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Abstract

The dinucleating ligand, 1,8-naphthyridine-2,7-bis(2,6-diisopropylphenyl)carboxamide (NBDA), was
synthesized by palladium-catalyzed aminocarbonylation. This ligand was treated with two equivalents
of mesitylcopper in the presence of ["BusN]X (X = Cl, N3) to give the anionic complexes
["BusN][Cuz(NBDA)(p-Cl)] and ["BusN][Cuz(NBDA)(u-Ns)]. Treatment of H,NBDA with mesitylcopper
and two equivalents of xylyl isocyanide led to the formation of a charge-neutral dicopper(l) complex,
[Cu2(NBDA)(CNXyl),], displaying two isocyanide ligands, each terminally bound to one of the copper
atoms. The complexes were characterized by NMR and IR spectroscopy, as well as by single-crystal X-
ray diffraction analysis. Electrochemical characterization of the complexes using cyclic voltammetry
revealed a reversible ligand-based reduction between —1.65 and —2.0 V vs. Fc/Fc*. DFT calculations
suggest a more ionic bonding character and weaker Cu—Cu interactions in the NBDA complexes
compared to those with other 1,8-naphthyridine-based ligands. This is congruent with intermetallic
separations of over 3 A induced by relatively strong coordination of the copper atoms to the amide
nitrogen donor atoms observed in the solid state molecular structures.

Introduction

Bimetallic reaction centers play a prominent role in numerous chemical processes for biological and
synthetic catalytic systems.'™ These catalytic sites rely on the interplay of the chemical and/or
electronic properties of the two metal centers to perform distinct transformations, enabled by metal-
metal cooperation.®” Such cooperative effects have been difficult to deconvolute, and for this purpose
a number of structural and functional model systems have been developed using appropriately
designed coordination scaffolds. These models facilitate the investigation of the physical and chemical
properties of multimetallic complexes and enzymatic active sites.>°

In this context, 1,8-naphthyridine ligands have been used to study metal-metal interactions between
transition metals for over 40 years.’®% This binucleating ligand scaffold can be equipped with
additional coordinating functional groups at the 2 and 7 naphthyridine positions. These substituents
or “side arms” provide a chelating binding environment or coordination pocket for each metal, while
the rigid 1,8-naphthyridine backbone enforces a short intermetallic distance. The naphthyridine side
arms dictate crucial electronic and geometric properties of the coordination pockets, such as the
metal-metal separation distance.?* 2 In recent years, new 1,8-naphthyridine-based ligands have been
developed for the study of dicopper complexes, in the context of relevance to biological and catalytic
systems, and for applications in small molecule activation.>?*27

The 1,8-naphthyridine-based ligands investigated for dicopper complexation are generally charge-
neutral,?®73% with donor side-arm groups such as pyridinyl, iminyl, and R,PE- (E = CH,, O) (Figure 1a).
The copper ions in these complexes are typically in the +1 oxidation state, but higher oxidation states



have also been described.?® Dicopper(l) complexes of this type often possess two additional bridging
ligands leading to pseudo-tetrahedrally coordinated copper atoms. A type of charge-neutral
1,8-naphthyridine-based ligand developed in this laboratory features dipyridyl side arms (Figure
1b).%>3% |nitially developed for dicobalt complexes, these ligands (DPEN for R = Me; DPFN for R = F)

have been used to study dicopper complexes in the +1 to +11l oxidation states, with a variety of bridging
35-39

ligands.
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Figure 1. Different dinucleating ligands based on the 1,8-naphthyridine scaffold symmetrically substituted at the 2 and 7
positions. a) charge-neutral bidentate designs. b) charge-neutral tridentate designs. c) dianionic bidentate) design.

Most contemporary 1,8-naphthyridine ligands feature charge-neutral functional side arms, while
charged ligand designs are less widely explored, despite the prevalence of negatively charged ligands
in multimetallic active sites encountered in biological systems.*®*! Furthermore, monometallic copper
complexes with anionic ligands based on a pyridine scaffold have been extensively explored for their
oxygen activation and C-H bond activation, for example by Tolman and coworkers.**™** Anionic
naphthyridine-based ligands therefore represent interesting targets for study, as they are expected to
impart unique electronic and chemical properties to the metals. Notably, a simple example of such a
ligand, 1,8-naphthyridine-2,7-dicarboxylate, has been employed for coordination of second-row
transition metals.!®* However, anionic 1,8-naphthyridine-based ligands with other side arms have
not been broadly established in bimetallic chemistry.

A rare example of a dianionic 1,8-napthyridine ligand with amido-substituents at the 2 and 7 positions
(Figure 1c) was reported by Gagnon and Tolman.?® The synthetic method involving a bis(formyl)
intermediate provided a low yield, but was used to obtain a dicopper(l) complex with a single bridging
chloride ligand. These results motivated the search for a scalable synthesis of the 1,8-naphthyridine
bis-amide ligand, to thoroughly investigate the effect of the ligand’s negative charge on the structures
and reactivity of coordinated dicopper units.

This contribution describes a convenient one-step synthesis of the dianionic ligand,
1,8-naphthyridine-2,7-bis(2,6-diisopropylphenyl)carboxamide (NBDA; Figure 1c) from the readily
available 2,7-dichloro-1,8-naphthyridine precursor. This new preparative route enables detailed
studies of its coordination chemistry. The new dicopper complexes obtained with this scaffold exhibit
distinct structural properties that reflect the anionic nature of the amido side arms. Such insights were
obtained through solid-state structural analyses, electrochemical studies and DFT calculations.

Results and Discussion



Synthesis of H,NBDA from commercially available 2,7-dichloro-1,8-naphthyridine was achieved by
palladium-catalyzed aminocarbonylation using 2,6-diisopropylphenylamine under a CO atmosphere
(5 atm), with the procedure adapted from El-ghayoury. (Scheme 1).#’ Purification by silica gel column
chromatography followed by recrystallization from isopropanol gave H.NBDA in 56% isolated vyield.
Characteristic amide N-H stretching vibrations at 3352 cm™ and 3296 cm™ were observed in the IR
spectrum of H,1 (Figure S1), and the *H NMR spectrum of H,NBDA matches the one previously
reported.*®
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Scheme 1. Synthesis of the H,NBDA ligand. Dipp is 2,6-diisopropylphenyl.

With bis-amide H,NBDA in hand, the metallation with copper was investigated. The initial synthesis
of the bridging chloride complex ["BusN][Cu2(NBDA)(u-Cl)] (1) followed the two-step procedure
reported by Gagnon.*® However, double deprotonation of the ligand in situ followed by addition of
2.0 equiv of CuCl and 1.0 equiv of tetrabutylammonium chloride (["BusN]Cl) resulted only in the
formation of a small amount of product. The synthesis of 1 in significantly higher yield was achieved
by employing mesitylcopper(l) (CuMes) as the copper source and base. Thus, reaction of H,NBDA with
2.05 equiv of CuMes in THF, in the presence of 1.0 equiv of ["BusN]Cl (Scheme 2), led to the formation
of 1. The complex was purified by filtration through celite and subsequent crystallization to give a yield
of 86 %. In the absence of ["BusN]Cl, the reaction between CuMes and H.NBDA was sluggish at 22 °C
and after 24 h gave a red solution, and *H NMR spectroscopy indicated the presence of both
mesitylene and H,NBDA.

The 'H NMR spectrum of 1 in dichloromethane-d; is in good agreement with that previously reported
(with DMSO-ds solvent).*® A red shift of the carbonyl stretching band observed in 1 (1603 cm™) relative
to that of the free ligand (1680 cm™) reflects the increased electron density on the amide after
deprotonation (Figure S2).
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Scheme 2. Synthesis of complex 1.

The solid-state molecular structure (Figure 4), as determined by single-crystal X-ray diffraction, is
consistent with the 'H NMR spectrum. The Cu—Cu distance in 1 is 2.98(3) A, which is longer than for
other naphthyridine dicopper(l) complexes bridged by a chloride anion.3%3%364 The Cu—Namide distance
of 1.956(4) A is substantially shorter than the Cu—Nyaph distance of 2.12(2) A, leading to a distorted
trigonal coordination for each metal.



Figure 2. Solid-state molecular structure of complex 1 (50 % probability ellipsoids). One additional molecule of 1 in the
asymmetric unit as well as counterions, solvent molecules and hydrogen atoms are omitted for clarity.

To gain a better understanding of the electronic properties of the dicopper complexes supported by
the NBDA ligand, the synthesis of a bridging azide complex was targeted. Similar to CO, the azide
ligand (N3-) has been used as a IR spectroscopic handle to study the degree of metal-ligand interaction
and electronic properties of metal complexes.*>! The azide complexes of DPFN
(bis(dipyridylfluoromethyl)-1,8-naphthyridine) and NBDA were envisioned as comparative models to
evaluate the effect of formal negative charges onto the naphthyridine ligand backbone.

The reaction of one equiv of ["BusN]JN; with the previously reported dicopper complex
[Cua(DPFN)(u-MeCN)][NTf,],,% containing a bridging acetonitrile ligand, resulted in formation of the
Ns-bridged, monocationic dicopper complex [Cuz(DPFN)(u-Ns)][NTf.] (2) in 81 % yield (Scheme 3a).
The anionic, Ns-bridged complex ["BusN][Cuz(NBDA)(l-Ns)] (3), was obtained through an analogous
procedure involving metallation of H,NBDA with 2.05 equiv of CuMes followed by addition of 1.0 equiv
of ["BusN]N; (Scheme 3b), in a yield of 72%. Crystals of the two complexes suitable for single-crystal
X-ray diffraction were grown by vapor diffusion of diethyl ether into saturated THF solutions.
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Scheme 3. a) Synthesis of complex 2. b) Synthesis of complex 3.

The solid-state molecular structures of 2 and 3 reveal a symmetrical coordination of the azide ligand
in a bridging position between the two copper atoms (Figure 3). For complex 2, the Cu—Cu distance is
2.609(1) A while the Cu=Naige distances are 1.941(1) A and the average Cu-N distance involving the
DPFN ligand is 2.07(1) A. The azide ligand lies in the plane of the naphthyridine fragment, and a Cu-
Nazide-Cu bond angle of 84° is observed. The unit cell of complex 3 contains two dicopper complexes
featuring a longer average (of the two molecules in the asymmetric unit) Cu—Cu distance of 3.08(1)A,

4



and the bridging azide ligand is tilted out of the plane defined by the naphthyridine ligand by 30°. The
NMR spectrum of 3 at ambient temperature suggests C,y symmetry for 3, and it is presumed that solid-
state packing effects are responsible for the deviation from planarity. The Cu—N, bond distances
average to 1.88(1) A, which is slightly shorter than in the DPFN complex. The average Cu—Nnaph
(2.18(1) A) and Cu—Namige (1.92(1) A) distances are comparable to the corresponding distances in 1.

Figure 3. a) Solid-state molecular structure of complex 2 (50 % probability ellipsoids). b) Solid-state molecular structure of
complex 3 (50 % probability ellipsoids). One additional molecule of 3 in the asymmetric unit as well as counterions, solvent
molecules and hydrogen atoms in both structures are omitted for clarity.

The azide ligands in 2 and 3 exhibit similar metrical parameters in the solid state. The N-N bond
distances associated with the donor nitrogen atom, d(No —Ng), are 1.179(1) A (for 2) and 1.21(4) A (for
3), while d(Ng-N,) are 1.152(1) A (for 2) and 1.16(2) A (for 3). These distances are similar to those
observed for the free azide anion.>? The IR spectra of these complexes also reflect weak activation of
the azide, with bands at 2079 cm™ (2) and 2070 cm™ (3) (Figures S3 and S4) attributed to the azide
asymmetrical stretching mode (the free azide stretching mode is at 1986 cm™ in the gas phase and
2048 cm™ in aqueous solution).”® As in the chloride-bridged bis-amide complex, the metal centers in
3 adopt a distorted trigonal coordination geometry. The distorted tetrahedral geometry for both
copper atoms in 2 is consistent with other complexes containing the DPFN ligand.

Despite the different coordination environments for the copper atoms in 2 and 3, the azide ligands in
these complexes appear to have similar electronic charateristics. This would suggest that the binding
of the azide by dicopper(l) has a large ionic contribution. To further examine the effects of the
dianionic nature of the NBDA ligand on structure, it was of interest to compare the properties of
complexes with a neutral bridging ligand. For this purpose, xylyl isocyanide (CNXyl), a strong o-donor,
was chosen as it is expected to both solubilize and stabilize a neutral dicopper(l) species with the NBDA
scaffold. Furthermore, the previously reported dicationic complex [Cuz(DPEN)(u-CNXyl)](NTf),
provides a good basis for comparisons.3*

The reaction of H,NBDA with 2.05 equivs of CuMes in the presence of 1.0 equiv of CNXyl in THF led to
the formation of an orange solution, which after filtration and layering with pentane produced a small
amount of an orange crystalline solid. A 'H-NMR spectrum of this material indicates the presence of
coordinated NBDA and coordinated isocyanide in a 1:2 ratio, suggesting the formation of a bimetallic
complex with two CNXyl ligands. Repetition of the reaction with 2.0 equivs of CNXyl produced the
same product, identified as the charge-neutral dicopper(l) complex [Cu(NBDA)(CNXyl);] (4) in
excellent yield (92%, Figure 4).
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Figure 4. Synthesis and crystal structure of complex 4 (50 % probability ellipsoids). Additional molecules of 4 in the asymmetric
unit as well as solvent molecules and hydrogen atoms are omitted for clarity.

X-ray diffraction quality crystals of 4 were obtained by vapor diffusion of diethyl ether into a benzene
solution of the complex. In contrast to a related DPEN complex, in which the isocyanide ligand takes
up a bridging position between two copper atoms, complex 4 contains two terminally bound xylyl
isocyanide ligands, each coordinating to one of the copper centers. The copper atoms protrude from
the plane defined by the naphthyridine by 0.6 A, likely due to the steric requirements of the xylyl
substituents. Complex 4 possesses a C; rotational axis that extends through the central C—C bond of
the naphthyridine, resulting in axial chirality for the complex. The unit cell contains two molecules of
4 with counterrotating C; axes, leading to an overall achiral solid-state structure.

The average Cu—Cu distance is 3.04(2) A, which is similar to those observed in complexes 1 and 3 and
significantly longer than that in the related DPEN complex (Cu—Cu distance of 2.36 A with one bridging
xylyl isocyanide).?* The average Cu—Nnapn bond distance in 4 (2.04(1) A) is shorter than in the anionic
complexes 1 and 3, while the average Cu—Namige distance (1.97(1) A) is approximately the same. The
average C=N bond length of the terminally coordinated isocyanide ligands in 4 is 1.17(1) A,
corresponding to a minimal elongation compared to free xylyl isocyanide.> The average Cu—C bond
distances (1.83(1) A) are among the shortest reported for copper isocyanide complexes.>® A very
intense IR band at 2145 cm™ attributed to the isocyanide C—N stretching mode was observed for 4,
representing a blue-shift relative to that of the free ligand (2119 cm™) (Figure S5). These observations
suggest that the isocyanide acts as a strong o-donor but experiences only weak mn-back-bonding from
the copper atoms.>® The near-linear isocyanide moiety (Cxyy—N—C angle of 177(3)°) supports this
assessment.

DFT calculations were used to further elucidate the bonding interactions in 1-4, as well as the
previously reported complexes [Cuz(DPFN)(u-Cl)]* and [Cuz(bpnp)(u-Cl)2] (bpnp is 2,7-dipyridiyl-1,8-
naphthyridine).3*® The geometries of all complexes were optimized in vacuum using the
corresponding crystal structures as starting points, omitting counterions and any solvent molecules.
Optimization of the geometries was performed using the def2-SVP basis set with the wB97X-D
functional,®” then further optimized in the def2-TZVP basis set. Natural bond orbital (NBO) analysis
was performed on all complexes to determine the main orbital contributions to the ligand-metal
interactions.

Wiberg bond orders for bonds between copper and its donor atoms are given in Table 1. The
intermetallic interaction between the Cu(l) atoms in the NBDA complexes appears to be weaker than
those in the other naphthyridine-based complexes, independent of the nature of the ligand side arms.
The Cu—Nnaph bond orders are slightly lower for 1 and 3, relative to their DPFN counterparts. The Cu—
Namige bond orders in the NBDA complexes are slightly higher than those of the Cu—Np, bonds in the
DPFN and bpnp complexes, suggesting an additional ionic bonding contribution in complexes with the



formally dianionic ligand backbone. This is also reflected in the natural charges of copper in 1 (+0.52)
and 3 (+0.60), which are somewhat more positive when compared to complexes with the DPFN ligand
and the same bridging ligand (+0.45 for [Cuz(DPFN)(u-Cl)]* and +0.53 for complex 2; see Table 1 in Sl).

Table 1. Wiberg bond orders for the bonds involving copper and total Wiberg bond orders in the selected complexes.

Cu—Cu Cu-X Cu—Nnapn Cu-L Cu L
(bridging (sidearm) (total) (sidearm
ligand) total)

[Cu,(NBDA)(p-Cl)] (1) 0.04 0.44 0.14 0.29 1.03 3.07
[Cua(DPFN)(p-N3)]* (2) 0.09 0.33 0.21 0.23 1.31 3.23
[Cua(NBDA)(1-N3)] (3) 0.03 0.32 0.13 0.30 0.97 3.08
[Cu,(NBDA)(CNXyl),] (4) 0.04 0.66 0.23 0.32 1.53 3.09
[Cua(DPFN)(p-Cl)J* 0.13 0.44 0.20 0.21 1.37 3.23
[Cuz(bpnp)(u-Cl)2] 0.07 0.36 0.16 0.25 1.35 3.24

The total Wiberg bond index, corresponding to the sum of all bond indices for a given atom, was
evaluated for the copper and the side arm nitrogen (donor) atoms. Within the complexes containing
a bridging chloride, the copper atoms in 1 display a lower total Wiberg bond index (1.03) than in
[Cuz(DPFN)(p-CI)]* (1.37) or [Cuz(bpnp)(u-Cl)2] (1.35), indicating a lower coordinative saturation of Cu
in 1. A similar difference in bond order is observed between azide-bridged complexes 3 (0.97) and its
DPFN analogue 2 (1.31).

For the overall neutral complex 4, a stronger interaction of copper with the naphthyridine nitrogen
(Cu—Nnaph bond order of 0.23) is observed, along with a lower overall charge on the NBDA ligand
relative to the anionic complexes 1 and 3 (—1.32 versus —1.53 for 1 and -1.54 for 3). This could be
interpreted as a transfer of electronic density into the isocyanide ligands. NBO analysis of 4 suggests
that some back-bonding from Cu 3d orbitals into the C—N nt* orbitals is present. Stabilization of Cu(l)
by the isocyanide as well as the slight increase of interactions with the naphthyridine is reflected in
the largest total Wiberg bond order for the copper atoms (1.57) of all complexes considered here.

In general, the DFT calculations suggest that for complexes with the same bridging ligand, the dianionic
NBDA and DPFN complexes exhibit similar bond orders between copper and bridging ligand and a
similar charge on the bridging ligand, despite the different (formal) coordination number of copper.
The major differences correspond to weaker intermetallic interactions and more ionic character for
Cu(l) in the NBDA complexes. It is noteworthy that despite the structural resemblance of the bpnp
and NBDA ligands, only a single bridging chloride is found in 1. This suggests that the negative charge
of the naphthyridine ligand disfavours the accumulation of charged species at the bridging site. This
in turn may result in different reactivity of NBDA-dicopper complexes compared to those with charge-
neutral naphthyridine ligands. As noted previously by Gagnon, complex 1 does not react with oxygen
but appears to be oxidized by Ag(l).*

The redox properties of the NBDA dicopper(l) complexes were analyzed by cyclic voltammetry (CV) in
THF solution. The CV of H,NBDA (Figure 5) shows an irreversible reduction around —1.90 V vs.
ferrocene, which appears to be composed of two overlapping reduction events that are
distinguishable at slow scan rates (Figure Sl 11). For the complexes 1 and 3, a reversible reduction at
—2.03 V was observed. A reversible reduction of complex 4 was observed at —1.65 V along with a
second reduction with onset at —2.5 V which was not observed for the anionic complexes. Scan
rate-dependent measurements of the complexes confirm reversibility of the reduction on the CV
timescales (Figures Sl 12, Sl 13, SI 14). The reversible reduction feature likely involves the NBDA ligand



and the shift to more positive potentials reflects the reduction in electron density (and negative
charge) on the naphthyridine backbone, as calculated for 4. The irreversible second reduction could
not be assigned to a specific process; however, a reduction of the isocyanide ligands at this potential
is feasible.® Complex 2, in contrast to the NBDA complexes, displays only irreversible redox features
(Figure S15): an oxidation at —0.2 V and reductions with onsets at—1.4V,-2.3V and -2.7 V.
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Figure 5. CVs of HoNBDA and the corresponding dicopper(l) NBDA complexes 2, 3 and 4. Conditions: 100 mV/s scan rate; GC
working electrode, Pt counter electrode, Ag/AgBF, reference electrode; 0.1 M BusNPFs in THF.

The oxidations of 1, 3 and 4 are completely irreversible. Complexes 1 and 3 feature at least two
separate oxidation peaks, with the first displaying an onset of -0.35 V and the second occurring around
0 V. A single, irreversible oxidation peak was observed for 4 with an onset at 0.2 V. The oxidation
potentials of 1 confirm that Ag(l) is capable of oxidizing the complexes (E° = 0.41 V vs. ferrocene in
THF),*® consistent with observations previously made by Gagnon and Tolman.*® The complete lack of
reversibility in these dicopper complexes indicates that a rapid change of the molecular structure takes
place once an electron is removed. A plausible explanation could be that an oxidation from Cu(l) to
Cu(ll) initially occurs, but the oxidized copper is susceptible to rapid de-coordination from NBDA (due
to coordinative unsaturation) under the experimental conditions used here.®%®! While the
naphthyridine bis-amido complexes seem at least somewhat stable to reductive conditions, they
appear not to support the transformation of dicopper(l) units to higher oxidation states (at least
without additional stabilization by solvent or additional ligands), in contrast to other families of
naphthyridine-based ligands.

Conclusions

The straightforward synthesis of the dianionic naphthyridine ligand H,NBDA was achieved through
palladium-catalyzed aminocarbonylation. The dicopper(l) complexes with the NBDA scaffold were
prepared in high yields by reaction of this ligand with CuMes in the presence of either ["BusN]Cl or
["BuaN]Ns3 to give the corresponding bridging chloride and azide compounds 1 and 3 as overall anionic
complexes. The use of CuMes as a copper source allows rapid metallation of the ligand precursor with
elimination of relatively inert mesitylene and avoids deleterious salt-elimination chemistry that might
incorporate additional metal ions into the product. In the presence of xylyl isocyanide, an unexpected
end-on coordination of two ligands giving an overall neutral dicopper(l) complex was observed.

The solid-state structures of the NBDA complexes exhibit large intermetallic separations of 2.98 A —
3.08 A between copper(l) sites and trigonal coordination geometries. The large metal-metal distances
are induced by the electronic profile of the dianionic ligand: the Cu—Nami¢e bonds are stronger than the
Cu—Nnaph bonds (reflected by shorter bonds and higher calculated bond orders). The influence of the
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increased intermetallic separation induced by the ionic nature of the ligand is most clearly observed
with isocyanide. Terminal coordination at each Cu atom is favored over the bridging coordination
mode observed with charge-neutral naphthyridine ligands which enforce a shorter Cu—Cu separation
of 2.366 A.3* The NBDA ligand displays reversible, ligand-based reductions in complexes 1, 3 and 4,
although isolation of chemically reduced species was not achieved.

This study suggests that dianionic naphthyridine-based ligands can impart unique properties for
bimetallic cores that are expected to compliment those of similar charge-neutral ligands. The modular
synthesis of the ligand should also enable straight-forward modification of the substituent of the
amide groups, which in turn can be used to tune redox potentials and electron density of the bimetallic
complexes. Further studies will explore applications of this class of ligands in bimetallic chemistry and
to uncover the effects of a charged ligand scaffold on reactivity.
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