSO-d6, ppm): 12.30s (1) d(N(1)–H); 11.10s (1)
d(O(2)–H); 8.80s, 7.95s (1) d(C(8)–H); 7.90d, 7.80d (1) d(C(7)–H);
7.45t, 7.40t (1) d(C(5)–H); 7.00m, 6.90m (2) d(C(4,6)–H); 5.20s,
5.10d (2) d(C(10,13)–H); 4.70m (2) d(C(11,12)–H); 4.35s, 4.30s (5)
d(C(Cp)–H). 1H NMR (acetone-d6, ppm): 12.50s (1) d(N(1)–H);
11.00s (1) d(O(2)–H); 9.00s, 8.40s (1) d(C(8)–H); 8.20d, 8.10d
(1) d(C(7)–H); 7.65t, 7.60t (1) d(C(5)–H); 7.25m, 7.15m (2)
d(C(4,6)–H); 5.25d, 5.15d (2) d(C(10,13)–H); 4.90s, 4.85d (2)
d(C(11,12)–H); 4.50s, 4.40s (5) d(C(Cp)–H). UV–Vis: k in nm
(e � 10�3; in L/mol cm): CHCl3 as solvent: 497(4040), 297(24400),
259(27400), 235(24000); MeOH as solvent: 485(1320), 321(9950).
E1/2 (V in CH2Cl2): 0.730.

4.5.2. Data for 2b
Yield: 66.5 mg (82.3%). M.p.: 257 �C. Anal. Calc. C21H16N2O5Br-

FeRe: C, 36.12; H, 2.31; N, 4.01. Found: C, 36.19; H, 2.20; N,
4.01%. Mass spectrum [m/z (%)]: 697.86(6.91) [M]+, 618.97(8.29)
[M�Br]+, 348.02(8.58) [FcL2]+. IR (m/cm�1): 3438vs,br m(OH)/
m(NH); 2024s, 1909vs m(COfac); 1607m m(C@O); 1549m, 1521m,
1487w m(C@N) + m(C@C). 1H NMR (DMSO-d6, ppm): 12.30s (1)
d(N(1)–H); 11.10s (1) d(O(2)–H); 8.80s, 7.95s (1) d(C(8)–H);
8.80d, 7.90d (1) d(C(7)–H); 7.45t, 7.35t (1) d(C(5)–H); 7.90m,
6.95m (2) d(C(4,6)–H); 5.20s, 5.10d (2) d(C(10,13)–H); 4.70m (2)
d(C(11,12)–H); 4.35s, 4.30s (5) d(C(Cp)–H). 1H NMR (acetone-d6,
ppm): 12.30s (1) d(N(1)–H); 11.10s (1) d(O(2)–H); 9.00s, 8.40s
(1) d(C(8)–H); 8.20d, 8.10d (1) d(C(7)–H); 7.70t, 7.60t (1) d(C(5)–
H); 7.25m, 7.20m, 7.15m (2) d(C(4,6)–H); 5.25t, 5.15s (2)
d(C(10,13)–H); 4.90s, 4.85d (2) d(C(11,12)–H); 4.50s, 4.45s (5)
d(C(Cp)–H). UV–Vis: k in nm (e � 10�3; in L/mol cm): CHCl3 as sol-
vent: 502(1525), 299(9179), 262(10573), 227(7660); MeOH as sol-
vent: 485(2250), 346(18100). E1/2 (V in CH2Cl2): 0.720.

4.6. Formation of the complex [[Re{H(py)L2}(H2O)(CO)3] (3)

Single crystals of [Re{H(py)L2}(H2O)(CO)3] (orange) were ob-
tained by diffusion of a solution of 13 mg (0.02 mmol) of [Re-
Br(CO)3{H2(py)L2}] in methanol (2 mL) over a solution of 5 mg
(0.02 mmol) of copper(II) nitrate 2.5 hydrate in water (3 mL).

Mass spectrum [m/z (%)]: 525.83(19.60) [M�H2O]+, 496.85(11.64)
[M�{H2O,CO}]+. IR (m/cm�1): 3446w,br m(OH)/m(NH); 2028s, 1926vs,
1893vs m(COfac); 1597w, 1515w, 1485m (C@N) + m(C@C).
5. Supplementary material

CCDC 727049, 727050, 727051, 727052, 727053 and 727054
contains the supplementary crystallographic data for 1a, 1b, 1b0,
2a, 2b and 3. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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