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Cooperative Light-Activated Iodine and Photoredox Catalysis for the

Amination of C,;—H Bonds

Peter Becker, Thomas Duhamel, Christopher J. Stein, Markus Reiher,* and Kilian Muiiiz*

Abstract: An unprecedented method that makes use of the
cooperative interplay between molecular iodine and photo-
redox catalysis has been developed for dual light-activated
intramolecular benzylic C—H amination. lodine serves as the
catalyst for the formation of a new C—N bond by activating
a remote Cyz—H bond (1,5-HAT process) under visible-light
irradiation while the organic photoredox catalyst TPT effects
the reoxidation of the molecular iodine catalyst. To explain the
compatibility of the two involved photochemical steps, the key
N—I bond activation was elucidated by computational meth-
ods. The new cooperative catalysis has important implications
for the combination of non-metallic main-group catalysis with
photocatalysis.

A fundamental goal in developing new catalytic processes is
to establish environmentally benign and effective conditions.
The activation of small organic molecules by photoredox
catalysis under visible-light irradiation has opened up a whole
new field in catalysis, leading to a plethora of effective
transformations.!'! Here, processes merging transition-metal
and photoredox catalysis are of exceptional value as the
utilization of stoichiometric amounts of oxidizing reagents
other than molecular oxygen is no longer required.”
Although this strategy has enabled the development of
organic transformations, including C—H bond activations
with a number of transition-metal catalysts,” no strategies for
combining photoredox-catalyzed reoxidation with iodine
redox catalysis have been reported to date.! Devising
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a practical method for the functionalization of non-activated
Cy»—H bonds still represents a great challenge in modern
organic synthesis. Transition-metal-catalyzed transformations
of C—H bonds into new C—C and C—heteroatom bonds have
been established over the past years, but this strategy usually
requires functional groups in close proximity to ensure
regioselectivity and to overcome activation barriers.”) The
modification of remote positions, however, by C—H bond
activation is even more challenging. Lately, our group
developed an iodine-catalyzed oxidative Hofmann-Loffler
reaction of sulfonamides for the formation of pyrrolidines
(Figure 1).1°) In this process, an insitu formed N—I bond

lodine catalyzed amination
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Figure 1. Recent examples for the nitrogen-promoted application of
1,5-HAT processes for the functionalization of remote C,,;—H bonds.
EWG = electron-withdrawing group, PG = protecting group.

facilitates the formation of a nitrogen-centered amidyl
radical, which induces a selective 1,5-hydrogen atom transfer
(1,5-HAT) process,” activating a remote C,:—H bond for
subsequent C—N bond formation. While the reaction is
synthetically efficient, the requirement for stoichiometric
amounts of hypervalent iodine reagents indicates a clear
disadvantage. Rovis and Knowles independently reported
a photoredox-based concept for the generation of amidyl
radicals and subsequent activation of C,,;—H bonds by a 1,5-
HAT process (Figure 1).* They extended the applicability
of these processes by intermolecular radical interception with
activated alkenes. Within this new C—C bond-forming
approach, however, an amination reaction is no longer
feasible, and the role of the amide is restricted to the
generation of the requisite radicals.

To further improve the photochemical amidyl-radical-
promoted C,;—H bond activation, we envisaged combining
a 1,5-HAT process and a subsequent cyclization reaction to
reestablish the original pathway to synthetically valuable
pyrrolidines. We surmised that molecular iodine would play
an essential role in the cyclization step of the envisaged
process.'”! In a cooperative catalysis with two individual
photoinduced processes, the iodine catalyst would promote
pyrrolidine formation through activation of the N—H bond
with a subsequent 1,5-HAT process, while the photoredox
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catalyst would enable the reoxidation of the iodine that is
extruded during the cyclization event. The two catalysts
would therefore be working cooperatively, and this process
would constitute the first photoredox-catalyzed reoxidation
of a molecular homogeneous iodine catalyst. As we intended
to develop a metal-free process and because of iodine’s
known ability to quench metal-to-ligand charge transfer
(MLCT) excited states of metal-based photoredox cata-
lysts,'Yl organic dyes were the preferred choice.'”

To this end, a solution of the model substrate 1a,
molecular iodine (10 mol%), and a photoredox catalyst
(5 mol %) in 1,2-dichloroethane (DCE) under anhydrous or
oxygen-free conditions was exposed to blue light (4., =
456 nm £+ 12 nm) at room temperature. However, for all
reactions with different organic dyes (eosin Y, Fukuzumi’s
catalyst, and TPT; Figure 2), only trace amounts of the
desired pyrrolidine 2a were detected (Table 1, entry 1).

The first positive result was obtained when the reaction
was performed in unpurified solvent with TPT!! as the
photoredox catalyst of choice under air (20%; entry 2). A
solvent mixture of DCE and hexafluoropropan-2-ol
(HFIP)!" dramatically improved the yield of 2a to 84%
(entry 3). When the TPT loading was reduced to 2 mol %, the
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Figure 2. Organic dyes tested as photoredox catalysts. Mes =2,4,6-
trimethylphenyl.

Table 1: Optimization of the reaction conditions for the iodine/photo-
redox-catalyzed process.?!

TPT (x mol%) Me
Me Me I (y mol%) Me
TsHN Ph _— ﬂPh
HFIP/DCE, blue LED, N
1a RT, 18 h 2a s
Entry X y Solvent Yield [%]
16 5 10 DCE trace
2 5 10 DCE 20
3 5 10 HFIP/DCE 84
4 2 10 HFIP/DCE 58
5 2 5 HFIP/DCE 80
6 1 5 HFIP/DCE 90
7 1 2 HFIP/DCE 310
8 0.5 5 HFIP/DCE 76
9 - 5 HFIP/DCE 5tdl
10 1 - HFIP/DCE 144
11 1 5 HFIP/DCE Lk
12 1 5 HFIP/DCE 83

[a] All reactions were performed with 0.3 mmol of 1a and stirred for 18 h
under blue light irradiation in 3 mL of solvent (1:1) without external
heating. Yields refer to isolated material after purification. [b] Reaction
performed under anhydrous or oxygen-free conditions. [c] The use of
eosin Y or Fukuzumi’s catalyst (Figure 2) led to trace amounts of the
product. [d] Yield determined by "H NMR spectroscopy with 1,3,5-
trimethoxybenzene as the internal standard. [e] Reaction performed in
the absence of light. [f] Reaction performed on 2 mmol scale, 22 h.

Angew. Chem. Int. Ed. 2017, 56, 8004 -8008

Communications

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

yield dropped to 58% (entry 4). However, a simultaneous
reduction in the amount of iodine (5 mol%) led to similar
yields (80 %; entry 5), which indicates that iodine causes an
unproductive absorption of visible light at high concentra-
tions. With only 5 mol% of iodine, the TPT loading was
further reduced to 1 mol %, leading to 90 % of 2a (entry 6). A
further reduction in the amount of iodine (2 mol % ) only gave
31% of the desired product (entry 7), accompanied by large
amounts of side products stemming from overoxidation. With
0.5 mol % of TPT, 2a was still formed in 76 % yield (entry 8).
These results indicate the importance of the I,/TPT ratio for
the effectiveness of the cooperative catalysis. To probe the
necessity of both catalysts, control experiments were con-
ducted. With iodine alone, 2a was formed in 5 % yield, which
corresponds to a stoichiometric reaction of the molecular
iodine (entry 9). When TPT was added as the only catalyst,
pyrrolidine 2a was formed in 14 % yield along with large
amounts of decomposition products (entry 10). The pyrroli-
dine was not formed in the absence of light, demonstrating
that the reaction is indeed light-driven (entry 11). At this
point, we would like to emphasize that the intensity of the
LED light source was found to be crucial.™ To finally
demonstrate the robustness of the process, the reaction was
carried out on 2 mmol scale, leading to 83 % of 2a under the
standard conditions with a slightly increased reaction time
(entry 12).

Mechanistically, we propose a reaction sequence consist-
ing of two individual light-induced catalytic reactions within
several intertwined individual cycles (Figure 3). Raman
spectroscopy was employed to identify the active molecular
iodine catalyst. Rapid formation of hypoiodite!™® through
disproportionation of the molecular iodine was observed in
the wet reaction medium, which explains the requirement for
water traces to initiate the reaction.™™ This catalyst state is in
agreement with Ishihara’s work on related hypoiodite catal-
ysis."”) The concomitantly formed HI plays an essential rule in
the final catalyst reoxidation event (cycle A).

The active hypoiodite catalyst initiates the organic trans-
formation by N-iodination of substrate la to form the
intermediate species I (cycle B)."® Upon irradiation with
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Figure 3. Proposed mechanism for the dual light-induced cooperative
iodine- and photoredox-catalyzed intramolecular amination of sulfona-
mides. Ts = 4-methylbenzenesulfonyl.
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visible light, the N-iodinated species I collapses to generate
the amidyl radical species II. A subsequent 1,5-HAT process
(TIT) within a radical chain reaction generates alkyl iodide I'V.
Isotope-labeling experiments!'” revealed the hydrogen
abstraction from II to III to be the rate-limiting step with
a kinetic isotope effect of 2.3.1°! The successful incorporation
of iodine into the carbon framework precludes the require-
ment for intermolecular radical quenching.**® It drives the
reaction to the C—N bond formation, in which the sulfona-
mide attacks the intermediary C—I bond in an intramolecular
substitution reaction to form pyrrolidine 2a as the product.
The extruded hydrogen iodide is then effectively reoxidized
by TPT to molecular iodine in a single-electron-transfer
process with molecular oxygen (cycle C).”"! This discussion
characterizes the new iodine photoredox catalysis as an
unprecedented iodine (—I/T) manifold, and demonstrates for
the first time that the catalytic functionalization of benzylic
positions is possible without the involvement of iodine(III)
oxidation states.

The conceptually most important feature of this reaction
is the compatibility of the two roles of light. First, it
participates in the photoredox catalysis that provides the
terminal oxidant for the overall process. Second, it is involved
in the homolytic cleavage of the N—I bond as the initial step of
the C—H bond functionalization. To understand the molecular
requirements for the elusive light-induced N—I bond cleavage
at stage I, theory was employed.

The excitation energies for the ten lowest excited states of
species I were calculated by time-dependent density func-
tional theory (TDDFT) with the range-separated CAMY-
B3LYP functional,? and environmental effects were
included with a continuum solvation model. We accounted
for the pronounced conformational freedom by carrying out
TDDFT calculations on a closed and an open structure, which
were both optimized by DFT with the PBE functional.’” The
energies of both structures differ by less than 2.5 kcalmol ' in
favor of the open conformation. With an empirical dispersion
correction,”™ both energies are almost identical, with the
closed conformation being 0.15 kcalmol ' lower in energy. A
Table with the energies and oscillator strengths for all states
and the computational setups and more details on the method
are included in the Supporting Information.!'”!

The seven lowest excited states correspond to excitations
into the N—T antibonding lowest unoccupied molecular orbital
(LUMO), and therefore weaken this bond and facilitate bond
cleavage (Figure 4). Depending on the computational setup,
the transition energies of these excitations cover a range of
A=100-130 nm with the lowest transition energy being
approximately 4 =380 nm. Several effects shift the individual
transition energies. One of them is the conformational
freedom of I, which causes a shift of up to A;=15nm for
the open and closed structures considered in this study, and
other conformers might further extend that range. Another
effect is the direct interaction of solvent molecules with I,
which leads to a significant broadening of the individual bands
owing to a plethora of possible interactions. Furthermore, the
error of TDDFT transition energies lies typically in the range
of 0.2 eV, which corresponds to a wavelength of about 4 =
30 nm. These effects, and the fact that the photolytic reaction
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Figure 4. N—I antibonding LUMO of intermediate | in closed (A) and
open (B) conformations. The orbitals were calculated by DFT employ-
ing the range-separated CAMY-B3LYP functional.

does not need to be highly efficient owing to the long reaction
times, explain the discrepancy between the calculated lowest
energy transitions and the LED wavelength. While we were
mainly interested in identifying the character of the excita-
tions that cause the photolytic reaction, we expect this
reaction step to be more efficient for shorter wavelengths. It
should be noted that both the inclusion of solvent effects and
structural changes in both conformers have a pronounced
effect on the oscillator strength.

We confirmed that the lowest excited states have mainly
LUMO character with complete-active-space self-consistent-
field calculations™™ employing an active space consisting of
14 electrons in 16 orbitals, where the orbitals were selected
with our automated active-space-selection protocol.*!

With this concise mechanistic explanation of the dual
light-activated iodine- and photoredox-catalyzed C—H ami-
nation and the theoretical understanding of the photolytic
cleavage of the N—I bond in hand, we investigated the scope
of the reaction (Figure 5).

This method constitutes an effective procedure for the
synthesis of various 2-arylpyrrolidines in good to excellent
yields. Substituents in the 4-position of the aryl group are well
tolerated (2a—e; 31-90%), with only the 4-chloro- and
4-bromo-substituted substrates leading to decreased yields
because of overoxidation (2d,e; 57 and 31 %) by the photo-
redox catalyst. Substrates with 2- or 3-substituted arenes also
formed pyrrolidines 2f and 2g in 60 and 90% yield,
respectively, demonstrating that steric factors play only
a minor role. A possible Thorpe-Ingold effect was shown to
have little influence on the reaction as different substitution
patterns in the B-position of the amide were tolerated (2h-
j.m; 70-82 % ). Substrates with a phenyl backbone were then
subjected to the reaction conditions, effectively yielding
previously inaccessible isoindolines (2k,l; 94 and 73%).
Different sulfonyl groups are also well tolerated in this
process, leading to 60-96 % of the desired pyrrolidines 2n-r.
For the first time, benzamide and trifluoroacetamide deriv-
atives are also applicable, leading to the corresponding
pyrrolidines 2s and 2t in high yields (82 and 70%).*" In
contrast to the previously described iodine(I/IIT) catalysis for
the Hofmann-Loffler reaction, the intermediary benzyl
iodide of the iodine(—I/T) approach holds a weaker nucleo-
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Figure 5. Scope of the intertwined iodine- and photoredox-catalyzed
cyclization. Reaction conditions: 1 (0.3 mmol), I, (5 mol %), TPT
(1 mol%), HFIP/DCE (3 mL), RT, blue light, 18 h. All C—N bonds
formed in this process are highlighted in blue. Yields of isolated
product after purification by column chromatography are generally
given. [a] Two rotamers were observed by NMR spectroscopy. [b] Iso-
lated as a 1:1 diastereomeric mixture. [c] Isolated as a single diastereo-
mer. [d] Yield determined by '"H NMR spectroscopy with 1,3,5-trime-
thoxybenzene as the internal standard. Ms =methanesulfonyl, Ns =
4-nitrobenzenesulfonyl, SES = 2-(trimethylsilyl)ethanesulfonyl.

fuge, requiring additional activation by the benzylic position
for internal substitution by the amide nucleophile.

In summary, we have introduced a new concept based on
dual light-activated cooperative iodine and photoredox
catalysis and applied it to the intramolecular amination of
remote Cy;—H bonds. The iodine acts as the primary catalyst
enabling the activation of the C,;—H bond by light-induced
homolytic cleavage of in situ generated N—I bonds followed
by a 1,5-HAT process. After radical iodine transfer and
intramolecular substitution, the molecular iodine catalyst is
reoxidized by photoredox catalysis in a second light-induced
process. The key step of the reaction, the cleavage of the
intermediary N—I bond, was rationalized by computational
methods while the presence of the active iodine species,
hypoiodite, was confirmed by Raman spectroscopy.
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