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Low-nuclearity copper hydrides are rare and few well-defined
dicopper hydrides have been reported. Herein, we describe the
first example of a structurally characterized anionic dicopper
monohydride complex. This complex does not display typical
reactivity associated with low-nuclearity copper hydrides, such
as alcoholysis or insertion reactions. Instead, its stoichiometric
and catalytic reactivity is akin to that of copper hydride clusters.
The distinct reactivity is ascribed to the robust dinuclear core
that is bound tightly within the dinucleating ligand scaffold.

Copper hydrides (CuHs) have found widespread use in
homogeneous reduction catalysis.l!! This started with seminal
work by Stryker and coworkers, who found that the hexameric
CuH cluster [Cu(PPhs)H]e (Stryker’s reagent) catalyzes the
selective reduction of a,B-unsaturated ketones under high H,
pressure.? Following this report, it was found that hydrosilanes
are excellent terminal reductants for this reaction, allowing for
milder reaction conditions.2*! Since then, numerous CuH
complexes have been reported for the reduction of carbonyl
compounds through hydrosilylation showing high activity,
enantioselectivity or functional group tolerance.** Despite
their wide usage, the identity and aggregation state of the
active species is often unclear, due to the typical in situ
preparation of the catalyst.

In recent years, there has been increasing attention for the
application of well-defined multinuclear complexes in
catalysis." In these systems the cooperative function of
multiple metal centers enables distinct reactivity from their
mononuclear counterparts.['® Towards this end, our group has
been working on dinuclear copper(l) complexes supported by
the PNNP expanded pincer ligand.[**! This ligand can bind two
Cu(l) atoms in close proximity, and can be deprotonated once
or twice concomitant with partial or full dearomatization of the
naphthyridine core.'**? The latter enabled the synthesis of
tetracopper dihydride complex A (Scheme 1) through
bifunctional activation of hydrogen gas.[*!! Recently, Tilley and
coworkers reported penta- and trinuclear cationic CuH
complexes supported by a naphthyridine based ligand (Scheme
1, B). These complexes were found to catalyze formic acid
dehydrogenation, which is uncommon for CuHs.!*3! A notable
similarity in all reported naphthyridine-based CuHs is the
strong driving force for aggregation of three or more metal
centers to stabilize the copper hydride core.!*%13!

The tendency of CuHs to form oligomers and other
polynuclear complexes through electron deficient multicenter
two-electron bonding has resulted in the structural
characterization of a plethora of CuH clusters.!*%! |n contrast,
well-defined low-nuclearity CuHs are rare and especially mono-
and dinuclear CuHs are only sporadically isolated and
structurally characterized (see Table 51).1*6-26 |n 2013 Sadighi
and coworkers showed that bulky N-heterocyclic carbene
(NHC) ligands can be exploited for the stabilization of dinuclear
CuHs (Scheme 1, C).'*?1 Sybsequently, numerous CuH

complexes bearing sterically encumbering NHC ligands have
been reported and exploited as catalysts for the
functionalization of unsaturated organic substrates.[!82225-28]
However, the instability of low-nuclearity CuHs and their
fluxional behavior in solution have hampered mechanistic
studies of these transformations. Very recently, Bullock and co-
workers reported detailed mechanistic studies on the insertion
chemistry of [(NHC)Cu(p-H)l. complexes showing the
importance of CuH monomerization to enable insertion of
unsaturated substrates.l?28] However, investigations into the
reactivity of dinuclear monohydrides themselves are absent
due to the lack of robust systems that do not change
aggregation state in solution.

In this work, we report the synthesis of a well-defined
anionic dicopper monohydride complex (1) that retains its
dinuclear nature in solution. Despite its low-nuclearity and
steric accessibility of the hydride, we show that complex 1 is
stable and lacks the distinct hydridic reactivity that is
associated with low-nuclearity CuHs. Instead, we demonstrate
that its stoichiometric and catalytic reactivity is akin to CuH
clusters such as Stryker’s reagent, despite containing only two
copper centers.
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Scheme 1: Previous work on related copper hydride complexes.

Synthesis and Characterization

The previously reported complex A does not display
catalytic activity in the hydrosilylation of aldehydes or ketones.
We reason that the dimeric nature, which is stabilized by the
electron deficient 4-center 2-electon bonding in the CusH, core,
renders the hydrides sterically inaccessible (Figure S1). Hence,
we hypothesized that preventing this dimerization would lead
to increased reactivity of the hydride core. It was envisioned
that deprotonation of the PNNP methylene linkers in complex
A could decrease the driving force for dimer formation due to



a combination of increased electron density on the dicopper
core and coulombic repulsion. Treatment of complex A with
benzyl potassium, which we previously utilized to access the
fully dearomatized PNNP ligand on dicopper(l),'*V! resulted in
the formation of intractable mixtures. The addition of KOtBu to
a THF solution of A does not lead to any deprotonation of A
according to NMR analysis. However, subsequent addition of
18-crown-6, which sequesters the potassium cation to increase
the basicity,? results in full conversion of A to complex 1

(Scheme 2).
K(18-crown-6)

KOtBu, tBu,P_ JHO _P_\tBu
18-crown-6  tBu” | | ~tBu
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Scheme 2: Synthesis of dinuclear copper(l) hydride complex 1.

Complex 1 was isolated as an orange air and extremely
moisture sensitive powder in 75% vyield. The 3!P{*H} NMR
spectrum of 1 in THF-dg at 25 °C features a single resonance at
6 = 20.5 ppm, showing both phosphorous atoms are
magnetically equivalent. The *H NMR spectrum shows two
doublets at § = 6.12 (3Jyy = 8.3 Hz), 5.55 (3Jyu = 8.3 Hz)
corresponding to the naphthyridine backbone. A singlet at 6 =
3.22 ppm corresponding to the methine linkers integrates
equally to each backbone signal. These features in the NMR
spectra are characteristic for a Cy symmetric fully
dearomatized PNNP ligand.'* The hydride ligand is
magnetically coupled to both phosphorous nuclei and is found
as a triplet at § = 0.89 ppm (3Jyp = 25.3 Hz). The identity of this
hydride peak was confirmed by 2H NMR of the deuteride
analogue of 1 (1D, see ESI). The structure of complex 1 was
revealed with single crystal X-ray crystallography, showing a
monomeric dicopper hydride (Figure) as opposed to dimeric
complex A. Structurally characterized dicopper monohydride
complexes are rare and all reported examples are neutral or
cationic (table S1). To the best of our knowledge, complex 1 is
the first structurally characterized anionic dicopper hydride
complex.
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Spacefill model

Figure 1: The structure of 1 determined by X-ray diffraction.
Displacement ellipsoids (left) are displayed at 50% probability, t-Bu
groups are depicted as wireframe, and the K (18-crown-6) counterion
and two THF molecules are omitted for clarity. Spacefill spheres (right)
are shown at the Van der Waals radius.

Unlike the hydrides in complex A (Figure S1), the hydride in
1 is remarkably exposed (Figure 1). The Cu...Cu distance
(2.4229(7) A) in 1 is shorter than the Cu...Cu distances in A
(2.4778(5)- 3.4144(6) A),"Y1 which is in line with the trend
observed for the dearomatization of the analogous mesityl
complexes.!*?l Dearomatization of the backbone is evident from
the short C1-C2 and C9-C10 bond lengths (1.387(3) and

1.386(3) A, respectively) which are consistent with localized
C=C double bonds. This dearomatization leads to a rigid
backbone structure in which the methine linkers are in plane
with the naphthyridine backbone (P1-C1-C2-N1=2.7(3)°). The
hydride ligand was located in the Fourier difference map and
DFT calculations (see ESI) indicate that it is bound
symmetrically between the two copper centers, in line with the
C,v symmetry of the complex observed in solution.

Stoichiometric reactivity and catalysis

Low-nuclearity copper hydrides typically undergo protonolysis
in the presence of alcohols or other weak acids to form H;
gas.2%2%] |n contrast, complex 1 is stable towards tert-butanol
(formed in its synthesis). Moreover, adding a strong acid such
as HBArF,4 to complex 1 does not lead to the formation of H,
gas, but results in protonation of the ligand backbone to give
complex A (Scheme 3). This type of reactivity is in line with the
DFT calculated HOMO of 1 that is located mainly on the
methine linkers, rather than on the hydride ligand (Figure S25).
Similarly, exposure of THF solutions of 1 to ambient air leads to
immediate formation of complex A together with several
unidentified side products based on NMR analysis. Notably,
reacting 1 at 80 °C with 4-fluorophenylacetylene, which is a
weak C-H acid, does result in the formation of H, gas and the
corresponding acetylide complex 2 (Scheme 3). However,
monitoring this reaction with *H NMR spectroscopy showed
that at room temperature initially A is formed. When the
mixture is heated, formation of 2 and H; is observed. The
intermediacy of A in this reaction, rather than direct reaction
of the hydride in 1 is in line with the lack of hydridic reactivity
of this complex.

Reactions of 1 with acids
1 + HOtBu

—— No reaction

+ KBAI’F24
+ 18-crown-6

- XT

H BAFF24 —_— 1/2 A

Catalytic hydrosilylation of benzophenone

o)
H

2 mol% )

+HSIPhy — O O 99%

Scheme 3: The reaction of complex 1 with acids (top) and alkynes
(middle). The catalytic hydrosilylation of benzophenone with 1.

Dicopper hydrides are known be susceptible to insertion
reactions of unsaturated substrates into the Cu—H bond, hence
we explored such reactivity for 1.117-1921.22.2526.28] A discussed
above, the addition of a terminal alkyne did not lead to an
insertion into the Cu—H bond, contrary to what is observed for
other dicopper hydrides.[1%21:2328 Similarly, the addition of
other unsaturated substrates to 1 (alkenes, internal alkynes,
ketones, nitriles and imines) did not lead to the corresponding
insertion products despite the lack of steric encumbrance
around the hydride (Figure 1). Altogether, it is evident that 1
reacts distinctly different from reported dicopper hydrides.
CuH clusters, including Stryker’s reagent are well known for
their catalytic activity in the hydrosilylation of ketones and
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aldehydes.*4 Similarly, we found that 1 catalyzes these
transformations at room temperature in THF. Contrary to
Stryker’s reagent, 1 is also able to hydrosilylate bulky ketones
such as benzophenone with bulky silanes like triphenyl silane
(Scheme 5) under these conditions (see ESI).

Computational analysis
To gain more insights into the principles underlying the distinct
reactivity of 1, we probed the properties of this complex with
DFT calculations. Natural Bonding Orbital (NBO) analysis shows
that the hydride is bound via an open 3-center 2-electron (3c-
2e) bond, polarized towards the hydride. Interestingly, natural
population analysis shows that the charge of the hydride ligand
in 1 has decreased slightly compared to the hydrides in complex
A (-0.04 e’), despite the overall anionic charge on complex 1
(Scheme 4, bottom). To investigate the origin of this, we
considered that the deprotonation of A to form 1 can
theoretically be split into two processes: the monomerization
and the deprotonation itself. To assess the influence of each of
these on the charge distribution in the molecule, we calculated
the stepwise change in electron density upon monomerization
to the theoretical Amono, and the subsequent change in electron
density upon deprotonation to 1 (Scheme 4, middle). This
revealed that the decrease in charge on the hydride ligand is
due to the monomerization, rather than the deprotonation
itself. This can be rationalized by considering that the driving
force for the dimerization is the electron deficient bonding via
open multi-center 2-electon bonds.'¥ These open bonds
mediate the interaction between multiple copper centers
through the bridging ligands since direct copper—copper bonds
are prevented by the d'° configuration of Cu(l). When
partitioning the electron density into natural charges, the
electrons in these open multi centered bonds are ascribed to
the hydride. Hence, in higher nuclearity multi center bonding,
there will be more electron density on the hydride as we see in
complex A as compared to Amono. The natural population
analysis also shows that the increase in electron density upon
deprotonation (i.e. going from Amono to 1) is mainly localized on
the naphthyridine backbone, and this is also evident in the
highest occupied molecular orbital (HOMO) of 1, which is
situated on the naphthyridine backbone (Figure S25).

To explain the distinct reactivity of 1 with respect to other
dicopper hydrides we also performed NBO calculations on the
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Scheme 3: The change in electron density (natural population) upon deprotonation of A forming
1. Blue indicates a depletion of charge and red an increase. The intensity scales with the
magnitude of the relative in- or decrease with respect to the species before each arrow.
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cationic dicopper hydride reported by Sadighi and coworkers
(Scheme 1, C) for fair comparison of the electronic structure
(See ESI). These calculations show similar open type 3c-2e
bonding in both complexes, where the Cu...Cu interaction is
mediated through the bridging hydride. This indicates that the
distinct reactivity of 1 is not due a lack of hydridic character,
especially given that the calculations show that the Cu—H bond
in 1 is even more polarized towards H than in Sadighi’s
complex.l?!!

Mechanistic inquiries
Given that 1 was found to not react as a typical hydride, we
were interested to discover if the catalytic hydrosilylation
proceeds via a hydride insertion pathway as has been shown
for low-nuclearity Cu—H species.!?®! Hence, we performed a
hydrosilylation reaction using stoichiometric amounts of
Ph,SiD,, 1 and benzophenone, and this vyielded the
corresponding silyl ether product containing 94% deuterium
on the benzylic position (Scheme 5, top). This experiment
shows that the hydride in 1 is not incorporated into the silyl
ether product. The 6% of silyl ether in which there is a CH
present is the result of H/D exchange of complex 1 with Ph,SiD,
to give 1D and Ph,SiHD (Scheme 5, middle). This reaction
happens at a slower, yet non-negligible rate under the
conditions of the experiment. Additionally, 1 also catalyzes
siloxane scrambling (Scheme 5, bottom), which is the reason
that mostly SiPh(OCHPh;); is observed instead of
HSiPh,(OCHPh;) (0.44 : 0.12). The same product ratio is also
observed when 1 is reacted with pure HSiPh,(OCHPh,).
Stryker’'s reagent has been shown to react
stoichiometrically with benzaldehyde to form the insertion
product, and is catalytically able to hydrosilylate it.3%
Therefore it was assumed that for ketones, Stryker’s reagent
reacts through an insertion mechanism in hydrosilylation
catalysis. However, Nikonov and coworkers showed by isotopic
labeling that the hydride in Stryker's reagent is not
incorporated into the final product, similarly to what we
observed for complex 1.3 |t is important to note that
computational studies into the mechanism for copper hydride
catalyzed ketone hydrosilylation assume the presence of
mononuclear species in solution, in which case the insertion
pathway is viable.’* The aggregation state of such species in
solution is, however, often unclear.
Comparing the reactivity of 1 with
o that of known CuHs, the reactivity of 1 is

_ ] akin to that observed for CuH clusters
tBu, H Bu , .

Bu-P—Cl Cu—P<gy such as Stryker’s reagent, which
N ‘ N A tolerates alcohols and does not follow a
N NF hydride insertion pathway in ketone
1 hydrosilylation.331 We reason that this
cluster-like behavior is due to the
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insertion chemistry observed for low-
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D-labeled catalysis
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Scheme 5: The catalytic hydrosilylation of benzophenone with 1 with
D,SiPh; (R = H/D or OC(H/D)Ph;) (top). The H/D exchange of 1 to 1D
with a deuterated silane (middle). The siloxane scrambling catalyzed
by 1 (bottom).

Conclusion

In conclusion, we have synthesized the first structurally
characterized anionic dicopper monohydride complex, 1.
Despite its anionic charge, 1 does not display the strongly
hydridic reactivity that is observed for cationic and neutral
dicopper hydrides supported by mononucleating ligands. We
reason that the rigid PNNP ligand prevents the formation of
mononuclear CuH species that are needed for hydride insertion
pathways. As a result, 1 reacts like a copper hydride cluster
despite its low-nuclearity. This work shows that there is more
to the distinct reactivity of dicopper hydrides than low-
nuclearity alone. Moreover, it provides a platform that enables
studying the inherent reactivity of dicopper hydrides
themselves. Future efforts in our laboratories will focus on
using this platform to shed new light on the mechanisms of
chemical transformations that are catalyzed by copper hydride
clusters.
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