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A series of “diamond-core” bridged dinuclear first-row transition metal complexes with the 

dinucleating ligand DPFN are prepared and characterized. 
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Dinuclear First-Row Transition Metal Complexes 
with a Naphthyridine-Based Dinucleating Ligand 

T.C. Davenport and T. D. Tilley*,a   

A series of dinuclear and tetranuclear first-row transition metal complexes were synthesized with 
the dinucleating ligand 2,7-bis(di(2-pyridyl)fluoromethyl)-1,8-naphthyridine (DPFN). The 
coordination pocket and rigidity of the DPFN ligand enforces pseudo-octahedral geometries 
about the metal centers that contain chloro, hydroxo, and aqua bridging ligands forming a 
“diamond” shaped configuration with metal-metal distances varying from 2.7826(5) to 
3.2410(11) Å. Each metal center in the dinuclear complexes has an additional open coordination 
site that accommodates terminal ligands in a syn geometry of particular interest in catalyst 
design. The complexes are characterized by electronic spectroscopy, electrochemistry and 
potentiometric titration methods. 
 

Introduction 

Multinuclear metal centers play an important role in catalytic 
systems of interest, including metalloenzymes and the active 
sites of heterogeneous catalysts.1–3 In cases involving dinuclear 
centers, many metalloenzymes are known for which interaction 
of the two metal centers is thought to play a crucial role in the 
catalytic function of the enzyme, including hemerythrin,4 
methane monooxygenase,5 ribonucleotide reductase,6 urease,7 
purple acid phosphatase,8 catechol oxidase,9 and arginase.10 
Indeed, some enzymes containing multinuclear active sites, such 
as the tetramanganese center in the Oxygen Evolving Complex 
of Photosystem II, are thought to utilize only two manganese 
centers in bond-making and bond-breaking events of the 
catalytic cycle.11 Accordingly, many synthetic water oxidation 
catalysts with dinuclear metal centers have been developed, such 
as the ruthenium blue dimer, [(Ru(bpy)2(OH2))2(μ-
O)][ClO4]4.12–16 Dinuclear metal complexes are expected to have 
several advantages over mononuclear complexes including 
cooperative reactivity of substrates with the neighboring metal 
centers, lower oxidation or reduction potentials required to store 
multiple redox equivalents on the complex, enhanced catalysis 
via multielectron processes, and electronic interactions between 
the metal centers potentially beneficial to catalysis.1,17–20 
 Interest in the catalytic capabilities of dinuclear metal 
complexes has led to the study of specially  designed 
dinucleating ligands, for which the structure is tailored to a 
specific purpose.21,22 Such ligands can be designed with several 
beneficial properties. The ligand can be rigid, enforcing a fixed 
coordination environment around the metal centers in a manner 
analogous to that provided by polypeptide frameworks in 
metalloproteins. Such ligands may also dictate a given metal-
metal distance, with controlled electronic interactions between 
the metal centers.23 Also, the number and positions of donor 
atoms can be controlled to achieve a particular coordination 
geometry, and influence the coordination modes of other ligands. 
 

 
Fig. 1 Coordination geometry of DPFN around two octahedral metal 

centers. Coordination sites for secondary ligands are represented by the 
"X" positions. 

 This report describes the dinucleating properties of a ligand 
based on the 1,8-naphthyridine core, 2,7-bis(di(2-
pyridyl)fluoromethyl)-1,8-naphthyridine (DPFN). The 1,8-
naphthyridine core has been described as a “masked 
carboxylate,” capable of emulating the syn, syn bridging mode of 
the carboxylate group commonly found in biological systems.24 
In addition, substitution of the naphthyridine group at the 2 and 
7 positions easily affords additional chelating sites at geometric 
positions favorable for coordination to metal centers bound to the 
naphthyridyl-N position.25–28 In DPFN, the 2 and 7 positions of 
the naphthyridine core have been substituted with di(2-
pyridyl)fluoromethyl groups (Figure 1). This arrangement gives 
the resulting DPFN ligand six chelating N sites that favorably 
bind two metal centers, each with 3 N donors coordinated in a 
facial manner. In this arrangement, the metal-metal distance is 
expected to be in the range of 2.3 to 4.0 Å,28 and, for metal 
centers preferring octahedral coordination environments, two 
coordination sites between the two metal centers are suitable for 
bridging ligands. With two such bridging donor atoms, the 
dinuclear complex adopts a diamond-shaped configuration. Each 
metal center has an additional open coordination site that may 
accommodate terminal ligands in a syn geometry. This structural 
feature is of interest in the design of synthetic molecular water 
oxidation catalysts,29 as well as other catalysts (e.g., for oxidative 
dehydrogenation).30,31 The following results describe the 
dinucleating ability of DPFN for 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Page 2 of 14Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

 

Scheme 1 Synthesis of complexes 1-6. 

           
 

the first-row transition metals from manganese to copper, with 
chloro, hydroxo, and aqua bridging ligands that give the 
diamond-shaped core structure. 
 
Results 

Synthesis of DPFN complexes. The DPFN ligand was prepared 
as described previously.32 Metal DPFN complexes of Mn, Fe, 
Co, Ni, and Cu were prepared with metal chloride and hydrated 
metal nitrate starting materials, as shown in Scheme 1. Unlike 
the later transition elements, manganese did not form a dinuclear 
metal complex with DPFN in methanol or ethanol, regardless of 
the number of equivalents of manganese employed. Instead, the 
complex [Mn(DPFN)2][NO3]2 (1) preferentially formed in these 
reaction mixtures. By ESI mass spectrometry, it was shown that 
the [Mn(DPFN)2]2+ cation was also formed when 
Mn(OTf)2∙6H2O and Mn(ClO4)2∙6H2O were used as starting 
materials.  
 Reactions of anhydrous cobalt(II), nickel(II), and copper(II) 
chloride, or the corresponding hydrated nitrate salts, with DPFN 
resulted in the formation of dinuclear or tetranuclear metal 
complexes. For the metal chlorides, two equivalents were added 
to one equivalent of DPFN in ethanol solution, and the resulting 
reaction mixture was stirred for 16 h. Evaporation of solvent and 

crystallization by vapor diffusion of diethyl ether or 
tetrahydrofuran into a solution of methanol or ethanol resulted in 
crystallization of [Co2(DPFN)(μ-Cl)2Cl(MeOH)]2[CoCl4] (2), 
[Ni2(DPFN)(μ-Cl)2Cl(MeOH)][Cl] (4), and Cu2(DPFN)(μ-
Cl)2Cl2 (5), which were isolated and dried at elevated 
temperatures (~50 °C) under dynamic vacuum. In the reaction of 
CoCl2 with DPFN in ethanol, green crystals formed on 
concentration of the mother liquor under vacuum. These crystals 
could not be redissolved in ethanol, but were recrystallized by 
vapor diffusion of diethyl ether into a methanol solution to give 
2. This indicates that formation of the CoCl42- anion of 2 may be 
driven by a favorable precipitation from solution. Reactions of 
the cobalt and copper nitrates, Co(NO3)2∙6H2O and 
Cu(NO3)2∙2.5H2O, with DPFN in ethanol or methanol led to 
formation of the hydroxo- or aqua-bridged complexes 
[Co2(DPFN)(μ-OH)2(OH2)2][NO3]4 (3) and [Cu2(DPFN)(μ-
OH)(μ-OH2)(OH2)(NO3)][NO3]2 (6). The formation of 
previously reported 3,32 unlike the related reactions of the DPFN 
ligand, results in oxidation of the metal centers. This oxidation 
occurs spontaneously under laboratory atmosphere; however, the 
yield of this complex is greatly increased by addition of excess 
(10 equiv) H2O2 to freshly prepared solutions of Co(NO3)2∙6H2O 
and DPFN. If the addition of H2O2 is delayed by more than 
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Fig. 2 X-ray crystal structure of 1. Thermal ellipsoids are shown at 50% 
probability; hydrogen atoms, solvate molecules, and counterions are 
omitted for clarity. Selected bond lengths [Å] and angles [°]: Mn1–N1 
2.216(2), Mn1–N3 2.234(2), Mn1–N4 2.349(2), Mn1–N7 2.222(2), 
Mn1–N9 2.249(2), Mn1–N10 2.322(2), N1–Mn1–N10 168.31(7), N4–
Mn1–N7 168.73(7), N3–Mn1–N9 165.17(7). 

 10 min, significant formation of the [Co(DPFN)2]2+ species 
(presumably analogous to [Mn(DPFN)2]2+) was observed by ESI 
mass spectrometry. 
 Crystal structures of 1-6. Single crystals of compounds 1-6 
were obtained by vapor diffusion of diethyl ether or 
tetrahydrofuran into methanol or ethanol solutions. The 
mononuclear manganese compound 1 is shown in Figure 2. The 
manganese center is bound to two DPFN ligands to give a 
distorted octahedral geometry, in which each DPFN ligand 
coordinates in a facial manner via two pyridyl and one 
naphthyridyl nitrogen donors. The distortion from octahedral 
geometry can be attributed to steric constraints imposed by the 
accommodation of two DPFN ligands, which results in small N–
Mn–N bond angles (81(3)° on average) associated with a given 
DPFN ligand, and large N–Mn–N bond angles (107(4)° on 
average) involving separate DPFN ligands. 
 Crystal structures of the dinuclear and tetranuclear metal 
complexes 2-6 are shown in Figure 3 and distance and angle 
measurements are given in Table 1. All of the metal centers in 2-
6 are six-coordinate in the solid state with approximate 
octahedral geometries.  For each metal center, three of the 
coordination sites are occupied by the DPFN ligand in a facial 
coordination manner. The two coordination sites trans to the 
coordinated DPFN pyridyl nitrogens are occupied by the 
bridging chloro, hydroxo, or aqua ligands, such that the two 
coordination octahedra for the metal centers share an edge. With 
the exception of 5, the coordination site trans to the coordinated
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Fig. 3 Crystal structures of complexes 2-6. Thermal ellipsoids are shown at 50% probability; hydrogen atoms of DPFN, solvate molecules, and 
counterions are omitted for clarity. 

naphthyridine nitrogen is occupied by terminal chloro, aqua, 
methanol, or nitrato ligands. In the tetranuclear complex 5, the 
chloro ligands trans to the coordinated naphthyridine nitrogens 
form a bridge between two facing Cu2(µ-Cl)2(DPFN) moieties. 
The M2(μ-X)2 metal-metal distances in 2-6 range from 2.7826(5) 
to 3.2410(11) Å, and correlate well to the oxidation state of the 

metal and the metal-bridging ligand bond lengths. Thus, the 
higher 3+ oxidation state of cobalt, and thus smaller ionic radius, 
in 3 compared to the other complexes all containing M(II) 
centers results in the shortest metal-metal distance of 2.7826(5) 
Å. Also, the shorter bond lengths to the hydroxo and aqua 
bridging ligands of 1.917(5) Å and 2.087(4) Å, respectively, in 
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the copper complex 6, results in a metal-metal distance of 
2.9534(3) Å while the chloro-bridged copper complex 5, with an 
average M–(µ-Cl) bond length of 2.294(2), has a metal-metal 
distance of 3.2410(11). 
 For each of the complexes, the M–N naphthyridine bond 
lengths are longer than the M–N pyridine bond lengths indicating 
that the N atoms of the naphthyridine are weaker donors than the 
N atom of pyridine. This likely results from the binding of two 
Lewis-acid metal ions to the naphthyridine core. Jahn-Teller 
distortions are most evident in the M–N naphthyridine bond 
lengths of the d9 copper complexes 5 (2.609(4) Å) and 6 (av 
2.39(2) Å). These bond lengths are significantly longer than the 
average Cu–N pyridine bond lengths of 2.010(7) (for 5) and 
2.004(18) Å (for 6). For the d7-cobalt centers in complex 2, the 
distortion is less pronounced with an average Co–N 
naphthyridine bond length of 2.21(4) Å and an average Co–N 
pyridine bond length of 2.066(8) Å.  
 In general for these complexes, deviation from planarity for 
the equatorial planes defined by the MN2X2 atoms (metal, 
pyridyl nitrogen atoms and bridging X groups) is small. Root-
mean-square deviations for the equatorial MN2X2 planes range 
from 0.030 Å for 4 to 0.061 Å for 2. In 2, the largest deviation, 
0.106(1) Å, occurs for Co2 which is drawn out of the equatorial 
MN2X2 plane by interaction with the terminal chloro ligand. In 
contrast, Co1, for which the terminal ligand is methanol, deviates 
from its MN2X2 least-squares plane by only 0.010(1) Å. 
Similarly, in 4 the largest deviation from the equatorial MN2X2 

planes is associated with the terminal-chloride-bound Ni2 
(0.056(1) Å) while the methanol-bound Ni1 exhibits no 
significant deviation (0.001 (1) Å). Complex 5 exhibits a 
relatively large out-of-plane deviation of 0.091(2) Å for Cu1, 
which is possibly associated with the unique tetranuclear 
structure, while the other dinuclear structures exhibit relatively 
small maximum deviations of 0.0595(6) Å for 6, 0.056(1) Å for 
4, and 0.049(2) for 3. 
 Another structural parameter that varies significantly in 2-6 
is the angle made between the M1N2X2 and M2N2X2 equatorial 
planes. Ideally, with pure octahedral geometries for the metal 
centers and an ideal fit inside the pocket of the ligand, the 

M1N2X2 and M2N2X2 equatorial planes would be coplanar. 
However, in each complex these planes are angled such that the 
single-atom bridging ligands are puckered away from the 
naphthyridine ring of the DPFN ligand. The angle between the 
equatorial planes varies from 12.14(2)° for 3 to 36.61(5)° for 5. 
The variation in this angle is consistent with two main factors: 
the identity of the bridging ligands, and Jahn-Teller distortion. 
Because of the short interatomic distance between the nitrogen 
atoms of the 1,8-naphthyridine fragment (2.298(16) Å), the 
optimal M–X bond length for an idealized octahedral geometry 
is ~1.62 Å. Since the M–Cl bonds at 2.36(5) Å are relatively long 
compared to the M–OH and M–OH2 bonds, the chloride bridging 
ligands in 2 and 5 enforce greater angles between the equatorial 
planes, 26.68(8)° and 36.61(5)°, respectively, than for the 
hydroxo- or aqua-bridged analogs of the same metal – 12.14(2)° 
for 3 and 25.64(5)° for 6. The other factor, Jahn-Teller distortion, 
results in long M–N(naphthyridine) bonds (vide supra), which 
push the metal centers out of the “pocket” of the ligand, and 
enforce tilted MN2X2 equatorial planes to maintain an octahedral 
geometry about the metal centers. Thus, the largest angle of 
36.61(5)° occurs for the d9-copper complex 5 having the largest 
Jahn-Teller distortion, followed by the moderately Jahn-Teller 
distorted d7-cobalt complex 2 with an angle of 26.68(8)°, and the 
non-distorted d8-nickel complex 4 with an angle of 25.57(7)°. 
Finally, the smallest angle of 12.14(2)° occurs for the Co(III) 
complex 3, consistent with the small ionic radius of the Co(III) 
ion, which allows the metal centers to better fit into the ligand 
“pocket.” 
 Magnetic Measurements. The magnetic moments of 
complexes 1-6 (Table 2) were measured by the Evans method.33 
With the exception of 3, the only complex not containing M(II) 
metal centers, the magnetic moment of each complex is 
consistent with the spin state expected for high-spin M(II) metal 
centers. The magnetic moment of the mononuclear d5 manganese 
complex 1 is 5.8(2) μB, consistent with a high-spin S = 5/2 Mn(II) 
center. The d7 cobalt complex 2 exhibits a magnetic moment of 
4.8(2) μB per metal center, a deviation from the spin-only S = 3/2 
value of 3.87 μB typical for high-spin octahedral Co(II) 
complexes.34 The magnetic moment of the d8 nickel complex 4, 
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μeff = 3.0(1) μB per nickel center, is slightly higher than the spin-
only S = 1 value (2.83 μB), as is usually observed for Ni(II) 
centers.34 Similarly, for the d9 copper complexes, the magnetic 
moments of 1.61(5) μB (5) and 1.67(5) μB (6) per copper center 
are lower than the spin-only value of 1.73 μB, and also lower than 
the typically observed magnetic moment for mononuclear Cu(II) 
centers. However, this behavior is consistent with what has been 
reported for multinuclear copper complexes and is presumably 
due to ligand-mediated magnetic exchange between the copper 
centers.34 In contrast to the M(II) complexes, the Co(III) complex 
3 adopts a low-spin, d6 electronic configuration and is 
diamagnetic. 
 Electronic Spectra. Electronic spectra of DPFN and 
complexes 1-6 were recorded in acetonitrile (DPFN), methanol 
(1,2,4,5), or aqueous (3,6) solution. These spectra are shown in 
Figure 4 and selected absorption peaks are given in Table 2. Each 
complex exhibits intense electronic transitions in the UV region 
below ~350 nm with high molar absorptivities (ε > 10,000 M-

1cm-1) composed of one absorption band in the region 308-321 
nm, and additional transitions at 255-262 nm and 212-214 nm 
that are not observed in some complexes. These transitions 
correspond to those observed in DPFN and are assigned to π-π* 
transitions of the DPFN ligand. 
 Absorptions corresponding to d-d transitions are observed in 
each metal complex, with the exception of 1. As is common for 
high-spin d5 centers, the d-d transitions for the d5 manganese 
complex 1 are too weak to be observed. The observed bright 
yellow color of the compound is attributed to broadening of the 
absorbance peak of the π-π* transition at 321 nm, and may arise 
from unresolved charge transfer bands below 450 nm.  
 Unlike the other metal complexes, the green crystals of d7 
cobalt complex 2 change color when dissolved in methanol, to 
give a red solution. This color change can be attributed to 
reaction of the CoCl42- counterion with the water present in 
solution to form the Co(H2O)62+ ion. Whereas the CoCl42- ion has 
a complicated set of absorbance peaks in the region 593-693 nm 
with ε = 122-653 M-1cm-1, the Co(H2O)62+ ion has only a very 
weak absorption (ε = 4.8 M-1cm-1) at 513 nm which corresponds 
well with the observed absorption at 512 nm.35  
 The d6 cobalt complex 3 has one well-defined d-d transition 
at 522 nm, as expected for six-coordinate, pseudo-octahedral, 
low-spin d6-cobalt complexes, corresponding to the 1A1g → 1T1g 
transition in pure Oh symmetry. The higher energy 1A1g → 1T2g 
transition occurs in a region partially obscured by the π-π* 
transitions of the DPFN ligand in 3; however, a shoulder at 362 
nm may be assigned to this d-d transition. From the energies of 
these two transitions, an approximate average crystal field 
splitting parameter of ∆ = 21,000 cm-1 can be obtained using the 
Tanabe-Sugano diagram (C/B = 4.42) for d6 ions. This splitting 
energy is between the values for Co(H2O)63+ (20,760 cm-1) and 
Co(NH3)63+ (22,870 cm-1), which is expected given the mixture 
of aqua, hydroxo, and pyridine-type ligands in 3, and suggests 
that the field strength of the DPFN ligand is similar to that of 
pyridine.36 
 The d8 nickel complex 4 exhibits one weak (ε = 11.6(4) M-

1cm-1) transition at 625 nm consistent with the intermediate 

energy, spin-allowed d-d transition for a six coordinate pseudo-
octahedral complex. The other two expected transitions are not 
observed; however, the tail of the low energy transition 
absorption band is apparent at 800-900 nm at the low energy 
limit of the spectrum. The expected high-energy transition is 
obscured by the π-π* transitions of DPFN, but a slight shoulder 
around 375 nm is evident. 
 The d9 copper complexes 5 and 6 are subject to strong Jahn-
Teller distortions which are evident in the electronic spectra of 
these complexes. For the Cu2(μ-OH)(μ-OH2) complex 6, the 
Jahn-Teller effect is manifested in the very broad character of the 
d-d transition with λmax = 599 nm. In 5, the Jahn-Teller effect is 
large enough to result in two strongly blue-shifted, distinct 
absorptions corresponding to a low energy dz2 → dxy transition 
at 702 nm and a high energy dx2-y2, dxz, dyz → dxy transition at 
431 nm. The absorption peak at 431 nm is unusually high in 
energy for a d-d transition in a Cu(II) complex but is too weak (ε 
= 170(10) M-1cm-1) to correspond to a charge transfer band. 
 Electrochemical Experiments. Cyclic voltammetry traces 
of DPFN and compounds 1-6 were recorded in 0.1 M nBu4NPF6 
DMF with a glassy carbon electrode using a Ag/AgNO3 
reference electrode in acetonitrile. The CV traces shown in 
Figure 5 are referenced to Fc/Fc+ (0.076 V vs. Ag/AgNO3 in 
acetonitrile). Due to insolubility of 3 in 0.1 M nBu4NPF6 DMF 
solution, two equivalents of 1 M KOH aqueous solution were 
added to solubilize the complex.  
 The cyclic voltammetry of DPFN in Figure 5a shows that the 
compound is anodically stable in DMF and cathodically stable to 
−1.8 V after which DPFN is reduced at a peak cathodic current 
at −1993 mV, assigned to reduction of the naphthyridine moiety. 
An additional, significant reduction event occurs at −2650 mV 
assigned to reduction of the pendant pyridine rings (for pyridine 
E1/2 = −2.66 V vs. SCE in 0.1 M Et4NI DMF37). Reoxidation of 
DPFN is not observed except for a small anodic current at −788 
mV indicating decomposition of the DPFN upon reduction. In 1-
6, oxidation and reduction events are observed between −1.8 and 
1.2 V. In the mononuclear manganese complex 1, reduction of 
the complex is observed in two events at −1656 mV and −1759 
mV. These reduction events may either correspond to reduction 
of the DPFN ligands (shifted to more cathodic potentials 
compared to free DPFN due to complexation to the metal center) 
or to metal-based reductions of MnII to MnI, followed by 
reduction from MnI to Mn0. No oxidation of MnII to MnIII is 
observed below 1.2 V. 
 For the series of chloride-bridged complexes 2, 4, and 5, 
analogous oxidation and reduction events are observed. For the 
dinickel complex 4, one broad reduction event is observed with 
a cathodic current peak at −1449 mV, associated with a 
corresponding reoxidation at −1302 mV, and appears to contain 
multiple overlapping reduction events. This reduction may 
correspond to reduction of the DPFN ligand or metal-based 
reduction to NiINiI. Oxidation of 4 is observed as a broad 
oxidation step with an anodic peak at 599 mV, associated with 
re-reduction at 349 mV. This oxidation wave appears to contain 
two distinct oxidation events, and so the oxidized species is 
assigned to the NiIIINiIII state. Reduction of the tetranuclear 
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Fig. 4 Electronic spectra of DPFN (■), 1 (●), 2, (▲), 3 (▼), 4 (□), 5 (○), and 6 (△). a) Spectral region from 200–800 nm displaying high intensity 
features with molar absorptivity up to 60,000 M-1 cm-1. b) Spectral region from 350–900 nm displaying low intensity features with molar 
absorptivity less than 5000 M-1 cm-1. 

copper complex 5 occurs in two reduction events at −235 mV 
and at −592 mV. Tentatively these reductions are assigned to the 
intermediate CuICuICuIICuII species followed by the 
CuICuICuICuI species, however, it is also reasonable that the 
tetranuclear structure dissociates into dinuclear units when 
dissolved in DMF and the reduction steps may represent CuICuII 

and CuICuI species. Due to the lack of an associated reoxidation 
wave for the reduction at −592 mV, the complex likely 
decomposes. Re-oxidation of the metal centers to CuII species 
then occurs at −15 mV. Oxidation of the complex occurs in two 
unresolved steps with an anodic peak at 645 mV and a cathodic 
peak at 365 mV. Based on the size of the peak, the presence of 
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Fig. 5 Cyclic voltammograms of 2 mM DMF solutions of a) DPFN, b) 
1, c) 2, d) 3, e) 4, f) 5, g) 6. Voltammograms are shown on a common 
potential scale referenced to Fc/Fc+. The direction of the initial 
scanning potential for each experiment is indicated by an arrow. For 
DPFN and 1, two separate cyclic voltammograms for anodic and 
cathodic potentials are given. For 2, anodic potentials are scaled to 50 
μA while cathodic potentials are scaled to 10 μA. 

two oxidation steps and the likelihood that the reduction steps 
either occur as two electron reductions or the complex 
dissociates to dinuclear units in DMF solution, the oxidized 
species is tentatively assigned to oxidation of all the copper 
centers to CuIII. In the cobalt complex 2, reduction is observed in 
two steps with cathodic current peaks at −1298 mV and −1500 
mV. As with complex 4, the reduction might be attributable to 
reduction of the DPFN ligand or to reduction of the metal centers 
to CoICoI. Anodic reoxidation associated with the first reduction 
step is observed at −1263 mV. Scanning to anodic potentials with 
3 results in one high current redox event with E1/2 = 518 mV 
attributed to oxidation of the CoCl42- anion. Oxidation of the 
CoIICoII cation is not observed but may be obscured by the 
oxidation of CoCl42-. 
 The hydroxo- and aqua-bridged complexes 3 and 6 show 
significantly different electrochemical properties as compared to 
the related chloride-bridged complexes. The hydroxide- bridged 
cobalt complex 3 is strongly stabilized in the CoIIICoIII oxidation 
state, with respect to the chloride-bridged cobalt complex 2. The  

 
Fig. 6 Potentiometric titration curves of 3 (■), and 6 (●). Base was 
added as aliquots of a 0.1 M NaOH solution. 

CoIIICoIII state is not observed for 2, although due to the 
obscuring presence of CoCl42- its formation could occur above a 
potential as low as 524 mV. The stabilization of the CoIIICoIII 
oxidation state in 3 relative to 2 is attributed to strong stabilizing 
interactions between the electron lone pairs of the μ-hydroxo 
ligands with the empty orbitals of the CoIII ions. This stabilizing 
interaction is reflected in the large number of known dinuclear 
CoIII bis- and tris-μ-hydroxo complexes.38 Reduction of the 
CoIIICoIII state of 3 occurs in two separate steps to form the 
CoIIICoII state at −619 mV and the CoIICoII state at −985 mV. 
These reduction steps are completely irreversible, probably due 
to major structural changes that occur on reduction to the labile 
Co(II) oxidation state. Further reduction of the complex with a 
ligand-based reduction or to a CoICoI species occurs with 
cathodic current peaks at −1481 mV, with re-oxidation at −1375 
mV. Oxidation of 3 to CoIVCoIII or CoIVCoIV species is not 
observed to 1.2 V. 
 The hydroxo- and aqua-bridged copper complex 6 exhibits 
significant stabilization of the CuIICuII state compared to the 
CuIICuII state in the chloride-bridged complex 5. While oxidation 
of 5 is observed at 738 mV, tentatively attributed to oxidation to 
CuIII, oxidation of 6 is not observed up to 1.2 V. Also, while the 
reduction of 5 to a CuI-only species occurs in two steps at −223 
mV and −580 mV, the reduction of 6 to CuICuI occurs in two 
steps with cathodic current peaks at −491 mV and −1170 mV 
indicating a much more stable CuIICuI mixed-valence state, as 
well as a stabilized CuIICuII state(with respect to 5). Re-oxidation 
to CuIICuII occurs with an anodic current peak at −3 mV. In 
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Fig. 7 Comparison of the coordination modes of a) Py5, b) DPFN, and c) bdptz. 

 

addition to reduction to the CuICuI state for 5, further ligand-
based reduction or metal-based reduction to Cu0 occurs with a 
cathodic current peak at −1573 mV with partial re-oxidation 
(ipa/ipc = 0.2) occurring at an anodic current peak at −1406 mV. 
 Acid Dissociation Constants of 3 and 6. The hydroxo- and 
aqua-bridged complexes 3 and 6 contain terminal or bridging 
aqua ligands that should exhibit acidic properties. The acid 
dissociation constants for these complexes were determined by 
potentiometric titration of aqueous solutions of 3 or 6 using a 0.1 
M NaOH solution (Figure 6). For the cobalt complex 3, two 
terminal aqua ligands could be deprotonated, with acid 
dissociation constants measured from the half-equivalence 
points as pKa1 = 4.1(1) and pKa2 = 5.8(1). In the copper complex 
6, the bridging aqua ligand is deprotonated with an acid 
dissociation constant of pKa = 3.3(1). 
 
Discussion 

This work has produced a range of first-row transition metal 
dinuclear and tetranuclear complexes formed by the 
naphthyridine-based dinucleating ligand DPFN. Comparisons of 
DPFN can be made with the well-known pentadentate ligand 
Py5, and the analogous phthalazine-based dinucleating ligand 
bdptz, which have similarly been used to form a series of first-
row transition metal complexes (Figure 7) and is representative 
of several dinucleating ligands with facial tridentate N atom 
binding sites that may also be pyrazolyl- or pyridizine-based.39–

43  DPFN may be regarded as the dinucleating analog of Py5. 
Like Py5, stable complexes with DPFN tend to contain metals in 
the 2+ oxidation state having a high-spin electronic 
configuration. A comparison of chloride complexes of the DPFN 
and Py5 (R = OMe) ligands shows that M–N(pyridyl) distances 
are slightly shorter for the DPFN complexes, by an average of 
0.07(6) Å. In addition, the M–N(naphthyridine) distances in 
DPFN complexes are on average 0.15(5) Å longer than the M–N 
bond distance associated with the axial pyridine of Py5 
complexes. This likely reflects the weaker donating ability of the 
naphthyridine N atoms when coordinated to two metal ions but 
may also reflect the operation of strain, induced by the placement 
of two metal centers in the binding pocket of DPFN. Comparison 
of the electrochemical properties of DPFN and Py5 complexes 
shows that DPFN complexes tend to exhibit more irreversible 
oxidation or reduction events, while Py5 complexes often 
display reversible redox events. This may be due to the greater 

flexibility of the ligand pocket of DPFN versus Py5, allowing for 
significant structural changes during redox events. Also, this 
may be indicative of greater instability of DPFN complexes due 
to tridentate binding to each metal center instead of pentadentate 
binding as exhibited by Py5.  
 The electrochemical properties of the nickel chloride 
complexes of DPFN and Py5 are the most directly comparable 
due to the presence of multiple, analogous redox events. In the 
[(Py5)NiCl][Cl] complex, oxidation to NiIII occurs at E1/2 = 0.39 
V (vs. Fc/Fc+) while reduction to NiI occurs as E1/2 = −1.91 V. In 
the dinickel complex 4, oxidation to the NiIIINiIII state is 
observed at E1/2 = 0.47 V and reduction to the NiINiI state occurs 
at E1/2 = −1.38 V (if the reduction is solely metal-based). The 
shift of the oxidation and reduction events to more positive 
potentials in 4 is likely due to the presence of three chloride 
ligands and only three nitrogen donors for each metal center 
instead of a single chloride and five nitrogen donors in 
[(Py5)NiCl][Cl]. However, at only slightly more positive 
oxidative potentials, 4 is oxidized by two rather than one 
electron, demonstrating the ability of dinuclear DPFN complexes 
to store multiple redox equivalents at a lower required potential. 
 Comparisons can also be made to the similar, dinucleating 
bdptz ligand (Figure 7c).40,41 The ligand bdptz forms related 
chloride- and hydroxide-bridged complexes, providing useful 
comparison to the chloride- and hydroxide-bridged DPFN 
complexes. Due to the coordination geometry of the phthalazine 
nitrogen atoms, the range of M–M distances supported in 
complexes with bdptz have a greater range of values (3.754 – 
3.121 Å) compared to complexes of DPFN (2.7826(5) – 
3.2410(11) Å). This ability to support long metal-metal distances 
may explain why bdptz easily forms chloro-bridged 
dimanganese(II) complexes with an M–M distance of 3.549(2) 
Å, while DPFN appears to be more resistant toward formation of 
complexes with higher ionic radii. 

Conclusions 
This work illustrates the dinucleating ability of the 
naphthyridine-based dinucleating ligand DPFN. Dinuclear and 
tetranuclear metal complexes were formed with late first-row 
transition metals in which the two metal centers are held at 
separations of 2.7826(5) – 3.2410(11) Å. The structural 
properties of DPFN are conducive to formation of pseudo-
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octahedral metal centers with two one-atom bridging ligands to 
give “diamond-shaped” dinuclear complexes. 
 
Experimental 

General Considerations. Spectroscopic grade solvents were 
purchased from Aldrich and distilled water was employed. 
Deuterated solvents were purchased from Cambridge Isotope 
Laboratories and used as received. The ligand DPFN was 
prepared as described previously.32 NMR spectra were recorded 
on a Bruker AV-600 spectrometer at 20 °C. 1H NMR spectra 
were referenced to residual protio solvent peaks (δ 4.80 for d2-
water, δ 4.78 for d4-methanol). Solution magnetic susceptibilities 
were determined by the Evans’ method.33 Solution UV-Vis 
spectra were collected using a Cary 300 Bio spectrophotometer 
with a 1-cm quartz cell at 1 nm resolution. Infrared spectra were 
recorded on powders with a Thermo Scientific Nicolet iS10 
using the Smart iTR ATR sampling accessory. Potentiometric 
titrations were performed using a Thermo Fisher Orion 3-Star pH 
meter with a Ag/AgCl combination pH electrode. Measurement 
of acid dissociation constants were not corrected for ionic 
strength. Elemental analyses were carried out by the College of 
Chemistry Microanalytical Laboratory at the University of 
California, Berkeley. 
Electrochemical Measurements. Electrochemical experiments 
were recorded with a BASi Epsilon potentiostat using a 3 mm 
diameter glassy carbon working electrode, a Pt wire counter 
electrode and a Ag/AgNO3 reference electrode (0.1 M 
[nBu4N][PF6], 1 mM AgNO3 in ACN, 0.076 V vs. Fc/Fc+). The 
glassy carbon working electrode was polished between runs with 
0.05 µm alumina slurry, rinsed with water and dried. Cyclic 
voltammograms were recorded in 0.1 M DMF [nBu4N][PF6] 
solutions. Solutions were purged with nitrogen before analysis. 
Synthesis of [Mn(DPFN)2][NO3]2∙5CH3OH (1). DPFN (0.2 g, 
0.4 mmol) was dissolved in 25 mL of MeOH and then 
Mn(NO3)2·4H2O (0.05 g, 0.2 mmol) was added. The resulting 
yellow solution was stirred for 16 h. The volume of the solution 
was reduced to ~5 mL and the product was crystallized from 
solution by vapor diffusion of THF to afford yellow X-ray 
quality crystals (0.25 g, 0.18 mmol, 93%). Magnetic Moment 
(Evans’):  µeff = 5.9(2) µB. UV-Vis (MeOH, λ [nm] (ε [M-1·cm-

1∙10-3])): 260 (40(3)), 321 (33(2)), 312 (27(2)). IR (ATR, 𝜈𝜈�  [cm-

1]): 1598(m), 1504(w), 1469(m), 1434(m), 1338(s), 1301(w), 
1214(w), 1136(m), 1101(w), 1084(w), 1055(w), 1015(m), 
995(w), 933(w), 901(w), 859(m), 830(w), 775(s), 749(m), 
714(w), 700(w), 689(s), 641(w), 617(w), 593(w), 559(w), 
543(w). EA Anal. Calcd (%) for C65H60F4MnN14O11 (1344.21 
g/mol): C, 58.08; H, 4.50; N, 14.59. Found: C, 58.07; H, 4.12; N, 
14.97. 
Synthesis of [Co2(µ-Cl)2Cl(CH3OH)(DPFN)]2[CoCl4]∙8H2O 
(2). Under a flow of nitrogen, DPFN (0.1 g, 0.2 mmol) was 
dissolved with heating in 75 mL of EtOH and then a solution of 
anhydrous CoCl2 (0.05 g, 0.4 mmol) in 10 mL of EtOH was 
added. The resulting pale orange solution was stirred for 16 h and 
slowly turned brown in color. The volume of the solution was 
reduced to ~5 mL, and this solution was allowed to stand at room 

temperature for 10 min, after which green crystals of the product 
formed. The product was recrystallized by vapor diffusion of 
Et2O into a MeOH solution to form green X-ray quality crystals 
(0.06 g, 0.03 mmol, 38%). Magnetic Moment (Evans’):  µeff = 
11.1(5) µB. UV-Vis (MeOH, λ [nm] (ε [M-1·cm-1∙10-3])): 212 
(160(10)), 261 (47(3)), 320 (38(2)), 485 (0.088(5)), 512 
(0.083(5)). IR (ATR, 𝜈𝜈� [cm-1]): 1618(w), 1600(m), 1537(w), 
1511(w), 1472(m), 1438(m), 1391(w), 1296(w), 1195)w), 
1160(w), 1486(w), 1104(w), 1083(m), 1060(w), 1024(m), 
929(w), 856(m), 808(w), 774(s), 713(w), 702(w), 687(m), 
642(w), 614(w), 577(w). EA Anal. Calcd (%) for 
C62H64Cl10Co5F4N12O10 (1862.45 g/mol): C, 39.76; H, 3.20; N, 
9.02. Found: C, 39.98; H, 3.46; N, 9.02. 
Synthesis of [Ni2(µ-Cl)2Cl(CH3OH)(DPFN)][Cl]∙4H2O (4). 
Under a flow of nitrogen, DPFN (0.1 g, 0.2 mmol) was dissolved 
with heating in 75 mL of EtOH and then a solution of anhydrous 
NiCl2 (0.05 g, 0.4 mmol) in 10 mL of EtOH was added. The 
resulting green solution was stirred for 16 h. The solvent was 
removed by rotovap to give the product as a green precipitate. 
The product was crystallized by vapor diffusion of Et2O into a 
MeOH solution to form green X-ray quality crystals (0.10 g, 0.12 
mmol, 58%). Magnetic Moment (Evans’):  µeff = 4.3(2) µB. UV-
Vis (MeOH, λ [nm] (ε [M-1·cm-1∙10-3])): 262 (20.0(8)), 313 
(14.1(5)), 320 (16.7(6)), 625 (0.0116(4)). IR (ATR, 𝜈𝜈� [cm-1]): 
1602(m), 1578(w), 1541(w), 1512(w), 1471(m), 1441(m), 
1395(w), 1296(w), 1239(w), 1196(w), 1161(w), 1142(w), 
1086(m), 1061(w), 1026(m), 931(w), 853(m), 772(s), 714(w), 
702(w), 686(s), 643(w), 615(w), 576(w), 551(w). EA Anal. 
Calcd (%) for C31H32Cl4F2N6Ni2O5 (865.86 g/mol): C, 42.88; H, 
3.46; N, 9.84. Found: C, 43.00; H, 3.73; N, 9.71. 
Synthesis of [Cu4(µ-Cl)6(DPFN)2]Cl2∙6H2O (5). Under a flow 
of nitrogen, DPFN (0.1 g, 0.2 mmol) was dissolved with heating 
in 75 mL of EtOH, and to this solution was added a solution of 
anhydrous CuCl2 (0.05 g, 0.4 mmol) in 10 mL of EtOH. The 
resulting bright green solution was stirred for 16 h. The volume 
of the solution was reduced to ~5 mL, the solution was filtered, 
and the product was crystallized by vapor diffusion of Et2O into 
the EtOH solution to form green X-ray quality crystals (0.16 g, 
0.19 mmol, 97%). Magnetic Moment (Evans’):  µeff = 2.27(7) 
µB. UV-Vis (MeOH, λ [nm] (ε [M-1·cm-1∙10-3])): 212 (150(11)), 
261 (60(4)), 305 (23(2)), 310 (23(2)), 316 (23(2)), 431 (0.17(1)), 
702 (0.18(1)). IR (ATR, 𝜈𝜈� [cm-1]): 1603(m), 1578(w), 1544(w), 
1502(w), 1471(m), 1436(m), 1296(w), 1246(w), 1196(w), 
1162(w), 1140(w), 1083(m), 1064(w), 1026(m), 862(m), 
811(w), 778(s), 712(w), 699(w), 686(m), 650(w), 618(w), 
570(w). EA Anal. Calcd (%) for C60H52Cl8Cu4F4N12O6 (1650.94 
g/mol): C, 43.74; H, 3.00; N, 10.13. Found: C, 43.65; H, 3.17; N, 
10.18. 
Synthesis of [Cu2(µ-OH)2(NO3)(OH2)(DPFN)]∙2H2O (6). 
DPFN (0.2 g, 0.4 mmol) was dissolved with heating in 20 mL of 
MeOH to which was added a solution of Cu(NO3)2∙2.5H2O (0.19 
g, 0.8 mmol) in 10 mL of MeOH and 2 mL of H2O. The resulting 
blue solution was stirred for 30 min. The solvent was removed 
by rotovap to give the product as a blue precipitate.  The product  
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was dissolved in ~3 mL of hot water and crystallized by slow 
evaporation to give blue X-ray quality crystals (0.25 g, 0.28 
mmol, 70%). Magnetic Moment (Evans’):  µeff = 2.38(8) µB. 
UV-Vis (water, λ [nm] (ε [M-1·cm-1∙10-3])): 260 (25(1)), 316 
(10.4(5)), 599 (0.052(3)). IR (ATR, 𝜈𝜈� [cm-1]): 1606(m), 
1578(w), 1474(w), 1444(w), 1401(s), 1321(s), 1299(s), 1194(w), 
1163(w), 1132(w), 1086(m), 1030(m), 1002(w), 930(w), 
868(m), 827(w), 811(w), 775(s), 713(w), 699(w), 688(m), 
655(w), 620(w), 572(w), 557(w), 539(w). EA Anal. Calcd (%) 
for C30H29Cu2F2N9O14 (904.70 g/mol): C, 39.94; H, 3.19; N, 
13.81. Found: C, 39.83; H, 3.23; N, 13.93. 
Crystallographic Analyses. X-ray diffraction data were 
collected for compounds 1, 2 and 4–6  using Bruker AXS three-
circle diffractometers coupled to a CCD detector with graphite 
or QUAZAR multilayer mirror monochromated Mo Kα (λ = 
0.71073 Å) radiation cooled under a stream of N2 to 100 K. Raw 
data were integrated and corrected for Lorentz and polarization 
effects using Bruker APEX2 v. 2009.1. Absorption corrections 
were applied using SADABS. The structures were solved by 

direct methods using SHELXS and refined against F2 on all data 
by full-matrix least squares with SHELXL-97. Refinement 
details for each compounds are detailed below: 
 [Mn(DPFN)2][NO3]2∙0.5CH3OH∙1.5THF (1). All non-
hydrogen atoms were refined anisotropically; hydrogen atoms 
were included into the model at their geometrically calculated 
positions and refined using a riding model. Disorder of one 
tetrahydrofuran solvate molecule was modeled over two sites 
with the use of free variables. Solvent disorder of a second 
solvate site consisting of 50:50 tetrahydrofuran:methanol was 
extensive and was treated as a diffuse contribution to the overall 
scattering without specific atom positions by 
SQUEEZE/PLATON.  
 [Co2(µ-Cl)2Cl(CH3OH)(DPFN)]2[CoCl4]∙3.75CH3OH∙ 
0.5THF (2). All non-hydrogen atoms were refined 
anisotropically except for a CoCl42- chloride atom and the atoms 
of a methanol molecule that had very low structural occupancy 
factors; hydrogen atoms were included into the model at their 
geometrically calculated positions and refined using a riding 
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model except the OH hydrogen atoms of the coordinated 
methanol ligands which were located from the electron 
difference map and the OH bond lengths were restrained to 
chemically appropriate values. Disorder of the CoCl42- was 
modeled as partial occupancies over three sites. Methanol and 
the diethyl ether solvate molecules were modeled with partial 
occupancies appropriate to the electron density. Due to disorder 
of the diethyl ether solvate molecule bond and angle restraints at 
chemically appropriate values were applied and isotropic 
restraints were applied to atoms with severe anisotropy. 
 [Ni2(µ-Cl)2Cl(CH3OH)(DPFN)][Cl]∙3.25CH3OH (4). All 
non-hydrogen atoms were refined anisotropically; hydrogen 
atoms were included into the model at their geometrically 
calculated positions and refined using a riding model except the 
OH hydrogen atom of one coordinated methanol ligand which 
was located from the electron difference map and the OH bond 
length restrained to a chemically appropriate value. Significant 
disorder in the other coordinated methanol ligand prevented 
location of the OH hydrogen atom and the carbon atom was 
treated with a tight isotropic restraint. One chloride anion was 
disordered and modeled over two sites with the use of free 
variables. Extensive disorder of the methanol solvate molecules 
consisting of 13 methanol molecules could not be refined and 
was treated as a diffuse contribution to the overall scattering 
without specific atom positions by SQUEEZE/PLATON. 
 [Cu4(µ-Cl)6(DPFN)2][Cl]2∙2CH3OH∙2THF (5). All non-
hydrogen atoms were refined anisotropically; hydrogen atoms 
were included into the model at their geometrically calculated 
positions and refined using a riding model. The methanol solvate 
molecule sites were modeled as partially occupied and treated 
with isotropic restraints. The tetrahydrofuran molecule site was 
centered on a two-fold axis and one atom site was modeled as a 
50:50 mixture of oxygen and carbon. 
 [Cu2(µ-OH)2(NO3)(OH2)(DPFN)]∙2H2O (6). All non-
hydrogen atoms were refined anisotropically; hydrogen atoms 
were included into the model at their geometrically calculated 
positions and refined using a riding model except for hydrogen 
atoms of solvate water molecules and coordinated aquo or 
hydroxo ligands that were located from the electron difference 
map.  
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