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Dinucleating Naphthyridine-Based Ligand for Assembly of Bridged
Dicopper(I) Centers: Three-Center Two-Electron Bonding Involving
an Acetonitrile Donor**
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The three-center two-electron (3c-2e) bond is a well-known
type of “electron-deficient” interaction that typically involves
electron-poor main-group elements, such as aluminum or
boron, in combination with strong s-donor ligands, such as
hydride or alkyl ligands.[1] However, 3c-2e bonds have also
been observed for transition metals, for example in copper(I)
aryl complexes in which the electron-deficient bond is
supported by an unusually close CuI�CuI contact (2.37–
2.45 �) indicative of a cuprophilic interaction.[2] This attrac-
tive interaction between copper centers is reminiscent of the
M�M interactions observed in 3c-2e bonds of main-group
metals.[1] Over the past decade, similar cuprophilic interac-
tions have been observed to result from 3c-2e bonds
supported by unconventional L-type (two electron) donor
interactions[3] involving, for example, phosphole ligands.[4]

The latter complexes represent rare examples of a PR3

ligand coordinated in the m-h1:h1 bridging mode.[5] Herein
we report the formation of a dicopper complex bridged by
acetonitrile in this unusual m-h1:h1 mode,[6,7] whereby the
bridging ligand formally contributes both electrons to the 3c-
2e interaction.

The work discussed herein derives from an interest in
dinuclear metal complexes for cooperative substrate activa-
tions in catalytic reactions. In particular, the use of dinucleat-
ing ligands with rigid frameworks may provide well-defined
pockets that promote electronic communication between the
metal centers and create selective binding sites for substrates,
thereby emulating the role of the protein scaffold in
enzymes.[8] For this purpose we developed a ligand system
based on 1,8-naphthyridine. The ligand 2,7-bis(1,1-dipyridyl-

ethyl)-1,8-naphthyridine (dpen) was synthesized by lithiation
of 2,2’-dipyridylethane and subsequent reaction with 2,7-
dichloro-1,8-naphthyridine [Eq. (1)]. Ligands based on 1,8-
napthyridine have been shown to support a variety of

dinuclear metal complexes with metal–metal distances rang-
ing from 2.5 to 4.0 �.[9] The incorporation of 2,2’-dipyridyl-
ethyl groups into the 2,7-positions of 1,8-naphthyridine results
in the six-donor dpen ligand that should bind to each metal
center in a tripodal manner. This binding mode leaves open
coordination sites on both metals that are oriented toward
one another, in a manner suitable for cooperative activation
of a small molecule.

Reaction of dpen with two equivalents of [Cu-
(NCMe)4]PF6 in THF produced an orange precipitate of
[(dpen)Cu2(m-NCMe)](PF6)2 [1, Eq. (2)]. Compound 1 was
crystallized by diffusion of THF into an acetonitrile solution
of 1 to give crystals suitable for single-crystal X-ray diffrac-
tion.

In the solid-state structure of 1 (Figure 1), each copper
center is ligated by four nitrogen donors, one of which is an
acetonitrile bridge. The coordination geometry for both Cu
centers is strongly distorted from a tetrahedral environment
by the rigid nature of the dpen ligand, which enforces
approximately 908 N-Cu-N angles involving the N donors of
dpen. This arrangement results in a coordination geometry for
Cu that resembles a tripodal L3M fragment of an octahedral
complex capped by the bridging acetonitrile ligand.[10] This
ligand is bound in a nearly symmetrical bridging position
between the copper centers with Cu�N bond lengths of
2.004(3) and 1.979(3) �. These bond lengths are similar to
distances found for terminally bound CuI acetonitrile com-
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plexes.[11] The ligand leans slightly toward the Cu center
associated with the longer Cu�NCMe bond, resulting in
somewhat inequivalent Cu-N-C angles of 138.2(2) and
146.0(2)8. This geometry suggests the possibility of a weak
interaction with the nitrile p system.[12] The IR spectrum of
complex 1 exhibits an acetonitrile stretch at n(CN) =

2280 cm�1. This value is higher than that for free acetonitrile
(n(CN) = 2255 cm�1) and similar to values for terminally
bound complexes of acetonitrile (n(CN) = 2270-
2300 cm�1).[13] This finding is consistent with the presence of
a short C�N bond in 1 (1.111(4) �, compared to 1.157(9) � in
free acetonitrile[14]). On the basis of these observations we
suggest that the acetonitrile ligand is best described as a two-
electron donor that participates in a three-center two-electron
bond (Figure 2). This formal description is supported by the
acute Cu-N-Cu angle (75.77(9)8) and a short Cu�Cu contact
(2.4457(4) �) that is characteristic of 3c-2e interactions.[1]

A number of investigations have addressed the nature of
short CuI�CuI contacts (closer than 2.5 �) of the type
exhibited by 1, and considerable discussion has been devoted
to whether such CuI�CuI contacts reflect the presence of a
formal bond between the two metal centers[15] or simply result
from steric constraints of the bridging ligands.[16] Density
functional theory (DFT) calculations on 1 indicate that no
formal bond exists between the two copper centers, as the d-
type bonding and antibonding Cu�Cu orbitals are all filled.
Further analysis of the Cu�Cu interaction by using the
quantum theory of atoms in molecules[17] determined the
presence of a bond critical point between the two copper
atoms. The characteristics of this critical point (1 = 0.038,
521 =+ 0.091) are consistent with a closed-shell interac-
tion.[17] This finding is expected for a cuprophilic interaction
but would not be considered a formal single bond. Moreover,
DFT calculations performed on the dicopper complex in the

absence of a bridging ligand resulted in an increase in the Cu�
Cu distance by 0.197 �. This result indicates that the presence
of the acetonitrile ligand is essential for maintaining the close
Cu�Cu contact. Due to these findings, the small Cu�Cu
separation is attributed to a cuprophilic interaction and is
represented in bonding diagrams by a dotted line between the
two copper atoms.

Because acetonitrile is commonly employed as a leaving
group in ligand-exchange reactions, it was of interest to
determine the potential for complex 1 to serve as a precursor
for other bridged dicopper complexes (Scheme 1). The yellow
xylyl isocyanide-bridged complex [(dpen)Cu2(m-CNXyl)]-
(PF6)2 (2) results from reaction of 1 with one equivalent
xylyl isocyanide in acetonitrile. X-ray quality crystals were
grown by vapor diffusion of diethyl ether into a nitromethane
solution of 2 (Figure 3). Also, the green carbonyl-bridged
complex [(dpen)Cu2(m-CO)](PF6)2 (3) was formed when a
solution of 1 was stirred in nitromethane in an atmosphere of

Figure 1. X-ray crystal structure of 1. Hydrogen atoms and the PF6
�

counterions have been omitted for clarity. Thermal ellipsoids are set at
the 50% probability level. Selected bond lengths [�] and angles [8]:
Cu1–Cu2 2.4457(4), Cu1–N7 2.004(3), Cu2–N7 1.979(3), Cu1–N1
2.012(2), Cu1–N3 2.043(2), Cu1–N4 2.035(2), Cu2–N2 2.019(2), Cu2–
N5 2.040(2), Cu2–N6 2.043(2), N7–C33 1.111(4); N7-C33-C34
178.8(3), Cu1-N7-C33 138.2(2), Cu2-N7-C33 146.0(2), Cu1-N7-Cu2
75.77(9), N1-Cu1-Cu2 88.28(6), N1-Cu1-N3 90.43(8), N1-Cu1-N4
91.37(8), N4-Cu1-N3 89.76(9).

Figure 2. Qualitative molecular orbital diagram for the acetonitrile
ligand of complex 1. The Cu�Cu orbitals are constructed from the
lowest energy combination of the empty Cu 4s and 4p orbitals. The N
orbital on acetonitrile is from the nitrogen lone pair.

Scheme 1. Reaction of 1 with xylyl isocyanide and CO to form 2 and 3.
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CO, and crystals were obtained by vapor diffusion of diethyl
ether into an acetonitrile solution of 3 (Figure 4).

The solid-state structures of 2 and 3 reveal that the
coordination geometry observed for 1 is retained after these
simple ligand substitution reactions of acetonitrile. The Cu�C
bond lengths in 2 and 3 are significantly shorter (1.907(2) and
1.910(2) � for 2 ; 1.889(3) and 1.898(3) � for 3) than the Cu�
NCMe distance in 1. This observation is consistent with the
stronger coordinating abilities attributed to xylyl isocyanide

and CO than to acetonitrile. The xylyl isocyanide ligand in 2
adopts a somewhat unsymmetrical bridging geometry, as
indicated by the bent nature of this ligand (](C-N-C) =

161.8(2)8). Involvement of the p system of the isonitrile
group of 2 in bonding to the copper centers is suggested by a
relatively low n(CN) stretching frequency of 2045 cm�1

(compared to 2119 cm�1 for free xylyl isocyanide). A
significant p-back-bonding interaction is also reflected in a
relatively low CO stretching frequency for 3 (1974 cm�1;
n(COgas) = 2143 cm�1). This frequency is similar to corre-
sponding values reported for CuI complexes of bridging
carbonyl ligands.[18] These observations for 2 and 3 are
consistent with the expected greater p acidity of these ligands
relative to acetonitrile. However, it should be noted that CuI

is associated with poor p basicity, as indicated by the
significantly high n(CO) value relative to typical n(CO)
frequencies reported for bridging carbonyl ligands in other
transition-metal complexes (1700–1860 cm�1).[19]

In conclusion, an unusual m-h1:h1 acetonitrile-bridged
dicopper complex was discovered that exhibits a three-
center two-electron bonding interaction involving acetonitrile
supported by a cuprophilic interaction between the metal
centers. Furthermore, this complex serves as a starting
material for the synthesis of other bridging complexes by
substitution of the acetonitrile ligand, thereby providing a
versatile platform for studying the interaction of small
molecules with dinuclear copper centers.
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