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A novel photoredox-neutral ring-opening pyridylation of non-prefunctionalized cyclic oximes has been
accomplished through phosphoranyl radical-mediated N-O/C-C bond cleavages followed by radical-
radical coupling. This mild acid-, base-, and oxidant-free protocol provides highly site-selective and ef-
ficient access to distally pyridylated alkylnitriles, which could be scale-up synthesized and readily con-
verted into skeletally diverse compounds. Notably, the oxidized ground-state photocatalyst generated via
the SET oxidation of the highly reducing excited-state photocatalyst by cyanopyridines might initiate the
following phosphoranyl radical-mediated deoxygenative process.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pyridines as fundamental structural motifs are ubiquitous
in complex natural products, pharmaceuticals, catalysts, ligands,
functional materials, pesticides, and so on [1-12]. Over the
last few decades, extensive efforts have thereby been devoted
to developing a plethora of elegant and state-of-art method-
ologies for the efficient synthesis of structurally diverse pyri-
dine derivatives [13]. Meanwhile, diverse radical-mediated ring-
opening/functionalizations of cyclic oxime derivatives were devel-
oped to access distally functionalized nitriles [14-28]. However, to
the best of our knowledge, there are only four radical-type ex-
amples of the incorporation of cyanoalkyl groups derived from
cyclic oxime derivatives into pyridine skeletons to access pyridy-
lated nitriles. In 2017, Guo’s group developed Ni-catalyzed Minisci-
type cyanoalkylation of heteroaromatic N-oxides with electron-
poor O-pentafluorobenzoyl cyclic oximes at elevated temperature
[29], in which there were three examples of pyridine cyanoalky-
lation with exquisite C-2 selectivity and relatively low efficiency,
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and also initial oxidation of pyridines to pyridine N-oxides need
to use the oxidants, thus exhibiting poor functional group compat-
ibility (Scheme 1a). Soon after, Xia group disclosed visible-light-
induced photoredox Minisci-type cyanoalkylation of heteroarenes
with electron-poor 0-4-trifluoromethylbenzoyl cyclic oximes in the
presence of a stoichiometric amount of trifluoroacetic acid [30],
in which there was no need of pre-activation of pyridines ring as
their N-oxides, and yet only three examples of pyridine cyanoalky-
lation (two examples blocking competitive C-4 site led to C-2
mono-cyanoalkylated products with moderate yields, the third ex-
ample blocking one of the competitive C-2 sites led to C-2 and
C-4 cyanoalkylated products with poor yields) (Scheme 1b). Alter-
natively, Xu group exploited Ag-catalyzed Minisci-type cyanoalky-
lation of heteroarenes with cyclic «-imino-oxy acids under acidic
and oxidizing conditions [31], in which there were only two exam-
ples of pyridine cyanoalkylation (one example led to mono- and
difunctionalized products, the other led to C-2 and C-4 cyanoalky-
lated products) (Scheme 1c). Besides the three Minisci-type re-
actions mentioned above, Leonori group established an elegant
photoredox-nickel dual-catalyzed ring-opening functionalization of
cyclic a-imino-oxy acids in the presence of organic base tetram-
ethyl guanidine [32], in which there were three examples of pyri-
dine cyanoalkylation with exquisite C-2 or C-4 selectivity and
moderate yields (Scheme 1d). Although such a dual photoredox-
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Scheme 1. The already established radical-type ring-opening/pyridylation of cyclic
oxime derivatives.

nickel strategy compensated for the inadequacies of the above-
mentioned Minisci-type reactions, the specific activation of (het-
ero)aryl bromides resulted in the addition of the second transi-
tion metal catalyst NiCl,-glyme besides the requisite photocatalyst
[Ir(dtbbpy)(ppy), |PFg. Furthermore, it was worth mentioning that
only by voltage-directed installation of appropriate electrophores
on the oxygen atom could cyclic oxime derivatives employed in
these transformations undergo either SET (single-electron transfer)
oxidation or reduction to generate the corresponding cyanoalkyl
radicals. All of these limitations are remarkable, and thus the de-
velopment of highly site-selective, straightforward, and efficient
approaches to access structurally diverse pyridylated nitriles from
non-prefunctionalized starting materials under mild acid-, base-
and oxidant-free conditions is of great synthetic value.

Recently, photopromoted phosphoranyl radical-mediated frag-
mentation has emerged as a powerful alternative strategy for ex-
pedient access to diverse radicals via the single-electron deoxy-
genative process of oxygen-containing substrates such as carboxylic
acids, alcohols, oximes, sulfoxides [33-38]. Mechanistically, in al-
most all cases of the already established methodologies, trivalent
phosphorus compounds reductively quenched the highly oxidizing
excited-state photocatalysts to yield phosphinium radical cations,
which underwent the nucleophilic attack from oxygen-containing
substrates and subsequent B-scission to generate the correspond-
ing radical intermediates for further transformations (Scheme 2a).
In contrast, owing to the extremely low excited-state oxidation po-
tential of the highly reducing photocatalysts, such photocatalyst-
participated phosphoranyl radical-mediated deoxygenative process
is still elusive and rare. To the best of our knowledge, there is an
exclusive example of photocatalytic sulfoxide deoxygenation using
the highly reducing photocatalyst fac-Ir(ppy)s; [39], which might
be oxidatively quenched by the hypothetical sulfoxide-phosphine
adducts to provide the oxidized ground-state photocatalyst for fur-
ther oxidation of trivalent phosphorus compounds. Inspired by
this work and seminal pioneering reports on elegant radical-based
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ipso-functionalizations of cyano(hetero)arenes, we envisaged that
other electrophiles such as cyanopyridines instead of the sulfoxide-
phosphine adducts were selected to oxidatively quench those
highly reducing excited-state photocatalysts PC*, affording the per-
sistent cyanopyridyl radical anions as well as the oxidized ground-
state photocatalysts PCox. Then, trivalent phosphorus compounds
undergo the SET oxidation by such oxidized photocatalysts PCox to
generate phosphinium radical cations and the ground-state photo-
catalysts, thus completing a net photoredox-neutral process with
only one photocatalyst. Finally, the resulting phosphinium radi-
cal cations could further facilitate the initiation of the deoxygena-
tive process from the non-prefunctionalized cyclic oximes to pro-
duce the transient cyanoalkyl radicals, which might subsequently
couple with the persistent radical anions through the postulated
radical-radical coupling pathway to provide the target products.
Hence, we report an acid-, base-, and oxidant-free photoredox-
neutral ring-opening pyridylation strategy of non-prefunctionalized
cyclic oximes to afford distally pyridylated nitriles, which features
exquisite site-selectivity, broad substrate scope, and good func-
tional group compatibility (Scheme 2b).

To verify the feasibility of our hypothesis, we initially selected
cyclobutanone oxime 1a and 4-cyanopyridine 2a as the model sub-
strates to explore the reaction conditions under visible-light ir-
radiation at room temperature. To our delight, we obtained the
compound y-pyridylated alkylnitrile 3aa in 93% yield after sys-
tematic optimization of the reaction parameters, including triva-
lent phosphorus compounds, photocatalyst, and solvent (Table 1,
entry 1). Notably, other electron-rich trivalent phosphorus com-
pounds were also able to facilitate this ring-opening pyridylation
reaction albeit with reduced yields (entries 2-6). In contrast, when
electron-deficient P(CzFs5); was used in place of PPhs, the reaction
failed to proceed (entry 7). Then, we evaluated the performance of
other photocatalysts, highly oxidizing photocatalyst PC3-PC6 was
less efficient than highly reducing photocatalyst PC1 or PC2 (en-
tries 8-12) [40,41]. Furthermore, solvent screening demonstrated
that these reactions performed in other solvents such as MeCN and
THF did not obtain as high yields as CH,Cl, and DCE (entries 13—
15). As anticipated, control experiments revealed that phosphine,
photocatalyst, and light were indispensable for the success of this
transformation (entry 16). It was worth mentioning that the de-
sired product 3aa was obtained in an acceptable yield when the
reaction was carried out without argon protection (entry 17). Next,
decreasing the loading of the photosensitizer from 2 mol% to 1
mol% could also obtain a comparable high yield (entry 1).

With the optimized reaction conditions in hand, we first ex-
amined the scope of cyclic oximes 1 with 2a as the coupling
partner. As highlighted in Scheme 3, 2-aryl-substituted cyclobu-
tanone oximes appear to be effective for this ring-opening pyridy-
lation. A large variety of electron-donating groups and electron-
withdrawing groups on the aromatic ring, such as Me, OMe, F,
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Photopromoted phosphoranyl radical-mediated ring-opening pyridylation of non-prefunctionalized cyclic oximes.
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Scheme 3. Substrate scope of the cyclic oximes. Reaction conditions: 1 (0.3 mmol), 2a (0.2 mmol), fac-Ir(ppy)s (2 mol%), PPhs (0.6 mmol), CH,Cl, (4mL), 30 W blue LEDs,

argon atmosphere, r.t., 18 h. Isolated yield is based on 2a.

Cl, Br, CF3 and CN, were compatible with this transformation.
And the position of functional groups on the aromatic ring had
a negligible effect on this protocol, affording the corresponding
alkylnitriles in moderate to excellent yields (3aa-3o0a). Further-
more, 3,4-difluoro- or 3,4-methylenedioxy-disubstituted cyclobu-
tanone oximes were used as the substrates in this protocol and
successfully converted to the desired alkylnitriles in satisfactory
yields (3pa-3qa). Cyclobutanone oxime bearing fused aromatic
ring was suitable for this protocol to provide the corresponding
alkylnitrile 3ra in an excellent yield of 90%. Interestingly, benzo-
cyclobutanone oxime was also subjected to this transformation,
affording a single regioisomer benzonitrile 3sa in a synthetically
useful yield. It was worth mentioning that this photocatalytic sys-
tem was also amenable to cross-coupling of cyanopyridyl radi-
cal anions with in situ-generated non-benzyl radicals from cyclic
oximes, which gave the desired y-pyridylated alkylnitriles 3ta-3va
albeit in relatively poor yields. To our delight, the less-strained cy-
clopentanone oxime also proved to be a competitive coupling part-
ner for this ring-opening pyridylation process and afforded distally
§-pyridylated alkylnitrile 3wa in a very good yield, while the 6-
membered, 7-membered, and 8-membered cyclic oxime substrates
failed to provide any desired product (3xa-3za).

Our attention then turned to evaluating the scope of the
cyanopyridines in this transformation with cyclobutanone oxime
1a as a coupling partner (Scheme 4). A range of 4-cyanopyridines
with different electronic groups at the 2- or 3-position of the
pyridine ring were tolerated smoothly and gave the expected y-
pyridylated alkylnitriles in acceptable yields (3ab-3aj). Notably,
2,4-dicyanopyridine could be employed as a competent substrate
to deliver the corresponding product 3ac with selective coupling
at the electron-poor 4-position along with the C2-cyanoalkylated
products 3ac’ in 22% yield (see Supporting information for more
details). The structure of 3ac was also unambiguously confirmed

by X-ray crystallographic analysis (CCDC: 2172443). In addition
to cyanopyridines, other non-pyridine derivatives, such as 4-
cyanoquinoline, 2-cyanoquinoline, and 1-cyanoisoquinoline, could
participate well in this protocol, thus furnishing the desired y-
heteroarylated alkylnitriles 3ak-3am in 60%-68% yields. How-
ever, no corresponding product 3an was observed when using 2-
cyanopyridine with higher reduction potential (E;j, =-2.03V vs.
SCE, see Supporting information) instead of 4-cyanopyridine.

In order to validate the synthetic utility of this ring-opening
pyridylation, we performed a scale-up model reaction to provide
the target alkylnitrile 3aa in 81% yield (Scheme 5a). Moreover,
the cyano moiety of the resulting product is a versatile handle
for a wide range of useful transformations. For example, the re-
sulting product 3aa was efficiently converted into y-pyridylated
amide 4aa by using basic hydrogen peroxide in dimethyl sulfox-
ide (Scheme 5b). In addition, the product 3aa could undergo se-
lective reduction with LiAlH; and sequential amidation to obtain
S-pyridylated carbamate 5aa in moderate yield (Scheme 5c). Al-
ternatively, the product 3aa could be easily transformed into y-
pyridylated carboxylic acid 6aa via basic hydrolysis (Scheme 5d).

To gain a deeper understanding of the mechanism of this
ring-opening pyridylation, we performed several control experi-
ments. As shown in Scheme 6a, when 2 equiv. of the radical
scavenger 2,2,6,6-tetramethyl-piperidinyloxy (TEMPO) or electron-
transfer scavenger p-dinitrobenzene (DNB) were separately added
to the model reaction system, the process was completely sup-
pressed. And the corresponding TEMPO-trapped adduct (TEMPO-
1a) was detected in LC-HRMS spectra. Subsequently, in the pres-
ence of the radical scavenger butylated hydroxytoluene (BHT), the
model reaction was inhibited to some extent. The above results
suggested that a SET/radical process might be involved in this
protocol. Moreover, a radical clock experiment was performed to
obtain the ipso-substituted product 7aa and Minisci-type product
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8aa by the novel imino-pyridylation reaction of y,§-unsaturated
oxime 4a with 2a, further indicating the radical nature of this
transformation (Scheme 6b).

Based on the above-mentioned studies and previous works [42-
51], a plausible photoredox cycle was proposed as depicted in
Scheme 7. Under the irradiation of blue light, fac-Ir(ppy); was
initially excited to yield the excited-state *fac-Ir(ppy)s [El/zred
(IfV/<1ety = —1.73V vs. SCE], which was oxidatively quenched by
4-cyanopyridine 2a (E;, = -1.66V vs. SCE) [52] to form the oxi-
dized ground-state fac-Ir'V(ppy); and the corresponding cyanopyri-
dine radical anion A. The resulting oxidized fac-Ir'V(ppy)3 [El/erd
(IfV/Irf'"y = 4+0.77V vs. SCE] could abstract an electron from
PPh3 [Eqp = +0.98V vs. SCE] since the subsequent strain-release

Scheme 7. Plausible reaction mechanism.

ring-opening was thermodynamically favorable [53], affording the
corresponding phosphinium radical cation and regenerating the
ground-state fac-Ir(ppy)s. Polar nucleophilic addition of the phos-
phinium radical cation to cyclobutanone oxime 1b resulted in the
formation of the phosphoranyl radical B, which underwent subse-
quent B-scission to afford the iminyl radical C and triphenylphos-
phine oxide. Then, the strain-relieved C-C bond cleavage of the
iminyl radical C led to the key cyanoalkyl radical D. Finally, the
transient cyanoalkyl radical D underwent the radical-radical cou-
pling with the persistent radical anion A followed by elimination
of the cyano anion to obtain the pyridylated alkylnitrile 3ba.

In summary, we have developed a novel photoredox-neutral
ring-opening pyridylation strategy of non-prefunctionalized cyclic
oximes to provide distally pyridylated alkylnitriles as well as other
heteroarylated alkylnitriles and benzonitriles under acid-, base-,
and oxidant-free conditions. Furthermore, the resulting pyridylated
nitriles could be scale-up synthesized and also readily converted
into skeletally diverse compounds including pyridylated amide,
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Table 1
Optimization of the reaction conditions.?
N
_OH CN ‘ =
N| fac-Ir(ppy)3 (2 mol%), PPhs P>
X
th + _J CH,Cly, 30 W Blue LEDs, Ar, r.t.
N CN
1a 2a Ph 3aa

Photocatalysts (E;,,"¢ values versus SCE in MeCN), PPhg (Eq, = +0.98 V)

3
I(dFCF 3ppy),(dtbbpy)PFg (PC3)
PCo/PC* =-0.89 V
PC*/PCroq = +1.21V

fac-Ir(ppy)s (PC1)
PC,,/PC* = -1.73V
PC*/PCyeq = +0.31 V

Ir(p-F-ppy)s (PC2)
PCo,/PC* =-1.91V
PC*/PCyeq = +0.69 V

4CzIPN (PC4)
PCo/PC* = ~1.18 V
PC*/PCyoq = +1.43 V

3DPAFIPN (PC6)
PCox/PC* = ~1.38 V
PC*/PCyoq = +1.09 V

PCoy/PC* = —1.28 V
PC*/PCroq = +1.10 V

Entry Variations from standard conditions Yield (%)P
1 None 93, 89¢
2 PMePh, instead of PPh3 84

3 PMe,Ph instead of PPhs 74

4 P(p-tol)Ph;, instead of PPh; 89

5 P(NMe,); instead of PPhs 79

6 P(OEt); instead of PPh; 70

7 P(CgFs); instead of PPhs n.d.

8 PC2 instead of fac-Ir(ppy)s 60

9 PC3 instead of fac-Ir(ppy)s 22

10 PC4 instead of fac-Ir(ppy)s 21

11 PC5 instead of fac-Ir(ppy)s 31

12 PC6 instead of fac-Ir(ppy)s 8

13 DCE instead of CH,Cl, 91

14 MeCN instead of CH,Cl, 71

15 THF instead of CH,Cl, 58

16 no phosphine, photocatalyst, or light n.d.

17 no argon protection 82

@ Reaction conditions: 1a (0.15mmol), 2a (0.1 mmol), photocatalyst (2 mol%),
trivalent phosphorus compound (0.3 mmol), solvent (2mL), 30W blue LEDs, argon
atmosphere (Ar), r.t.,, 18 h. DCE: dichloroethane. THF: tetrahydrofuran. n.d.=not de-
tected.

b Yields were determined by 'H NMR using dibromomethane as an internal stan-
dard.

¢ fac-Ir(ppy)s (1 mol%).

pyridylated carbamate, and pyridylated carboxylic acid. The devel-
oped protocol confirmed once more that the oxidized ground-state
photocatalyst generated via the SET oxidation of the highly reduc-
ing excited-state photocatalyst by cyano(hetero)arenes could ab-
stract one electron from trivalent phosphorus compound to initi-
ate the phosphoranyl radical-mediated deoxygenation and the fol-
lowing transformation. Additional experiments evaluating further
mechanistic research and application of this protocol are currently
ongoing in our laboratory.
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