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a b s t r a c t

Ferrocenylamido-naphthyridine conjugates [{(5,7-dimethyl-1,8-naphthyridin-2-yl)amino}carbonyl]fer-
rocene (L1) and 1,10-bis[{(5,7-dimethyl-1,8-naphthyridin-2-yl)amino}carbonyl]ferrocene (L2) have been
synthesized. Reaction of L1 with [Cu(CH3CN)6][ClO4]2 affords [Cu(L1)2][ClO4]2 (1) demonstrating triden-
tate coordination of the ligand utilizing naphthyridine (NP) nitrogens and carbonyl oxygen. Hydroxo-
bridged neutral dirhenium(I) compound [K�{{Re(CO)3}2(l-OH)(Fc(CONHNP)(CON NP))2}] (2) is reported
in which the amido-NP arm of L2 chelates a ReI, and a K+ ion is encapsulated in a six-coordinate environ-
ment rendered by four NP nitrogens and two carbonyl oxygens involving all four arms of two L2 ligands.
Selective and reversible binding of K+ ion by the organometallic host has been recognized from electro-
chemical and fluorescence experiments. Partial hydrolysis of L2 has provided a neutral metallamacrocycle
[{Re(CO)3}2{Fc(CO2)(CONHNP)}2] (3) consisting of alternate Fc and Re(CO)3 units linked by carboxylate
and amide-NP bridges. The rotational freedom of the ferrocenyl rings, the flexibility of the amide linker
and the multi-site coordination of the ligands are demonstrated in the molecular structures of com-
pounds 1–3.

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

Ditopic ligands incorporating flexible spacers are attractive can-
didates for making inorganic architectures [1]. The ferrocenyl spac-
ers have been widely employed to introduce structural flexibility
and organometallic functionality [2]. Two cyclopentadienyl (Cp)
rotors induce conformational regulation in the flexible structures,
and the electrochemical and optical characteristics of ferrocene
unit justify their utility in the functional assemblies. Covalent
attachment of donor units to ferrocene, linked directly or through
molecular spacers, have resulted numerous organometallic ligands
[3]. Transition metal compounds of these ligands have found
broader applications in the field of catalysis [4], molecular sensor
[5], non-linear optical materials [6], molecular magnets [7] and
pharmaceuticals [8]. We have recently described the metal-driven
self-assembly of naphthyridine–ferrocene–naphthyridine (NP–Fc–
NP) hybrid ligand in the construction of mixed-metal assemblies
including several novel metallamacrocycles [9].

Ferrocenylamide-containing molecules have played a central
role in the development of molecular sensors [5]. Hydrogen-bond-
ing interactions of the amide N–H hydrogens are directed towards
molecular recognition of an anionic/neutral guest species [10].
All rights reserved.

x: +91 512 259 7436.
Ferrocene unit is usually the probe, sensitive to small changes in
electronic structure brought about by the substrate binding [11].
The amide twist is amply demonstrated in the self-assembled struc-
ture of ferrocenyl peptides aided by H-bonding interactions [12]. In
continuation of our interest in the preparation of mixed-metal
assemblies involving ferrocene derivatives [9], we have incorpo-
rated ferrocenylamide group to the naphthyridine unit. The mono
and bis-substituted ferrocenylamido-naphthyridine conjugates,
[{(5,7-dimethyl-1,8-naphthyridin-2-yl)amino}carbonyl]ferrocene
(FcCONHNP = L1) and 1,10-bis[{(5,7-dimethyl-1,8-naphthyridin-2-
yl)amino}carbonyl]ferrocene (Fc(CONHNP)2 = L2) (Scheme 1) are
reported. In addition to N donors of the NP unit, the carbonyl oxygen
and the amide nitrogen provide additional binding sites. Synthesis
and coordination chemistry of organometallic ligands L1 and L2 with
a selected set of transition metal ion/fragment is described herein.

2. Results and discussion

2.1. Ligands L1 and L2

Ferrocene based ligands L1 and L2 are synthesized by the gen-
eral reaction of (5,7-dimethyl)-2-amino-1,8-naphthyridine and
corresponding chlorocarbonyl-ferrocene at an appropriate ratio
in presence of freshly distilled triethylamine. Both ligands are char-
acterized by NMR and IR spectra. The amide protons at d 9.39 and

http://dx.doi.org/10.1016/j.jorganchem.2009.09.029
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Scheme 1. Line drawings of L1 and L2.
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8.5 ppm, strong carbonyl stretching frequencies at 1678 and
1672 cm–1, and [M+H]+ signals at m/z 386 and 585 in ESI-MS are
characteristics for L1 and L2, respectively. Solid-state structures
are confirmed from X-ray crystallography.

The asymmetric unit of L1 consists of two crystallographically
independent molecules along with two waters. Two near parallel
Cp rings are eclipsed. The amide and the associated Cp ring are pla-
nar (vide infra) reflecting effective electron delocalization [13]. The
disposition of the carbonyl O and N atoms of NP unit is anti to each
other. Thus, it provides a DAA type H-bonding site involving amide
N–H as donor and two N atoms of NP as acceptors. Crystal struc-
ture reveals that two molecules of L1, facing each other, engage
in H-bonding contacts with two lattice water molecules as shown
in Fig. 1. The calculated (N)–H���O distances are 2.099 and 2.028 Å,
and (O)–H���N distances are in the range 1.852–2.257 Å. The metri-
cal parameters are similar for two L1 molecules in the asymmetric
unit with an important exception. The angle between the Cp and
NP planes are different, and the values are 9.7� and 24.3�.

The essential structural features of L2 are similar to L1. The Cp
and amide units are planar, and the carbonyl O and N atoms of
NP are in opposite faces of the molecule. Interestingly, the Cp rings
and the amide-NP arms are perfectly eclipsed. Syn-eclipsed config-
uration has been reported for a dimer adduct of bis-substituted
Fig. 1. Diagram of the L1 dimer engaged via H-bonding interaction with two water
molecules. All hydrogen atoms except amide and water H are omitted for the sake
of clarity. Selected bond distances (Å) and angles (�) in an independent molecule:
O1–C11 1.225(5), O1–C32 1.230(4), N1–H1���O1W 2.099, N4–H1���O2W 2.028,
N2���H1W2–O1W 2.257, N3���H2W1–O2W 1.852, N5���H2W2–O2W 1.998,
N6���H1W1–O1W 1.987, N1–C11–C12 114.4(3), C11–N1–C8 128.9(3), N4–C32–
C33 114.4(3), C32–N4–C29 128.9(3).
metallocenylamido-pyridine molecules linked by glutaric acid
[14]. Careful examination of the crystal structure of L2 reveals a
similar dimer formation involving four lattice water molecules
(Fig. 2). Four water O atoms are coplanar affording single hydro-
gen-bond acceptor site for amide H and four hydrogen atoms, ori-
ented above and below to the rectangle plane, further linked with
NP N atoms by hydrogen-bond interactions. The water tetramer
adopts a D2h symmetry [15], and the calculated (O)–H���O and
(N)–H���O distances are shown in Figure S7.

2.2. [Cu(L1)2][ClO4]2 (1)

Despite our earlier success in obtaining numerous mixed-metal
compounds with Fc–NP hybrid ligands [9], complexation reactions
of L1 and L2 and subsequent isolation of the coordination com-
plexes turned out to be a challenging task. Reaction of L1 with
[Cu(CH3CN)6][ClO4]2 in acetonitrile affords [Cu(L1)2][ClO4]2 (1).
The molecular structure of the dicationic unit [Cu(L1)2]2+ in 1 is
portrayed in Fig. 3 and selected metrical parameters are given in
the corresponding figure caption. Two L1 ligands coordinate to
the central copper atom in mer-octahedral geometry. Each ligand
chelates copper in a tridentate fashion involving NP N atoms and
carbonyl O forming the meridional plane. The cisoid disposition
Fig. 2. Diagram of the L2 dimer engaged via H-bonding interaction with four water
molecules. All hydrogen atoms except amide and water H are omitted for the sake
of clarity. Selected bond distances (Å) and angles (�): O1–C27 1.220(4), C11–O2
1.223(4), N1–H1���O1W 2.264, N4–H4���O2W0 2.737, O1W–HIW2���N60 2.158, O2W–
H2W1���N3 2.094, N4–C27–C28 116.4(3), O1–C27–C28 120.4(3), O1–C27–N4
123.1(3).



Fig. 3. ORTEP diagram (50% probability thermal ellipsoids) of [Cu(L1)2]2+ in 1 with
important atoms labeled. Carbon atoms are shown as circles of arbitrary radius.
Hydrogen atoms except amide H are omitted for the sake of clarity. Selected bond
distances (Å) and angles (�): Cu1–N5 1.918(3), Cu1–N2 1.924(3), Cu1–O1 2.049(3),
Cu1–O2 2.075(3), Cu1–N3 2.512(4), Cu1–N6 2.533(3), N5–Cu1–N2 168.01(14), N5–
Cu1–O1 100.56(12), N2–Cu1–O1 87.46(13), N5–Cu1–O2 86.78(12), N2–Cu1–O2
99.69(12), O1–Cu1–O2 105.86(11), N5–Cu1–N3 111.08(13), N2–Cu1–N3 59.37(13),
O1–Cu1–N3 145.81(12), O2–Cu1–N3 88.97(11), N5–Cu1–N6 58.87(12), N2–Cu1–
N6 113.24(12), O1–Cu1–N6 87.05(11), O2–Cu1–N6 145.24(11), N3–Cu1–N6
98.13(11).
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of the coordinating atoms, accessed via rotation of the C–N bond, is
in sharp contrast to their anti configuration in the free ligand. A
drop in C–O stretching frequency (mC@O = 1643 cm�1) in compari-
son to the free ligand indicates coordination of the carbonyl oxy-
gen. The distal N atom (N8) of NP makes longer Cu–N distance
(Cu1–N3 2.512(4) Å and Cu1–N6 2.533(3) Å) compared to the
proximal N atom (Cu1–N2 = 1.924(3) Å, Cu1–N5 = 1.918(3) Å).
Short Cu–O distances (Cu1–O1 = 2.049(3) Å; Cu1–O2 = 2.075(3)
Å) and N–Cu–O angles (N5–Cu1–O2 = 86.78(12); N2–Cu1–
O1 = 87.46(13)�) indicate strong chelate formation with carbonyl
O and proximal N of NP. The angles N3–Cu1–N2 59.37(13)�,
N6–Cu1–N5 58.87(12)�, O1–Cu1–O2 105.86(11)� illustrate the dis-
torted octahedron geometry of the copper atom.

The UV–Vis absorptions, emission wavelengths and electro-
chemical potentials for L1, L2 and compounds 1–3 are given in
Table 1. The low-energy absorption of 1 is red shifted by 41 nm
from the free ligand L1. Cyclic voltammogram of 1 exhibits Fc/Fc+

couple at 0.69 V, shifted 40 mV to higher potential from L1.

2.3. [K{{Re(CO)3}2(l-OH)(Fc(CONHNP)(CONNP))2}] (2)

Deprotonation of L2 by tBuOK and subsequent reaction with
Re(CO)5Cl provided potassium-encapsulated hydroxo-bridged
neutral dirhenium(I) compound [K�{{Re(CO)3}2(l-OH)(Fc(CON-
HNP)(CONNP))2}] (2) in high yield. The ORTEP diagram of 2 is
shown in Fig. 4 and relevant metrical parameters are given in the
corresponding figure caption. A crystallographically imposed C2

symmetry results in half of the molecule in the asymmetric unit.
Complex 2 consists of two [ReI(CO)3] fragments linked by single
hydroxo bridge. Each Re atom is further coordinated to two N
atoms from the deprotonated arm of L2. The deprotonated amide
N and the proximal N of NP chelate the rhenium atom (Re1–
N6 = 2.219(5); Re1–N5 = 2.176(5) Å). Small N–Re–N angle of
59.44(17)� essentially imposes distorted octahedral geometry to
the rhenium. Dirhenium(I) complexes bridged by a single hydroxy
group are few reported in literature [16]. The Re���Re distance
3.9509(5) Å, Re–O(H) distance 2.138(2) Å and Re–O(H)–Re angle
135.1(3)� are similar to that reported for [{Re(CO)3(bipy)}2(l-
OH)][SbF6] [17].

The most remarkable aspect of complex 2 is the encapsulation
of K+ ion inside the cavity rendered by amide-NP arms of two L2 li-
gands. Each ligand provides three sites for K binding, two NP N
atoms from one arm and the carbonyl O from the second arm.
The angles formed by two cis coordinating atoms and potassium
range from 48.38(14)� (N1–K1–N2) to 123.72(3)� (O2–K1–O20).
The K1–N1 and K1–N2 distances are 2.740(5) and 2.827(5) Å,
respectively, and K1–O2 distance is 2.695(4) Å. The synclinal-
eclipsed conformation of ferrocenyl rings is noticed in this complex
with rotational angle 73.9� [9,18].

2.4. Selective and reversible binding of K+ Ion

Cyclic voltammetry (CV) of 2 in acetonitrile reveals an irrevers-
ible Fc/Fc+ couple at Ep,a = 0.94 V. Addition of excess 18-crown-6
resulted in the shift of the potential to 1.15 V. The anodic shift of
210 mV is contrary to the expectation that removal of positively
charge K+ from the metallacage would make ferrocene oxidation
easier [19]. We offer an explanation for the observed anodic shift
upon decomplexation of K+ from the organometallic host. The Fc/
Fc+ oxidation in free L2 ligand occurs at Ep,a = 0.82 V which is sub-
stantially higher towards positive potential compared to ferrocene
(E1/2 = 0.52 (70) V). This is attributed to the electron-withdrawing
effect of amide-NP appendages in Cp rings. Solid-state structure
of L2 reveals near-planar arrangement of Cp and amide units indi-
cating effective electron delocalization. The planarity is signifi-
cantly lost when amide-NP arms are coordinated to metal ions as
in 2. Relevant dihedral angles illustrate this fact. The C1(Cp)–
C2(Cp)–C(amide)–O(amide) angles (C2 is the ipso carbon; C1 is
the adjoined carbon) in L2 are 0.2�, 1.3�, 10.7� and 11.1�. The amide
arm which is engaged in N–H���O interaction with lattice water
(Fig. 2) exhibits higher torsional angles compared to the free
amide. The corresponding angles in compound 2 are 18.1�, 20.2�,
31.8� and 35.8�. The amide oxygens which are coordinated to K+ re-
sult in higher dihedral angles. It is our contention that removal of
K+ leads to reinstatement of planar arrangement between Cp and
amide units allowing charge depletion from the Cp ring. This
makes the ferrocene oxidation difficult upon removal of the K+ ion.

Consequently, CV titration of 2 was performed against 18-
crown-6. On sequential addition of 18-crown-6 to the acetonitrile
solution of 2, an anodic drift at Ep,a = 1.15 V emerges passing
through an isopotential point at 1.033 V (Fig. 5). CV experiences
no further change upon addition of 1.1 equivalents of 18-crown-
6 suggesting complete exchange of K+ ion.

Reversibility and selectivity of potassium binding process in 2
was investigated by UV–Vis absorption and emission spectroscopy.
The electronic spectra of 2 shows absorption at kmax = 241 and
331 nm whereas a broad emission spectrum was recorded ranging
from 330 to 470 nm upon excitation at kex = 320 nm. Addition of
18-crown-6 to 2 brought about no appreciable change in the opti-
cal spectra. However, a fivefold enhancement of emission intensity
at 388 nm was observed on addition of excess 18-crown-6. Fluo-
rescence titration revealed a ratiometric response with gradual
addition of 18-crown-6 (Fig. 6). The stepwise increase of fluores-
cent intensity reaches at maxima upon addition of 1.1 equiv of
18-crown-6 and further addition does not show any effect to the



Table 1
Electronic absorption and emission spectral data in acetonitrile and cyclic voltammetricd data (in volt) for L1, L2 and compounds 1–3 at room temperature.

Compounds Absorption spectra Emission spectra Cyclic voltammogram

kmax, nm (log e) Excitation (nm) kmax emission (nm) kmax Fc-center NP-center

L1 238 (3.88) 331 (3.58) 451 (3.24) 350 397 0.65 (100)a �1.84c

L2 238 (4.77) 334 (4.62) 461 (4.02) 320 396 0.82b �1.98c

1 236 (4.37) 335 (3.96) 492(2.99) 260 380 0.69 (130)a �1.79c

2 241 (4.80) 329 (4.50) 386 (4.07) 320 388 0.94b �1.93c

3 238 (4.58) 331 (4.27) 451 (3.16) 331 405 0.97b, 0.81c �1.80c

a Half-wave potentials evaluated from cyclic voltammetry as E1/2 = (Ep,a + Ep,c)/2, peak potential differences in mV in parentheses.
b Peak potentials, Ep,a for irreversible processes.
c Peak potentials, Ep,c, for irreversible processes.
d Cyclic voltammetric studies were performed in acetonitrile for L1, L2, 2; and in propylene carbonate for 1 and 3.

Fig. 4. ORTEP diagram (50% probability thermal ellipsoids) of [K�{{Re(CO)3}2(l-
OH)(Fc(CONHNP)(CONNp))2}] (2) with important atoms labeled. Carbon atoms are
shown as circles of arbitrary radius. Hydrogen atoms except amide H are omitted
for the sake of clarity. Selected bond distances (Å) and angles (�): Re1–O1 2.138(2),
Re1–N5 2.176(5), Re1–N6 2.219(5), N2–K1 2.827(5), O2–K1 2.695(4), N1–K1
2.740(5), Re1� � �Re10 3.9509(5), O1–Re1–N5 81.47(16), O1–Re1–N6 80.16(18), N5–
Re1–N6 59.44(17), Re10–O1–Re1 135.1(3), O20–K1–O2 123.7(2), O20–K1–N1
96.64(14), O2–K1–N1 123.01(13), O20–K1–N2 134.22(13), O2–K1–N2 75.08(13),
N1–K1–N2 48.38(14). Symmetry code: �x, y, �z + 3/2.

Fig. 5. Electrochemical potential change in cyclic voltammogram (Fc/Fc+ couple) for
2 in acetonitrile with the gradual addition of 18-crown-6 (0–1.1 equiv).

70 N. Sadhukhan et al. / Journal of Organometallic Chemistry 695 (2010) 67–73
fluorescence intensity (see inset in Fig. 6). It is established from the
fluorescence and electrochemical experiments that complete re-
lease of K+ from organometallic host 2 is achieved when 1.1 equiv-
alents of 18-crown-6 is added.

Subsequent addition of K+ to this solution resulted in a decrease
in fluorescence intensity reaching to a value similar to that of 2
when excess K+ is added. Addition of a range of monovalent cations
such as Na+, Cu+, Tl+, Ag+

, NH4
+, and Hg+ to the acetonitrile solution

of 1:1 mixture of 2 and 18-crown-6 display marginal decrease in
the fluorescence intensity (see Fig. S6) confirming selective K+

binding over other metal ions.
It is therefore concluded that the exchange of K+ ion from com-

pound 2 to 18-crown-6 proceeds with concomitant structural
change in the organometallic host which is reflected in the fluores-
cence enhancement. The original ligand conformation of 2 is re-
gained when K+ ions are fed into the solution. Such structural
recovery is not observed for other monovalent metal ions illustrat-
ing the reversible and selective binding of K+ ion by the organome-
tallic host.

In order to gain insight on the effect of K+ decomplexation on
the structure of 2, NMR spectroscopic measurements were carried
out. Complex 2 contains two sets of non-equivalent protons
belonging to the amide-NP and amido-NP arms. However, 1H
NMR spectrum reveals four sets of NP protons of equal intensity
Fig. 6. Emission spectral change (kex = 320 nm) for 2 (1.6 � 10�5 M) in acetonitrile
with the gradual addition of 18-crown-6 (0–1.3 equiv). The corresponding
normalized intensity enhancement monitored at 388 nm is presented in inset.
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in the aromatic region, each set constituting three independent
protons (Fig. S11). Each ligand possesses an element of planar chi-
rality induced by metal coordinations, and two ligands have oppo-
site chirality related by a center of inversion. The appearance of
four sets of NP protons reflects two diastereoisomers present in
solution. Addition of 18-crown-6 (two equivalents) to a CD2Cl2

solution of 2 and immediate recording of the 1H NMR spectrum re-
veals complex spectrum with numerous signals in the aromatic re-
gion. This implies a mixture of 2 and its K+ free congener. However,
recording of the spectrum after 4 h at room temperature unveils
only one set of NP protons. The decomplexation of K+ from 2 leads
to disengagement of the amide-NP arms of L2. It is proposed that,
upon removal of K+, the amide and amido N atoms of each ligand
chelate one rhenium forming a symmetric structure. A rapid
hydrogen exchange between the coordinated nitrogens in the
NMR time scale results in a single set of NP protons.

IR spectra of 2 did not reveal any significant changes upon treat-
ment with 18-crown-6. The carbonyls frequencies of the ‘Re(CO)3’
core are shifted marginally (2021 and 1894 cm�1), but the
amido-carbonyl absorptions are masked by the naphthyridine
absorptions.
2.5. [{Re(CO)3}2{Fc(CO2)(CONHNP)}2] (3)

The treatment of L2 with NaH and subsequent treatment with
Re(CO)5Cl resulted in the neutral metallamacrocycle [{Re(CO)3}2-
{Fc(CO2)(CONHNP)}2] (3). Poor solubility of the compound in com-
mon organic solvents hindered its full characterization. However,
the molecular structure was determined by X-ray study (Fig. 7).
It reveals hydrolysis of one of the amide-NP arms to the corre-
sponding carboxylate forming a molecular rectangle consisting of
alternate Fc and Re(CO)3 corners. Each Re(CO)3 unit is coordinated
to O atom of the carboxylate group in monodentate fashion, and N
atoms of the NP from the second ligand chelate the metal ion. The
Re2–O1 and Re1–O4 distances are 2.126(4), 2.156(4) Å, respec-
tively, and the Re–N distances are in the range of 2.203(5)–
2.234(5) Å. Small NP chelate angles N1–Re1–N2 59.52(16)� and
Fig. 7. ORTEP diagram (50% probability thermal ellipsoids) of
[{Re(CO)3}{Fc(CO2)(CONHNP)}]2 (3) with important atoms labeled. Carbon atoms
are shown as circles of arbitrary radius. Hydrogen atoms except amide H are
omitted for the sake of clarity. Selected bond distances (Å) and angles (�): Re1–O4
2.156(4), Re1–N2 2.227(5), Re1–N1 2.228(4), Re2–O1 2.126(4), Re2–N5 2.203(5),
Re2–N4 2.233(4), O4–Re1–N2 81.73(16), O4–Re1–N1 83.74(15), N2–Re1–N1
59.52(16), O1–Re2–N5 82.61(16), O1–Re2–N4 82.26(15), N5–Re2–N4 60.16(17).
N4–Re2–N5 60.16(17)� provide distorted octahedral geometry of
rhenium with facial arrangement of three carbonyl ligands. The
anticlinal-eclipsed arrangements of the two Cp rings having rota-
tional angle 126.3� is the prerequisite for such a rectangular
shaped metallacycle.
3. Summary

Incorporation of one and two amide-NP arms to ferrocene affor-
ded organometallic ligand L1 and L2, respectively. The rotational
flexibility of the ferrocenyl rings, the plasticity of the amide linker
and different modes of the NP coordination to the metal afforded
new mixed-metal compounds. Tridentate coordination of L1 is con-
firmed in the CuII complex 1 utilizing NP nitrogens and carbonyl
oxygen. In complex 2, the amido-NP arm of L2 chelates a ReI, and
a K+ ion is encapsulated in a six-coordinate environment rendered
by all four arms of two L2 ligands. Selective and reversible binding
of K+ ion by the organometallic host {Re(CO)3}2(l-OH)(Fc(CON-
HNP)(CONNP))2} has been examined. Partial hydrolysis of L2

provides a ligand which forms a neutral metallamacrocycle involv-
ing two ‘Re(CO)3’ cores linked by two Fc(CO2)(CONHNP) units.
Multiple binding sites and the flexibility of these ligands make
them prospectus candidates to develop mixed-metal assemblies
for various applications.
4. Experimental

4.1. General procedures, materials and physical measurements

All reactions were carried out in air unless otherwise men-
tioned. Solvents were purified by conventional methods. The Re
(CO)5Cl, tBuOK, NaH and ferrocene were purchased from Aldrich.
Compounds [Cu(CH3CN)6][ClO4]2 [20], chlorocarbonyl-ferrocene
[21], 1,10-bis(chlorocarbonyl)ferrocene [22], and 2-amino-5,7-di-
methyl-1,8-naphthyridine [23] were prepared by following litera-
ture procedures. Elemental analyses were carried out on a
Thermoquest CE instruments model EA/110 CHNS-O elemental
analyzer. Samples were powdered and dried in vacuum for a pro-
longed period (8–16 h) prior to elemental analyses which gave
consistent values. ESI-MS were recorded on a Waters Micromass
Quattro Micro triple-quadrupole mass spectrometer. 1H NMR was
obtained on a JEOL JNM-LA 400 MHz spectrophotometer. Infrared
spectra were recorded on a Bruker Vertex 70 FTIR spectrophotom-
eter in the ranges from 400 to 4000 cm�1 using KBr pallets. Elec-
tronic absorptions were measured on Perkin–Elmer Lambda-20
UV–Vis spectrophotometer. Cyclic voltammetric studies were per-
formed on a BAS Epsilon electrochemical workstation in acetoni-
trile with 0.1 M tetra-n-butylammonium hexafluorophosphate
(TBAPF6) as the supporting electrolyte. The working electrode
was a BAS Pt disk electrode, the reference electrode was Ag/AgCl
and the auxiliary electrode was a Pt wire. The scan rate is
100 mVs–1. The E1/2 is described by (Ep,a + Ep,c)/2 reported in volts
(V), and the value in parenthesis is DE (Ep,a � Ep,c) reported in mil-
livolts (mV). The ferrocene/ferrocenium couple occurs at
E1/2 = +0.51 (70) V versus Ag/AgCl under the same experimental
conditions.

4.2. Syntheses

4.2.1. Synthesis of L1

Freshly prepared (chlorocarbonyl)ferrocene (500 mg, 2.0 mmol)
in anhydrous tetrahydrofuran (30 mL) was added dropwise to the
stirring mixture of triethylamine (290 mg, 2.85 mmol) and 2-ami-
no-5,7-dimethyl-1,8-naphthyridine (400 mg, 2.30 mmol) in anhy-
drous tetrahydrofuran at 0 �C over a period of 30 min. The
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reaction mixture was allowed to attain room temperature and stir-
red for additional 24 h. Solvent was removed under reduced pres-
sure to afford an orange–red solid, which was purified by column
chromatography on silica (ethyl acetate/petroleum ether; 9:1).
Yield: 550 mg (70%). Single crystals were grown by the vapor diffu-
sion of petroleum ether onto a dichloromethane solution of L1.
Anal. Calc. for FeC21H19N3O: C, 65.47; H, 4.97; N, 10.91. Found: C,
65.42; H, 4.85; N, 10.87%. ESI-MS: m/z 386 [M+H]+. IR (KBr,
cm�1): 3450 (s), 1678 (s), 1601 (s), 1511 (s), 1404 (m), 1314 (s),
1285 (s), 1138 (m), 854(m). 1H NMR (CDCl3, d): 9.39 (br, 1H, NH),
8.68 (s, 1H, NP), 8.37 (s, 1H, NP), 7.19 (s, 1H, NP), 4.97 (s, 2H,
Cp), 4.52 (s, 2H, Cp), 4.27 (s, 5H, Cp), 2.82 (s, 3H, CH3), 2.71 (s,
3H, CH3).

4.2.2. Synthesis of L2

1,10-Bis(chlorocarbonyl)ferrocene (750 mg, 2.40 mmol) in anhy-
drous dichloromethane (30 mL) was added dropwise to a stirring
mixture of triethylamine (550 mg, 5.42 mmol) and 2-amino-5,7-
dimethyl-1,8-naphthyridine (875 mg, 5.00 mmol) in anhydrous
dichloromethane (30 mL) at 0 �C over a period of 30 min. The reac-
tion mixture was allowed to attain room temperature and stirred
for additional 24 h. Solvent was removed under reduced pressure
to afford an orange solid, which was purified by column chroma-
tography on neutral alumina (methanol/CH2Cl2; 3:97). Yield:
1.10 g (76%). Single crystals were grown by the vapor diffusion of
diethyl ether onto a methanol solution of L2. Anal. Calc. for
FeC32H28N6O2: C, 65.76; H, 4.83; N, 14.38. Found: C, 65.69; H,
4.92; N, 14.35%. ESI-MS: m/z 585 [M+H]+. IR (KBr, cm–1): 3411
(s), 1672 (s), 1603 (s), 1512 (s), 1437 (m), 1313 (s), 1285 (m),
1139 (m). 1H NMR (CDCl3, d): 8.5 (br, 1H, NH), 8.42 (dd, 2H, NP),
8.07 (dd, 2H, NP), 6.97 (s, 2H, NP), 4.88 (s, 4H, Cp), 4.52 (s, 4H,
Cp), 2.62 (s, 6H, CH3), 2.49 (s, 6H, CH3).

4.2.3. Synthesis of [Cu(L1)2][ClO4]2 (1)
L1 (77 mg, 0.20 mmol) was added to an acetonitrile solution

(20 mL) of Cu(ClO4)2 (25 mg, 0.09 mmol), and the mixture was stir-
red for 8 h at room temperature. Solution was concentrated, and
15 mL diethyl ether was added with stirring to induce precipita-
tion. The resulting red solid residue was washed with diethyl ether
(3 � 10 mL), and dried in a vacuum to afford 1. Yield: 73 mg (75%).
X-ray quality crystals were grown by layering petroleum ether
onto a saturated dichloromethane solution of 1 inside an 8 mm
o.d. vacuum-sealed glass tube. Anal. Calc. for C42H38Cl2Cu1Fe2-

N6O10: C, 48.84; H, 3.71; N, 8.14. Found: C, 48.77; H, 3.69; N,
8.04%. IR (KBr, cm–1): 2925 (s), 1643 (s), 1610 (m), 1503 (m),
1418 (m), 1290 (m), 1250 (m), 1224 (m), 1113(vs).

4.2.4. Synthesis of [K{{Re(CO)3}2(l-OH)(Fc(CONHNP)(CONNP))2}] (2)
A sample of L2 (45 mg, 0.077 mmol) dissolved in 15 mL THF was

treated with ice cooled THF solution of tBuOK (17 mg, 0.15 mmol).
After 30 min of stirring, 25 mg (0.07 mmol) of Re(CO)5Cl was added
at room temperature and refluxed for 12 h. Solution was concen-
trated and 15 mL of petroleum ether was added with stirring to in-
duce precipitation. Orange solid residue was collected by filtration,
washed with petroleum ether (3 � 10 mL) and dried in vacuum to
afford 2. Yield: 49 mg (79%). X-ray-quality crystals were grown by
layering petroleum ether onto a dichloromethane solution of 2 in-
side an 8 mm o.d. vacuum-sealed glass tube. Anal. Calc. for
C70H58N12O11K1Fe2Re2: C, 47.70; H, 3.09; N, 9.54. Found: C,
47.57; H, 2.98; N, 9.61%. IR (KBr, cm�1): 2924 (m), 2008 (s), 1872
(s), 1678 (m), 1600 (m), 1509 (m), 1454 (m), 1404 (m), 1350 (m),
1280 (m). 1H NMR (CDCl3,d): 9.12 (br, 1H, NH), 8.84 (d, J = 10 Hz,
1H, NP), 8.62 (d, J = 10 Hz, 1H, NP), 8.44 (d, J = 10 Hz, 1H, NP),
8.26 (s, 1H, NP), 8.21 (d, J = 10 Hz, 1H, NP), 8.14 (d, J = 9 Hz, 1H,
NP), 8.09 (d, J = 10 Hz, 1H, NP), 7.87 (d, J = 10 Hz, 1H, NP), 7.29
(m, 1H, NP), 7.12 (s, 1H, NP), 6.88 (s, 1H, NP), 6.63 (d, J = 10 Hz,
1H, NP), 5.11–5.02 (m, 10H, Cp), 4.74–4.67 (m, 6H, Cp), 2.72–2.51
(8s, 24H, Me).

4.2.5. Synthesis of [{Re(CO)3}{Fc(CO2)(CONHNP)}]2 (3)
A sample of L2 (50 mg, 0.080 mmol) was added to the ice cooled

THF solution (15 mL) of NaH (4 mg, 0.017 mmol). After 30 min of
stirring, 25 mg (0.07 mmol) of Re(CO)5Cl was added at room tem-
perature and refluxed for 12 h. Solution was concentrated and
15 mL of petroleum ether was added with stirring to induce pre-
cipitation. Orange solid residue was collected by filtration, washed
with petroleum ether (3 � 10 mL) and dried in vacuum to afford 3.
Yield: 35 mg (73%). X-ray-quality crystals were grown by layering
petroleum ether onto a dichloromethane solution of 3 inside an
8 mm o.d. vacuum-sealed glass tube. Anal. Calc. for C50H36N6O12-

Fe2Re2: C, 42.99; H, 2.60; N, 6.02. Found: C, 42.89; H, 2.57; N,
6.11%. ESI: m/z 1397 (10%) [M+H]+. IR (KBr, cm–1): 2924 (m),
2854 (m), 2007 (s), 1881 (s), 1663 (s), 1600 (m), 1511 (m), 1461
(m), 1406 (m), 1344 (m), 1314 (m), 1248 (m), 1188 (m).

4.3. X-ray data collection and refinement

Detailed single-crystal X-ray data collection and refinement
procedure are similar as reported earlier [1a]. The hydrogen atoms
were included at geometrically calculated positions in the final
stages of the refinement and were refined according to the ‘riding
model’ unless mentioned otherwise. All non-hydrogen atoms were
refined with anisotropic thermal parameters unless mentioned
otherwise. Pertinent crystallographic data for compounds L1, L2

and 1–3 are summarized in Table S1.
Hydrogens for lattice water molecules and amide residue were

located from difference Fourier map and refined with restraints.
SQUEEZE option was applied in 2 to remove severely disordered
solvent molecules which could not be modeled. The dichlorometh-
ane solvate molecule in 3 was found to be disordered and was
modeled satisfactorily. Structure solution and refinement details
are provided in the Supporting information.
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