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ABSTRACT: A dinucleating 1,8-naphthyridine ligand featuring
fluorene-9,9-diyl-linked phosphino side arms (PNNPFlu) was
synthesized and used to obtain the cationic dicopper complexes
2, [(PNNPFlu)Cu2(μ-Ph)][NTf2]; [NTf2] = bis(trifluoro-
methane)sulfonimide, 6, [(PNNPFlu)Cu2(μ-CCPh)][NTf2], and
3, [(PNNPFlu)Cu2(μ-OtBu)][NTf2]. Complex 3 reacted with
diboranes to afford dicopper μ-boryl species (4, with μ-Bcat; cat
= catecholate and 5, with μ-Bpin; pin = pinacolate) that are more
reactive in C(sp)−H bond activations and toward activations of
CO2 and CS2, compared to dicopper μ-boryl complexes supported
by a 1,8-naphthyridine-based ligand with di(pyridyl) side arms.
The solid-state structures and DFT analysis indicate that the higher reactivities of 4 and 5 relate to changes in the coordination
sphere of copper, rather than to perturbations on the Cu−B bonding interactions. Addition of xylyl isocyanide (CNXyl) to 4 gave 7,
[(PNNPFlu)Cu2(μ-Bcat)(CNXyl)][NTf2], demonstrating that the lower coordination number at copper is chemically significant.
Reactions of 4 and 5 with CO2 yielded the corresponding dicopper borate complexes (8, [(PNNPFlu)Cu2(μ-OBcat)][NTf2]; 9,
[(PNNPFlu)Cu2(μ-OBpin)][NTf2]), with 4 demonstrating catalytic reduction in the presence of excess diborane. Related reactions
of 4 and 5 with CS2 provided insertion products 10, {[(PNNPFlu)Cu2]2[μ-S2C(Bcat)2]}[NTf2]2, and 11, [(PNNPFlu)Cu2(μ,κ2-
S2CBpin)][NTf2], respectively. These products feature Cu−S−C−B linkages analogous to those of proposed CO2 insertion
intermediate.

■ INTRODUCTION
Bimetallic reaction centers have attracted significant attention
due to their unique chemical properties, attributed to
cooperative effects resulting from metal−metal interactions.1−3

In catalysis, this cooperativity allows for multielectron redox
processes and distinctive activations of substrates. Due to such
characteristics, bimetallic active sites in both enzymes and
heterogeneous materials mediate challenging and highly
valuable reactions such as the oxidation of C−H bonds4,5 or
the reduction of CO2.

6

Despite considerable effort, well-defined and tunable
bimetallic moieties remain difficult to investigate, owing to
the challenges in synthetic control over nuclearity, metal−
metal distances, and coordination geometries. In this context,
effective systems for studying bimetallic moieties utilize
binucleating ligands based on the 1,8-naphthyridine platform,
with various flanking side arm donors such as imides,7

phosphines,8−11 and pyridines (Figure 1, top).12 This
laboratory has demonstrated the use of 2,7-bis(fluoro-di(2-
pyridyl)methyl)-1,8-naphthyridine (DPFN) to stabilize nu-
merous reactive moieties in dicopper(I) complexes, where
stability is provided by the rigid, dinucleating nature of the
ligand.13

A straightforward way to lower the coordination number of
metal centers supported by the 1,8-naphthyridine ligand

framework is via use of −EPR2 (E = O, CH2) side arms.
This laboratory has employed both side arms in unsymmetrical
1,8-naphthyridine ligands that allow for binucleation of homo-
and heterobimetallic complexes.15,16 Reactivity studies revealed
that these side arms are readily transformed to other
structures: With the −O− linker, complete loss of the group
occurs by nucleophilic displacement,15 whereas the benzylic
hydrogens of the −CH2− linker are susceptible to deproto-
nation.15 These ligand-based transformations have also been
observed for related, symmetrical PNNP ligands reported by
Broere and co-workers,8,9 and by the Colebatch laboratory.11

To thoroughly investigate the inherent properties of bimetallic
complexes supported by 1,8-napthyridine-based ligands with
phosphorus donors, chemically robust −EPR2 side arms are
essential to focus reactivity at the bimetallic unit and prevent
unwanted side reactions. Note that related issues pertain to
pyridine-based PNP ligands, which can undergo similar side
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reactions. Recently, this problem was addressed by the
Khusnutdinova laboratory, with synthesis of the tetramethyl-
pyridine derivative, 2,6-(iPr2PCMe2)2py, via multiple additions
of a strong base and methylating agent as a strategy to remove
the reactive benzylic hydrogens.17

Herein,18 we report the synthesis and characterization of a
new 1,8-naphthyridine-based PNNP extended pincer ligand
that tolerates a wide range of reaction conditions, such as the
addition of bases, without chemical modification of the 1,8-
naphthyridine backbone. This ligand features a chemically
robust side arm linker that allows synthetic access to stable
dicopper complexes with various bridging, reactive groups.
Notably, this system has provided more reactive but relatively
stable dicopper μ-boryl complexes that promote the catalytic
reduction of CO2 to CO. Additionally, this dinuclear platform
lends itself to the stabilization of intermediates relevant to
carbon dichalcogenide reduction reactions at a dicopper
center.

■ RESULTS AND DISCUSSION
Synthesis and Metalation of PNNPFlu. Attention was

focused on a ligand design incorporating tertiary-carbon-based
linkers onto the 1,8-naphthyridine scaffold. For this purpose, a
fluorene-9,9-diyl linker seemed suitable given its inherent
stability, rigidity, amenability to structural modification, and
potential for promoting crystallinity. The desired ligand
PNNPFlu was obtained in 72% isolated yield by adding a
THF suspension of 2,7-dichloro-1,8-naphthyridine to a THF
solution of 2.5 equiv of (9-(diisopropylphosphaneyl)-fluorene-
9-yl)lithium (Scheme 1). The 31P{H} NMR spectrum of the
blue ligand exhibits a single resonance at 46.9 ppm in benzene-
d6 and the corresponding 1H NMR spectrum is consistent with
a C2v symmetric species.

A dicopper complex [(PNNPFlu)Cu2(NCMe)2][NTf2]2 (1;
Scheme 1) was obtained from the reaction of a solution of
PNNPFlu and 2.1 equiv of [Cu(NCMe)4][NTf2] in THF,

which afforded an orange solution after 16 h at 23 °C. The
31P{1H} NMR spectrum in acetonitrile-d3 of the reaction
mixture exhibits a new major resonance at 44.0 ppm (Figure
S7).

After filtration and isolation of the resulting solid, numerous
attempts to grow crystals for structural characterization or
purification resulted in orange oils. The 1H NMR spectrum of
the isolated product in acetonitrile-d3 exhibits a new singlet at
1.96 ppm that integrates to six protons, corresponding to two
equivalent acetonitrile ligands (Figure S4). The narrow line
width of the resonance associated with acetonitrile-d3 ligands
of complex 1 in acetonitrile-d3 (90 and 80 Hz, respectively)
indicates that the copper-bound ligand does not appreciably
exchange with free acetonitrile on the NMR time scale.19 The
FTIR spectrum of 1 (KBr) exhibits a weak nitrile stretch at
2275 cm−1 (Figure S52), comparable to that of the
monoacetonitrile complex [(DPFN)Cu2(μ-NCMe)][NTf2]2
(2280 cm−1).20 Further characterization of this complex was
hindered by the persistent presence of unidentified minor
products, as determined by multinuclear NMR spectroscopic
techniques, which could not be separated from 1. Nonetheless,
as demonstrated by subsequent reactivity (vide inf ra), samples
of 1 obtained in this manner serve as a useful source of the
[(PNNPFlu)Cu2]2+ core for the preparation of new complexes.
Although the current data cannot distinguish between terminal
versus bridging acetonitrile ligands, we favor the bridged
structure (Scheme 1), given that other 1,8-naphthyridine-
supported dicopper complexes exhibit this binding mode,
albeit with only one acetonitrile.20,21

Synthesis and Stability of [(PNNPFlu)Cu2(μ-X)]+ Com-
plexes. The bis(acetonitrile) complex 1 was readily converted
to the phenyl derivative [(PNNPFlu)Cu2(μ-Ph)][NTf2] (2;
Scheme 2), with NaBPh4 as a phenyl-transfer reagent, as
previously described for synthesis of the DPFN-analogue
[(DPFN)Cu2(μ-Ph)][NTf2].

19 By 1H, 11B{1H}, and 31P{1H}
NMR spectroscopy, this arylation reaction also displaces

Figure 1. Representative examples of 1,8-napthyridine-based ligands
(top; Dipp = 2,6-diisopropylphenyl) and a robust PNNP ligand to
support less sterically encumbered, low-coordinate dicopper boryl
complexes (bottom).8−13

Scheme 1. Synthesis of PNNPFlu and 1 (Isolated Yield in
Parentheses)

Scheme 2. Synthesis of 2 via Aryl Group Transfer (Isolated
Yield in Parentheses)

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.4c00122
Organometallics 2024, 43, 1180−1189

1181

https://pubs.acs.org/doi/10.1021/acs.organomet.4c00122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00122?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00122?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00122?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00122?fig=sch2&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.4c00122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


acetonitrile and liberates triphenylborane (Scheme 2).
Complex 2 was structurally characterized by single-crystal X-
ray diffraction (SC-XRD) analysis of crystals obtained from a
THF/pentane bilayer solution (Figure 2). The average Cu−

Cipso distance, the Cu···Cu distance, and the Cu−Cipso−Cu
angle of 2 in the solid-state (1.998(7) Å, 2.446(11) Å, and 76°,
respectively) are comparable to corresponding metrics for
other dicopper aryl complexes supported by 1,8-naphthyridine-
based ligands.15,20,22 The bridging phenyl ligand of 2 is canted
out of the Cu2N(naph)2 plane (bending angle of 136°), as
observed in other neutral or cationic dicopper aryl
complexes.21 Complex 2 in THF-h8 was heated at 80 °C for
3 days to evaluate its thermal stability. By 1H NMR
spectroscopy, no decomposition was observed over this period,
as confirmed by a hexamethyldisiloxane internal standard.
Thus, dicopper complex 2 is remarkably stable in comparison
to other 1,8-naphthyridine-based complexes with phosphino
side arms. In examples featuring methylene-linked phosphino
side arms (−CH2PR2), arylcopper derivatives readily decom-
pose by elimination of the arene with deprotonation of the
linker.15,22

Previous studies on related dicopper systems have
demonstrated the utility and versatility of a dicopper tert-
butoxide fragment as a useful precursor to other dicopper
complexes,8,14,23 and therefore [(PNNPFlu)Cu2(μ-OtBu)]-
[NTf2] (3) was targeted as a starting material to provide
access to new [(PNNPFlu)Cu2]2+ complexes. Monitoring the
reaction by 1H NMR spectroscopy indicated that 3 was
generated quantitatively following addition of one equivalent
of KOtBu to a THF solution of 1 (Scheme 3; 71% isolated
yield), as evidenced by the appearance of a singlet at 1.69 ppm
in THF-d8 (Figure S12).

The spectroscopic assignments for 3 are supported by the
solid-state molecular structure, determined by SC-XRD

experiments on crystals grown from a THF/pentane bilayer
solution (Figure 3). The Cu−O distance, the Cu···Cu distance,

and the Cu−O−Cu angle for 3 (1.877(2) Å, 2.843(1) Å, and
99°, respectively) are comparable to other alkoxide or
aryloxide dicopper complexes supported by diphosphine-1,8-
naphthyridine ligands (1.876−1.907 Å, 2.9259−3.0218 Å, and
100−106°) or DPFN (1.937−2.002 Å, 2.675−2.687 Å, and
84−88°).8,14,24 As with 2, the bridging atom of 3 is bent out of
the Cu2N(naph)2 plane (bending angle of 128°), in contrast to
other dicopper alkoxide or aryloxide complexes where the
bridging fragment lies in the Cu2N(naph)2 mean plane.8,14,24

Note that related dicopper tert-butoxide complexes
supported by a 1,8-naphthyridine-based PNNP ligand have
been reported by Broere et al.; nevertheless, since the ligand
precursor possesses methylene linkers, only deprotonated
complexes with partial or full dearomatization of the 1,8-
naphthyridine backbone were obtained.8 Similar ligand-based
reactivity is associated with analogous pyridine-based PNP
complexes25 and has been utilized in metal−ligand cooperative
reactivity to for example, activate H2. The comparative
innocence of the PNNPFlu ligand is demonstrated by the lack
of ligand deprotonation and 1,8-naphthyridine dearomatization
in the presence of a base such as potassium tert-butoxide or in
the stabilities of dicopper complexes 2 and 3.

Treatment of alkoxide complex 3 with 1.3 equiv of the
diborane B2cat2 (cat = catecholate) yielded a dark orange
solution of the boryl complex [(PNNPFlu)Cu2(μ-Bcat)][NTf2]
(4; Scheme 4), characterized by multinuclear NMR spectros-
copy and SC-XRD analysis of crystals grown from a THF/
pentane bilayer (Figure 4, top). Similarly, addition of 1.3 equiv
of the diborane B2pin2 (pin = pinacolate) to 3 in THF resulted
in a dark orange solution from which the boryl complex
[(PNNPFlu)Cu2(μ-Bpin)][NTf2] (5, Scheme 4) was isolated
in 91% yield and characterized by multinuclear NMR
spectroscopy and SC-XRD analysis (Figure 4, bottom).

The solid-state bonding metrics for 4 and 5 are within the
range of analogous parameters reported for dicopper μ-boryl
complexes, including those of DPFN-supported congeneric
complexes. For example, the average Cu−B distances in 4 and
5 (2.076(3) and 2.10(2) Å, respectively) fall between the
extremes of comparable values for a cationic dicopper μ-boryl
complex reported by Sadighi et al. ({[(SIPr)Cu]2(μ-Bcat)}-
{BF4}; SIPr = 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-
ylidene; 2.041−2.052 Å),26 and neutral dicopper μ-boryl
species reported by Kleeberg et al. (>2.17 Å),27,28 and are
similar to those of DPFN complexes (2.068−2.089 Å).14 The

Figure 2. Solid-state molecular structure (50% probability ellipsoids)
of the cationic fragment of 2; H atoms are omitted for clarity.

Scheme 3. Synthesis of 3 via Salt Metathesis

aSpectroscopic conversion. bIsolated yield.

Figure 3. Solid-state molecular structure (50% probability ellipsoids)
of the cationic fragment of 3; H atoms are omitted for clarity.
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Cu−B−Cu bond angles of 4 and 5 (68° and 67°, respectively)
lie between values observed for the cationic or neutral dicopper
μ-boryl species previously mentioned (72° and ca. 60°,
respectively),26−28 and are in good agreement with angles
observed in DPFN analogues (67−68°).14 Finally, all of the
reported dicopper μ-boryl complexes feature Cu···Cu distances
in the range of 2.22−2.40 Å, shorter than the sum of the
covalent radii for copper29 and complexes 4 and 5 exhibit a

similar metric (2.3126(6) and 2.3075(4) Å, respectively). This
suggests that short Cu···Cu distances are a characteristic of μ-
boryl complexes.30

A reaction type associated with dicopper μ-boryl complexes
is activation of the C(sp)−H bonds of terminal alkynes.14,26

Under comparable conditions (Scheme 5, top), 4 and 5

reacted with phenylacetylene more rapidly than their DPFN
analogues (100% conversion by 4 and 5 within 30 min and 3 h,
respectively, compared to ca. 50% conversion after 22 h by the
DPFN complexes)14 to yield the dicopper μ-alkynyl complex
[(PNNPFlu)Cu2(μ-CCPh)][NTf2] (6; Scheme 5, top) as
observed by 1H and 31P{1H} NMR spectroscopy. Complex 6
was also independently synthesized by treatment of 1 with 1.0
equiv of lithium phenylacetylide (Scheme 5, bottom), and SC-
XRD analysis confirms the structural assignment (Figure 5).
While the C1−C2 distance (1.219(3) Å) is akin to those of
other dicopper alkynyl moieties of symmetrical and unsym-
metrical 1,8-naphthyridine ligands (1.212−1.280 Å),15,31 the
Cu···Cu distance is slightly longer at 2.4819(5) Å (compared

Scheme 4. Synthesis of 4 and 5 via Diborane Treatment of 3 (Isolated Yield in Parentheses)

Figure 4. Solid-state molecular structure (50% probability ellipsoids)
of the cationic fragment of 4 (top) and 5 (bottom); H atoms are
omitted for clarity.

Scheme 5. Synthesis of 6 from 4 and 5 via C(sp)−H Bond
Activation (Top) and from 1 via Salt Metathesis (Bottom;
Isolated Yield in Parentheses)
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to 2.39−2.42 Å for end-on μ-alkynyl complexes).15,31 As
observed in 3, there is significant bending of the bridging
moiety out of the Cu2N(naph)2 plane (bending angle of 136°), in
contrast to other dicopper alkynyl complexes supported by 1,8-
naphthyridine ligands, in which the alkynyl group lies in the
plane of the naphthyridine ring system.15,31 However, this
deviation differs from the tilting observed in [(DPEOPN)-
Cu2(μ-CC(C6H4)CH3)][NTf2], where DPEOPN is an unsym-
metrical dipyridyl-phosphine 1,8-naphthyridine ligand with
−CMe(py)2 and −OPtBu2 side arms.15 In the latter complex,
there is substantial involvement of the acetylide π-system with
one copper, resulting in a Cu···Cu distance substantially longer
(2.75 Å). Notably, complex 6 does not exhibit this unsym-
metrical binding mode.

To gain insight into the increased reactivity of 4 and 5,
computational methods were applied to interrogate the
electronic structure and frontier molecular orbitals of the
dicopper boryl fragment at the PBE0-D3BJ/6-31g(d,p)/SDD
level of theory. There are slight differences in the natural
charges on copper and boron in 4 and 5 when compared to
other cationic dicopper boryl species, suggesting a more
covalent interaction (Table 1). Despite this increase in

covalency, Wiberg Bond Order analysis reveals decreased
values for the Cu−B bonds in 4 and 5 compared to other
cationic dicopper boryl complexes, pointing to a weakened
bond. Further investigation by NLMO analysis shows minimal
differences in the bond polarization between the copper and
boron in 4 and 5 (Cu population: 32.97−33.89%; B
population: 64.06%−65.23%) and the analogous DPFN
species (Cu population: 28.60−29.67%; B population:

68.12−69.46%).14 This data indicates that the enhanced
reactivity of 4 and 5 does not seem to be strongly rooted in
changes to the bonding between copper and boron.

Furthermore, it does not appear that the enhanced reactivity
differences stem from the steric profiles about the Cu2B
fragment.32 For comparison, the steric congestion around the
boron atoms of 4 and 5 (%Vbur = 71.8−72.2%) is slightly less
than that of their DPFN analogues (%Vbur = 78.7−83.0%),14

while {[(SIPr)Cu]2(μ-Bcat)}{BF4} possesses a more sterically
encumbered boron atom (%Vbur = 83.4%) despite reacting
under milder conditions (−35 °C over 8 h with 2 equiv of
phenylacetylene).

26 Additionally, steric congestion about
copper atoms is approximately the same for the copper
atoms of 4 (%Vbur = 80.2%), [(DPFN)Cu2(μ-Bcat)][NTf2] (%
Vbur = 80.4%), and ({[(SIPr)Cu]2(μ-Bcat)}{BF4}) (%Vbur =
81.9%). A potential explanation for the difference in reactivities
for these copper boryls is that the rigid nature of the 1,8-
naphthyridine backbones of PNNPFlu and DPFN precludes
dissociation into more reactive monomers, which may occur
for the SIPr-supported copper boryl species.26−28,33 Addition-
ally, the difference in coordination number around the copper
centers of rigid dicopper boryl complexes may be a significant
contributor to the increase in reactivity for 4 and 5.

To probe the accessibility of the copper centers to additional
substrates, the reaction of 4 with xylyl isocyanide (CNXyl) was
examined. The stoichiometric reaction produced [(PNNPFlu)-
Cu2(μ-Bcat)(CNXyl)][NTf2] (7; Scheme 6) as a single

species, initially identified by the appearance of a new
31P{1H} resonance at 52.6 ppm in THF-d8 (Figure S33),
with full conversion after 1 h. The 1H NMR spectrum of
analytically pure 7 displays sharp and broad resonances in the
aromatic region consistent with C2v symmetry and equivalent
copper sites in THF-d8 at 292 K. This is consistent with a
fluxional bridging ligand or a dynamic process that averages
sites for coordinated CNXyl on the NMR time scale at 292
K.19 In contrast, [(DPFN)Cu2(μ-Bcat)][NTf2] does not react
with an equivalent of CNXyl over 24 h at 80 °C in THF
(monitored by 1H NMR spectroscopy). Titration of 4 with
additional CNXyl in 0.5 equiv increments, up to 2.0 equiv, did
not lead to further coordination of CNXyl, as evidenced by the
lack of a shift in 1H NMR resonances beyond addition of one
equiv.

As with 4, complex 5 reacted completely with 1.0 equiv of
CNXyl after 5 min at 23 °C to give a new phosphorus-
containing species as observed by 31P{1H} NMR spectroscopy.
The 1H NMR spectrum of the reaction mixture reveals broad
resonances in the aromatic region at 292 K corresponding to a
species of apparent C2v symmetry (Figure S49). Unfortunately,
attempts to crystallize and structurally characterize this product
were unsuccessful as it readily decomposes in solution at 23
°C. Similarly, samples of 7 stored at 23 °C in the solid state
decompose slowly over a few months.

Figure 5. Solid-state molecular structure (50% probability ellipsoids)
of the cationic fragment of 6; H atoms are omitted for clarity.

Table 1. Natural Charge and Bond Order Values for
Selected Dicopper Boryl Species

parameter 4 5

[(DPFN)
Cu2(μ-Bcat)]

[NTf2]
14

[(DPFN)
Cu2(μ-Bpin)]

[NTf2]
14

{[(SIPr)
Cu]2(μ-
Bcat)}
{BF4}

26

natural
charge
on Cu

0.33 0.34 0.31 0.32 0.37/0.40

natural
charge
on B

0.43 0.47 0.59 0.58 0.50

Cu−B
bond
order

0.44 0.43 0.67 0.65 0.58

Scheme 6. Synthesis of 7 from 4 via CNXyl Coordination
(Isolated Yield in Parentheses)
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Single-crystal X-ray diffraction analysis of 7 identified the
molecular structure as possessing a terminally bound CNXyl
ligand on one of the copper centers (Figure 6). The Cu···Cu

distance and Cu−B−Cu bond angle of 7 (2.3870(5) Å and
69°, respectively) are similar to corresponding values for
related dicopper boryl species (vide supra). However, there is
significant desymmetrization in the Cu−B bond distances with
the Cu2−B bond being significantly elongated to 2.210(3) Å,
with respect to the 2.018(3) Å value for the Cu1−B bond
distance. The FTIR spectrum of 7 exhibits a strong νC�N
stretching band at 2128 cm−1, a value above that for the free
ligand (2121 cm−1).34 This indicates that CNXyl binds to
copper primarily as a strong σ donor, with little back-donation,
and a strong electrostatic effect increases the νC�N
frequency.35 Consistently, the metrical parameters of the
isocyanide ligand (1.162(3) Å) reflect the presence of a C�N
triple bond.36

Reactions of 4 and 5 with CO2. The reduction of CO2 by
copper boryl complexes has received considerable attention
since Sadighi et al. first demonstrated stoichiometric and
catalytic examples that produce a copper borate complex with
concomitant generation of CO.37 To investigate related CO2
reductions with a rigid dicopper core, boryl complex 4 was
subjected to 1 atm of carbon dioxide over the course of 16 h at
80 °C. This gave the dicopper borate complex [(PNNPFlu)-
Cu2(μ-OBcat)][NTf2] (8; Scheme 7), identified by multi-

nuclear NMR spectroscopy and SC-XRD analysis (Figure 7,
top). Similarly, complex 5 reacted under 1 atm of carbon
dioxide over the course of 72 h at 80 °C to give the analogous
dicopper borate complex [(PNNPFlu)Cu2(μ-OBpin)][NTf2]
(9; Scheme 7; Figure 7, bottom).

As compared to 3, complex 9 exhibits very similar bonding
metrics for the Cu···Cu and Cu−O bond distances (avg 2.71 Å
and avg 1.86 Å, respectively), and an average Cu−O−Cu bond
angle of 93°. Complex 8 exhibits comparable but slightly
different metrics, with average Cu···Cu and Cu−O bond
distances of 2.91 and 1.88 Å, respectively, and an average Cu−
O−Cu bond angle of 100°.

Both 8 and 9 stoichiometrically react with the respective
diborane progenitor (B2cat2 for 8 and B2pin2 for 9) to
quantitatively regenerate 4 and 5 (Scheme 8). These reactions,
along with those that produce the borates by activation of
CO2, suggested the potential for catalytic reductions of CO2 to
CO, as previously observed with monocopper boryl complexes

Figure 6. Solid-state molecular structure (50% probability ellipsoids)
of the cationic fragment of 7; H atoms are omitted for clarity.

Scheme 7. Deoxygenative Reduction of CO2 by 4 and 5 to
Yield 8 and 9, Respectively

Figure 7. Solid-state molecular structure (50% probability ellipsoids)
of the cationic fragment of 8 (top) and 9 (bottom); H atoms are
omitted for clarity. Only the major disorder component of the
pinacolate fragment of 9 is shown.

Scheme 8. Stoichiometric Regeneration of 4 and 5 via
Reaction with Diboranes (Spectroscopic Conversion in
Parentheses)
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supported by N-heterocyclic carbene ligands.37,38 Indeed,
heating a 20 mol % THF solution of 4 and B2cat2 under an
atmosphere of CO2 to 80 °C for 144 h resulted in 85%
conversion of the B2cat2 substrate, equivalent to 4.25 turnovers
(Figure S51). While O(Bcat)2 was identified as the boron-
containing product of catalysis, the bis-boryl ether decomposes
under the catalytic conditions (Figure S51). Monitoring the
catalysis by 1H NMR spectroscopy revealed that 4 is the
resting state during catalysis, and no accumulation of 9 was
observed. In contrast, 5 did not exhibit catalytic reactivity
under identical conditions. Complexes 4 and 5 represent the
first well-defined dicopper boryl complexes shown to reduce
CO2. For comparison, the cationic dicopper boryl species
{[(SIPr)Cu]2(μ-Bcat)}{BF4} does not react with CO2 at
ambient temperatures, while DPFN-supported dicopper boryl
species give rise to a mixture of species at elevated
temperatures.14,27 In the context of dicopper boryls, complexes
4 and 5 strike a balance between reactivity/catalysis and
catalyst stability.

Reactions of 4 and 5 with CS2. The reduction of CO2 by
bimetallic complexes 4 and 5 are slower than related
transformations of monocopper species (16 h at 80 °C by 4
and 5 compared to <10 min at ambient temperature by
(IPr)CuBpin, IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene).37 Based on DFT studies reported by Lin and Marder
et al., the monocopper mechanism involves CO2 insertion into
a Cu−B bond to produce unobserved intermediate A, as
depicted in Figure 8.39

Attempts to observe a CO2-insertion product analogous to
intermediate A, starting from 4 or 5, by 1H, 31P{1H}, or
11B{1H} NMR spectroscopy, were unsuccessful. For this
reason, analogous reactions with the CO2 surrogate CS2 were
examined to develop a better sense for the insertion chemistry
associated with the dicopper systems. Computational studies
indicate that although CS2 is more electrophilic than CO2,
reactions of CS2 with transition metal nucleophiles are slower
than analogous reactions with CO2.

40 Additionally, carbon
disulfide has been successfully implemented as a model for
CO2 binding to dicopper, shedding light on potential
activation strategies for CO2.

41 Thus, CS2 appeared to be
well-suited as a model substrate for “trapping” a direct
insertion product.

A THF solution of 4 reacted with 0.5 equiv of CS2, resulting
in spontaneous deposition of red crystals of {[(PNNPFlu)-

Cu2]2[μ-S2C(Bcat)2]}[NTf2]2 (10; Scheme 9) from the
reaction mixture, as determined by SC-XRD analysis (Figure

9). Complex 10 possesses two [(PNNPFlu)Cu2]2+ units
supporting bis(catecholboryl)methanedithiolate, a doubly
borylated CS2 fragment. The average C−S bond distances
are significantly elongated (1.854(5) Å) relative to those in
CS2 (1.555(3) Å),42 suggesting single bond character.
Additionally, the τ4 parameter of C1 corresponds for a
tetrahedral carbon center (τ4 = 0.97),43 indicating C(sp3)
character. This 1,8-naphthyridine-supported dicopper sulfide
complex exhibits average Cu···Cu and Cu−S bond distances
(2.74 and 2.17 Å, respectively), and an average Cu−S−Cu
bond angle (78°) that are similar to those of other dicopper
1,8-naphthyridine-supported complexes.13 Unfortunately, sol-
ution-state characterization and reactivity studies of 10 were
precluded by insolubility of the analytically pure material in
typical organic solvents.

Reaction of 5 with 1 equiv of CS2 gave a red solution of a
soluble PNNPFlu-containing species, by both 1H and 31P{1H}
NMR spectroscopy (Figures S44 and S48). Single-crystal X-ray

Figure 8. DFT-calculated catalytic cycle of the reduction of CO2 to
CO by a copper(I) boryl complex.39

Scheme 9. Double Borylation of CS2 by 4 (Isolated Yield in
Parentheses)

Figure 9. Solid-state molecular structure (50% probability ellipsoids)
of the dicationic fragment of 10; H atoms are omitted and extraneous
sections of the PNNPFlu ligands and catecholate fragments made
transparent for clarity.
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diffraction analysis reveals the product to be a dicopper
dithioacetate complex, [(PNNPFlu)Cu2(μ,κ2-S2CBpin)][NTf2]
(11; Scheme 10, Figure 10). While complex 10 contains a

doubly borylated CS2 fragment supported by two dicopper
cores, the formation of 11 is evidently arrested after one
insertion event, emulating intermediate A (Figure 8). The
asymmetric unit of crystalline 11 possesses two [(PNNPFlu)-
Cu2(μ,κ2-S2CBpin)][NTf2] molecules. For comparison, the
average C−S bond distance (1.72 Å) is between those of 10
and free CS2,

43 suggesting an sp2-hybridized carbon center at
the core of the dithioacetate ligand, which bridges the copper
atoms through the sulfur atoms. The dithioacetate sulfur atoms
symmetrically bridge the two metal centers instead of the
monodentate bridging mode previously observed with formate
and pyridonate between two copper atoms where each
heteroatom is ligated to one metal.44 Notably, there is
significant tilting of the −CBpin group toward one of the
copper centers, as reflected in divergent, averaged Cu−C−B
angles (167, 126°). The average Cu···Cu and Cu−S bond
distances (2.71 and 2.38 Å, respectively) and the average Cu−
S−Cu bond angles (69°) of 11 are similar to analogous
parameters in other dicopper naphthyridine-supported com-
plexes.

With the characterization of 10 and 11, intermediate A in
the CO2 reduction mechanism is experimentally and
structurally supported. It also appears that an initial insertion
product such as intermediate A can react further with an
additional copper boryl equivalent to give a “double insertion”
product (11). Both 10 and 11 feature a Cu−S−C−B linkage
analogous to the boranocarbonate fragment of intermediate A

in the DFT-supported mechanism for CO2 reduction by a
copper boryl species. To the best of our knowledge, complexes
10 and 11 are the only structurally characterized copper
boranodithiocarbonate and bis(boryl)methanedithiolate.
These complexes support a mechanism requiring a boryl-
migration step that was previously supported by computation,
but experimentally unsubtantiated.39

■ CONCLUSIONS
The new ligand PNNPFlu was designed and synthesized to
tolerate a wider range of reaction conditions, allowing for
isolation of the role of metal−metal cooperativity in the
context of bimetallic chemistry. This chemically robust ligand
was employed in the synthesis of thermally stable organo-
dicopper, dicopper μ-tert-butoxide, and dicopper μ-boryl
complexes (2−6). The latter exhibited an enhanced ability to
activate C(sp)−H bonds compared to other rigid dicopper
boryl species. Computational investigation of the Cu2B
fragments of 4 and 5 suggests that the enhanced reactivity
can be attributed to the low coordination numbers enforced by
the PNNP framework, as demonstrated by the coordination of
CNXyl to 4.

Complexes 4 and 5 deoxygenate and reduce CO2 to afford
dicopper borate complexes (8 and 9, respectively), with 4
capable of affecting this reaction catalytically with bis-
(catecholato)diboron. Complexes 4 and 5 also react with
CS2 to yield a bis(boryl)methanedithiolate fragment and a
boryldithioacetate, experimentally supporting a computation-
ally determined mechanism by which the previously
mentioned CO2 reduction proceeds through a boranocar-
bonate intermediate. This arrested reactivity in the reduction
of CS2 experimentally supports a mechanism by which a
copper boranocarbonate intermediate is formed prior to boryl
migration and CO extrusion in the analogous reduction of CO2
with copper boryl species. Notably, this work demonstrates the
ability to tune the reactivity of bimetallic complexes by
modification of the dinucleating ligand, striking a balance
between efficient reactivity and stability. Current efforts are
being focused on the expansion of these design principles in
tuning reactivity patterns for other dinuclear complexes.
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