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Mechanistic Analysis Reveals Key Role of Interchalcogen
Multicatalysis in Photo-Aerobic 3-Pyrroline Syntheses by

Aza-Wacker Cyclizations

Sebastian Graf*,” Henner Pesch*,” Theresa Appleson,” Tao Lei,” Alexander Breder,*® and

Inke Siewert*™

A light-driven dual and ternary catalytic aza-Wacker protocol for
the construction of 3-pyrrolines by partially disulfide-assisted
selenium-rn-acid multicatalysis is reported. A structurally diverse
array of sulfonamides possessing homopolar mono-, di- and
trisubstituted olefinic double bonds is selectively converted to
the corresponding 3-pyrrolines in up to 95 % isolated yield and
with good functional group tolerance. Advanced electrochem-
ical mechanistic investigations of the protocol suggest a dual

Introduction

N-Heterocycles constitute a highly relevant compound class,
which is amply found both in biological and industrial contexts,
for instance, as pharmaceuticals, crop protecting agents, and
secondary metabolites (Scheme 1a)." Already in 2010, about
59% of all FDA approved small-molecule drugs contained N-
heterocycles, out of which five- and six-membered rings
represented the most frequently encountered skeletal
patterns."? Considering the economic and scientific gravitas of
azacycles, it is not surprising that this compound class has been
subject of intensive method-oriented research over the last
decades.*® A particularly prominent catalytic avenue toward
non-aromatic N-heterocycles is the intramolecular aza-Wacker
reaction, which was successfully implemented in the wide-scale
manufacture of pyrrolidines, piperidines, and azepanes.*™
Notably, cognate procedures for the catalytic synthesis of
substituted 3-pyrrolines have remained elusive so far.”! Instead,
other techniques such as Lewis-acid or transition metal-
catalyzed allylic substitutions of alkenes with pre-installed
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role of the disulfide co-catalyst. On the one hand, the disulfide
serves as an electron hole shuttle between the excited photo-
redox catalyst and the selenium co-catalyst. On the other hand,
the sulfur species engages in the final, product releasing step of
the catalytic cycle by accelerating the B-elimination of the
selenium moiety, which was found in many cases to lead to
considerably improved product yields.

a. biologically active 3-pyrrolines

o}
F 'PrHNJ(O PrHN

ijHz Ho)zo Q\(
., oHC. ~ A

Ph N ) H
b n
Me OH "Bu

Me  cytostatic antitumoral bactericidal antitumoral

y classical sy ic approaches toward 3-pyrrolines
jL r RCM substitution Cl
N A

H

3-pyrroline core
(%/‘ this work ph\. cheletropic
- cycloaddition N7
R —— — " +
NH S N i—Ph 7\ o
aza-Wacker R

yclization
A\\/\ Ny Allene ﬂ\.
| cyclization semireduction 'i‘

Scheme 1. [a] 3-Pyrrolines as core motifs of biologically active natural and
anthropogenic compounds. [b] Exemplary synthetic routes toward 3-pyrro-
lines including a heretofore unprecedented selenium-n-acid catalyzed 5-
endo-trig aza-Wacker cyclization.

! ring-closing alkene metathesis,’*™*” [3+2]- and

cheletropic cycloadditions,®*® hydroaminations,®™® or stoichio-
metric iodocyclizations of unsaturated sulfonamides” were
established (Scheme 1b). Despite the great success that has
been accomplished with each of these methods, they often
require pre-activated building blocks and/or entail the gener-
ation of carbon-containing waste products. In contrast, the aza-
Wacker reaction not only allows for the use of non-activated
alkenes as precursors but also, depending on the conditions,
enables the use of ambient air®'" or electricity!*' as sustain-
able oxidants, which significantly increases the carbon efficiency
while reducing the production of waste." Considering the
expediency, resource efficiency and atom-economy,”” the
implementation of catalytic, photo-aerobic or anodic aza-

nucleofuges,’®
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Wacker manifolds into the synthesis of 3-pyrrolines would
therefore be highly desirable.

So far, aza-Wacker reactions are dominantly executed with
transition metal catalysts such as Pd."® From a mechanistic
viewpoint, these reactions often entail specific restrictions,
which manifest in the observed product selectivity. More
concretely, upon B-hydride elimination in the final step, the
olefinic double bond is preferentially restored in a terminal
position, in conjugation to a pre-existing n-system, or exocyclic
in the case of small and medium-sized azacycles (up to six ring
members)." This circumstance has hitherto prevented the aza-
Wacker cyclization from being applied in the synthesis of 3-
pyrrolines from linear precursors. On the contrary, selenium-n-
acids"” were recently introduced as mechanistically comple-
mentary catalysts for aza-Wacker reactions, which do not
exhibit the aforesaid selectivity restrictions.">'® The reason for
this deviant behavior is the lacking propensity of selenium to
undergo reversible B-hydride elimination and, consequently,
product isomerization. Therefore, selenium-rn-acids have been
successfully applied in various selective inter- and intramolecu-
lar allylic and vinylic alkene aminations,"*'® which were, in part,
unamenable to Pd or Cu catalysis. Despite this progress,
however, the 3-pyrroline motif had remained an elusive target
within the realm of selenium-rn-acid catalysis. Based on previous
investigations in our laboratories on photo-aerobic™ and
anodic"™ selenium-n-acid-catalyzed 5-endo-trig lactonizations of
enoic acids, we surmised that this kind of methodology might
become suitable for the synthesis of 3-pyrrolines from unsatu-
rated amine derivatives by way of a formal 5-endo-trig aza-
Wacker cyclization (Scheme 1b).

Now, we report herein a versatile protocol for the synthesis
of 3-pyrrolines from linear, homoallylic sulfonamides through
the ternary merger of selenium-n-acid-, disulfide-, and aerobic
photoredox catalysis. Mechanistic investigations conducted by
electrochemical methods indicate an unprecedented interchalc-
ogen mechanism, in which the oxidized sulfide-species does
not only act as an electron hole shuttle but is also engaged in
the product-releasing elimination step.

Results and Discussion

In preliminary experiments on the 5- and 6-exo-trig aza-Wacker
cyclization of N-alkenylated p-toluenesulfonamides 1 we real-
ized that optimal substrate conversion was achieved with
5mol% of 2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluorobo-
rate (2°%) and 10 mol% diphenyldiselenide (3") at 465 nm
irradiation under ambient air in o-xylene (SI, Table S5). The
investigations included solvent screening from polar to non-
polar solvents and variations in the concentration of the
reagents and co-catalysts. Interestingly, more polar solvents
consistently led to lower yields, which is in stark contrast to
previous observations in our laboratories."” The reason for that
is that 25% is poorly soluble in nonpolar solvents, thus, use of
such media typically led - if at all - to significantly diminished
yields due to a very low steady state concentration of the
excited state photoredox catalyst.
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The abovementioned conditions were used as a starting
point to develop the aspired selenium-n-acid-catalyzed 3-pyrro-
line synthesis. At the outset, tertiary alkene 1a was chosen as
the test substrate to obviate the risk of forming an undesired 2-
pyrroline derivative (Scheme 2a). Gratifyingly, targeted 3-pyrro-
line 4a was formed in 39% crude yield in o-xylene at ambient
temperature using the abovementioned catalyst combination.
In a parallel study on selenium-n-acid-catalyzed photo-aerobic
lactonizations of enoic acids we found that certain sulfur
species such as disulfides can have a rate-enhancing effect,*”
which prompted us to test (4-Cl(C4H,)S,) (5%, 10 mol%) as a co-
catalyst in the conversion of alkene 1a. Under these modified
conditions, product 4a was obtained in a significantly increased
yield of 73% (Scheme 2a). Finally, we analyzed the regioselec-
tivity of the dual (i.e, without 5%) and the ternary catalyst
system (i.e., with 5% using a substrate that principally allows
the formation of both the 2- and 3-pyrroline isomer (Sche-
me 2b). For this purpose, tertiary alkene 1b was converted
under dual and ternary catalytic conditions, which furnished in
either case solely the Hofmann elimination products 4b with a
crude ratio of 3.3:1 and 3.7:1 ratio, respectively, in preference
for the 3-pyrroline regioisomer (Scheme 2b). Since the restora-

a. performance analysis of dual vs. ternary catalytic formal 5-endo-trig aza-Wacker cyclization
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Scheme 2. Standard reaction conditions: 1 (0.5 mmol) in o-xylene

(c;=0.2 m), 3" (10 mol %) and 257 (5 mol%) at 465 nm and 19°C to 23°C,
irradiation for 4 h to 48 h. Deviations from standard conditions: [a] Addition
of 5% (10 mol%). [b] 3" (2 x 10 mol% at t,=0 h and t,=12-16 h) and 25 (2 x
5 mol% at t,=0 h and t,=12-16 h). [c] Addition of 5 (10 mol%) and 2-
nitrobenzaldehyde (25 mol%). Yields in parentheses refer to isolated
products. Isomeric ratio depicted for 4b was determined from the purified
product.
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tion of the alkene moiety in products 4b selectively occurs
toward positions 3 and 4 (i.e., Hofmann selectivity, Scheme 2b),
we concluded that the final step may proceed through a
sterically controlled E2 elimination pathway, and that 3-pyrro-
line formation might consequently be the generally preferred
outcome for this kind of aza-Wacker cyclization.

The above-stated conjecture turned out to be true, as we
realized when a variety of substrates 1c-s was subjected to our
reaction conditions (Scheme 2¢). In all cases tested, 3-pyrroline
formation was dominant, irrespective of the electronic nature of
the residues at position 2 (i.e, electron withdrawing or
donating functionalities; cf. examples 4h-jvs. 4g/k). During
these studies we also found out that substrates with sterically
less demanding groups at the distal position of the alkene
moiety (i.e., 1c-e, Scheme 2¢) reacted already in reasonable to
good yields without disulfide co-catalyst 5. For most of the
remaining substrates, however, we either used co-catalyst 5
(conditions a and c) or sequentially added selenium catalyst 3"
and 2¥* in two portions (condition b) to reach good
conversions. This reaction behavior prompted us to investigate
the impact of 5 and of the solvent in more detail. Therefore,
we turned to electrochemical methods as these proved to be
valuable tools for the mechanistic analysis of such redox
catalysis."

At first, we conducted bulk electrolysis experiments under
various conditions in order to confirm that oxidation under
electrochemical and photochemical conditions lead to the
same products. Diselenide 3°™ was chosen under electro-
chemical conditions, as it exhibits a lower oxidation potential
than 3" in MeCN™ and thus allows to run the reaction under
milder conditions. We started with controlled current electrol-
ysis (CCE) experiments in fluorobenzene as non-polar solvent
(6,=5.42 F/m), because the photoredox catalytic protocol
exhibited higher yields in such solvents.”™ CCE experiments of
alkene 1f in the presence of 10 mol % of the diselenide catalyst
3°¥ furnished product 4f in yields of 35% at full conversion
(Table 1, entry 1). Notably, in contrast to the photochemical
protocol, addition of the disulfide 5 had virtually no effect on
the yield (entry 2). Additionally, the yield was higher in MeCN as

Table 1. Results of the electrolysis experiments.

Ts\UPh ih J0Me (cat) ES o
1" P
entry 3% [mol %] solvent additive yield [%]
12 10 PhF - 35
2 10 PhF 59 33
3° 10 MeCN - 55
4P 5 MeCN - 45
5b 25 MeCN - 49

Conducting salt="Bu,;NPF, (c=0.1 m) in MeCN and "Bu,NB(C4Fs), (c=
0.1 m) in fluorobenzene. Yields were determined by 'H-NMR spectroscopy
using 1,3,5-trimethoxybenzene as an internal standard. [a] Reactions
performed under constant current of 400 pA. [b] Reactions performed
under constant potential of 1.15 V vs. Ag*'® (cagnos =0.01 M MeCN).

ChemSusChem 2024, 17, €202301518 (3 of 8)

a polar solvent (€=37.5 F/m) than in less polar fluorobenzene,
affording 4f in 55% yield (entry 3). The catalyst loading could
be lowered down to 2.5 mol-% without significant loss in yield
and conversion (up to 49 %, entries 4 and 5). These results show
that the electrochemical aza-Wacker reaction leads to the same
product as under photochemical conditions, though distinct
differences on the effect of the solvent and the additive 5
were observed.

From previous investigations''™ we knew that diselenide
catalysts operate through a sequence of electrophilic addition
and elimination steps."”>'® Therefore, we hypothesized that a
similar two-step process might also be operative in this aza-
Wacker reaction, that is, an electrophilic addition of the oxidized
diselenide 3 at the alkene furnishes the selane intermediate 6,
which is followed by an oxidatively induced elimination forming
the 3-pyrroline 4 (Scheme 3). We focused on the model reaction
of alkene 1f with 3°™® and 3" for the mechanistic studies.

The CV (cyclic voltammetry) data of the diselenide
showed one irreversible oxidation at a peak potential of E,=
0.82V in MeCN and of E,=0.74V vs. Fc*!® in fluorobenzene
(v=0.2Vs™', Fc=ferrocene), which shift with increasing scan
rates and remain irreversible in both solvents up to a scan rate
of 2Vs™' (Figure 1, Figure S5, if not otherwise stated, all
potentials are given vs. the Fc*!° redox couple). CV measure-
ments of diselenide 3" revealed slightly higher oxidation
potentials (E,=0.98 V in MeCN™ and E,=0.96 V in fluoroben-
zene, v=0.2 Vs™") than those of analog 3°™® in the respective
solvents due to the electron-donating character of the methoxy
groups (Figure S2). The irreversible oxidation of 3°¢ in both
solvents points to a fast follow-up chemical reaction upon
oxidation, as was observed previously for 3" in MeCN.'® The
oxidation processes of 3°™¢ and 3" are one electron
oxidations as determined from the scan rate dependent
measurements using the Randles-Sev¢ik equation (Figure S3,
S6).

[13]
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Scheme 3. Initial mechanistic model proposed for the photo- and electro-
chemically driven aza-Wacker-type cyclization.
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Figure 1. CV measurements of 3°™ (orange), 3°™ and 1f (dark brown), and 6f°¢ (red) in MeCN (left), 0.1 M "Bu,NPF, and fluorobenzene (middle), 0.1 m
"Bu,NB(C4Fs), v=0.2 Vs, Right: measured (solid line) and simulated (dashed line) CV data of 6f°¥¢ in fluorobenzene. Simulation parameters F°=0.905 V,

a=0.5,k,=0.05cm-s", D=1.7x10"> cm?s™", kghem=2.2X10°* M~ "s7",

Upon addition of 5 equiv. of the substrate 1f to a solution
of 3°¥ and 3" in MeCN, a second irreversible oxidation peak
appeared in the CV data at £,=0.90V and 1.14V (¥=0.2Vs ),
respectively. The new oxidation peaks shift with increasing scan
rates and remain irreversible up to v=2 Vs, indicating again a
fast follow up reaction after oxidation (Figure 1, Figure S4, S7).
These new features belong to the oxidations of the selane
intermediates 6f°¢ and 6f", respectively, as confirmed by
independent syntheses of the compounds and their electro-
chemical investigation. The CV data of 6f° and 6f" show the
same redox behaviors with irreversible oxidation processes at
the respective potentials (Figure 1, Figure S9, S11). These
observations confirm our initial hypothesis that the oxidation of
the catalyst 3°™** is followed by a fast chemical reaction with
the substrate generating the intermediate 6f°"*™. Notably, we
do not observe a current increase in the CV experiment as
would be indicative for a catalytic reaction, that is, we only
reach one turnover on the time scale of the CV. This shows that
the catalyst release after the second oxidation is much slower
than the formation of intermediates 6f°V¢/6f". Accordingly, at
least two chemical follow-up steps must follow the oxidation of
6f°Y¢/6f" in MeCN: a very fast one accounting for the
irreversibility of the oxidation process of 6f°¢/6f" and a slower
second one forming the 3-pyrroline 4f and releasing the
catalyst. In line with this CV analysis, i) the current decreased
steadily within the first 45 min in the CPE experiment of
substrate 1f and selenide 3°™® and remains constant afterwards
(Figure S1), and ii) product 4f is only formed after all catalyst 3"
is consumed in the photochemical experiment (vide infra).

In fluorobenzene, the oxidation of the selenide intermediate
6f°"° occurs at a peak potential of £,=0.94V (v=0.2Vs™), but
the oxidation exhibited a slight reversibility indicating that
6f°Y¢* is more stable in this nonpolar solvent (Figure 1).
Analysis of the scan rate dependent CV measurements of 6f°¢
in fluorobenzene allowed to estimate the half-life t of the
cation 6f°** with 0.34 s at 25°C (Figure S8). To determine the
reaction order of 6f°* in the follow-up reaction, concentration
dependent CV measurements were conducted, but the analysis
was not conclusive, as the experimental error was too large.
However, digital simulation of the scan rate dependent data
over a large scan rate range applying a Butler-Volmer model
suggests a bimolecular rather than a unimolecular follow-up
reaction, because the current decrease of the reduction process

ChemSusChem 2024, 17, €202301518 (4 of 8)

is too pronounced in the simulation when assuming a
unimolecular reaction (Figure 1, Figure S14, S15, further details
on the simulation in the SI). The simulation revealed a redox
potential of E°=0.905V for 6f°™"|6f°" and a second order
rate constant k., of about 2.2x10* m~"-s™' (corresponding to a
half-life 7, of 0.23 s) for the follow-up reaction in fluoroben-
zene. A second order reactivity was also previously observed
during the oxidation of B-selenenylated lactones in MeCN,
which, according to our proposal, resulted in the formation of
dimeric dications (i.e., analogous to [6f°"¢],>T).['¥

CV measurements of the intermediate 6" in fluorobenzene
revealed that its oxidation potential is slightly higher than that
of 6f°"¢ (E,,,=1.24V, v=0.2 Vs™"), due to the electron-donating
character of the methoxy groups (Figure S9, S11). Notably, the
oxidation potentials of the catalyst 3" and the selenide
intermediate 6f" are both lower than the excited state
reduction potential of 2*% (1.35 V vs. Fc* 1% in MeCN).?? Indeed,
Stern-Volmer analyses of compounds 3" and 6f" led to
fluorescence quenching constants K, of (2.0£0.3)x10° m~' and
(5.6+1.7)x10" Mm~", respectively, that is, the catalyst 3" is
oxidized about 4 times faster by 2*®* than the intermediate 6f"
(Figure S29). Facile formation of the intermediate 6f" as initial
step also under photochemical conditions was further con-
firmed by time-dependent NMR studies. When the product
formation of an irradiated (A\=465 nm) mixture of catalyst 3",
substrate 1f, additive 5%, and photocatalyst 25 was monitored
over the course of 130 min, an initiation phase of 20 min was
observed and then the yield of the product 4f began to rise
almost linearly throughout the following 80 min (Figure 2). This
supports that oxidation of the diselenide 3" and subsequent
formation of the intermediate 6f" is fast, whereas the second
sequence leading to the product 4f is much slower. Indeed,
there is no lack phase in the formation of the product 4f when
intermediate 6f", substrate 1e, selenide catalyst 3", disulfide 5,
and pyrylium salt 2% are irradiated (Figure 2, yellow curve). In
addition, the initial rate for the conversion of the intermediate
6f" to 3-pyrroline 4f (dotted yellow line) is similar to the rate of
the conversion of the alkene 1f into the product 4f in the
presence of 2574 3" and 59 after the initiation phase (dotted
red line), thus confirming that the selenide 6f" is indeed the
kinetically relevant intermediate in the proposed cycle.”

Since the initial reaction sequence from the alkene 1f to the
intermediate 6f"°M¢ is fast under both, photo- and electro-

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH

85UB01 7 SUOWIWOD SAIIER.D 3(gedldde ay) Aq peusencb a.e ool VO ‘88N JO S9INJ 10} AReiq 1T 8UIUQ AB]1/ UO (SUONIPUOD-PUR-SWB)LID" A3 1M AeIq Ul |Uo//Sdy) SUONIPUOD pue WS 1 841 88S *[Z0Z/TT/ZT] uo Ariqiauluo Ao)im ‘Bingsusliey eersen Aq 8TSTOEZ0Z 95S9/200T OT/10p/Woo" A 1M Arelqipuljuo-adoune-Alis iweyo//sdny wouy papeojumod ‘6 ‘v40z ‘XyasrosT



ChemSusChem

Research Article

doi.org/10.1002/cssc.202301518

Chemistry

Europe

European Chemical
Societies Publishing

35+
30
25

Yield [%)
A N
o o, KP ()]

0 20 40 60 80 100120140

Time [min]
Figure 2. Yield of 4f starting from 1f in the presence of the diselenide
catalyst 3" (10 mol%) and the photocatalyst 25 (5 mol %) (black curve). Yield
of the product 4f starting from 1f in the presence of 3" (10 mol %), 5¢
(10 mol%), and 25 (5 mol %) (red curve). Yield of 4f starting from the
intermediate 6f" in the presence of 5% (10 mol%), 25 (5 mol %), and 1e
(100 mol%) (yellow curve). Yields were determined by 'H-NMR spectroscopy
using 1,3,5-trimethoxybenzene as an internal standard.

chemical, conditions, we focused next on the impact of the
disulfide additive 5 on the second half of the reaction cycle
from the intermediate 6 to the product 4 (Scheme 3). Irradiation
of a mixture of alkene 1f, disulfide additive 5%, diselenide
catalysts 3", and photocatalyst 2%* (Figure 2, red curve)
furnishes the product 4f much faster than in the absence of the
disulfide 59 (Figure 2, black curve), confirming that the co-
catalyst 5% indeed accelerates the product formation.

Therefore, we had a closer look on the redox properties of
disulfide 5% to elucidate its role in the protocol. The CV data of
disulfide 5% in MeCN showed an irreversible oxidation at E,=
1.26 V (¥=0.2 Vs"), which shifts with increasing scan rates and
remains irreversible over the whole scan rate range up to 2 Vs™'
(Figure S17). In fluorobenzene, however, the oxidation of 5 at
E,=1.32 V is reversible at scan rates above ~ 0.2 Vs~' (Figure 3,
Figure S17). This observation implies that the follow-up reaction
of 59 is slower in the less polar solvent fluorobenzene than in
MeCN, as is true for intermediate 6f°¢*. The redox process of
5% is a one-electron oxidation, as determined from the scan rate
dependent measurements by using the Randles-Sevéik equa-
tion (Figure S18). Digital simulation of the CV data of disulfide
5% indicates a second order reactivity in 5" as a follow-up
reaction (Figures S19, S20). The current of the reduction of
radical cation 59* is slightly more overestimated at high scan

rates and underestimated at low scan rates in case of modelling
a first order follow-up reaction (Figure S20). The simulation
reveals a redox potential of F°=1.275V for 5% |5% and a
second order rate constant k., of about 2.5x10°m™ s
(corresponding to a half-life 7, of 1.45s) for the follow-up
reaction — e.g. formation of a tetrameric sulfur dication [(5-
5%,1*" similar to what has been proposed previously for
diselenide radical cation 3"*"® There is precedent in the
literature for related tetrameric chalcogen dications [R,Ch,J**
(Ch=Se, Te, R=Me, Et, albeit not for Ch=5),*" which are
proposed to result from dimerization of [R,Ch,]". [R,Ch,J*" is
reported as being aromatic in nature, which may represent a
possible driving force for dimerization despite electrostatic
repulsion.?”

The oxidation potential of the co-catalyst 5% is higher than
the applied potential during electrocatalysis, and thus its
corresponding radical cation is not formed under these
conditions. However, it is lower than the excited state reduction
potential of photocatalyst 2*¥%, In line with the electrochemical
results, fluorescence quenching experiments of the photo-
catalyst 25 and disulfide 5 revealed that the latter is oxidized
by 2*¥* with a quenching constant K, of (1.140.2) x10°m~',
which is higher than the quenching rate constant of the
selenide intermediate 6f" but lower than that of the diselenide
catalyst 3" (Figure $29).

Since 5% is oxidized by the photoredox catalyst 2*%* under
photochemical conditions forming 5“*, we surmised that this
could react - in analogy to the proposed reactivity for diselenide
radical cation 3°™¢* - with alkene 1f to furnish the analogous
sulfide intermediate 7f, which upon further oxidation furnishes
the product 4f (Scheme 4). To gain further insight into this
potential scenario, 7f9 was synthesized by alternative means
and electrochemically characterized in MeCN and fluoroben-
zene (Figure S21). Oxidation of 7f” occurs at a higher potential
(E,=1.39Vvs. Fc"® at 0.2 Vs in fluorobenzene) than that of
the photocatalyst 2*®, thus making an SET from the former to
the latter endergonic. In line with this electrochemical result, no
product formation was observed upon irradiating a mixture of
intermediate 7f“, photocatalyst 257, and 3", corroborating that
the formation of putative intermediate 7f< is not a viable route
for formation of the product 4f under photochemical con-
ditions.

40
30 A\ 60 30
/AW
20 VD, 40 ([ ) 20
< 10 Iy = 20 ! { I
= /, / = =/l -~
0 —_ L 01 » | 0 —
-10 \/ g
20 J 10
-20 - - - - r - r . T
00 05 10 15 00 05 10 15 0.0 05 1.0 15
Evs. Fc'o[V] Evs. Fc'® V] Evs. Fc'l® [V]

Figure 3. Left: CV measurements of intermediate 6f°¢ (orange), cerome =4 MM, disulfide 5 (red), csq=4 mm, and a mixture of 6f° and 5 (dark brown), scan
rate v=0.2 Vs~'. Middle: CV measurements of disulfide 5%, with various amounts of intermediate 6f°¢, csome =1, 2, 4, 6, 8 MM, Csq =4 MM, scan rate
v=0.4Vs~'. Right: CV of 5% (orange), csq =4 mM, 8" (black), Cgprs =6 MM, and a mixture of 5 and 8" (red), scan rate »=0.05 Vs~'. All data in fluorobenzene

with 0.1 m "Bu,NB(C4Fs),.
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Scheme 4. Proposed photoredox catalysis utilizing 5 as catalyst that was
excluded.

Since the sulfur radical cation 59* was found to be
considerably stable in nonpolar solvents such as fluorobenzene,
and exhibits a higher oxidation potential than that of the
diselenide catalyst 3" as well as the intermediate 6f", we
surmised that it may serve as an electron hole reservoir in the
photochemical protocol. That is, 5¢ is oxidized by photoexcited
28 and subsequently, undergoes a homogeneous electron
transfer reaction with 3" or 6f" forming the oxidized species. To
substantiate this hypothesis, CV experiments with mixtures of
intermediate 6f°¢ and disulfide 5% in various ratios were
pursued. Addition of disulfide 5% (0.25 equiv. to 2 equiv.) had
no impact on the half-life of the intermediate 6f°°* (Fig-
ure S23): The currents of the oxidation and reduction process in
the CV data of intermediate 6f° were not altered upon adding
5% when the potential is reversed below the oxidation potential
of 5% (i.e, <1.15V). This observation is in line with the CPE
experiments, in which 5% had no effect on the yields. However,
when the potential was reversed beyond the oxidation
potential of 5% both oxidation events become irreversible
already at low scan rates, indicating a reduced half-life of both
oxidized intermediates, radical cation 6f°™¢* and disulfide
radical cation 5% (Figure 3, Figure S24). The lower reductive
current for 6f°* and for 5“* once they co-exist indicates that
5% and 6f°™ are not just undergoing a homogeneous electron
transfer reaction but are engaged in a chemical follow-up
reaction. This fact was supported by the observation that the
reduction feature of the intermediate 6f°™*™ decreases with
increasing amounts of disulfide 5", suggesting the consump-
tion of intermediate radical cation 6f°V** by 5" (Figure 3,
middle, Figure S24). Notably, a new reduction feature appears
in these titration experiments in the cathodic scan at £,=1.08 V
at a scan rate of 0.4Vs™'. This is in between the reduction
potentials of the intermediate 6f°** (£,=0.89 V) and disulfide
radical ion 59" (E,=1.20V; v=0.4Vs™"), which points to the
formation of an interchalcogen species. To collect further
evidence for the formation of an interchalcogen dication as a
viable intermediate, we investigated the redox behavior of in-
situ formed PhSePF,, 8™, in the absence and presence of 5°.
8" was synthesized as previously reported® by adding AgPF;
to PhSeBr and filtration of the solution. 8" exhibits an
irreversible oxidation feature in fluorobenzene at E,=1.37V
and a corresponding reduction feature at E,=076V (v=
0.1Vs™', Figure 526). Addition of the disulfide 5 to a solution
of 8" leads to a new oxidation process at a lower potential than
that of 8" (£,=1.20V) and 5%, pointing to the formation of a
mixed selenium-disulfur-species that is oxidized more easily
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than 8" and 59 (Figure 3, right, Figure S27). A second irrever-
sible oxidation feature appears at low scan rates of 0.1 Vs™' at
E,=1.31V. Furthermore, the reversibility of the redox process
of 59|59 is fully lost in the presence of 8+, and the reduction
feature of the latter disappeared, which substantiates the
formation of dicationic interchalcogen species under such
oxidative conditions.

Taking all measurements together, we propose the follow-
ing mechanism for the multicatalytic formation of 3-pyrroline 4f
(Scheme 5). The photo-excited catalyst 2*¥** and likely disulfide
cation 59%, which is formed in-situ in a second photoredox
cycle via oxidation of 5 by 2*®%, serve as one-electron oxidants
for 3" and 6f. Although, SV plots indicate that diselenide 3" is
oxidized more efficiently by 2*¥ than 59 the kinetic trace
shows that 3" is fully consumed forming the intermediate 6f
prior to product formation. That means that the concentration
of 3" is very small under steady state conditions and thus, the
reaction rate for oxidation of disulfide 5 by 2**** should
become competitive. Further, oxidation of 5 by 2*¥ is more
efficient than of 6f" and thus, 5 could be an important primary
electron donor under steady-state conditions. The 5¢|59*
couple has an oxidation potential E° of 1.275V in fluoroben-
zene, which is higher than the one of diselenide 3" and 6", and
5%+ exhibits a considerably long lifetime in fluorobenzene and
thus could serve as electron hole reservoir in non-polar
solvents. Direct oxidation of the tosylamides 1 by photo-excited
2*B% is not feasible as alkyl tosylamides exhibit oxidation
potentials >2V vs. Fc"'°, which is higher than the redox
potential of 2*8 27

Oxidation of 3" provides access to radical cation 3"+, which
reacts with alkene 1f to furnish intermediate 6f". Oxidation of
the intermediate 6f" by 2**™ or 59* provides access to the
radical cation 6f"*. Under photoredox catalytic conditions, we
assume that 6f"* is intercepted by 5“* to give an interchalc-
ogen dication [6f"—5%*" based on the observed reduction of
the half-lives of 6f°** and 5+ once they co-exist. Product 4f is
eliminated from this interchalcogen dication, yielding the

—1e”

0.5 (ArSe), 05 [(ArSe),l*
3 Epsn=096V 3+
Epaome = 0.74 V
pnct 1%
- sle«S? R
af Ph Ph®
o LN
—H 0, O ZHo0 — J
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0.5 [61-6f] (5C_6f2+
* h*v _H
+ zvu
S)2 S),
- 0= O
Kgim =22 x 103 M™"-s cl B =1.275V cl
(Ar = p-anisyl) 5CI+ 5
Ts Kim=25x102M"s7! s
N 1
‘ N _Ph . N ph
-
SeAr Ep some = 0.94V oar

6f E%%ome = 0.905 V/ o

Eippetn = 127V

Scheme 5. Proposed catalytic cycle for the aza-Wacker cyclization of alkene
1f, catalyzed by the diselenide 3" under photo-aerobic conditions. The grey
pathways refer to the pathway under electrochemical conditions. Potentials
and reaction rate constants are given for fluorobenzene; (half) peak
potentials are given for v=0.2 Vs™'; fluorobenzene.

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH

85UBD1 7 SUOWILIOD) BAIIER1D) 3|eal|dde ay Aq pausenob afe sap e YO ‘3N JO Sa|nJ 4oy AriqiauluQ A3|1IA UO (SUOIIIPUOD-pUE-SWIBY/W0D A8 | 1M Areiq 1 Ul |uo//sdiy) SUOIPUOD pue s L 8y 89S "[720z/TT/2T] uo ARiqiauljuQ 48| ‘Bingsueley jeesAalun Aq 8TSTOSZ0Z I5S9/200T OT/I0p/wod A8 [Im A keiq 1 puljuo-adoine-Answeyoy//sdiy wouy pepeojumod ‘6 ‘40z ‘Xv9Sro8T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202301518

adduct 9% [(0-anisyl)Se — S(CgH4-p-Cl) — S(CgH4-p-C1T and H™.
Homologous trimeric chalcogen cations have precedents in the
literature, and are structurally well characterized, cf. [Me,S;]™,
[Me,Se,] ™, [(CeFsS)s1 "% The cationic interchalcogen adduct 9*
likely transfers its remaining selenenium residue directly onto a
second equiv. of the alkene 1f forming 6f" again. However, we
cannot exclude an equilibrium of 9" with dissociated PhSe™
and disulfide 5%, which would also close the catalytic cycle. The
considerable longevity of radical cation 59 in fluorobenzene
compared to that in MeCN could explain the benign impact of
nonpolar solvents (e.g. o-xylene) on the photoredox catalytic
process, despite the lower solubility of photocatalyst 257
therein. Running electrolysis at potentials sufficient to oxidize
the disulfide 5%, however, leads to electrode fouling, and
therefore the use of 5% in an electrocatalytic regime is not a
feasible approach.

Conclusions

In summary, we have developed a selenium-n-acid catalyzed
aza-Wacker cyclization of unsaturated sulfonamides, which, for
the first time, was found to be suitable for the synthesis of 3-
pyrrolines. The title procedure is operationally simple, tolerant
of various functional groups, and furnishes the products in up
to 99% yield. Advanced electrochemical mechanistic investiga-
tions revealed that the reaction proceeds through a sequence
of electrophilic addition and elimination reaction, in which the
(di)selane catalyst is undergoing photo-aerobic one-electron-
oxidation forming the selenium cation. Consequently, the
substrates are converted in an ionic regime, even though the
individual oxidation steps are one-electron steps.”® We have
strong evidence from electrochemical measurements for the
participation of the disulfane cation 5* under photoredox
catalytic conditions through the transient formation of dica-
tionic interchalcogen species that accelerate the release of the
aza-Wacker products from the intermediate 6f'*. This novel
form of photo-aerobic interchalcogen catalysis appears very
promising for the design of other redox functionalizations of
alkenes, in particular with regard to enantioselective trans-
formations, and therefore lay the fundament for future activities
in this direction in our laboratories.

Experimental section

General remarks

All reagents for chemical synthesis were purchased from commer-
cial sources and were used without further purification. Solvents
were used in p.a. quality or dried by storage over molecular sieves
under N, atmosphere. Irradiation experiments for the intermolecu-
lar amination reaction were performed at 1=465 nm using
commercially available blue LED strips. The light intensity applied
was in the range of 4300-4800 Ix. Custom built temperature-
controlled metal blocks for light irradiation were used (15000-
17000 Ix). All reagents for electrochemical measurements were
purchased as electrochemical or HPLC grade. MeCN was purified
over the Solvent Purification System from MBraun and stored over
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molecular sieve (3 A) before use. Fluorobenzene was dried over
P,Os and stored over molecular sieve (3 A) before use. Electro-
chemical grade "Bu,NPF¢ was purchased from Sigma-Aldrich and
dried at 244 °C under high vacuum prior to use. "Bu,;NB(C¢Fs), was
synthesized according to literature procedures.” Electrochemical
CV measurements were carried out in a custom-made three-neck
glass cell using a Gamry Instruments Reference [600] or a 10108 in
anhydrous MeCN or fluorobenzene under air, except those of 8"
and 8%, which were done in an MBraun glovebox operated under
N, atmosphere with dry and degassed solvents. A common three
electrode setup was used with a glassy carbon working electrode
(MeCN: CH Instruments, ALS Japan; A=7.1 mm?, fluorobenzene: CH
Instruments, ALS Japan; A=2.0 mm?), a platinum wire as a counter
electrode, and a silver wire in silver nitrate solution (c=0.01 m) in
the case of MeCN, and just a silver wire in the case of
fluorobenzene. "Bu,;NPF¢ was used as conducting salt for MeCN (c=
0.1 m) and "Buy,NB(C4Fs), (c=0.1 m) for fluorobenzene. All data were
referenced internally vs. the Fc*!° redox potential, which was added
at the end of each measurement.

General procedure for the photo redox reactions: To a solution of
the sulfonylaminde 1 (1.00 eq.) in o-xylene (0.2 m) 3" (0.10 eq.) and
25 (0.05 eq.) were added in a 250 mL round bottom flask. The
suspension was subjected to irradiation at 465 nm and stirred
vigorously with a cross shaped stirring bar (750 rpm) at ambient air
for the given time. If indicated, 5% (0.10 eq.) or 2-nitrobenzaldehyde
(0.25 eq.) were added to the suspension right away or 3" (0.10 eq.)
and 2% (0.05 eq.) were re-added after the indicated time. The
solvent was evaporated under reduced pressure and the crude
product was purified via column chromatography. For the NMR
yield determination, the solvent of the reaction mixture was
evaporated under reduced pressure, the residue was dissolved in
CDCl; (0.6 mL) and 1,3,5-trimethoxybenzene (TMB) was added as an
internal standard.

General procedure for the electrolysis experiments: A glassy carbon
rod (d=3 mm) was used as a working electrode and a curled
platinum wire as a counter electrode. An Ag/AgNO; (Cagno3; =0.01 M
in MeCN) electrode served as a reference electrode. The yields were
determined by 'H-NMR spectroscopy with 1,3,5-trimethoxybenzene
as internal standard. Therefore, the solvent was removed after
electrolysis, the internal standard was added, and the residue was
dissolved in CD,Cl,. The CCE experiments (/=400 pA) of 3°¥ (1.3
mg, 0.0034 mmol, 1.7 mm) with 1f (10 mg, 0.033 mmol, 177 mM) in
fluorobenzene (2 mL) with "Bu,NB(C¢Fs), (368 mg, 0.2 m) were
performed with and without 5 (1.0 mg, 0.0034 mmol, 1.7 mm)
giving 4f with a yield of 35% and 33% ('H-NMR spectroscopy),
respectively. The constant potential electrolysis (CPE) experiments
were performed at the potential of 1.15 V vs. Ag/AgNO; (c=0.01 m
in MeCN) with the alkene (0.1 mmol, 33 mm) and 3°™ in
acetonitrile (3 mL) and "Bu,PF (116 mg, 0.1 m) as conducting salt.

Supporting Information
The Supporting Information contains additional detailed exper-
imental procedures, spectroscopic characterization, and addi-

tional analytical data. The authors have cited additional
references within the Supporting Information.2¢>¢
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