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The diverse applications of functionalized 1,8-naphthyridine
(NP) ligands is the focus of this microreview. Simpler syn-
thetic routes and the pliant nature of NP-R steered us
towards their utilization in dimetal chemistry. The ongoing
research on NP chemistry in our laboratory is highlighted.
The topics include the comprehensive study of the ligand
disposition around the quadruply bonded Mo2 core,
modulation of the metal–metal distance by axial donors in

Introduction

The pharmacological and medicinal applications of 1,8-
naphthyridine (NP) derivatives have shaped, and continue
to influence, the growth of NP chemistry.[1] Nalidixic acid
(Scheme 1) was the first NP derivative approved as an anti-
bacterial drug. Further modifications have led to a new set
of potent biologically active compounds. Beginning in 1970,
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paddlewheel complexes, facile cyclometalation and C–C
bond formation at axial sites of the diruthenium(I) core,
building metallosupramolecular architectures, and the for-
mation of novel unsupported iridium(II) dimer aided by re-
dox-active NP-R ligands.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

NP has been regularly used as ligands in the field of coordi-
nation chemistry. A host of mononuclear transition metal
and lanthanide complexes have been reported.[2] Mono-
dentate binding of the N8 atom and bidentate-chelate bind-
ing utilizing the N1 and N8 atoms are the coordination
modes in these compounds (Scheme 2). The κN8 mode of
binding is prevalent for NP having an appendage at 2-posi-
tion. Eight-coordinate transition-metal complexes of stoi-
chiometry [M(NP)4]2+ (M = Mn, Fe, Co, Ni, Cu, Zn, Cd,
Pd) have been reported, which were characterized by struc-
tural and spectroscopic studies.[3] The NP ligand, resem-
bling two edge-fused pyridine rings, has a constrained
”bite” distance (2.2 Å)[4] that is attributed to high-coordi-



J. K. Bera, N. Sadhukhan, M. MajumdarMICROREVIEW
nate architectures. However, the nature of the ancillary li-
gand, size of the metal ion, and solvent system play vital
roles in defining the topology of the products, thus allowing
investigation of dynamic processes involving metal site ex-
change between N1 and N8 atoms in solution.[5]

Scheme 1. Line drawing of nalidixic acid.

Scheme 2. Possible coordination modes of 1,8-naphthyridine.

The syn disposition of two N lone pairs in NP makes it
an ideal choice to stabilize binuclear systems by µ-
1κN1:2κN8 coordination (Scheme 2). Weakly interacting
dimetal cores incorporating CuI···CuI (Scheme 3) and
AgI···AgI interactions have been stabilized by NP.[6] Dirho-
dium(I) complexes [Rh2(NP)2(diene)][ClO4]2 {dienes are:
nbd(norborna-2,5-diene) and cod (1,5-cyclooctadiene)} and
the corresponding CO and/or PPh3 substituted products
have been isolated.[7] The binucleating behavior of NP is
observed in the chlorido-bridged copper complex [Cu2(µ-
Cl)2Cl2(NP)2].[8] Gatteschi and co-workers reported mixed-
valent dinuclear complexes of Ni and Cu accessed by the
applications of NP. In the nickel complex [Ni2(NP)4Br2]-
[B(C6H5)4], the formal oxidation state of the metal is 1.5
with a metal–metal distance of 2.421(5) Å.[9] The bi-
nuclear mixed-valent complex [Cu2(µ-Cl)Cl2(4-Me-NP)2]
(Scheme 4) with a shorter Cu–Cu distance of 2.38 Å was
obtained by the reaction of CuCl2 with NP in alcoholic
medium.[10] EPR experiments confirmed the class III type
delocalization of the unpaired electron on two equivalent
metal centers in Robin and Day’s scale.

The ligands 1,8-naphthyridin-2-onate (ONP) (Scheme 5)
and 1,8-naphthyridin-2,7-dionate (dONP) have been em-
ployed to stabilize a variety of di- and multinuclear com-
pounds.[11] Oro and co-workers examined multiple coordi-
nation possibilities of ONP ligands.[12] The dinuclear com-
plexes [Rh2(ONP)2(CO)4], [Rh2(Me2-ONP)2(cod)2], and
[Rh2(Me2-ONP)2(CO)2(cod)] and the trinuclear complexes
[M3(Me2-ONP)2(CO)2(diene)2]2+/1+ (M = Rh, Ir), [Rh2Ir-
(Me2-ONP)2(CO)2(diene)2]2+/1+, and [Ir2Rh(Me2-ONP)2-
(CO)2(diene)2]2+/1+ (dienes: cod and nbd) with BF4

– or
ClO4

– anions have been reviewed.[13]
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Scheme 3. Line drawing of CuI dimer [Cu2(NP)2(ClO4)2].

Scheme 4. Line drawing of [Cu2(µ-Cl)Cl2(4-Me-NP)2].

Scheme 5. Line drawing of 1,8-naphthyridin-2-onate (ONP).

The diruthenium(II,II) trans-[Ru2(OAc)2(5-Me-7-Ph-
ONP)2] was structurally characterized, which revealed N,N
coordination of the NP core. On the contrary, the presence
of an axial ligand in the diruthenium(II,III) complex trans-
[Ru2(OAc)2(5-Me-7-Ph-ONP)2Cl] results in N,O coordina-
tion, as this leaves one axial site unencumbered for coordi-
nation of Cl–. If the phenyl substituent at the 7-position is
omitted, the N,N coordination is preferred as revealed in
Ru2(5-Me-ONP)4. In the analogous complex Ru2(5-Me-7-
Ph-ONP)4, the crowding of the adjacent phenyl substituents
allows only three of the bridging ligands to adopt the N,O
coordination mode, whereas the fourth one is N,N coordi-
nated.[14]

Dipalladium(II) and diplatinum(II) complexes of the
type cis-[M2L2(bpy)2]2+ (L = ONP, 7-Me-ONP),[15] dimo-
lybdenum(II) complexes [Mo2(7-Me-ONP)4], [Mo2(7-Me-
SNP)4] (SNP = 1,8-naphthyridine-2-thione), and the diru-
thenium(II) complex [Ru2(7-Me-ONP)4] were synthe-
sized.[16] A trinuclear complex [Ru3(5-Me-7-Ph-ONP)2-
(CO)6] (Scheme 6) consisting of a RuI–Ru0–RuI chain was
also prepared. The naphthyridines adopt a head-to-tail ori-
entation and display a µ3-1κO2:2κN1:3κN8 coordination
mode with Ru–Ru bond lengths of 2.701(2) and
2.702(3) Å.[11]
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Scheme 6. Line drawing of [Ru3(5-Me-7-Ph-ONP)2(CO)6].

Trinuclear complexes cis-[M3(dONP)2(bpy)3]2+ (M = Pd,
Pt)[15] and tetranuclear complex [{Mo2(O2C-tBu)3}2-
(dONP)][17] have been prepared by employing 2,7-dione-NP
(dONP) ligands.

The pliability of naphthyridine bite allows it to bridge a
range of preformed dimetal cores, from singly bonded di-
rhodium(II) to quadruply bonded dimolybdenum(II) sys-
tems.[18] Kaska and co-workers isolated the dirhodium(II)
complex [Rh2(NP)4]Cl4·6H2O, obtained from the reaction
of Rh2(OAc)4 with NP in aqueous HCl. Its structure, how-
ever, has not been verified by X-ray crystallography.[19] The
crystal structure has been reported for the dimolybde-
num(II) complex [Mo2(NP)4(CH3CN)2][BF4]2.[20] Incorpo-
ration of pyridyl donors at the 2- and 7-positions of NP
results in crescent-shaped bpNP {2,7-bis(2-pyridyl)-1,8-
naphthyridine}, which was employed in the synthesis
of [Rh2(OAc)3(bpNP)][PF6],[21,22] [Ru2Cl2(bpy)2(bpNP)]-
[PF6]2, and [Ru2(OAc)3(bpNP)][PF6] (Scheme 7).[21] A
Ru2

5+ species [Ru2(OAc)3(dcNP)],[23] stabilized by dcNP
(1,8-naphthyridine-2,7-dicarboxylate), has been structurally
characterized. Attachment of a pyridyl group at the 2-posi-
tion of NP allowed the incorporation of more than one NP-
based ligand around a dimetal core. The first dirhodium(II)
compound in this series [Rh2(pyNP)3Cl2][PF6]2[24] {pyNP =
[2-(2-pyridyl)-1,8-naphthyridine]} was reported by Ford
and co-workers. Remarkable electrochemical behavior in a
homologous series of [M2(OAc)2(pyNP)2]2+ complexes (M
= Mo, Ru, Rh) was carried out by Dunbar and co-
workers.[25] The neutral nitrogen donor ligands pyNP and
tzNP {tzNP = 2-(2-thiazolyl)-1,8-naphthyridine} react
readily with [Re2(CH3CN)10][BF4]4 to provide trans-
[Re2(CH3CN)4(pyNP)2][BF4]4 and trans-[Re2(CH3CN)4-
(tzNP)2][BF4]4, which were fully characterized by us re-
cently.[26]

Despite the earlier success of NP-based ligands in the
synthesis and structural elucidation of novel coordination
compounds, their full prospect had not been recognized. In
recent times, there has been resurgence in the wider applica-
tions of NP ligands, for example, in the field of bioinorganic
chemistry,[27] supramolecular chemistry,[28] material chemis-
try,[29] and organometallics.[30] We have been engaged in ex-
amining the versatility of NP ligands in different areas of
chemistry. The ligand employed in our work is designed to
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Scheme 7. Line drawing of monocationic unit of [Ru2(OAc)3-
(bpNP)][PF6].

have covalent attachment at the 2-position; abbreviated as
NP-R. (Scheme 8) The N–C–N moiety bridges a dimetal
core by occupying equatorial positions and the appendage
R simultaneously binds to an axial site of the dimetal core.
Scheme 9 illustrates the coordination of two NP-R (R =
pyridyl) units across a dimetal core. Such an NP-R ligand
opens up the door to perform chemistry on the dimetal
platform. Some of our achievements, namely, understand-
ing the ligand disposition around a dimolybdenum(II) core,
the effects of axial coordination on the metal–metal bond
length, the C–H bond activation and C–C bond formation
reactions on a [Ru2(CO)4]2+ core, and the construction of
metallosupramolecular architectures, are organized in the
proceeding sections.

Scheme 8. Line drawing of NP-R.

Scheme 9. Bridging modes of two NP-R (R = furyl) across a M2

unit.

cis/trans Disposition of NP-R on a
Dimolybdenum(II) Core[31,32]

Quadruply bonded Mo2 units are reputed to be stabilized
by NP through their dinuclear bridging mode of coordina-
tion.[16] The NP ligands in these complexes exhibit different
spatial orientations leading to cis/trans isomers. For exam-
ple, reaction of the potentially tetradentate PNNP ligand
2,7-bis(diphenylphosphanyl)-1,8-naphthyridine (dpnapy)
with cis-[Mo2(OAc)2(CH3CN)6][BF4]2 afforded two iso-
meric dimolybdenum(II) complexes, cis-[Mo2(O2CCH3)2-
(dpnapy-N,P)2][BF4]2 and trans-[Mo2(O2CCH3)2(dpnapy-
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N,N�)2] in 63 and 5% yields, respectively.[33] The trans ar-
rangement of two dpnapy ligands, bridging through two N
atoms on a dimetal core, is disfavored over the cis arrange-
ment (N,P coordination) owing to steric repulsion between
two uncoordinated phosphane groups. The rationales be-
hind preferential formation of either cis or trans stereoiso-
mers in dimolybdenum(II) chemistry has been lucidly dis-
cussed in a recent work of Cotton, Murillo, and co-
workers.[34] In this work, dimolybdenum(II) mixed-ligand
complexes comprising danif (N,N�-di-p-anisylformamidin-
ate), acetate, and acetonitrile molecules are reported
towards directed synthesis of building blocks for the con-
struction of supramolecular assemblies. The structure of a
given product is rationalized on the basis of the interplay
of kinetic and thermodynamic stabilities.

The substitutional lability of dimolybdenum(II) carbox-
ylates has been examined in detail.[35] The cis/trans isomer-
ization in “Mo2(OAc)2(L)2” complexes is said to involve
acetate migration through axial coordination. It is therefore
argued that the axial ligands would have a deterministic
effect on the product configuration. A set of NP-R ligands
allowed us to study the role of axial donors in the ligand
isomerization processes of quadruply bonded dimolybde-
num(II) compounds.[31] Reactions of cis-[Mo2(OAc)2-
(CH3CN)6][BF4]2 with NP-R {2-(2-R)-1,8-naphthyridine; R
= pyridyl (pyNP), thiazolyl (tzNP), furyl (fuNP), thienyl
(thNP) and 2,3-dimethyl-1,8-naphthyridine (Me2NP)} lead
to a series of cis and trans complexes. The NP-R ligands
with stronger pyridyl and thiazolyl donors result in cis iso-
mers cis-[Mo2(pyNP)2(OAc)2][BF4]2 and cis-[Mo2(tzNP)2-
(OAc)2][BF4]2 (Figure 1a), whereas weaker furyl and thienyl
appendages lead to trans-[Mo2(fuNP)2(OAc)2][BF4]2 and
trans-[Mo2(thNP)2(OAc)2][BF4]2. The use of Me2NP led to
a trans structure [Mo2(Me2NP)2(OAc)2][BF4]2 (Figure 1b),
in which Me2NP ligands are arranged in a head-to-head
fashion and a tetrafluoroborate anion occupies one of the
axial sites. Molecular structures of these complexes were
established by X-ray crystallography. The N–C–N unit of
the NP fragment bridges two molybdenum centers, and the
site trans to Mo–Mo quadruple bond is occupied by donor
atoms of the appendage at the 2-position (Scheme 9). Thus,
two tridentate ligands occupy four equatorial and two axial
sites of the dimolybdenum unit. The remaining four sites of
the paddlewheel arrangement are occupied by two bridging
acetate groups.

Compounds cis-[Mo2(pyNP)2(OAc)2][BF4]2 and cis-
[Mo2(tzNP)2(OAc)2][BF4]2were also obtained from the re-
action of Mo2(OAc)4 with appropriate NP-R in the pres-
ence of an excess of two equivalents of [nBu4N][BF4]. Pro-
tonation of cis-[Mo2(tzNP)2(OAc)2][BF4]2 with triflic acid
in acetonitrile leads to the replacement of bridging acetates
by acetonitriles to yield cis-[Mo2(tzNP)2(CH3CN)4][OTf]4
(Scheme 10). The reagents HBF4·Et2O and Me3OBF4 pro-
duce identical tetracationic species [Mo2(tzNP)2(CH3-
CN)4]4+, but single crystals suitable for X-ray studies were
obtained only with triflates as the counterions. Treatment
of triflic acid with trans-[Mo2(fuNP)2(OAc)2][BF4]2 readily
produces cis-[Mo2(fuNP)2(CH3CN)4][OTf]4. Reaction of
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Figure 1. (a). ORTEP diagrams of the dicationic unit of cis-
[Mo2(tzNP)2(OAc)2][BF4]2 and (b) the cationic unit of trans-[Mo2-
(Me2NP)2(OAc)2(BF4)][BF4].

[Mo2(CH3CN)10][OTf]4 with corresponding NP-R provided
cis-[Mo2(tzNP)2(CH3CN)4][OTf]4 and cis-[Mo2(fuNP)2-
(CH3CN)4][OTf]4. Only cis isomers are obtained when ace-
tonitrile acts as the ancillary ligands, irrespective of the ge-
ometry of the initial precursors and the identity of NP-R.

The addition of two equivalents of [nBu4N][OAc] to cis-
[Mo2(tzNP)2(CH3CN)4][BF4]4 provides the bis(acetate)
compound cis-[Mo2(tzNP)2(OAc)2][BF4]2. In contrast, the
addition of acetate ligands to cis-[Mo2(fuNP)2(CH3CN)4]-
[BF4]4 results in trans-[Mo2(fuNP)2(OAc)2][BF4]2. Stepwise
addition of acetates to cis-[Mo2(tzNP)2(CH3CN)4][BF4]4
leads to cis-[Mo2(tzNP)2(OAc)2][BF4]2 through the interme-
diacy of trans-[Mo2(tzNP)2(OAc)(CH3CN)2][BF4]3, which
contains one acetate and two acetonitrile units (Scheme 10),
and was isolated in a high yield of 65 %. X-ray crystallogra-
phy reveals the trans configuration in the solid state, al-
though NMR spectroscopic results show the presence of cis
and trans isomers in a ratio of 1:1.3.

The 1H NMR spectra in multiply bonded paddlewheel
compounds reveal interesting features allowing one to dis-
tinguish between cis and trans isomers in solution. Protons
residing in the equatorial region are observed downfield
and those in the axial region are observed upfield from their



1,8-Naphthyridine Revisited: Applications in Dimetal Chemistry

Scheme 10. Synthetic protocols for [Mo2(NP-R)2(OAc)n(CH3CN)4–2n](4–n)+.

free form, which is attributed to the diamagnetic anisotropy
of the Mo–Mo quadruple bond.[18,36] To cite an example,
in cis-[Mo2(tzNP)2(OAc)2][BF4]2, the b–e proton signals are
shifted downfield in the range 0.28–0.93 ppm with respect
to the free ligand, whereas the Hf proton of the thiazolyl
appendage experiences an upfield shift of 0.45 ppm
(Scheme 11). Incidentally, the Hg proton exhibits a mar-
ginal upfield shift of 0.06 ppm being away from the dimetal
core. The most unusual signal is noticed for Ha, which is
shifted upfield by 1.28 ppm. Such a large shift cannot be
attributed solely to the diamagnetic anisotropic field
around the Mo–Mo quadruple bond. Following a hint from
the earlier work of Ford,[19] it is recognized that the Ha
proton of the NP core in cis-‘[Mo2(NP-R)2]’ is positioned
above the R ring of the second NP-R unit. For cis-
[Mo2(tzNP)2(OAc)2][BF4]2, the estimated Ha–X distances
are 3.110 and 3.633 Å, where X is the centroid of the thi-
azolyl ring (Scheme 11). The shielding caused by the ap-
pendage ring current and Mo–Mo quadruple bond elec-
trons result in large upfield shifts of the Ha protons. In
contrast, for the trans-‘[Mo2(NP-R)2]’ complex, the trans
arrangement of NP-R does not allow the ring current of R
to affect Ha. The result is a normal upfield shift of ∆δ =
0.08 ppm for Ha in trans-[Mo2(fuNP)2(OAc)2][BF4]2. Thus,
the magnitude of upfield chemical shift difference of the Ha
proton with respect to the free ligand is diagnostic for
cis/trans isomers in solution. It is concluded on the basis
of numerous ‘Mo2(NP-R)2’ examples that a chemical shift
difference ∆δ of the Ha proton around 0.1 ppm is character-
istic for trans geometry, whereas a corresponding value
greater than 1 ppm signifies a cis orientation of the ligands.

The isolation of trans-[Mo2(fuNP)2(OAc)2][BF4]2, trans-
[Mo2(thNP)2(OAc)2][BF4]2, and trans-[Mo2(Me2NP)2-
(OAc)2][BF4]2 from cis-[Mo2(OAc)2(CH3CN)6][BF4]2 pre-
cursor suggests geometry conversion during replacement of
acetonitrile by the ligands. We proposed a possible sequence
of steps in the substitution and isomerization process, as
depicted in Scheme 12. The trans effect exerted by these li-
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Scheme 11. Representation of the cis-[Mo2(tzNP)2] unit depicting
the position of the Ha proton above the thiazolyl ring.

gands is proportional to their basicity, and the trend is NP-
R � acetate � acetonitrile. The acetate group trans to the
NP ligand in A is activated, which leads to the cleavage of
one of the Mo–O bonds. The acetate ligand rearranges from
a µ-bridging mode to a chelating eq–ax disposition of O
atoms as shown in B. Precedence for this step exists as dis-
cussed in several reports including several well-charac-
terized dimetal intermediates involving eq–ax acetate.[37] In
a subsequent step, the acetate anion displaces the labile
CH3CN molecules thereby completing the geometry con-
version (C). The second NNX replaces the acetonitrile li-
gands in the product-formation step, leading to the trans
derivatives. The pyNP and tzNP ligands with strong axial
donor rapidly replace three acetonitrile molecules in A, and
the result is the formation of cis products. For any ligands
to enter or leave the M2 coordination sphere, the axial sites
are the most probable pathway.[38] It is likely that stronger
pyridyl/thiazolyl donors replace the axial acetonitrile li-
gands in A first, and subsequently the NP core displaces the
equatorial acetonitrile ligands to bridge the dimolybdenum
unit. In case of weak appendages such as furyl or thienyl,
the acetate migration prevails over the axial coordination
of fuNP/thNP, the result of which is conversion into the
trans isomer.
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Scheme 12. Proposed pathway leading to cis or trans isomers of
[Mo2(OAc)2(NP-R)2]2+.

Effects of Axial Coordination on the Metal–
Metal Bond in Paddlewheel Complexes[39,40]

The extent to which the metal–metal distances in pad-
dlewheel M2(O2CR)4·X2 complexes are influenced by the
identity of M, the nature of the R group, and the closeness
of X has been discussed in numerous reports.[18,41] The Cr–
Cr quadruple bond is certainly the most sensitive to the in-
ductive character of the R group, and much more to axial
ligation. Earlier studies showed that the donation of ligand
electron density to σ*/π* of a Cr–Cr quadruple bond causes
major lengthening of the Cr–Cr distance.[42] Although the
effect is less dramatic, several computational and experimen-
tal studies on metal–metal singly bonded Rh2(O2CR)4·
X2 are aimed at assessing the influence of axial ligands on
the metal–metal distances and on excited-state properties.[43]

A limited set of donors, for example, water, tri-
phenylphosphane, methanol, THF, acetonitrile, are the
most commonly used axial ligands. We initiated a study to
understand the effects of axial coordination on metal–metal
distances by systematically varying the nature and strength
of axial donors. A set of NP-R ligands allowed the place-
ment of different R groups at axial sites of the dimetal core.
The tridentate bridged-chelate binding mode of NP-R to a
dimetal core is described in the preceding section
(Scheme 9). The axial donors considered are pyridyl, thia-
zolyl, furyl, thienyl, and pyrrolyl groups, reflecting their
varied donor strengths. It should be noted that axial donors
in our work are not exogenous,[42,43] rather they are con-
strained to the NP units.

In a series of cis/trans-[Mo2(NP-R)2(OAc)2][BF4]2 com-
plexes, the Mo–Mo distances vary with axial donors R.[31]

For R = pyridyl and thiazolyl, the Mo–Mo distances are
2.124(1) and 2.115(1) Å, respectively. For relatively weaker
furyl and thienyl donors, the Mo–Mo distances are compar-
atively shorter [2.087(1) and 2.078(3) Å]. The Mo–Mo dis-
tance in [Mo2(Me2NP)2(OAc)2][BF4]2 is 2.081(1) Å and
contains a weakly coordinated axial tetrafluoroborate
anion (See Figure 1b). The quadruply bonded Mo–Mo dis-
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tances are also dependent on the nature and number of
bridging ligands. A significant lengthening of the Mo–Mo
distance is noted when bridging acetate groups are replaced
by acetonitrile groups. The compound [Mo2(tzNP)2-
(OAc)(CH3CN)2][BF4]3 contains one bridging acetate and
two acetonitrile groups, and the observed Mo–Mo distance
2.147(1) Å is of intermediate length between cis-
[Mo2(tzNP)2(OAc)2][BF4]2 [2.115(1) Å] and cis-[Mo2-
(tzNP)2(CH3CN)4][BF4]4 [2.168(1) Å].

Further, we synthesized a series of NP-R complexes in-
corporating a metal–metal singly bonded [Ru2(CO)4]2+

core. Reactions of [Ru2(CO)4(CH3CN)6][X]2 (X = CF3SO3,
BF4, ClO4) with two equivalents of 3-MeNP (3-methyl-1,8-
naphthyridine), fuNP, pyNP, tzNP in acetonitrile provided
[Ru2(CO)4(NP-R)2][X]2 and with prNP {2-(2-pyrrolyl)-1,8-
naphthyridine} gave [Ru2(CO)4(NP-R)2] (Figure 2).[39] Iso-
lation of these five complexes allowed us to investigate the
variation in the Ru–Ru distances with axial donors. The
general structure description of these complexes is similar
to dimolybdenum(II) complexes described earlier. The N–
C–N unit of the NP fragment bridges two ruthenium cen-
ters, and the site trans to the Ru–Ru bond is occupied by
donor atoms of the respective appendages. In [Ru2(CO)4(3-
MeNP)2][OTf]2, exogenous triflate groups occupy the axial
sites. The presence of carbonyl ligands enforces the cis con-
figuration in all complexes.

Figure 2. ORTEP diagram of [Ru2(prNP)2(CO)4].

A gradual, albeit small, increase in the Ru–Ru distances
is measured by varying axial donors of increasing strengths.
The longest Ru–Ru distance of 2.6969(10) Å is observed for
pyrrolyl donors at axial sites, and the shortest distance of
2.6071(9) Å is observed when triflate groups are coordi-
nated axially. The Ru–Ru distance [2.6261(9) Å] in the fuNP
complex is longer than in [Ru2(3-MeNP)2(CO)4(OTf)2]. The
axial donors in the tzNP and pyNP complexes exhibit com-
parable donor ability having Ru–Ru distances of 2.6734(7)
and 2.6792(9) Å, respectively (Scheme 13).

The Ru–Ru distances are governed by the bridging li-
gands. The bridging NP ligand constrains the dimetal to a
shorter separation than they would prefer otherwise. The
unbridged [Ru2(CO)4(bpy)2(MeCN)2][PF6]2 exhibits a long
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Scheme 13. Variation of Ru–Ru distances with axial donor R in
[Ru2(CO)4(NP-R)2]2+.

Ru–Ru distance of 2.83 Å.[44] Similarly, the Ru–Ru separa-
tion in [Ru2(CO)4(CH3CN)4(PPh3)2][PF6]2 is the longest
[2.8731(8) Å], for which PPh3 ligands are axially bound.[45]

The response of the Ru–Ru bond orbital to axial ligands
has been examined. Closed-shell single-point DFT calcula-
tions of dicationic [Ru2(3-MeNP)2(CO)4]2+ [MeNP], [Ru2-
(fuNP)2(CO)4]2+ [fuNP], [Ru2(tzNP)2(CO)4]2+ [tzNP], [Ru2-
(pyNP)2(CO)4]2+ [pyNP], and neutral [Ru2(prNP)2(CO)4]
[prNP] were performed by using atomic coordinates avail-
able from X-ray structures. The energy levels of the Ru–Ru
bond orbitals in [3-MeNP], [fuNP], and [pyNP] are shown
in Scheme 14. The Ru–Ru σ orbital is elevated in energy
because of its interaction with the axial lone pairs. In [3-
MeNP], the lowest-energy metal–metal bond orbital is the
Ru–Ru σ orbital. The Ru–Ru σ orbital in [fuNP] is elevated
in energy because of interaction with O lone pairs of the
furyl appendages, and it lies below the pair of π* orbitals.
The extent of destabilization in the case of axial pyridyl
donors in [pyNP] is significantly greater resulting in the Ru–
Ru σ orbital being the HOMO. Similarly for thiazolyl and
pyrrolyl donors in [tzNP] and [prNP], the HOMOs are pre-
dominantly Ru–Ru σ-type orbitals.

The shift of Ru–Ru σ bonding electrons to higher energy
results in the weakening of the Ru–Ru bond. The degree of
destabilization depends on the nature of the axial ligands:
the stronger the ligand, the higher the elevation of Ru–Ru
σ orbital and the longer the Ru–Ru distance. To get a fair
estimation of the degree of destabilization of the Ru–Ru σ
orbital, we reasoned that orbitals of δ symmetry are least
perturbed by axial ligation. Therefore, quantitative estima-
tion of the extent of destabilization of the Ru–Ru σ orbital
is obtained by subtracting the difference in energy of Ru–
Ru σ orbital between a particular species and [3-MeNP]
from the difference in energy of the corresponding δ* or-
bital. The calculated values illustrate the comparative donor
strength of the axial appendages. The increment in the Ru–
Ru distance holds a linear relationship with the degree of
destabilization of the Ru–Ru σ orbital (Scheme 15). The ax-
ial thiazolyl appendage presumably involves π-donation to
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Scheme 14. Energy level of [Ru–Ru] bond orbital in [MeNP],
[FuNP], and [PyNP].

the Ru2 unit, thereby causing a small deviation from linear-
ity.[46] In conclusion, the lengthening of Ru–Ru distances
with respect to the axial donors follows along the direction
pyrrolyl � pyridyl ≈ thiazolyl � furyl � triflate, and the
trend correlates well with the computed destabilization of
the Ru–Ru σ orbitals. Further, our study reveals that the
weakening of M–M and M–L(ax) bonds works in syner-
gism. The M–L(ax) distances are longer in quadruply
bonded Mo2 complexes in comparison to singly bonded
Ru2 systems. A closer axial approach of ligands is observed
in the latter systems. The axial ligands weaken the M–M
bond, which in turn weakens the M–L(ax) bonds.[47]

Scheme 15. Plot of comparative axial-donor strength vs. Ru–Ru
distance.

C–H Bond Activation and C–C Bond Formation
at Axial Site of the [Ru2(CO)4]2+ Core[48,49]

The successful applications of dirhodium(II) compounds
in a variety of organic transformations prompted us to ex-
plore metal–metal bonded dimetal compounds in organo-
metallic chemistry.[50] Enhanced reaction rate, selectivity



J. K. Bera, N. Sadhukhan, M. MajumdarMICROREVIEW

Scheme 16. Cyclometalation reaction at axial site of the diruthenium(I) unit.

and new types of reactions are expected to arise from the
cooperation of two closely spaced metal components, re-
ferred as bimetallic synergic effect. Cyclometalation reac-
tions of phosphane-based ligands at equatorial sites of di-
rhodium(II) unit have been reported at elevated tempera-
ture.[51] We focused our attention on the [Ru-Ru]2+ core,
which is isoelectronic with the dirhodium(II) core, having
metal–metal valence configuration σ2π4δ2δ*2π*4σ*0, corre-
sponding to a formal Ru–Ru single bond. Axial interaction
of the [Ru2(CO)4]2+ core with aryl C–H bond has been ex-
amined towards the synthesis of cyclometalated com-
pounds, as shown in Scheme 16.

Following the same protocol employed earlier, different
aryl C–H bonds are placed at axial sites of the [Ru2(CO)4]2+

core by applying appropriate NP-R.[48] We describe herein
reactions of three aryl appendages (Scheme 17). Reaction of
phNP with [Ru2(CO)4(CH3CN)6][BF4]2 in dichloromethane
and at room temperature resulted in the cyclometalated
compound [Ru2(phNP)(C6H4-NP)(CO)4][BF4]. The molec-
ular structure (Figure 3) reveals that one of the phNP is
orthometalated, whereas the second ligand is engaged in an
agostic interaction. The cyclometalated phNP bridges the
diruthenium (Ru1–Ru2) core via the NP unit and simulta-
neously Ru2 binds to the ortho carbon atom C20 of the
phenyl fragment. The Ru1–Ru2 and Ru2–C20 distances are
2.692(1) and 2.074(5) Å, respectively, and the Ru1–Ru2–
C20 angle is 160.5(1)°. The second phNP ligand bridges the
diruthenium unit at equatorial sites and the ortho hydrogen
of the phenyl appendage is located in the vicinity of Ru1.
The metrical parameters of Ru1–H40 2.398 Å (calculated),
Ru1–C40 2.786(5) Å, and Ru1–H40–C40 104.0(3)° are in-
dicative of an agostic interaction.[52] The torsion angle (N4–
C38–C39–C40) of 50.2(7)° between the phenyl and NP pla-
nes manifests the agostic configuration[53] of the C–H bond
to the diruthenium unit. The corresponding value for the
orthometalated phNP is 7.8(7)°. A doublet at 9.29 ppm in
the 1H NMR spectrum of the complex, representing a sig-
nificant downfield shift as compared to the free ligand, is
assigned for the agostic proton. The shift is in the opposite
direction of what is normally observed for the hydrogen
strongly bonded to a metal. Possible rationales for the
downfield shift of the hydrogen lying at the axial site of the
isoelectronic [Rh2]4+ have been offered by Thummel and co-
workers.[54] We attribute the downfield shift of the agostic
proton to the withdrawal of electron density from the C–H
bond to the vacant Ru–Ru σ* orbital.
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Scheme 17. NP-R ligands employed for C–H bond activation.

Figure 3. ORTEP diagram of the cationic unit [Ru2(phNP)(C6H4-
NP)(CO)4]+.

With Me2fuNP, a similar agostic-cyclometalated com-
pound [Ru2(Me2fuNP)(C4OMe2-NP)(CO)4][BF4] was iso-
lated, the key structural parameters of which are compar-
able to [Ru2(phNP)(C6H4-NP)(CO)4][BF4] described above.
The agostic hydrogen in this compound is characterized by
a doublet at 9.35 ppm.

Noncoordinating solvents are preferred over coordinat-
ing solvents for C–H bond activation. This is illustrated by
the reaction of thNP with [Ru2(CO)4(CH3CN)6][BF4]2. In
dichloromethane, the red cyclometalated compound
[Ru2(thNP)(C4H2S-NP)(CO)4][BF4] is isolated as the major
product, having C and S axial coordinations and henceforth
described as (C:S). A small amount of the yellow com-
pound [Ru2(thNP)2(CO)4][BF4]2 having S,S coordination is
also observed. This minor product is referred as (S:S)
(Scheme 18). In acetonitrile, however, the latter (S:S) com-
pound is obtained exclusively, with no trace of (C:S). Both
compounds have been characterized structurally and spec-
troscopically.
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Scheme 18. Reaction illustrating solvent dependent C–H bond activation.

Despite the success of the isoelectronic [Ru2(CO)4]2+ core
to cleave aryl C–H bonds at the axial site, the isoelectronic
[Rh2]4+ does not display similar reactivity even at high tem-
perature. Reaction of phNP with Rh2(OAc)4 in refluxing
1,2-dichloroethane and subsequent crystallization in dichlo-
romethane resulted in the formation of the agostic com-
pound [Rh2(OAc)3(phNP)Cl] (Figure 4). The structural pa-
rameters [Rh2–H20 2.462 Å, Rh2–C20 2.822(3) Å, Rh2–
H20–C20 102.4(2)°, and N2–C18–C19–C20 47.0(5)°] and a
doublet at 11.38 ppm confirms the agostic configuration of
the ortho hydrogen.

Figure 4. ORTEP diagram of the agostic compound
[Rh2(phNP)(OAc)3Cl].

A theoretical framework based on orbital interactions is
offered to explain the proclivity of the [Ru2(CO)4]2+ core to
activate the C–H bond at room temperature. To understand
the electronic structure of the [Ru2(CO)4]2+ core, DFT cal-
culations on [Ru2(3-MeNP)2(CO)4]2+ were carried out. The
LUMO is a Ru–Ru σ* orbital resulting from the antibond-
ing interaction of the two dz2 orbitals. The HOMO and
HOMO-1 are closely spaced Ru–Ru π* orbitals originating
from out-of-phase dxz–dxz and dyz–dyz interactions. The C–
H bond at site trans to the Ru–Ru bond donates bonding
electron pair to the Ru–Ru σ* LUMO, and the back-do-
nation occurs from the filled Ru–Ru π* to C–H σ* orbital,
as depicted in Scheme 19. The combination of these two
interactions results in facile C–H bond cleavage.
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Scheme 19. Orbital interaction between [Ru-Ru]2+ and C–H bond.

In addition to C–H bond activation, C–C bond forming
reaction is achieved at the axial site of the [Ru2(CO)4]2+

core. Aldol-like addition of ketone to 2-methyl-1,8-naph-
thyridine, anchored on a [Ru2(CO)4]2+ core, afforded the C–
C-coupled compounds at room temperature as shown in
Scheme 20. The NP ligands used in this study are 2-methyl-
1,8-naphthyridine, 2,3-dimethyl-1,8-naphthyridine, and the
ketones employed are acetone and ethyl methyl ketone. Sev-
eral diruthenium(I) compounds of general formula
[Ru2(CO)4(L)2][X]2 (L is the C–C coupled naphthyridyl
alcohol, X = BF4 or OTf) are structurally characterized and
their solution behavior has been analyzed in a recent publi-
cation.[49]

Scheme 20. Reaction pathway leading to C–C coupled product for-
mation.
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1,8-Naphthyrid-2-yl-ferrocene (FcNP) and 1,1�-
Bis(1,8-naphthyrid-2-yl)ferrocene (FcNP2)[55–57]

Covalent attachment of different R groups to NP at the
2-position provided tools in our arsenal to tackle funda-
mental problems in dimetal chemistry as described in the
preceding sections. Naphthyridine ligands are redox-active,
in particular, the substitution at 2-position with thiazolyl or
pyridyl group makes them accessible for two electron re-
ductions. Two such ligands wrapped around a dimetal unit
(Mo2, Ru2, Rh2) display fascinating electrochemistry. The
cyclic voltammogram of [Mo2(OAc)2(tzNP)2][BF4]2 exhibits
four reversible reduction couples which are ligand-centered
and located at E1/2

(1) = –0.35(65) V, E1/2
(2) = –0.53(65) V,

E1/2
(3) = –1.21(76) V, and E1/2

(4) = –1.46(68) V (Figure 5).[31]

This is indicative of electron delocalization in the mixed-
valent intermediates. The corresponding compro-
portionation constant values reflect the stability of the
intervalent species.[25] Covalent attachment of one or two
ferrocene to NP provides FcNP and FcNP2, comprising ox-
idizing and reducing centers. The cyclic voltammogram of
FcNP, for example, exhibits an irreversible oxidation at
Ep,a = +0.85 V (vs. Ag/AgCl) with a reduction wave at Ep,c
= +0.50 V. The redox behavior and conformational flexibil-
ity of Fc-NP conjugates play important roles in providing
access to novel molecular and supramolecular compounds.

Figure 5. Cyclic voltammogram of cis-[Mo2(tzNP)2(OAc)2][BF4]2.

Diiridium Chemistry[55]

NP-R ligands have been employed successfully in diirid-
ium chemistry. Reactions of [Ir(cod)(MeCN)2][BF4] with
NP-R afford [Ir(cod)(NP-R)2][BF4] (Scheme 21). X-ray
structures of compounds for R = Ph and Fc revealed 8-N
coordination of two NP ligands. When cod is replaced by
carbon monoxide, a diiridium(I) compound [Ir2(CO)4(NP-
R)2][BF4]2 (R = Me) is isolated, the structure of which has
been confirmed by X-ray crystallography. The molecular
structure consists of a diiridium core with two cis MeNP
ligands, arranged in a head-to-tail fashion, bridging metal
centers (Figure 6). Each iridium atom is additionally
bonded to two carbonyls. The Ir···Ir non-bonding distances
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2.8151(7) and 2.8051(7) Å, noted for two independent
molecules in the asymmetric unit, are similar to those found
in weakly interacting d8–d8 systems.[58] Two IrI ions held in
close proximity by neutral N-donor ligands is a rare exam-
ple although diiridium(I) compounds incorporating anionic
bridging ligands are abundant in literature.[59]

Most intriguingly, substitution of cod from [Ir(cod)-
(FcNP)2][BF4] by CO in dichloromethane affords a novel
diiridium(II) compound [Ir2Cl4(CO)4(FcNP)2], featuring an
unsupported Ir–Ir bond.[55] The X-ray structure reveals a
dimer of ‘[IrCl2(CO)2]’ (Figure 7). The molecule has an im-
posed C2 axis across the unsupported Ir–Ir bond. The ge-
ometry about the iridium centers is near-octahedral with
two cis CO and two cis chlorides bonded to each iridium
atom. The remaining sites are satisfied by axial FcNP and
the second iridium. The Ir1–Cl1 and Ir1–Cl2 distances are
2.378(2) and 2.386(3) Å; Ir1–C1 and Ir1–C2 distances are
1.871(11) and 1.892(10) Å, respectively. The axial NP-Fc
forms a linear N1–Ir1–Ir1–N1 axis as reflected in the N1–
Ir1–Ir1 bond angle 178.8(2)°. The Ir1–N1 distance is
2.183(7) Å. Iridium atoms and coordinating atoms around
its equatorial sites are arranged in a plane; the largest devia-
tion from the best plane is less than 0.01 Å. The staggered
geometry of the dimer is exhibited in the Cl1–Ir1–Ir1–Cl1
twist angle of 48.5(1)°.

The unsupported Ir–Ir distance of 2.7121(8) Å is shorter
than that found in association dimers of IrI and longer than
the corresponding distances in bridged diiridium(II) com-
pounds. The NP-bridged IrI···IrI distance in [Ir2(CO)4-
(MeNP)2][BF4]2 is 0.1 Å longer than the unsupported IrII–
IrII distance in [Ir2Cl4(CO)4(FcNP)2], strongly suggesting a
single bond between metals in the latter compound.

Unsupported diiridium(II) compounds are distinguished
by their rarity. Only five examples of IrII dimers, including
two reported recently, are known.[60] Tedious and uncon-
ventional methods have been adopted in the synthesis of
unsupported diiridium(II) compounds. However, FcNP
provides an easy access to a diiridium(II) compound. The
role of FcNP in providing the unsupported diiridium(II)
compound [Ir2Cl4(CO)4(FcNP)2] is examined critically. A
tentative pathway detailing the product formation is de-
picted in Scheme 22. Initially, incorporation of two chlo-
rides occurs through reduction of dichloromethanes across
a diiridium(I) compound [Ir2(CO)4(FcNP)2][BF4]2, gener-
ated in situ by displacement of cod by carbon monoxides
in [Ir(cod)(FcNP)2][BF4]. The result is the dicationic [Cl–
IrII–IrII–Cl]. The byproduct of this reaction, 1,2-dichloro-
ethane, has been identified by a GC technique. Sub-
sequently, the [Cl–IrII–IrII–Cl]2+ species undergoes re-
duction, generating the [Cl–IrI···IrI–Cl] core. The FcNP,
present in excess of two equivalents per diiridium, is the
reducing agent. The dicationic [Cl–IrII–IrII–Cl] core is a
stronger oxidant compared to its neutral diiridium(II) ana-
logues involving anionic bridges and therefore reduced by
FcNP (Ep,a = 0.85 V vs. Ag/AgCl) yielding neutral [Cl–
IrI···IrI–Cl]. The oxidized product [FcNP]+ proved to be
elusive for identification. Attempts to identify the oxidized
species invariably led to the isolation of protonated salt



1,8-Naphthyridine Revisited: Applications in Dimetal Chemistry

Scheme 21. Synthesis of NP-R bridged diiridium(I) and unsupported diiridium(II) compounds.

Figure 6. ORTEP view of dicationic [Ir2(CO)4(µ-MeNP)2]2+ unit.

Figure 7. ORTEP view of [Ir(Cl)2(CO)2(κ1-FcNP)]2.

[HFcNP]+[BF4]–. Subsequent activation of dichlorometh-
anes results in oxidative additions of two more chlorides
across the diiridium(I) core that proceeds with concomitant
growth of an IrII–IrII single bond. Incorporation of four
chlorides, in addition to four carbonyls present at the diirid-
ium core, leads to migration of FcNP to an axial position,
resulting in the unsupported iridium(II) dimer [Ir2Cl4(CO)4-
(FcNP)2].
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Scheme 22. Pathway leading to unsupported Ir2Cl4(CO)4 core.

Mixed-Metal Assemblies[56,57]

FcNP has been employed to synthesize a host of mixed-
metal assemblies.[56] Reactions of appropriate salts of FeII,
CuII, ZnII, and CdII with FcNP provide [FeCl2(κN8-
FcNP)2], [Cu(κN8-FcNP)2(NO3)2], [Zn(κN8-FcNP)4][OTf]2,
and [Cd(κN8-FcNP)2(κ2N1,N8-FcNP)2][BF4]2. The bridged
dirhodium(II) compound [Rh2(µ-FcNP)2(µ-O2CCH3)2-
(H2O)][OTf]2 is isolated when [Rh2(µ-O2CCH3)2(CH3-
CN)6]2+ is employed as a precursor. The coordination envi-
ronment of metal ions in these compounds deviates con-
siderably from their ideal geometry. For cases where direct
comparison is possible, it is observed that the composition
and structures of FcNP complexes are different from the
corresponding NP compounds. Although 1,8-naphthyridine
is widely known to bridge a variety of metal ions, the κN8

mode of coordination through the distal nitrogen atom of
FcNP appears to be most prevalent. Representative dicat-
ionic unit [Zn(κN8-FcNP)4] in complex [Zn(κN8-FcNP)4]-
[OTf]2 is presented in Figure 8a. In complex [Cd(κN8-
FcNP)2(κ2N1,N8-FcNP)2][BF4]2, two FcNP ligands chelate
to CdII in κ2N1,N8 modes as well (Figure 8b). The bridging
mode of FcNP is noted for a preformed dimetal precursor,
as in [Rh2(µ-FcNP)2(µ-O2CCH3)2(H2O)][OTf]2 (Figure 8c).
ESI-MS studies reveal that the identity of each complex, as
revealed in the solid-state structure, is retained in solution.

Introduction of a NP unit to each Cp ring in ferrocene
provides FcNP2.[61] The coordination versatility of NP and
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conformational flexibility of Fc are attributed to the forma-
tion of novel metallomacrocycles upon complexation with
transition metal ions.[56,57] PdCl2 forms a neutral chelate
complex [PdCl2(FcNP2)] in which the Pd atom links two
NP units of FcNP2 through distal N atoms in trans geome-
try. The geometry at Pd is square planar. The plane con-
structed by the Pd and the coordinating atoms (within
0.067 Å) is near orthogonal to the NP planes, the in-
terplanar angle being 78.46°.

Figure 8. ORTEP diagram of the dicationic units: (a) [Zn(FcNP)4],
(b) [Cd(FcNP)4] and (c) [Rh2(FcNP)2(OAc)2(H2O)].
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A tetrameric compound [ZnCl2(FcNP2)]4 is obtained
from the reaction of FcNP2 and ZnCl2. Each discrete unit
of [ZnCl2(FcNP2)]4 consists of alternating ZnCl2 and
FcNP2 units (Figure 9). The overall structure of metallo-
macrocycle consists of a Zn4 square of dimension
9.584(2) Å spanned by FcNP2 units. The Fc units are alter-
natively above and below the plane of the Zn4 square, form-
ing a Fe4 tetrahedron consisting of four isosceles triangles
with Fe···Fe distances of 9.271(3) and 7.844(2) Å. Each Fe
atom is connected to two neighboring Zn atoms by Cp-NP
units with Fe···Zn distances of 5.995(2) and 6.261(2) Å.

Figure 9. ORTEP diagram of [ZnCl2(FcNP)2]4 and the skeletal ar-
rangement of Zn4Fe4 shown in inset.

Discrete rectangular-shaped metallomacrocycles of for-
mula [M2(FcNP2)2][X]2 (M = Cu, X = ClO4; M = Ag, X =
OTf) are obtained by the treatment of appropriate salts of
CuI and AgI with FcNP2 in 1:1 ratios. Molecular structures
reveal a head-on arrangement of two FcNP2 linked by the
metal ions. In [Cu2(FcNP2)2][ClO4]2, each copper atom is
coordinated to distal nitrogen atoms of two FcNP2 in a
quasi-linear environment with Cu–N distances of 1.889(3)
and 1.898(3) Å and N2–Cu1–N3 angle of 176.47(13)° (see
‘head-on’ dimer in Scheme 23). In contrast, the Ag atom in
[Ag2(FcNP2)2][OTf]2 was found to be disordered over two
positions, separated by 0.696 Å with occupancies of 0.62
(Ag1) and 0.38 (Ag1�), located at the pocket created by two
NP units from two FcNP2, leading to a metallomacrocycle
that is smaller in width [Fe···Fe 9.127(1) Å] in comparison
to “[{Cu(FcNP2)}2]2+” [Fe···Fe 11.104(3) Å].

The reaction of two equivalents of CuI with FcNP2 re-
sults in the bridged-chelate complex [Cu2(FcNP2)(OClO3)]-
[ClO4] in quantitative yield, the structure of which is estab-
lished from X-ray crystallography. The NP appendages in
FcNP2 bridge two copper atoms in trans geometry, as
shown in Figure 10. The coordination geometry for two
metals can be described as linear two-coordinate: one is
bonded to proximal nitrogen atoms, and the second one is
bonded to distal nitrogen atoms of NP units. The inner cop-
per makes an N4–Cu2–N2 angle of 178.01(15)° with
shorter Cu–N distances [Cu2–N4 1.875(4) Å, Cu2–N2
1.879(3) Å]. In contrast, the geometry of the outer copper
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Scheme 23. Interconversion reactions among metallomacrocycles and the corresponding ESI-MS spectrum.

deviates considerably from linearity, as reflected in the N1–
Cu1–N3 angle [168.7(2)°], involving longer Cu–N distances
[Cu1–N1 1.943(4) Å and Cu1–N3 1.946(4) Å]. One of the
perchlorate anions is located in the vicinity of Cu1. The µ-
κ2N1,N8:κ2N1�,N8� coordination of FcNP2 forces two cop-
per atoms to acquire a Cu···Cu distance of 2.466(1) Å which
is significantly shorter than the corresponding distances
2.506(2) and 2.533(2) Å reported for the dicopper(I) com-
plex bridged by two independent naphthyridine li-
gands.[6d,6e] The short Cu···Cu separation in [Cu2(FcNP2)-
(OClO3)][ClO4] is primarily attributed to ligand architec-
ture, although the presence of metallophilic interactions has
been supported and refuted as well for similar dicopper(I)
complexes.[62]

It is remarkable that FcNP2 provides access to two topo-
logically different structures obtained by employing CuI

and FcNP2 in different ratios. The “head-on” dimer is ob-
tained from 1:1 metal-to-ligand assembly, and the “bridged-
chelate” complex is the isolated product when a metal-to-
ligand ratio of 2:1 is employed. Both complexes are iden-
tified in their corresponding mass spectrum along with a
ubiquitous signal at m/z = 505, attributed to [Cu(FcNP2)]+.
It is proposed that [Cu2(FcNP2)2]2+ exists in equilibrium
with the monomeric 1:1 species [Cu(FcNP2)]+, for which a
“chelate” structure, depicted in Scheme 23 is proposed. We
and others have synthesized similar chelate compounds
with Fc*Py2 {1,1�-bis(2-pyridyl)octamethylferrocene}[63]

and FcQu2 {1,1�-bis(quinolin-2-yl)ferrocene}.[64]

The addition of two equivalents of [Cu(CH3CN)4][ClO4]
to an acetonitrile/nitromethane solution of [Cu2(FcNP2)2]-
[ClO4]2 and the recording of the mass spectrum revealed
a mixture of the “head-on” dimer (m/z = 1109), “chelate”
monomer (m/z = 505), and “bridged chelate” dimer (m/z
= 669) compounds. The ratio of the “head-on” dimer and
“bridged-chelate” dimer was found to be 1:1, even when the
reaction was allowed for a prolonged period. In contrast,
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Figure 10. ORTEP diagram of cationic unit of [Cu2(FcNP)2-
(OClO3)][ClO4].

the “bridged-chelate” complex converts fully to “head-on”
dimer on treatment with FcNP2. The parent signal at m/z
= 669 for the “bridged-chelate” dimer vanishes, and a new
signal at m/z = 1159 for the “head-on” dimer appears. It is
concluded from ESI-MS experiments that both 1:1 and 2:1
CuI-FcNP2 complexes exist predominantly as the monomer
[Cu(FcNP2)]+ in solution. The equilibrium is shifted toward
the “bridged-chelate” dimer on addition of CuI to the 1:1
complex, whereas the 2:1 dimer transforms to the 1:1 com-
plex completely on addition of FcNP2. The “head-on” or
the “bridged-chelate” dimer is the isolated product in the
solid state depending on the metal-to-ligand ratio. Despite
the chelate complex [Cu(FcNP2)]+ being the major species
in solution, we have been unsuccessful in isolating it in our
study, and either [Cu2(FcNP2)2][ClO4]2 or [Cu2(FcNP2)-
(ClO4)2] was obtained in quantitative amount by crystalli-
zation.
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Other Major Activities and Further Prospects

In addition to our activities involving the NP-R ligands,
several prominent groups utilize NP based ligands in their
respective field of interest. Lippard and co-workers have
employed NP-based dinucleating ligands to model dinu-
clear active sites in metalloenzymes.[27] The N atoms of NP
are exploited by the group of Zimmerman as H-bond do-
nors for bimolecular recognition of urea and related com-
pounds.[65] Making use of this H-bonded complexation,
several supramolecular polymer blends have been pre-
pared.[66] Ruthenium(II)-NP complexes have been used as
catalyst for electrochemical reduction of CO2 by Tanaka
and co-workers.[67] The reduced NP ligand provides the
electrons required for the reduction of CO2. Water decom-
position catalyzed by a family of dinuclear RuII complexes
involving NP-based ligands has been studied by Thummel
and co-workers.[68] Suitably tailored NP ligand and their
complexation with RuII provided a set of ligands, which are
excellent photosensitizers.[69] These results illustrate the ver-
satility of NP based ligand in diverse applications. We and
others have developed synthetic protocols for different NP
derivatives giving promise for future applications.[70] The
NP-based ligands have assumed a central role in our pres-
ent activity on cooperative bimetallic catalysis. The flexibil-
ity and adaptability of the NP core ensure that the integrity
of the dimetal core is intact during the course of the reac-
tion thereby proving valuable mechanistic insights into or-
ganometallic reactions. We plan to report these new find-
ings in near future.
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