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We report discrete divanadium complexes of 1,8-naphthyridine-
2,7-dicarboxylate, characterized by SCXRD, DFT modelling, and
magnetometry. One complex shows significantly greater activity in
the aerobic cleavage of diols and a lignin model compound than
its monometallic analogs. Mechanistic experiments and a sub-
strate-bound complex provide

insight into cooperativity in

vanadium redox catalysis.

Vanadium’s earth abundance and nontoxicity make it an
attractive alternative to precious metal catalysis," especially in
the oxidative cleavage of diols>™ and the depolymerization of
lignin,®™'" applications in which vanadium shows promising
reactivity. However, vanadium suffers lower turnover and
activity in these reactions than precious metals. This limitation
has sometimes been attributed to inefficient two-electron
redox cycling in vanadium,"** which has a high reorganiz-
ation energy and inefficient spin conversion. Redox cooperativ-
ity has been proposed to mitigate these limitations in
vanadium catalysis by dividing two-electron redox steps into
coupled one-electron steps, which have lower reorganization
energies and spin barriers. This hypothesis has been best
investigated in the aerobic oxidation of alcohols.”° In some
cases, higher catalytic activity was demonstrated with a divana-
dium complex compared with a monometallic analog.'®>?
However, few of the divanadium complexes in these studies
have been binucleated in the sense that nuclearity was con-
trolled by the ligand.’®*° Instead, the vanadium centres are
connected by labile p-oxide or p-alkoxide anions, introducing
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some uncertainty into the aggregation and speciation during
catalysis.

This study utilizes 1,8-naphthyridine-2,7-dicarboxylic acid
(Hpndc, 1, Scheme 1) as a binucleating platform for carbo-
hydrate upgrading, under the central hypothesis that redox
cooperativity will deliver a more productive vanadium cata-
lyst. Convenient for analysis of nuclearity, Hyndc (1) has the
close mononucleating analog 2,6-dipicolinic acid (H,dipic)
whose complexes VO(DMSO),(dipic) (2) and VO(OiPr)(dipic)
(3) have already been studied as catalysts for alcohol oxi-
dation,”® oxidative diol cleavage,” and lignin depolymeriza-
tion.>”** H,ndc (1) also has precedent as a binucleating
ligand in dinickel,>® diruthenium,*®*” and dirhodium®’
complexes.

Thus, metalation of H,ndc (1) with two equivalents of VO
(OiPr); in DMSO or in pyridine (Py) gave us analogous com-
plexes with the compositions V,0,(OiPr),(DMSO),(ndc)-DMSO
(4) and V,0,(0iPr),(Py),(ndc) (5, Scheme 1A). NMR analysis of
the supernatant showed that three equivalents of isopropanol
and one equivalent of acetone are also formed, which explains
the apparent reduction of V¥ to V'V (section S4.2, Fig. S13).
Single-crystal X-ray diffraction (SCXRD) analysis of 4 and of 5
both resulted in a binucleated divanadium structure, with two
vanadyl units bridged both by the ndc®” ligand and by two p-
isopropoxides (Scheme 1A). The two complexes are roughly C,
symmetric, with both vanadium centres having similar six-
coordinate and pseudo-octahedral primary coordination
spheres completed by oxido and solvent coordination. The
bond lengths in 4 are very similar to those reported for VO
(DMSO),(dipic) (2, see Table S8 for comparison). Bond valence
sum analysis of 4 and of 5 resulted in values of 3.843-3.925
(sections S5.2 and 6), supporting our V' oxidation state
assignment. The two vanadyl centres are nearly coplanar but
not parallel, with an O-V-V-O dihedral angle of 1.6° and O-V-
V angles of 114.9° and 114.0° in 4. The divanadyl unit is also
twisted relative to the naphthyridine ring, with a V-N-N-V di-
hedral angle of 27.2° in 4.
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Scheme 1 Synthesis of complexes 4, 5, and 6 with their SCXRD structures and mononucleating analogs. Thermal ellipsoids are 50% equiprobability
envelopes. Hydrogens, methyl groups, and additional solvent molecules were removed for clarity.

In contrast to DMSO and pyridine, metalation in
DMF gave a tetravanadium complex with the composition
[V,03(DMF),(ndc)],O-DMF (6), consisting of two binucleated
divanadium centres bridged by a p-oxide as characterized by
SCXRD (Scheme 1B). Complex 6 shows distinct five- and six-
coordinate vanadium sites, with bond valence sums of 4.339
and 4.072 respectively (section S5.4, Table S16). Together, with
a formula that indicates an average vanadium oxidation state
of 4.5, 6 likely exhibits V"""V mixed valence.”®

Then, we performed geometry optimizations of
V,0,(0iPr),(DMSO),(ndc) (4), finding the triplet (S7-DFT-
triplet) to be lower in free energy by 2.57 kcal mol™" than the
singlet (S7-DFT-singlet, PBE/6-311G(2d,p), section §7.1).
Mulliken spin density analysis of S7-DFT-triplet resulted in
values of +1.031 and +1.037 on the two vanadium atoms, con-
firming our assignment of two d* V"V centres.

Consistently, magnetometry analysis indicated moderate
ferromagnetism in V,0,(OiPr),(DMSO),(ndc)-DMSO (4), as evi-
denced by a strong increase in molar magnetic susceptibility
(xm) at low temperatures with no local maximum (Fig. 1A).
Similarly, y,T exhibits a maximum of 0.85 emu K mol™" Oe™"
at 11 K with a sudden decrease below 10 K caused by the
Zeeman splitting, characteristic of a high-spin ground state.
Fitting of the yuT curve gave the exchange integral J =
-31 cm™' based on the Heisenberg-Dirac-van-Vleck
Hamiltonian H = J$;3,, where $; and $, are the spin operators
of the interacting ions, and the coupling constant J represents
the singlet-triplet energy gap. In this notation, the exchange

This journal is © The Royal Society of Chemistry 2025

interaction is ferromagnetic for J < 0. A low but not unpre-
cedented g factor of 1.88 was also derived from the fit.>® The
peak value of y\T = 0.85 emu K mol™" Oe™" approaches the
theoretical maximum value of 0.88, calculated for spin 1 with
for g = 1.88. Together, these data indicate a moderate ferro-
magnetic interaction with nearly full population of the triplet
state at low temperature. The coupling interaction between
vanadyl centers in 1 was also probed by broken symmetry mag-
netic coupling analysis (B3LYP-G/def2/J-TZVPP, section S7.2)
performed using the geometry-optimized structure of 1. The
resulting J value of —27 em™" further confirms the ferro-
magnetic assignment. Finally, the overlap integral reported by
ORCA for the two vanadyl d,, orbitals is very low (0.028), thus
favoring the ferromagnetic interaction. Indeed, the two singly-
occupied molecular orbitals (SOMOs) in S7-DFT-triplet
(Fig. S23 and S24) differ in energy by 3.46 kcal mol™, and are
predominantly the in-phase and out-of-phase combinations of
the two vanadyl d,, orbitals, with secondary contributions by
the carboxylate and the p-oxygen atom.

This ferromagnetism is unexpected for a V complex
with a [VO(u-OR),VO]*" core in this geometry. Plass developed
a geometric classification for magnetically coupled metal
centres,”® under which V,0,(OiPr),(DMSO),(ndc)-DMSO (4)
counts as syn-orthogonal. Direct exchange between the d,,
orbitals is expected to lead to strong antiferromagnetism by d*
centers in a syn-orthogonal geometry.>' Consistently, all
reported syn-orthogonal divanadyl complexes are antiferro-
magnetically coupled,®*” although ferromagnetism has been

IV,IV
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Fig. 1 (A) Molar magnetic susceptibility ym for complex 4. (B) ymT as a

function of temperature. All measurements were done at 2 T using pow-
dered sample.

reported for divanadyls in an anti-orthogonal®® and other geo-

metries. Presumably, lack of coplanarity (40.4°) between the
two d,, orbitals in 4 mitigates direct exchange, a consequence
of the nonparallel arrangement of the two vanadyl units.
Indeed, the O=V-V angles in 4 (114.9°, 114.0°) are signifi-
cantly greater than those of the published antiferromagnetic
compounds, although the V-V distance in 4 (3.105 A) is
similar those of the published compounds (see comparison in
Table S42). Distortions from Plass’s idealized geometries are
known to significantly reduce antiferromagnetic coupling.*
One explanation for the ferromagnetism of 4 is superexchange
through the p-alkoxides. Along these lines, the lower energy
SOMO2 depicts extensive delocalization between vanadyl
centres through the bridging alkoxide oxygen atoms (Fig. S24).

We initiated our catalytic studies by comparing vanadium
catalysts at low loading (2 mol% V) in the aerobic cleavage of
pinacol (7) at 50 °C for 24 hours (Table 1). Complex
V,0,(0iPr),(DMSO),(ndc)-DMSO (4) showed the highest con-
version and yield of acetone (10, 37%), compared with multi-
metallic complexes 5 and 6, monometallic analogs 2 and 3,
and simple vanadium precursors (entries 1-8). For this reason
and because of its homology to 2, we focused the rest of our
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catalytic and analytical studies on complex 4. At 72 hours, 4
gave 79% yield of 10 (entry 9). 4 also gave good yields in the
aerobic cleavage of diols 8 and 9 at 24 hours (entries 12 and
15). Monovanadium dipic>~ complexes 2 and 3 underper-
formed bimetallic complex 4 significantly in the cleavage of 7
and 9, and modestly in the cleavage of 8, supporting our
hypothesis of cooperativity. Catalyst omission results in 0%
conversion of 7, 15% conversion of 8, and 0% conversion of 9
(Table S6.1, entries 12, 16, and 20).

Cyclic voltammetry comparison of vanadium(iv) complexes
V,0,(0iPr),(DMSO),(ndc)-DMSO (4) and VO(DMSO),(dipic) (2)
does not show clear evidence for outer-sphere redox coopera-
tivity but instead similar first reduction and first oxidation fea-
tures. Scanning from 0.00 to +1.50 resulted in irreversible oxi-
dations at E, , = +1.26 V for 4 and +1.29 V for 2 (vs. Ag/AgClO,,
section S8, Fig. $30), presumably the V*¥/V¥ couple. Reductive
scans (0.00 to —0.80 V) gave an irreversible reduction at E, . =
—0.58 V for 4 and a quasireversible reduction at E, . = —0.66 V
for 2 (Fig. S33), presumably the V'¥/V'™ couple. There are no
additional features suggesting partial oxidation or reduction of
4 to mixed-valent V™'Y or V'™V states.

Nevertheless, the isolation of vanadium-bridging substrate-
bound complexes does suggest cooperative substrate
activation. Anaerobic reaction between pinacol (7) and
V,0,(0iPr),(DMSO),(ndc)-DMSO (4) in pyridine at 50 °C did
not give significant yields of acetone (section S6.2), but instead
gave substrate adduct V,0,(HPin),(ndc)-2Py (14, H,Pin = 7,
Scheme 2). We also obtained an analogous complex with the
composition V,0,(HPin),(ndc) (15) by the reaction of 4 and 7
in DMF at 100 °C. The SCXRD structures of 14 and 15 are ana-
logous to those for 4 and 5, the HPin™ unit replacing the p-alk-
oxide and the coordinating solvent. They differ from each
other only in the hydrogen-bonding of pyridine to the O-H
bond in 14. The apparent thermal stability of 14 and 15 con-
trasts with reported reactivity of monometallic analog VO
(HPin)(dipic) (16),> which at 25 °C in pyridine readily gives
acetone, pinacol (7), and a reduced complex VO(Py),(dipic).
However, VO(Hpin)(dipic) (16) is V¥ and thus more prone to
reductive cleavage than the apparently V"""V complexes 14 and
15. On this basis, we propose a mechanism in which a V™"V
complex first coordinates the diol, then is oxidized by O, to a
V¥ complex, and finally cleaves the diolate regenerating a
vV complex.

Cooperativity could enhance any of these steps. However,
given that monovanadium dipic>~ complexes undergo diol
coordination and reductive fragmentation at room tempera-
ture, we argue that the oxidation with O, must benefit the
most from redox cooperativity. Future mechanistic investi-
gation in this laboratory will focus on the reactions between
our V'V complexes and O,. Unfortunately, we did not
isolate 14 or 15 in sufficient bulk purity to evaluate their
reactivity.

We next studied the aerobic cleavage of lignin model 17
(Table 1). Comparing polar solvents DMSO, pyridine, and DMF
at 100 °C with low loading (1 mol% 4, entries 18-20), we found
that DMF gave the highest conversion of 17 (98%) and the

This journal is © The Royal Society of Chemistry 2025
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Table 1 Aerobic cleavage of diols and a lignin model compound
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Reaction Conversion,
Entry  Catalyst (loading) time Solvent T(°C)  (substrate)® Yield (product)®
1 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 24h Pyridine 50 37% 7 37% 10
2 V,0,(0iPr),(Py),(ndc) (5, 1 mol%) 24h Pyridine 50 17% 7 11% 10
3 [V,05(DMF),(ndc)],0-DMF (6, 1 mol%) 24h Pyridine 50 12% 7 18% 10
4 VO(DMSO),(dipic) (2, 2 mol%) 24h Pyridine 50 0% 7 0% 10
5 VO(OiPr)(dipic) (3, 2 mol%) 24h Pyridine 50 2% 7 2% 10
6 VO(OiPr); (2 mol%) 24 h Pyridine 50 5% 7 4% 10
7 VO(SO,) (2 mol%) 24h Pyridine 50 1% 7 1% 10
8 V,05 (1 mol%) 24 h Pyridine 50 4% 7 4% 10
9 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 72 h Pyridine 50 84% 7 79% 10
10 VO(DMSO),(dipic) (2, 2 mol%) 72h Pyridine 50 3% 7 3% 10
11 VO(OiPr)(dipic) (3, 2 mol%) 72h Pyridine 50 5% 7 5% 10
12 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 24 h Pyridine 50 68% 8 54% 11
13 VO(DMSO),(dipic) (2, 2 mol%) 24h Pyridine 50 55% 8 42% 11
14 VO(OiPr)(dipic) (3, 2 mol%) 24h Pyridine 50 55% 8 48% 11
15 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 24 h Pyridine 50 99% 9 88% 12, 7% 13
16 VO(DMSO),(dipic) (2, 2 mol%) 24h Pyridine 50 15% 9 14% 12, 1% 13
17 VO(OiPr)(dipic) (3, 2 mol%) 24 h Pyridine 50 25% 9 22% 12, 2% 13
18 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 48 h. DMSO 100 44% 17 3% 13, 3% 18, 2% 12, 30% 19
19 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 48h Pyridine 100 74% 17 24% 13, 10% 18, 2% 12, 25% 19
20 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 48h DMF 100 98% 17 85% 13, 72% 18, 5% 12, 2% 19
21 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 48 h DMF 22 1% 17 0% 13, <1% 18, 0% 12, <1% 19
22 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 48 h DMF 60 50% 17 13% 13, 15% 18, 1% 12, 26% 19
23 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 48h DMF 80 92% 17 26% 13, 49% 18, 4% 12, 26% 19
24 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 1 mol%) 48 h DMF 120 >99% 17 44% 13, 74% 18, 5% 12, <1% 19
25 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 0.5 mol%) 48 h DMF 100 90% 17 50% 13, 55% 18, 8% 12, 7% 19
26 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 2 mol%) 48h DMF 100 >99% 17 85% 13, 75% 18, 3% 12, 1% 19
27 V,0,(0iPr),(DMSO),(ndc)-DMSO (4, 5 mol%) 48 h DMF 100 >99% 17 82% 13, 99% 18, 2% 12, <1% 19
28 VO(DMSO),(dipic) (2, 2 mol%) 48 h DMF 100 31% 17 7% 13, 9% 18, 3% 12, 6% 19
29 VO(OiPr)(dipic) (3, 2 mol%) 48 h DMF 100 24% 17 6% 13, 6% 18, 3% 12, 7% 19

“Substrate conversion and product yields determined by crude '"H NMR with an internal standard.

highest yields of cleavage products 13 and 18 (85% and 72%).
DMSO and pyridine gave the major product 19, which we con-
firmed was an intermediate in the oxidation of 17 (section
S6.5). Then, we screened temperatures in DMF (entries 20-24),
obtaining higher yields of 13 at 100 °C than at 22 °C, 60 °C,
80 °C, or 120 °C. 1 mol% loading of 4 proved optimal, as lower
loading resulted in lower yields while higher loadings did not
show significant increases in yields (entries 25-27). Finally,
monometallic analogs VO(DMSO),(dipic) (2) and VO(OiPr)
(dipic) (3) significantly underperformed divanadium 4 under
analogous conditions with a fixed loading of 2 mol%
vanadium (entries 28 and 29), further supporting our claim of
bimetallic cooperativity. Simple vanadium sources VO(OiPr)s,

This journal is © The Royal Society of Chemistry 2025

VO(SO,), and V,0; are also poor catalysts under these con-
ditions (section $6.3).

In summary, complex V,0,(OiPr),(DMSO),(ndc)-DMSO (4)
outperforms its monometallic analogs in the aerobic cleavage
of diols and of lignin model 17. Its maximum turnover
number (90) exceeds those reported for vanadium-catalysed
diol®>™ or lignin cleavage® ™" (Table S40). These results validate
the hypothesis that cooperativity enhances the productivity of
vanadium redox catalysis. They also provide a binucleating
platform for studying redox cooperativity and for catalyst
optimization with vanadium and other base metals. Finally,
this report will inform the quest for sustainable catalysts for
the upgrading of carbohydrates and biomass.
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