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Synthesis of a-sulfonylated ketazines from vinyl azides and sodium sulfinates proceeding via radical C—
S/N—N coupling cascade has been developed. The cascade starts from the generation of sulfonyl radicals
through RSO;Na oxidation by cerium(iv) ammonium nitrate (CAN). Their addition to the double bond of
vinyl azides, followed by N, elimination, leads to the formation of iminyl radicals, whose N-N coupling
provides a-sulfonylated ketazines in yields up to 96%. This process represents one of the rare facets of
iminyl radical reactivity, namely, N—N radical coupling while bypassing their reduction, intramolecular
cyclization, and 1,n-HAT that are typical for them. The EPR-spectra study and quantum chemical calcu-
lations revealed that the selective N—N coupling of iminyl radicals was facilitated by the inertness of Ce(in)
towards coordination with iminyl radicals and the inaccessibility of charge transfer. In contrast, Mn(u)
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1 Introduction

Radical coupling processes have become increasingly popular
as an alternative to the nucleophile-electrophile strategy.
Typically, radical species are generated by single-electron oxi-
dants or reductants, which are often metal compounds prone
to single-electron transfer. Therefore, unravelling the role of
metal-based oxidants in radical processes is crucial, as the
metal can significantly affect the formed radicals through
coordination causing them to lose their radical character via
charge transfer, etc.'® Among all oxidants, Ce(iv)-based
systems,” for example cerium(iv) ammonium nitrate (CAN),*°
have been broadly engaged in organic synthesis as single-elec-
tron oxidants. Nevertheless, the coordination of Ce(v) and

“Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, 47 Leninsky
Prospect, Moscow, 119991, Russian Federation. E-mail: terentev@ioc.ac.ru;

Tel: (+7)-499-137-2944

bMendeleev University of Chemical Technology of Russia, 9 Miusskaya Square,
Moscow 125047, Russian Federation

“State Key Laboratory and Institute of Elemento-Organic Chemistry, Frontiers Science
Center for New Organic Matter, College of Chemistry, Nankai University, Tianjin
300071, China

tElectronic supplementary information (ESI) available: General reaction pro-
cedures, characterization data, copies of NMR spectra. CCDC 2429110. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d5q000508f

This journal is © the Partner Organisations 2025

coordinates with iminyl radicals and converts them into enamines.

Ce(m) ions formed during reduction with radical species has
been most often neglected. This research revealed a key differ-
ence between two commonly employed metal oxidants, CAN
and Mn(OAc);, towards N-centered iminyl radicals.

Recently, iminyl radicals have been known to be generated
from vinyl azides.'®™® Due to the presence of a double bond
and an azido group at the same carbon atom, vinyl azides can
act not only as electrophiles/nucleophiles™*™® but also as
peculiar radical acceptors.’®*' The addition of free carbon-
and heteroatom-centred radicals to vinyl azides enables the
formation of functionalized iminyl radicals by means of N,
elimination (Scheme 1A).’°** Using these unique chemical
properties of vinyl azides, a variety of compounds have already
been synthesized, such as pyrroles, pyridines,* isoquino-
lines,** p-functionalized ketones*®** and enamines,**™® etc. In
most cases, the generated iminyl radicals can induce 1,n-HAT
processes on remote C-H bonds***° (Scheme 1A (1)) or
undergo intramolecular radical cyclization via addition to the
n-systems®**! (Scheme 1A (2)). In addition, iminyl radicals can
easily be converted to imines because of reduction, intra- or
intermolecular HAT processes, followed by
tautomerization,**** cyclization,*® or hydrolysis*® (Scheme 1A
(3))- In particular, the coordination of generated iminyl rad-
icals on metal ions with subsequent metal-to-ligand charge
transfer (MLCT) was proposed as the main path for the metal
oxidant turnover.?*?*3*3* Given this, iminyl radicals have
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Scheme 1 Radical transformations of vinyl azides.

been engaged as universal intermediates for radical relay cata-
lysis.>® By way of contrast, the N-N radical coupling of iminyl
radicals was scarcely represented due to their propensity to the
reduction step, resulted in imine intermediates (Scheme 1A
(4)). In addition, the direct coupling of two radicals is hard to
achieve, due to low selectivity and side-processes of radical
decay.

Approach based on radical sulfonylation has emerged as an
effective alternative for the synthesis of organosulfur
compounds.*®*® Sulfones are widely represented in numerous
commercially available drugs,*® functional materials,*>*' and
agrochemicals.”” Showcasing multifaceted bioisosterism,****
these compounds have gained extensive interest owing to their
variety of valuable properties, such as enhanced lipophilicity
and metabolic stability.*” In this regard, application of sulfonyl
radicals may ensure peculiar radical selectivity’®*® and high
functional group tolerance, paving the way for the late-stage
functionalization?” and enhanced molecular complexity of tar-
geting compounds.*®*™° Previously, it was shown that gener-
ated sulfonyl radicals could be effectively intercepted by vinyl
azides resulting in the formation of p-ketosulfones® and
N-unsubstituted enaminosulfones.?”**”® Later, Liu and co-
workers reported transformation proceeding via formal 1,3-
HAT/radical coupling cascade which provided gem-disulfonyl
enamines.”® Notably, in all the aforementioned studies, the
N-N coupling process of iminyl radicals was not observed. By
way of contrast, Chiba and co-workers have found that CF;-
radicals generated from Me;SiCF; under oxidation by means
of PhI(OAc), could induce process of iminyl radicals N-N
coupling leading to the diastereoisomeric mixture of
a-trifluoromethylated ketazines.**
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Herein, we have discovered radical C-S/N-N cascade coup-
ling induced by addition of sulfonyl radicals to vinyl azides
(Scheme 1B), resulting in the formation of potentially valuable
a-sulfonylated ketazines,>*° being a rare example of iminyl
radicals N-N coupling process. Noteworthy, the similar
process mediated by Mn(OAc); provided enaminosulfones
(Scheme 1B).>” For these reasons, the main goal of recent
research to elucidate the key factors that govern the dis-
tinguishable reactivity of cerium and manganese salts towards
generated iminyl radicals and led to different reaction pro-
ducts from the same starting substrates (Scheme 1B).

2 Results and discussion
2.1 Optimization and scope of substrates

We commenced our study with the search of optimal reaction
conditions. For this purpose, (1-azidovinyl) benzene 1a and
sodium benzenesulfinate 2a were chosen as model substrates
(Table 1). The influence of CAN amount, reaction time, solvent
nature, and starting reagents molar ratio on the sulfonylated
product 3aa yield was tested. The reaction between 1a and 2a
for 60 minutes with the addition of 1 equivalent of CAN in
DMSO-THF gave sulfonylated azine 3aa in a 73% yield (entry
1). Its structure was unambiguously confirmed by X-ray ana-

Table 1 Optimization of the reaction conditions for the synthesis of
sulfonyl azine 3aa from vinyl azide 1a and sodium sulfinate 2a°

2 Ph _;’5-—
N o X 2 vrsd
Ph_& L solvent Nl‘ o\\ Ph %/ 1 i Ve /—/\”“\/
ONa M s VT VI
1a 2a Ph b zaa 7! ! /\“\_
=_/
<
Molar ratio 3aa
1a:2a, CAN Time, yield,b

Entry (mol: mol) (eq.) Solvent min %
1 1:1 1 DMSO-THF 60 73
2 1:1 0.5 DMSO-THF 60 43
3 1:1 1.5 DMSO-THF 60 80
4 1:1 1.5 DMSO-THF 30 67
5 1:1 1.5 DMSO-THF 90 76
6° 1:1 1.5 DMSO-THF 60 71
7 1:1 1.5 DMSO-MeCN 60 61
8 1:1 1.5 DMSO-H,0 60 13
9 1:1 1.5 DMSO-MeOH 60 70
10 1:1 1.5 DMSO 60 60
11 1:1 1.5 MeOH 60 63
12 1:1.5 1.5 DMSO-THF 60 51
134 1.5:1 1.5 DMSO-THF 60 92

“General procedure: CAN (0.5-1.5 mmol, 0.5-1.5 equiv., 274-822 mg)
was added to the solution of vinyl azide 1a (1.0 mmol, 1.0 equiv.,
145-218 mg) and sodium benzenesulfinate 2a (1.0-1.5 mmol, 1.0-1.5
equiv., 164-246 mg) in 10 mL of DMSO-THF (1:1), DMSO-MeCN
(1:1), DMSO-H,0 (1:1), DMSO-MeOH (1:1), DMSO, MeOH under
magnetic stirring. The reaction mixture was stirred for 30-90 min at
room temperature. ? Yields were determined by 'H NMR using 1,4-dini-
trobenzene as an internal standard. ¢ Reaction mixture was heated to
40 °C. “1a (1.5 mmol, 218 mg), 2a (1.0 mmol, 164 mg), CAN
(1.5 mmol, 822 mg) were used.
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lysis, which showed that the resulting azine 3aa was a dia-
stereoisomer with a Z,Z'-configuration (see ESI{ for details).
Usage of 0.5 equiv. of CAN resulted in 3aa yield decrease to
43% (entry 2), while application of 1.5 equivalent provided 3aa
in an 80% yield (entry 3). When the reaction mixture was
stirred for 30 minutes, 3aa yield dropped (entry 4). Raise in the
reaction time to 90 minutes did not lead to significant change
in the process efficiency (entry 5). Heating the reaction mixture
to 40 °C was also ineffective to achieve better yield of 3aa
(entry 6). When different from DMSO-THF solvents were
applied (entries 7-11), no increase in 3aa product yield was
observed. Finally, variation of the starting reagents molar ratio
(entries 12 and 13) demonstrated that application of 1.5 excess
of vinyl azide 1a resulted in 3aa formation in almost quantitat-
ive yield (92%, entry 12). Thus, usage of 1.5 equivalents of
vinyl azide 1a, 1.5 equivalents of CAN, DMSO-THF as the
solvent, and 60 minutes of reaction time can be considered as
optimal conditions for CAN-mediated synthesis of sulfonyl
azine 3aa from vinyl azide 1a and sodium sulfinate 2a
(Table 1, entry 13).

With the optimized reaction conditions in hand (Table 1,
entry 13), we have studied a scope of the substrates compatible
with the developed transformation (Table 2). As we can see, a
wide variety of both vinyl azides 1 and sodium sulfinates 2 suc-
cessfully enter CAN-mediated sulfonylation. It is worth noting,

Table 2 Scope of synthesized a-sulfonylated ketazines 32

o o
& %éz
N. o] . N | / | Z
* . o-s 4“'5”)'" O' \0 -N + NN g0 + 0 NN ¢ 0
o Q oNa  DMSO:THF (1:1) | %0 RYe) ol N
1 hour S\\ S //S
o o o
115eq 2, 1 mmol 3 4 5
ZZ major EZ minor EE minor

Scope of substrates
ratio (2Z to sum EE + EZ) = 77 : EE + EZ

9
e Ph 3ab, R = Me, 84%
Y \ , 84%
3ad, R = NHAG, 64%
| %-Ph "o, O 3ae R=F, 82% )'\/‘\
)\, 3af, R = CI, 83% ,
3aa 86%° 3ag, 76%
906 mg, 70%

3ba, R = Me, 82%
R 3ca, R=i-Pr, 93%

9 Ph o pn 3ai, R=Me, 68% 9 /\(©/ o L o o
S \‘ 16 2y 3ea, R = OMe, 91%
@( \QNr R s\\/\INr g,';m;:‘g%,% Ph3 1 3fa, R = F, 80%
s N o\\@ 0, ; 3ak R=LPr, 57% N o 3ga, R = Cl, 90%
e = i \S 3al, R= $-<], 85% [ 5P 3ha R=8r82%
0 ) 3ia, R = CH,N;, 89%
3ah, 73% . 3ja, R = CN, 78%
3ka, R =NO,, 71%
R
/\/@R 3la, R = Me, 96% 0\\ /\p 30a, R =Cl, 74% OO
) 3ma, R = Cl, 80% 8! (rano 2,8:1) s,
P | ana,R=8r85% PN 0 N pa, R = F, 42% P o N
| % NI 9 pn (ra[ro 3,9:1) | \\ Ph
\-
\©/K/ @{\’ Y OO o 3qa, 86%
R
0,
o[ I ) A Cotis /\/O
Ph/sx\ |N Ph” “o/N\lr e 1
NI Y Ph | “s Ph | %P
(i)’ Y0 3ra 51% CeHig " 3sa, traces? O)\’ 3ta, 75%
(31%°)
“ General procedure: CAN (1.5 mmol, 822 mg) was added to the solu-
tion of vinyl azide 1 (1.5 mmol) and sodium sulfinate 2 (1 mmol) in
10 mL of DMSO-THF (1:1) under magnetlc stirring. The reaction
mixture was stirred for 60 min at 20-25 °C. ’Isolated yields. * CAN
(2 mmol, 1096 mg) was added to the solution of vinyl azide 1s
(1 mmol) and sodium sulfinate 2a (2 mmol) in 10 mL of DMSO-THF
(1:1) under magnetic stirring. The reaction mixture was stirred for
60 min at 20-25 °C.
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that under developed conditions, azines 3 are formed predo-
minantly as Z,Z'-diastereoisomers with a minor admixture of
E,Z- and E,E’-isomers. In most cases, yields of the desired sul-
fonyl azines 3 exceeded 80%. Aromatic sulfinates 2 with elec-
tron-donating and electron-withdrawing groups gave the target
products 3aa-3af in 64-86% yields. Similarly, naphthyl- and
thienyl-substituted sulfinates 2g and 2h provided sulfonylated
compounds 3ag and 3ah in 76% and 73% yields, respectively.
Aliphatic sodium sulfinates were also effective in the devel-
oped process resulting in ketazines 3ai-3al in 57-87% yields.

Avariety of vinyl azides 1 were also tested in CAN-mediated
sulfonylation. Both electron-donating and electron-withdraw-
ing substituents at meta- and para-positions had no significant
effect on the reaction efficiency. Yields of the final compounds
3ba-3na were 62-96%. Presence of the substituents such as
Cl™ and F~ at the ortho-position slightly decreased yields of the
products 3oa and 3pa. Naphthyl- and 1,2-dihydronaphthyl
derivatives 3qa and 3ra were formed in 86% and 51% yields,
respectively. When aliphatic vinyl azide 1s was applied in
optimal conditions, a trace amount of azine product 3sa was
observed. In contrast, when 1-(1-azidovinyl) cyclohex-1-ene 1t
was used, azine product 3ta was isolated in a 75% yield.
Nevertheless, azine 3sa was obtained in a 31% yield when two-
fold excess of CAN and sulfinate 2a were applied.

It was also shown that developed optimal conditions could
be efficiently scaled up (Table 2). When 7.5 mmol of vinyl
azide 1a (1088 mg) were subjected to CAN-mediated sulfonyla-
tion with 5 mmol of sodium benzenesulfinate 2a (820 mg),
904 mg of the desired azine 3aa were obtained (70% yield).
The o-sulfonylated ketazine 3aa was transformed into the
corresponding p-ketosulfone 10aa under acidic conditions (see
ESIT for details).

2.2 Mechanistic elucidations

2.2.1 Radical trapping experiments. At the next stage, we
conducted a series of control experiments to support the
radical mechanism of the found process and detect key inter-
mediates. Thus, the addition of radical traps TEMPO and BHT
either completely suppressed the formation of dimerization
product 3aa or led to a partial decrease in its yield (Scheme 2A
and B). In the case of BHT (Scheme 2B), the sulfonyl radical
adduct was isolated and characterized.

Additionally, the formation of sulfonyl and iminyl radicals
was confirmed with EPR spectroscopy, but signals were not

A) (1.5eq.) o“s/\rph
5eq), p
o Nao - s’P TEMPO 3eq), _ '™ 0 ,'N
= —_ — D
§ oNa DMSO.':'I:]F(1.1), )NI\:)\\S/Ph
r.t., 1 hour PH X
1a,1,5eq 2a, 1 mmol 3aa, 0%
(o] o
B) W\ Ph
(1.5eq.), _S
on N e S/," BHT (3 eq), Fi \\;FN( .
= _— "
A\ ove HSOTE DT Y70 p g
1., u i
Ph b o’ “Ph
1a,1,5eq 2a, 1 mmol 3aa, 66% 6, 14 mg

Scheme 2 Radical trapping experiments.
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observed in the absence of a spin trapping reagent.
Nevertheless, with the addition of the spin trapping reagent
DMPO (5,5-dimethyl-1-pyrroline N-oxide) to the solution of 2a
and CAN, it was possible to detect the signal. On the basis of
simulation, calculations, and literature analysis, the obtained
spectrum was convincingly attributed to the sulfonyl radical
spin adduct® 7 (giso = 2.0056, ay = 0.99 mT, ay = 1.97 mT)
(Fig. 1A, see ESIT for details).

EPR spectrum was also recorded to detect the iminyl
radical intermediate with the addition of a spin trapping
reagent DMPO to the solution of 1a and 2a. When a stoichio-
metric amount of CAN solution was added, an EPR signal was
identified. Additional EPR experiments, data analysis, simu-
lation, and computations suggest that recorded spectrum can
be attributed to the iminyl radical spin adduct®® 8 (giso =
2.0058, ay' = 0.27 mT, ay’ = 1.39 mT, ay = 1.57 mT) (Fig. 1B,
see ESIT for details).

Noteworthily, EPR spectra was also recorded for iminyl
radical spin-adduct 8' formed from aliphatic vinyl azide 1s.
Simulation and computations allowed us to support the pres-
ence of iminyl radical spin-adduct 8' (gis, = 2.0057, ayx' =
0.32 mT, ax’ = 1.42 mT, ay = 1.47 mT) (Fig. 1C, see ESI} for
details).

2.2.2 Kinetics and thermodynamics of the sulfonyl radical
addition to vinyl azide double bond. With key intermediates
detected, we performed calculations for the substitution of the
ligand in the coordination sphere of cerium(v) ammonium
nitrate by the sulfinate anion (Scheme 3A). As we can see, sub-
stitution of nitrate anion with sulfinate occurs with minor
gains in energy. However, at the next stage, the transfer of an
electron from the sulfinate ligand to the metal leads to the free
sulfonyl radical with sufficient energy gains.

As shown earlier, the application of aliphatic vinyl azide 1s
under optimized conditions led to ketazine 3sa in only a trace
amount (Table 2). While the application of aromatic vinyl
azides or aliphatic ones containing conjugated double bond

A. EPR of sulfonyl radical adduct 7

— 2a+CAN +DMPO
o'
o

Y B EY 6 E Y Y
Magnetic field, mT

B. EPR of iminyl radical adduct 8 C. EPR of iminyl radical adduct 8"

: ° _Ph
— 154224 CAN+ DMPO . s
e &
N“SPh N? “CeHyy
8 ]

— 1a +2a+ CAN + DMPO o'

Y 3 38 s o 3 3 H Y En s 16 7 Y 0
Magnetic field, mT Magnetic field, mT

Fig. 1 The EPR spectra (X band, 9.4 GHz, room temperature, under Ar)
of the reaction mixture of (A) 2a, CAN, and DMPO; (B) 1a, 2a, CAN, and
DMPO; (C) 1s, 2a, CAN, and DMPO in DMSO.
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A. Sulfonyl radical release
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Energies in kcal/mol. LoT: UPBE0-D3(BJ)/(SBKJC (Ce), def2-TZVP), CPCM solvation (DMSO)

Scheme 3 (A) Computed free energies of sulfinate anion coordination
and sulfonyl radical release. (B) Computed AG®, AG* and relative rates
(kr/kgt) of sulfonyl radical addition to the double bond of vinyl azides
depending on substituents.

effectively resulted in the addition of sulfonyl radicals with the
formation of ketazines 3aa-3ra and 3ta. For these reasons, we
supposed that rapidly formed short-lived sulfonyl radicals A
are intercepted more effectively by vinyl azides containing sub-
stituents at a-position that stabilize the C-centered radical B
(Scheme 3B). The formation of intermediates B in sufficient
concentration results in the accumulation of iminyl radicals C
in the mixture with the subsequent radical N-N coupling
(Scheme 3B). To confirm this assumption, we performed calcu-
lations of the activation and free energies of sulfonyl radical
addition to the multiple bonds of vinyl azides depending on
the substituents at a-position in intermediate B (Scheme 3B).
As we can see, in the case of a saturated aliphatic substituent
(ethyl), the addition of sulfonyl radical is thermodynamically
and kinetically less preferable in comparison to phenyl and
allyl substituted vinyl azides. Presence of phenyl or vinyl sub-
stituent at a-position to the carbon-centred radical B results in
a slight decrease in the activation energy of addition to the
double bond with larger free energy gains in contrast to the
saturated aliphatic substituent. Taking all this into account,
relative rate constants of sulfonyl radical addition to the
double bonds of vinyl azides 1 have been calculated with
Eyring-Polanyi equation. Thus, in the array of a-substituted
radicals B relative rate constants (kg/kg) rise in the order ethyl
< phenyl < vinyl (Scheme 3B). These results support the postu-
late that the generation of iminyl radicals in required amount
is governed by the reversibility and rate of sulfonyl radical
addition to the vinyl azide double bond.

2.2.3 Thermodynamics of iminyl radical quenching by
metal ions Ce(m) vs. Mn(u). Having two coordination sites
iminyl radicals can act both as X- or L-type®® ligands
(Scheme 4A). For these reasons, the formal reduction of iminyl
radical can occur when one coordinates as an X-type ligand
according to the electronic demands of metal. To estimate the
possibility of metal-to-ligand charge transfer (MLCT) for the
previously disclosed Mn(m)-mediated®>**?”?® and present
Ce(iv)-mediated processes we performed calculations for the

This journal is © the Partner Organisations 2025
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A. Iminyl radicals as X- and L-type ligands

Ref. 22, 23, 33, 34 H
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C. Spin densities of key complexes E-1, E-2, D-1 and D-2

Scheme 4 (A) Iminyl radicals as an X- and L-type ligands (B) calculated
free energies of metal-to-ligand charge transfer for Mn(i1) and Ce(in)
complexes. (C) Spin densities of key complexes D-1, D-2, E-1 and E-2.

complexes of Mn(u) and Ce(m) with iminyl radical C-1
(Scheme 4B). There are two possible paths for the single elec-
tron transfer from metal to coordinated iminyl radical C-1. In
the first case, the iminyl radical C-1 coordinates with the
metal as an L-type ligand, followed by metal-to-ligand charge
transfer resulting in the formal reduction of C-1. Additionally,
iminyl radical C-1 could be directly coordinated by metal as an
X-type ligand with loss of radical character.

As we can see, the coordination of C-1 by Mn(u) as an L-type
ligand (complex E-1) is slightly endergonic, while the subsequent
stage of MLCT resulting in Mn(m)-complex D-1 is slightly exergo-
nic (Scheme 4B). In contrast, the coordination of C-1 by Ce(m) as
an L-type ligand (complex E-2) occurs without energy gains.
Additionally, the subsequent MLCT stage that leads to the for-
mation of Ce(w)-complex D-2 is highly endergonic. This likely
indicates that Ce(u)-ions are neither effective at stabilizing the
iminyl radical through L-type coordination nor at inducing the
formal reduction of C-1 via metal-to-ligand charge transfer.

The direct X-type coordination of the iminyl radical C-1 by
Mn(u) is slightly exergonic, which is potentially the main
pathway for the formal reduction of the iminyl radical in the
case of Mn(u) via the generation of D-1 (Scheme 4B). In con-
trast, an analogous transformation involving charge transfer in
the Ce(ur)-complex D-2 is highly endergonic.

Additional analysis of the spin density distribution in
Mn(m)-complex D-1 also revealed a significant loss of radical
character on the nitrogen atom of the coordinated imine, in
comparison to spin density distribution for complex E-1
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(Scheme 4C). For instance, the analogous loss of radical char-
acter process with Ce(iv)-complex D-2 formation from Ce(i)-
complex E-2 is highly endergonic, which supports the unfeasi-
bility of MLCT process in case of coordinated Ce(i).

Considering quantum calculations and the previously
reported results, in which formal reduction of iminyl radicals
by metal ions, such as Mn(u),>**** was proposed, we hypoth-
esised that in our case iminyl radicals do not undergo the
formal reduction step under the influence of formed
Ce(m) ions. To support these speculations, we conducted a
control experiment with the addition of possible iminyl radical
quencher - Mn(OAc), (Scheme 5A). When 1 mmol of manga-
nese(n) acetate was added under optimal conditions,
N-unsubstituted enaminosulfone 9aa - the product of formal
iminyl radical reduction - was detected in a 54% yield. The
suppression of radical N-N coupling process in this case may
suggest the pathway, under which iminyl radical coordinates
with Mn(u) ions resulting in loss of its radical character.
However, in the case of formed Ce(i), this pathway is presum-
ably not implemented, thereby the process of iminyl radicals
N-N coupling occurs. The reaction of 1a with 2a using
Mn(im)(OAc); led to 9aa in 94% yield (Scheme 5B).

To summarize, the Mn(u) complex formed during the
reduction of Mn(u) acts as an iminyl radical quencher, coordi-
nating with subsequent metal-to-ligand charge transfer to
form the Mn(m)-imine complex D-1. In contrast, Ce(i)-
complex, formed from cerium(iv) ammonium nitrate, do not
coordinate as L-type or X-type ligands with the radical C-1,
thereby avoiding the loss of its radical character.

2.3 Proposed mechanism

Based on the control experiments, calculations and literature
data, we proposed the mechanism for the developed trans-
formation (Scheme 6). First, the sulfinate anion 2 is oxidized
by cerium(iv) ammonium nitrate to form a sulfonyl radical A
and Ce(m), which are quickly accumulated in the solution. The
next reaction stage is rate determining and it includes sulfonyl
radical A interception by the double bond of vinyl azide 1 to
form a carbon-centred radical B. This radical undergoes rapid
elimination of molecular nitrogen resulting in the key iminyl
radical C generation.

The rate of iminyl radicals C accumulation depends on the
efficiency of sulfonyl radicals A addition to the vinyl azide 1

iminyl radical
reduction product

o)
0\ Ph
Ph’s\ﬂ/ NH; O

A) 2 Mn(OAc),- 4H,0
N3 ” (1 mmol) O N + n
= _ <
Ph—§ + Ph-S - N"o e S
ONa (1.5 equiv.), )|\/\\ _Ph o
DMSO:THF (1:1) Ph %
1a, 1.5 mmol  2a, 1 mmol r.t., 1 hour

3aa, 21% 9aa, 54%

B)
Ns £ Mn(OAc); 2H,0 (1.5 mmol) NH, O
Ph_§ * PhS A S
O DMSO:THF (1:1), Ph i

1a, 1.5mmol  2a, 1 mmol r.t., 1 hour 9aa, 94%

Scheme 5 N-N radical coupling suppression in the presence of
manganese.
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Scheme 6 Proposed mechanism.

Energies

double bond, which is directly linked to the substituent at the
a-position relative to the formed radical center of intermediate
B. To summarize, the more stable intermediate B is, the more
iminyl radicals are formed. Iminyl radicals C accumulated in
sufficient amount presumably cannot act as X-type ligands
(otherwise, radical C would be reduced by Ce(ui) with the for-
mation of imine-cerium(iv) complex D-2). On the other hand,
Ce(m)-ions presumably cannot stabilize iminyl radical C via
L-type coordination on either nitrogen E or oxygen F. The for-
mation of chelate complex G is also endergonic. For these
reasons, coordination of iminyl radicals by formed Ce(u)-
complex appeared to be unfeasible, affecting the performance
of the radical N-N coupling process. Thereby, a free radical
mechanism occurs and unquenched by Ce(m) iminyl radicals
C dimerize to form azines 3. Furthermore, the absence of
iminyl radicals coordination by formed Ce(m)-complex and
fast generation of iminyl radicals in high concertation may be
responsible for the observed in the process radical N-N coup-
ling. Due to this, ketazines 3 are formed selectively through
stepwise radical C-S/N-N cascade coupling without the for-
mation of N-S, C-N and S-S coupling products.

3 Conclusions

In conclusion, we have developed the synthesis of
a-sulfonylated ketazines from vinyl azides and sodium sulfi-
nates proceeding via stepwise radical C-S/N-N coupling
cascade. Key intermediates of this process are sulfonyl and
iminyl radicals. Sulfonyl radicals are generated through the
oxidation of sodium sulfinates under the action of cerium(iv)
ammonium nitrate. Iminyl radicals are in turn formed by
addition of sulfonyl radicals to the double bonds of vinyl
azides and further N, elimination. The conducted EPR study
and radical trapping experiments confirmed the presence of
sulfonyl and iminyl radicals in the reaction mixture. This
transformation represents one of the rare facets of iminyl
radical reactivity, namely, the dimerization of iminyl radicals
while bypassing their formal reduction, intramolecular cycliza-
tion, and 1,n-HAT. Quantum chemical calculations highlighted
the impact of the reversibility and rate of sulfonyl radical
addition to the double bond of vinyl azides on the iminyl
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radical generation. Computed free energies of metal-to-ligand
charge transfer (MLCT) and analysis of spin densities distri-
bution of the coordinated metals allowed us to support the
hypothesis that the selective N-N coupling of iminyl radicals is
enabled by the inertness of Ce(u) towards coordination with
iminyl radicals and the inaccessibility of charge transfer. On
the other hand, Mn(u) coordinates with iminyl radicals, con-
verting them into enamines that have been shown in previous
studies. We believe that insights into the reactivity of iminyl
radicals towards Ce(m) or Mn(u) ions, formed during the
reduction of Ce(v) or Mn(ut), can provide a better understand-
ing of the transformations involving iminyl radicals in the
presence of widely used metal-based oxidants.
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