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Copper hydride complexes are versatile reagents, with new
applications appearing rapidly.[1] Copper hydride was first
prepared in the mid-19th century,[2] but its structure remained
unknown for more than 80 years.[3] The characterization[4] of
[{(Ph3P)CuH}6] sparked interest in the structure and bonding
of well-defined copper hydride clusters,[5] and the use of
copper in the industrial reduction of CO to methanol inspired
the synthesis of copper hydride clusters through hydrogenol-
ysis.[6] Following the development of mild and selective
reductions using [{(Ph3P)CuH}6],[7, 8] numerous methods
were developed for the copper-catalyzed hydrosilylation[8,9]

and hydrogenation[10] of organic substrates. Recently, Liu
et al. reported a Cu20 cluster containing the [Cu2H5]

3� moiety,
which releases dihydrogen upon irradiation with sunlight.[11]

Copper hydrides with fewer than six metal centers are
rare.[5a, 6a, 12,13] N-Heterocyclic carbene (NHC)[14, 15] and espe-
cially cyclic alkylaminocarbene (CAAC)[16] ligands stabilize
a {Cu2(m-H)2} core. The NHC ligand also supports the
hydride-bridged dinuclear species [(LAu)2(m-H)]+[17] and
[(LAg)2(m-H)]+.[18] These cations adopt bent structures with
very short intermetallic distances, and there are indications of
direct metal–metal bonding. Interactions between d10 centers,
however, are generally weaker for copper than for silver and
gold.[19] We sought to explore the structure and reactivity of
a hydrido-bridged dicopper cation.

For a number of oligocopper(I) complexes, short copper–
copper contacts have been ascribed to net attractive inter-
action between d10 metal centers,[20,21] to three-center, two-
electron bonding,[22] or to geometric constraints imposed by
a bridging ligand.[23] In the desired species [(LCu)2(m-H)]+, the
presence of a single, spherical bridging ligand minimizes such
constraints, permitting but not requiring a direct metal–metal
interaction.[24–26] Theoretical studies of [Cu2H]+ have vari-
ously predicted a linear geometry[27] or a bent geometry[28]

with a short copper–copper distance.[29]

We now report the isolation of a hydride-bridged dicopper
cation, [{(IDipp)Cu}2(m-H)]+, as its BF4

� salt. The cation
adopts a bent arrangement about the hydride with a short
intermetallic distance. Density functional theory (DFT)
calculations suggest that the copper–copper interaction is
mediated primarily by the bridging hydride. Despite its
overall positive charge, this complex displays hydridic reac-
tivity. It undergoes facile methanolysis, and undergoes
carboxylation to afford a (k2-formate)-bridged dicopper
species. Insertion of phenylacetylene affords a gem-dicopper
vinyl cation.

We prepared the desired hydride complex [{(IDipp)Cu}2-
(m-H)]+ BF4

� (1) by reaction of a siloxide-bridged dicopper
cation with pinacolborane 4,4,5,5-tetramethyl-1,3,2-dioxabor-
olane (HB(pin); Scheme 1). The 1H NMR spectrum of 1 in

[D8]THF solution displays a single set of resonances arising
from the two IDipp ligands, and a singlet resonance at d =

�4.13 ppm assigned to the hydride. Reaction of the siloxide-
bridged precursor with PhSiD3 likewise affords deuteride-
bridged [D]-1. The 1H NMR spectrum of [D]-1 is identical to
that of 1 except for the absence of the hydride resonance, and
the 2H NMR spectrum shows a singlet resonance at d =

�4.13 ppm.
Slow diffusion of hexanes into a THF solution of

1 afforded colorless crystals suitable for X-ray diffraction
(Figure 1).[30] Two crystallographically distinct cations, with
similar bond lengths and angles, are present in the asymmetric
unit. The BF4

� anions are located well outside the copper
coordination spheres. The C-Cu-Cu angles, ranging from
156.1(3)8 to 163.2(3)8, are consistent with the presence of
a triangular [Cu2H] core. The Cu�Cu distances, 2.5331(15) �
and 2.5354(15) �, are considerably less than twice the van der
Waals radius of copper.[31] The positions of the bridging
hydrides could be refined; the L-Cu-H angles range from
165(2)8 to 175(2)8, and the Cu-H-Cu angles are 121(3)8 and
122(3)8.[32]

We applied density functional theory (DFT) calculations
to 1’, a model compound in which the ligand (IMe) bears N-
methyl rather than N-(2,6-diisopropylphenyl) groups, to
elucidate the copper–copper and copper–hydrogen interac-

Scheme 1. Synthesis of hydride-bridged dicopper complex 1.
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tions. Geometry optimization of 1’ converged on a potential
energy minimum with rough C2 symmetry. The copper–
copper distance was calculated at 2.509 �, which is close to
the experimentally determined values.

The highest occupied Kohn–Sham orbital (HOMO) of 1’,
which is largely copper-derived (84 % Cu, 16% NHC), is
copper–copper antibonding in character (Figure 2). Descrip-
tions of three-center, two-electron bonding in {M2H} com-
plexes depict a similar orbital as the lowest-energy unoccu-
pied level in a three-orbital scheme.[24c–e] This apparent
discrepancy is resolved by considering the symmetry-allowed
mixing of filled copper 3d orbital combinations with the
corresponding 4s/4p orbital combinations. The {Cu2H}+

bonding may thus be viewed as a three-center, six-electron
system. Consistent with this interpretation, these calculations

find two filled Cu-H-Cu bonding orbitals, which are 1.97 eV
and 4.72 eV below the HOMO in potential energy.

According to natural population analysis, the Wiberg
bond order[33] between copper centers is 0.386 in the Lçwdin
basis; the copper–hydrogen bond orders are 0.534 and 0.535.
Analysis of the copper–copper interaction using the atoms-in-
molecules theory[34] found no bond critical point. These
findings suggest that the [(LCu)2H]+ cation is an example of
an open three-center interaction[35] in which the metal–metal
interaction occurs mainly through the bridging hydride. For
comparison, in a dicopper(I) complex with a s-bridging
acetonitrile ligand, three-center bonding does give rise to
a bond critical point between the copper centers.[36]

Addition of CD3OD to a solution of 1 in [D8]THF results
in a rapid reaction to form HD,[37] as judged by 1H NMR
spectroscopy, plus a major species assigned as [{(IDipp)Cu}2-
(m-OCD3)]+ BF4

� (Scheme 2). Complex 1 also reacts readily
with CO2 to form [{(IDipp)Cu}2(k

2-O2CH)]+ BF4
� (2 ; Sup-

porting Information, Figure S5). Generally, the reactivity of

metal hydrides toward CO2 depends on the
degree of anionic character at hydrogen.[38] In
its reactivity toward CD3OD and CO2, the
[Cu2H]+ core of 1 displays considerable hydridic
character despite its overall positive charge.
Consistent with this behavior, natural population
analysis of 1’ finds a charge of �0.123 on the
bridging hydrogen.

We wondered whether 1 would react with an
alkyne to form a vinyl-bridged dicopper
cation,[39] analogous to the gem-diaurated vinyl
complexes studied as catalytic intermediates.[40]

Vinyl-bridged dicopper(I) complexes are rare,[41]

but copper(I) m-aryl oligomers are well known.[42]

Alkyl-bridged cations such as {Cu2(m-CH3)}+

have been shown to undergo C�C bond-forming
reactions with allylic halides in the gas phase.[43]

Recently, gem-dicopper vinylidene complexes
have been identified as intermediates in
copper-catalyzed azide–alkyne click cycloaddi-
tions.[44]

Figure 1. ORTEP view of 1. Ellipsoids are set at 50% probability; the
BF4

� anion and hydrogen atoms except the m-hydride are omitted for
clarity. Only one cation of two in the asymmetric unit is shown.
Selected bond lengths [�] and angles [8]: Cu1–Cu2 2.5331(15), C1–Cu1
1.873(9), Cu1–H1 1.45(2), H1–Cu2 1.45(2), Cu2–C28, 1.908(8); C1-
Cu1-H1 167.4(16), Cu1-H1-Cu2 122(3), H1-Cu2-C28 174.4(16), C1-
Cu1-Cu2 163.2(3), Cu1-Cu2-C28 156.1(3).

Scheme 2. Reactions of 1 with selected small molecules.

Figure 2. Partial Kohn–Sham orbital energy diagram of 1’. Plots of selected orbitals,
with eigenvalues and percentage compositions in terms of fragments, appear at the
right. Implicit THF solvation is included; see the Supporting Information for details.
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Phenylacetylene reacts with 1 in THF solution within
30 min at ambient temperature, forming a product charac-
terized by NMR spectroscopy and by X-ray crystallography as
a (trans-phenylvinyl)-bridged dicopper(I) complex (3,
Figure 3). The Cu�Cu distance of 2.6303(4) � is slightly

longer than in hydride-bridged 1. The CNHC-Cu-Cvinyl angles
are 154.3(2)8 and 151.2(2)8. Key metrics of the trans-phenyl-
vinyl moiety are similar to those of trans-stilbene:[45] The C=

C�(Cu2 centroid) angle is 119.58, and the C=C distance is
1.333(8) �. Bonding in the {Cu2Cvinyl}

+ core of a model
complex, as in the {Cu2H}+ core of 1’, is calculated to involve
an open three-center interaction; results and computational
details are provided in the Supporting Information.

In summary, an N-heterocyclic carbene ligand supports
a bent {Cu2H}+ complex with a short intermetallic distance
but little direct interaction between the copper centers. The
bridging hydride shows significant anionic character, reflected
in its reactions with methanol and carbon dioxide. Insertion of
a terminal alkyne forms a geminally dicuprated vinyl com-
plex. Future work will explore the potential of cationic
dicopper complexes in C�H and C�C bond formation.

Experimental Section
1: In a glovebox filled with N2, a solution of 4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (0.020 mL, 0.14 mmol) in THF (1 mL) was cooled to
�35 8C and added dropwise, with stirring, to a �35 8C solution of
[{(IDipp)Cu}2(m-OSiMe3)]+ BF4

� (0.125 g, 0.116 mmol) in THF
(3 mL). The resulting solution was allowed to stand at �35 8C for
1 h, and then a layer of hexanes (15 mL) was carefully added. The two
layers were allowed to mix by diffusion for 18 h, resulting in the
formation of colorless crystals. These crystals were collected by
vacuum filtration, triturated with hexanes (2 � 2 mL), and dried in
vacuo, affording the product as a white powder (0.087 g, 0.088 mmol,

76%). 1H NMR (400 MHz, [D8]THF): d = 7.56 (s, 4H, NCH), 7.53 (t,
J = 7.8 Hz, 4H, para-CH), 7.30 (d, J = 7.8 Hz, 8H, meta-CH), 2.48
(sept, J = 6.8 Hz, 8H, CH(CH3)2), 1.17 (d, J = 6.8 Hz, 24 H, CH-
(CH3)2), 1.01 (d, J = 6.8 Hz, 24H, CH(CH3)2), �4.13 ppm (s, 1H,
CuHCu). 13C{1H} NMR (100 MHz, [D8]THF): d = 178.8 (NCCu),
146.0 (ortho-C), 135.1 (ipso-C), 131.3 (para-C), 125.6 (NCH), 124.8
(meta-C), 29.2 (CH(CH3)2), 25.4 (CH(CH3)2), 23.5 ppm (CH(CH3)2).
IR: ñ = 3168 (w), 2964 (s), 1595 (w), 1467 (s), 1059 (s), 806, 757
(s) cm�1. The product was carboxylated (see the Supporting Informa-
tion) to give a stable sample of formate 2 prior to elemental analysis.
Anal. calcd. (%) for C55H73N4O2Cu2BF4: C 63.76, H 7.10, N 5.41;
found: C 63.46, H 6.92, N 5.31.
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