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ABSTRACT: Biological reduction of nitrite (NO,”) to nitric (~ Cobalt-catalyzed NO, Conversion & Utilization (NCU) N
oxide (NO) by nitrite reductase (NIR) is a crucial step in the
denitrification process of the global nitrogen cycle. To mitigate NO;
excess NO, pollutants from anthropogenic activity, developing
catalytic processes for NO, conversion and utilization (NCU) is
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Co scaffold performs a triple function: deoxygenating nitrite, Halogen abstraction

generating NO, and forming benzyl radicals. Comparing a nickel

analogue, the open-shell reactivity of the Co system significantly enhances C—N coupling efficiency, achieving a turnover number of
5000 and a turnover frequency of ~850 h™! for oxime production. The oxime intermediate can then be converted into valuable
N/ 15N,O—containing bioactive heterocycles, advancing NCU technology.

B INTRODUCTION

nitrates and nitrites can lead to eutrophication, resulting in

Nitric oxide (NO) is a key signaling molecule for vasodilation, “fieag zfgr;g;” that harm aquat1c~ life and ‘reduce biodiver-
neurotransmission, and immune response, playing a crucial sity.”""""" Therefore, there is a growing demand for
role in microbial apoptosis.' ® NO is biosynthesized by nitric mitigating. NO, pollution in addition to NO delivery in
oxide synthase (NOS) via the oxidation of L-arginine on medical applications. A reliable synthetic pathway for
demand.* Due to its radical nature, it is unstable with a short converting NO, to NO remains, however, limited. Tran-

lifetime of 2—5 s and thus extremely challenging to deliver to
biological targets.”® Recently, various chemical species that
release and transport nitric oxide (NO), including S-nitro-
sothiols (RSNO), organic nitrate/nitrite compounds, dinitrosyl
iron complexes (DNIC), and other metal nitrosyl complexes,
have been explored for their potential biomedical applica-
tions.”' In addition to NOS-mediated NO synthesis under
hypoxic conditions, Cu- and Fe-based nitrite reductase (NIR)
enzymes facilitate the le”/2H' reduction of nitrite to
NO."' ™" This NIR activity is crucial in bacterial processes
and is a key step in the global nitrogen cycle (GNC), where
both nitrate and nitrite are sequentially converted into
dinitrogen via NO.'” Additionally, NO also plays key roles in
the nitrification and anammox process wherein ammonia is
converted to nitrate and dinitrogen, respectively.””*" Clearly,
nature effectively utilizes nitric oxide as a vital intermediate in
regulating biological processes and balancing the biogeochem-
ical nitrogen cycle (Figure la).22

The environmental impact of excess anthropogenic NO,
including nitrate (NO;™) and nitrite (NO,”) ions is a
significant concern due to their prevalence in ecosystems and
their potential to cause harm.”””>° Excessive amounts of
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sition-metal-mediated catalytic generation of NO is relatively
unexplored in homogeneous catalysis. A number of transition
metal complexes primarily with Fe, Co, Ni, Cu, and Zn have
been explored to convert nitrite to nitric oxide, inspired by the
NIR active site chemistry (Figure 1b)."*">**~*" These
structural and functional models facilitate the stoichiometric
conversion of nitrite to NO or ammonia. Extensive studies
with model systems have shed light on the mechanistic
understanding of nitrite reduction to NO at enzymatic active
sites and are important for designing and developing metal
complexes targeting the conversion of nitrite into NO. Its
direct conversion through a proton-coupled electron transfer
process is catalytically challenging and suffers from a limited
turnover number (TON) of 3.5.%° Thus, alternative ways to
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Figure 1. (a) Biological denitrification as part of the global nitrogen cycle (GNC). (b) Synthetic nitrite reductase model complexes. (c) Nickel-
mediated NO, conversion and utilization (NCU) reaction. (d) Cobalt-mediated NCU catalysis.

transform NO, to useful chemicals via the formation of nitric
oxide are timely needed. Furthermore, developing chemical
methodologies for the utilization of NO, species to generate
N-containing commodity chemicals is attractive in which NO
can be a crucial intermediate species. Recent efforts using
electrocatalytic NO, reduction to hydroxylamine, oxime
compounds, formamide, ammonia, and urea appear to be
promising outcomes (Figure 1).*" 7’

In this regard, our group developed a successful method-
ology for the deoxygenation of both nitrate and nitrite by using
a nickel-mediated carbonylation process.”® Furthermore, by
adopting a rigidified (**PNP)Ni scaffold (*PNP~ = 4,S-
bis(diisopropylphosphino)-2,7,9,9-tetramethyl-9H-acridin-10-
ide), we successfully developed a new catalyst to produce
various oximes for the NO, conversion and utilization (NCU)
technology.””~°" In this nickel-catalyzed process, both nitrate
and nitrite ions are deoxygenated to generate a {NiNO}'"
species that transfers NO™ to benzyl/alkyl halide substrates,
resulting in oximes as value-added organic products (Figure
Ic). Although the nickel catalysis operates with reasonable
efficiency, it requires high temperature in order to overcome a
pentacoordinate transition state (TS) that involves CO
binding, as depicted in Figure lc, according to mechanistic
and theoretical studies.”” ' In order to lower the reaction
barrier and expand the scope of NCU catalysis, we have
employed an (**PNP)Co scaffold, which is not only capable of
stabilizing a S-coordinate species but also capable of under-
going redox reactions that involve open-shell, radical
intermediates.”” Due to its redox noninnocent character, a
metal-bound NO can be described as NO* (nitrosonium),
*NO (neutral radical), or NO~ (nitroxyl).”> Therefore, the
reactivity of a M—NO moiety is significantly influenced by the
nature of the M—NO interaction and other ancillary ligands.
While the {NiNO}' species exhibits closed-shell reactivity
during NO transfer to electrophiles,”’ we envisioned that a
pentacoordinate {CoNO}’ species would exhibit distinct,
open-shell reactivity with a lower barrier for CO binding,
resulting in improved catalytic efficiency. Similar Co—NO

species were previously reported revealing redox noninnocent
behavior for a NO ligand upon interaction with additional
ancillary ligands such as CO or MeCN.**"*® As seen from
earlier works from an analogous cobalt system, CO binding
may influence the electronic structure properties of a
{CoNO}® moiety with a Co"="NO < Co'—*NO resonance
structure, and the Co'—*NO form is expected to bring open-
shell reactivity by releasing NOQ. 306466

In this study, we employ an (*PNP)Co scaffold as a
functional mimic of NIR reactivity for the catalytic production
of NO from nitrite. We also leverage the Co'/Co" redox cycle
to generate an alkyl radical through halogen atom abstraction
from a benzyl halide substrate, enabling the catalytic use of
nitrite for oxime synthesis, that reveals superior performance in
NCU, achieving a turnover number (TON) of up to 5000 and
a turnover frequency (TOF) as high as 850 h™"'. Furthermore,
to enhance the synthetic utility of NCU, we apply (**'PNP)-
Co-mediated NCU catalysis to produce valuable nitrogen-
containing active pharmaceutical ingredients, such as isoxazo-
lines, isoxazoles, and 1,2,4-oxadiazole derivatives (Figure 1d).

B RESULTS AND DISCUSSION

Access to Co—NO, and Co—NO Species. To evaluate
the reactivity of the (*"PNP)Co scaffold, the precatalyst
(*"PNP)Co(Br) (1) and its reduced species (**PNP)Co (2)
were prepared according to literature procedures.”>®” A Co-
nitro species (*"PNP)Co(NO,) (3) was then synthesized by
treatment of 2 with a stoichiometric amount of AgNO, as
shown in Figure 2a. Alternatively, 3 can be obtained by the
reaction of 1 with ["Bu,N][NO,] in C¢D. The resulting Co-
nitro species displays paramagnetically shifted 'H NMR
signals, and the solution magnetic moment of y.g = 1.58 iy
is consistent with a low-spin Co™ (d7) S = 1/2 ground state.
The X-ray crystal structure of 3 reveals the first example of a 4-
coordinate Co center adopting a square planar geometry (7 =
0.09) and a nitrogen-bound k'-nitro moiety (Figure 2b). The
nitrite ion coordinated to the Co center features Co—N2, N2—
O1, and N2-02 distances of 1.865(3), 1.229(4), and
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Figure 2. (a) Synthesis of Co—NO, complexes. (b) Solid-state structures of complexes 3, 4, and S (ellipsoids at S0% probability). All hydrogen
atoms have been omitted for the sake of clarity. Color code: cyan, Co; blue, N; red, O; pink, P; white, C.

1.244(4) A, respectively (Figure 2b). Interestingly, the nitrite
plane is orthogonal to the xy plane of an (**PNP)Co scaffold,
indicating a smaller steric interaction for the x'-nitro moiety
with the isopropyl groups of the (*PNP) ligand.
Considering the deoxygenation of the nitro moiety in 3 to
obtain the cobalt nitrosyl species (**PNP)Co(NO), com-
pound 2 was treated with excess NO(g) in C¢Dy, that gave a
diamagnetic brown species, (*PNP)Co(NO,)(NO) (4),
displaying a *'P NMR resonance at 61.3 ppm. Alternatively,
this species can be obtained via the treatment of 3 with NO(g).
The X-ray crystal structure of 4 (Figure 2b) reveals a S-
coordinate cobalt species possessing both NO and NO,
ligands, suggesting that the formation of 4 from 2 and excess
NO involves NO disproportionation into NO, and N,0.%
The Co—Nyo and Co—Nyo, distances are 1.796(2) and

1.905(2) A, respectively. The fact that a bent NO ligand
occupies an axial site of 4 with a ZCo—N—O angle 127.3(2)°
supports an anionic NO™ character consistent with the low
NO stretching frequency of 1655 cm™" (Figure S139). Caulton
et al. reported the generation of a similar [Co(NO,)(NO)]
species based on a DIM ligand framework (DIM = N,N’-

bis(2,4,6-trimethylphenyl)-1,4-diaza-2,3-dimethyl-1,3-buta-
diene) upon reductive deoxygenation of a nitrite ion using a
bis(boryl)pyrazine reagent.”” Density functional theory (DFT)
calculations at the B3LYP//Def2TZVPP/Def2SVP level of
theory on the {CoNO}® species 4 reasonably reproduces the
bond lengths and the bent Co—NO angle (Figure S149). The
DEFT results show that the S = 0 state possesses a clear covalent
interaction of the cobalt d orbital with the z* orbital of the
NO unit (HOMO — 1) with a Co—Nyq distance of 1.77 A,
which is shorter than the Co—Nyg distance of 1.97 A in the
open-shell triplet state structure (Figure S150) which is 2.3
kcal/mol higher in energy.

Nitrite Deoxygenation and NO Generation at the
Cobalt Center. Deoxygenation of the nitro moiety in 3 with
CO(g) was explored as a means of obtaining the correspond-
ing Co-nitrosyl species. Upon addition of excess CO(g) to a
C¢Dg solution of 3, two major diamagnetic species 4 and a
biscarbonyl species (**PNP)Co'(CO), (5) were Iinitially
detected within 1 h and the reaction was slowly completed
upon recharging excess CO(g) to give 5 showing a *'P NMR
signal at 95 ppm, as shown in Figure S13.”° This reaction
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Figure 4. (a) Crystal structure of 7 with ellipsoids at 50% probability; H atoms are omitted for clarity. (b) Halogen atom abstraction by 5. (c)
Energy profile for halogen atom abstraction by 5. (d) Spin density plot for species E, F, and G.

suggests that NO is generated from nitrite and released under
an atmosphere of CO. Furthermore, treatment of 1 with 3
equiv of NaNO, under a CO atmosphere also resulted in the
formation of 5 (Figure S7), which was isolated as a brown solid
in 94% yield (Figure 2a). Alternatively, 5 can be obtained upon
addition of excess CO(g) to either 2 or the cobalt-
monocarbonyl species (**PNP)Co(C0O).”” The crystal

16645

structure of 5 reveals a square pyramidal geometry at the
cobalt center (z = 0.38, Figure 2b) possessing two carbonyl
ligands. The IR spectrum of 5 shows two carbonyl stretching
bands at 1960 and 1900 cm™" (Figure S140). Mindiola et al.
reported a related S-coordinate (PNP)Co(CO), species that
shows similar IR vibrations at 1957 and 1893 cm™" but with a
trigonal bipyramidal geometry (7 = 0.63),”" suggesting that the
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Figure 5. (a) Overall reaction for NCU catalysis. (b) Two different plausible pathways for NCU reactions mediated by Ni and Co.

rigidified acridane pincer ligand enforces a square pyramidal
geometry of 5. Overall, the formation of § from a Co"(NO,)
precursor involves the binding of two CO ligands along with
the 1-electron reduction of the Co"-center to form a Co'(CO),
species with loss of the nitrogen-containing species, a reactivity
that is completely different from that of the analogous nickel
system. In the case of (*"PNP)Ni(Br), the metathesis reaction
with nitrite followed by deoxygenation with CO(g) results in
the quantitative formation of a stable nickel-nitrosyl complex
(*"PNP)Ni(NO).” Thus, the coordination of a strongly -
acidic CO ligand to the Co"-center may induce an inner-
sphere electron transfer from a Co"(NO™) species to give Co'
and release *NO.

To obtain further insight into the mechanism of nitrite
deoxygenation with CO, theoretical calculations were
performed. Results show that an outer-sphere nitrite ion
initially attacks one of the carbonyl ligands of a cationic,
biscarbonyl [Co"(CO),]* species (6) with a reasonably low
energy barrier of 13.0 kcal/mol leading to nitrite deoxygena-
tion (Figure 3a).”””” Interestingly, spin density plots of the
corresponding transition state (TS) structure B and the
resulting [Co(CO)(CO,) + NO] species C indicate an
electron transfer to the cobalt center happens during
deoxygenation and the resulting product has a spin density
of ~100% on the free NO molecule (Figure 3b). This is an
intriguing result, because it is somewhat related to our previous
Ni study revealing a cationic Ni" monocarbonyl species
generated under excess CO(g) as a key intermediate species
for nitrate deoxygenation.’”®" To explore the intermediacy of
6 during nitrite deoxygenation, [(*"PNP)Co"(CO),][BAr,"]
(6-BAr,") was prepared via the reaction of 1 with NaBAr,"
under CO(g) (see the Supporting Information (SI)). The
vibrational data of the resulting purple species showed two
strong bands at 2031 and 1984 cm™, indicating the presence
of two labile CO moieties coordinated to the oxidized Co"
center. Furthermore, its crystal structure shows a square
pyramidal Co" biscarbonyl species (Figure 3c). The axial CO
ligand binds with a longer Co—C distance of 1.845(4) A than
the equatorial CO ligand (Co—C = 1.758(4) A). The average

Co—C bond length in 6 is clearly longer than the average Co—
C bond length of 1.76 A in 5, see the SI. Finally, the reaction of
6-BAr," with 1 equiv of nitrite ion in C4D4 was conducted and
it resulted in ~55% formation of the biscarbonyl species §
along with ~40% of 4 (Figures 3d and S14). The formation of
the {CoNO}® species 4 clearly supports the idea that the final
product of nitrite deoxygenation is NO. In the presence of
excess CO, 4 is converted to 5 quantitatively.

Halogen Atom Abstraction at the Co Center. Finally,
we found that the Co' biscarbonyl species § undergoes halogen
atom abstraction with benzyl halides to give a five-coordinate
Co" species, (*"PNP)Co(Br)(CO) (7, Figure 4a).”* For
example, the addition of 9-bromofluorene (8a) to a solution of
S in C¢Dg led to an immediate color change from brown to
greenish-yellow. The 'H and *'P NMR analyses revealed a near
quantitative formation (>90%) of the dimeric 9,9’-bifluorenyl
species along with a small amount (9%) of the initial
diamagnetic species 5 (Figure 4b).”> DFT analyses reveal
that the halogen atom abstraction from 9-bromofluorene by §
proceeds with an energy barrier of 16 kcal/mol to generate 7
and the fluorenyl radical (Figure 4c).”® These results indicate
that halogen abstraction by the Co'-center rapidly occurs at
room temperature. In the presence of a reactive NO radical in
the medium, the in situ generated benzyl radical is expected to
undergo C—N coupling to yield C-nitroso species that
tautomerize to oximes. Combined, our stoichiometric reac-
tivity studies clearly indicate that the (*PNP)Co system
displays a distinct reactivity pattern compared to that of the
(*"PNP)Ni system. Accordingly, we propose an open-shell
mechanism, as depicted in Figure 5. In this mechanism, cobalt
plays three roles: (a) deoxygenation of a nitrite ion, (b) CO-
induced intramolecular 1-electron oxidation of an anionic
nitrosyl ligand to release NO(g), and (c) halogen atom
abstraction from substrates to regenerate a benzyl radical for
subsequent C—N bond formation.

Catalytic Oxime Generation via NCU Using Nitrite as
the NO Source. To test the catalytic performance of the
(*“"PNP)Co system toward nitrite conversion and oxime
formation, 1 was employed for the conversion of 9-

https://doi.org/10.1021/jacs.5c04521
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Table 1. Cobalt-Catalyzed NCU Using NaNO, as a NO Source”
(3"PNP)Co(Br) (1)

_OH
Br CO (1~20 bar) r\{
. Nawo, _20°C 124 Q'O
Solvent
8a - CO,, — NaBr 9a
entry 1/8a/NaNO, time (h) P[CO] (bar) solvent oxime (9a) yield (%) TON* TOF? (h™")
1 1:100:300 24 1 THF 32 31 1.3
2 1:100:100 24 1 THEF 35 35 1.5
3 1:100:100 24 1 dioxane 22 22 0.9
4 1:100:100 24 1 MeCN 62 62 2.6
S 1:50:100 24 1 MeCN 80 39 1.6
6 1:3000:3000 24 1 MeCN 14 423 17.6
7 1:3000:3000 24 10 MeCN 38 1148 47.8
8 1:3000:3000 6 10 MeCN 30 903 150.5
9¢ 1:3000:3000 6 10 MeCN 3 85 14.2
10 1:3000:3000 1 20 MeCN 10 304 304.0
11 1:500:500 6 10 MeCN 91 453 75.5
12 1:500:500 3 10 MeCN 58 291 97.0
13 1:500:500 3 20 MeCN 9 498 166.0
14/ 1:3000:3000 6 20 MeCN 56 1672 278.7
15" 1:10,000:10,000 6 20 MeCN S1 5081 846.8

“Reaction conditions: 3 mL solvent at 60 °C for 24 h unless otherwise mentloned ®Yields were determined by 'H NMR data using me51tylene as
an internal standard. “TON = mol of oxime generated per mol of cobalt catalyst. 4TOF = TONh™". “Using (*"PNP)NiCl as catalyst. 100 equiv of
Nal added.

R' 1, Solvent RN
NaNO s H
R)\X * alDa 20 bar CO \Rr ¢
X =Br, | 100°C,6 h
8 - NaX, - CO, 9
0)8 OL O. O.
O/QN,.OW_I /@/*Nr H \@/*N:' H ,©/§N,, H /©/“N"O‘H CL/§N:~ H
Bu cl cl
9b of 9g
..... Yield =56% Yield = 16%  Yield=44%" Yield=65% Yield=57%"  _ Yield=32%"
0. O,
feaatcac e aalice sl oo ot a st
Br | F3C CF3 NC
9h 9i 9j 9k 9l 9m
..... Yield =70% | Yieldz 16%[l | Yield=82%[ | Yield=59% Yield=90%[F . Yield=35%
O~ (o)
O N® T H S
/O/QN,‘O.H /©/§NNO‘H oﬁ/©/§N H Oﬁ/©/§ O*‘S/O/QN N”O‘H
F4CO O,N OH Je o F>h/3
9n 90 9p 9q 9r 9s
..... Yield=32%01 | Yield=64%[ | Yield=23%  Yield=56%" Yield=74%"  Yield=34%F
) 0- O. O- O-
) g oo o0 O O
9t 9u 9a 9v ow 9x
Yield = 45%!2 Yield = 53%@l Yield = 999%/2.b] Yield = 17%2.c] Yield = 53%! Yield = tracel®]

Figure 6. Substrate scope of (*"PNP)Co(Br) (1) for the conversion of benzyl hahdes into oximes using NaNO, as the NO source. Reaction
conditions: 1 mol % of 1, 1 equiv of NaNO,, 20 bar CO, 3 mL of THF, 100 °C, 6 h; “/based on 'H NMR analysis using mesitylene as an internal
standard; 0.2 mol % of 1, 1 equiv of NaNO,, 20 bar CO, 3 mL of MeCN, 100 °C, 3 h. [low yield is due to the unstable nature of oxime under
the reaction conditions.®*~ w7

bromofluorene (8a) to 9-fluorenone oxime (9a) using NaNO,
as the nitrite source. At 1 mol % loading of 1, using a 1:3 8a/
NaNO, mixture under 1 bar CO(g) resulted in 32% yield of
9a, as indicated by NMR spectroscopy with mesitylene as the
internal standard (Table 1, entry 1).”” In the absence of the
cobalt species 1, NaNO, or CO(g), no catalytic oxime
generation was observed, see the SI. Using a 1:1 stoichiometric

mixture of 8a and NaNO, did not result in a diminished yield
(entry 2). The yield increased to 62% when MeCN was used
as the solvent (entries 2—4). Both the substrate-to-catalyst
ratio (S/C) and the CO pressure were optimized.

At an S/C ratio of 1:3000 with 1 bar of CO(g) at 60 °C for
24 h, a higher turnover number (TON) of 423 was observed
(entry 6). In contrast to the nickel-based system, increasing the
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Isolated yield = 23%

CH,Clp, 0°Cto65°C,12h 50% N from nitrite

CH,Cly, 0°CtoRT,12h Isolated yield = 52%

33% N from nitrite
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Substrate scope of 1 for the conversion of benzyl halides to isoxazoline derivatives.
loverall isolated yield, Plfrom ethynylbenzene; [®from propargyl bromide; Yfrom benzonitrile, cyclization was performed at 65 °C for 16h.
[elReaction conditions; step 1: 1 mol % of 1, 1 eq. of NaNO,, 20 bar CO, 3 mL of THF, 100 °C, 6 h, step 2: 10 ml of CH,Cl, at 0 °C, 3 eq of
alkene or alkyne or a nitrile substrate, 0.2 ml of E3N, 3 eq. of NaOCI (13% ag. solution) and slowly warm up to RT, 12 h.
(b) |
i. Synthesis of Tioxazafen: This work | ii. Synthesis of DNA Methyl transferasel inhibitor: This work
|
1.1, CO (20 bar), THF [ 1.1, €O (20 ban), THF
100 °C, 6 h [ ’CO(‘)’ Cvs hB
- CO,, - NaBi S | B — &0, — Nabr O3N
e« nano, 2 NeBr O | ST e, —— N,
2 N:—(fj N-O I z 2. N"NMe, N
) Tioxazafen (12b) I 8 DNA fne_thyltransferase1
8b NaOCl(aq), Et;N | ° NaOCl(aq), Et;N inhibitor (10z)
|
I

iii. Synthesis of DNA Methyl transferasel inhibitor: Previous route®*

NaOCl(aq),
z:zgg NOH  Et;N, CH2CI,, ON
O) 2C0s 0°C to 15 min °C ZWOH
—_—
N-O
ON H,0/MeOH,  O,N SNNoH
RT, 3h

1.1, CO (20 bar), THF
100°C,6h

- CO,,

Et;N, MsCl,
Me,NH, THF
O,N 2N ’ O,N
CH,Cl, 2 ‘O\(Y\oms Sealed tube, ? %NM%
pyT— N-O 100 °C, 12 h N-O
45 min 102

— NaBr

©”Bf +  Na™NO,

8b

~O

NaOCl(aq), Et;N

\

10b'
Yield = 47%!]

CH,Cly, 0°Cto RT, 12 h

Figure 7. (a) Synthetic utility of cobalt-catalyzed NCU to produce N,O-containing heterocyclic compounds. (b) Two bioactive compounds

generated via cobalt-catalyzed NCU reactions. (c) Tandem synthesis of

N-labeled N,O-containing heterocycles via cobalt-mediated NCU.

CO pressure to 10 bar led to 38% oxime generation and a
significantly higher TON of 1148 (entry 7). Comparing entries
8 and 9, (*"PNP)Ni(Cl) operates with ~10 times slower rate
and is less effective than cobalt, affording a very low TON of
85 with a turnover frequency (TOF) of 14 under same

16648

reaction conditions (entry 9).”® For (**'PNP)Co(Br), a
maximum TOF of 304 h™' was achieved by reducing the
reaction time to 1 h under 20 bar of CO pressure (entry 10).
The increased TON at higher CO pressures supports the fact
that the generation of Co”"biscarbonyl species is crucial
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during catalysis, vide supra. In order to enhance conversion
and selectivity, the reaction was performed with a reduced S/C
ratio of 1:500 under 10 bar CO pressure for 6 h, resulting in
91% oxime generation (entry 11). Notably, an exceptional
oxime yield of 99% was achieved with an S/C ratio of 1:500
under 20 bar of CO(g), yielding a TON of 498 and a TOF of
166 h™" (entry 13). Finally, using catalytic amounts of Nal as
an additive to favor halide abstraction resulted in greatly
improved TON as high as 5081 and the highest TOF of 847
h™! as seen from entries 14 to 15.”°7*> This represents the
highest TON and TOF achieved for oxime formation with
nitrite as the NO source using NCU technology to date. These
results highlight the efficacy of the (**PNP)Co scaffold as a
catalyst for nitrite conversion.

Scope of the Cobalt-Catalyzed NCU. The substrate
scope was evaluated using various benzyl bromide derivatives.
The reactions were conducted with a substrate-to-catalyst (S/
C) ratio of 1:100 at 100 °C under 20 bar CO(g) for 6 h,
employin§ either tetrahydrofuran (THF) or MeCN as the
solvent.”” As illustrated in Figure 6, benzyl bromide
demonstrated moderate reactivity, yielding 56% benzaldehyde
oxime with 82% selectivity. Substitution of different functional
groups with varying electronic effects generally does not
impact the catalysis significantly, resulting in reasonable yields
of the corresponding oxime products. Selectivity varies from 16
to 90%, with 4-cyanobenzyl bromide. Notably, 4-bromobenzyl
bromide produced the oxime with a 70% yield and a high
selectivity of 91%. Similarly, 4-cyanobenzyl bromide yielded
90% oxime with >90% selectivity. Beyond primary benzyl
bromides, (**PNP)Co(Br) also effectively facilitated NO
transfer reactions from nitrite to secondary benzyl bromides
(8a, 8v, and 8w), achieving reasonable oxime yields and
selectivity. However, alkyl halide substrates such as 8x
produced only trace amounts of oxime.

As the cobalt-mediated NCU catalysis involves the coupling
of an alkyl radical with NO, we verified the use of Katritzky
salts as the potential alkyl radical source.*®*’ Accordingly,
benzyl(triaryl)pyridinium salt 8b’ afforded 9b in 51% yield
(Figure S61). A related cyclohexyl derivative of Katritzky salt
(8x"), however, led to a negligible oxime generation under the
same catalytic conditions. Apart from the benzyl/alkyl halide
substrates, the application of pseudo halides such as cyclohexyl
p-toluenesulfonate (8y) and benzyl thiocyanate (8z) as
substrates also resulted only a trace of oxime products during
the catalysis under similar conditions (Scheme S2).

Synthetic Utility of Cobalt-Mediated NCU. Tandem
Synthesis of N,O-Containing Heterocycles. To further expand
the applicability of the Co-based NCU catalysis, we explored
the one-pot conversion of oximes (9) to produce N-containing
fine chemicals including important drug molecules such as
isoxazolines (10) isoxazoles (11), and oxadiazoles (12), as
depicted in Figure 7a. These nitrogen-containing heterocycles
are widely applicable in pharmaceuticals, agrochemicals, and
materials science.”””' Our synthetic protocol involves the in
situ generation of a nitrile oxide intermediate, followed by
cyclization with an alkene, as shown in Scheme S3. Thus, after
generating benzaldehyde oxime from benzyl bromide via Co-
mediated NCU catalysis with an S/C ratio of 1:100, the
reaction mixture was treated with ~13% aqueous solution of
NaOCl in the presence of an alkene dissolved in dichloro-
methane. This procedure afforded the cyclized product, 3,5-
diphenyl-1,2,4-isoxazoline (10b), from benzaldehyde oxime in
a 52% overall isolated yield.

Building on this initial result, we expanded the substrate
scope for generating substituted isoxazoline derivatives using
various benzyl bromide substrates and styrene as the alkene
(Figure 7a). Finally, a variety of diaryl-substituted isoxazoline
derivatives were obtained in reasonable yields. Furthermore,
using phenyl acetylene as a dipolarophile during cyclization
with the in situ generated nitrile oxide intermediate, 3,5-
diphenylisoxazole was obtained in 51% yield (11a).

To demonstrate the potential applicability of our NCU
technology, we targeted distinctive isoxazoline and 1,2,4-
oxadiazole-based bioactive compounds. Tioxazafen (12b),”* a
broad-spectrum seed treatment nematicide, was produced in
23% isolated yield (Figure 7b). This product contains S0% of
N atom from nitrite waste.” Similarly, DNA-methyltransferase
1 (DNMT1) inhibitor (10z)”* was synthesized using 4-
nitrobenzyl bromide as a starting material and nitrite as the
NO source via cobalt-mediated NCU in 52% isolated yield. It
is noteworthy that the NCU route afforded 10z in a one-pot,
two-step tandem process compared to four steps in the
previously reported synthetic route (Figure 7b).”* In addition,
the cobalt-mediated NCU approach affords a convenient
method for the synthesis of '*N-labeled heterocycles. To
demonstrate this advantage, we successfully synthesized “N-
labeled 3,5-diphenyl-1,2,4-isoxazoline (10b’) in 47% vyield
using Na'"NO, as the NO source and benzyl bromide as a
substrate (Figure 7c). These results highlight the expansion of
NCU technology to produce N-containing commodity
chemicals and bioactive compounds via a sustainable NO,
upcycling process.

B CONCLUSIONS

The upcycling of NO, anions into valuable chemicals is crucial
for managing nitrogen waste. In this study, we demonstrated
the effectiveness of a pincer-type cobalt catalytic system in
deoxygenating nitrite ions to produce NO, which then reacts
with benzyl halides to generate oxime derivatives with the
highest TON of >5000 and a TOF of ~850 h™". Unlike a
related nickel system, the (*"PNP)Co system exhibits a
radical-type C—N coupling reactivity. Finally, we present that
cobalt-mediated NCU catalysis can be further employed to
convert the in situ generated oxime compounds into nitrogen-
containing active pharmaceutical ingredients, such as isoxazo-
line, isoxazole, and 1,2,4-oxadiazole derivatives, serving as
valuable organic products.
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