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Photochemical generation of radicals from alkyl
electrophiles using a nucleophilic organic catalyst

Bertrand Schweitzer-Chaput'!, Matthew A. Horwitz', Eduardo de Pedro Beato'

and Paolo Melchiorre ®"23*

Chemists extensively use free radical reactivity for applications in organic synthesis, materials science, and life science.
Traditionally, generating radicals requires strategies that exploit the bond dissociation energy or the redox properties of the
precursors. Here, we disclose a photochemical catalytic approach that harnesses different physical properties of the substrate
to form carbon radicals. We use a nucleophilic dithiocarbamate anion catalyst, adorned with a well-tailored chromophoric unit,
to activate alkyl electrophiles via an S, 2 pathway. The resulting photon-absorbing intermediate affords radicals upon homolytic
cleavage induced by visible light. This catalytic Sy2-based strategy, which exploits a fundamental mechanistic process of ionic
chemistry, grants access to open-shell intermediates from a variety of substrates that would be incompatible with or inert to
classical radical-generating strategies. We also describe how the method's mild reaction conditions and high functional group
tolerance could be advantageous for developing C-C bond-forming reactions, for streamlining the preparation of a marketed
drug, for the late-stage elaboration of biorelevant compounds and for enantioselective radical catalysis.

that are often complementary to classical methods proceeding

via ionic pathways'. This explains why radical processes have
found application in material science, drug discovery, agrochem-
istry, and other disciplines®. Advances within the field have been
spurred by the identification of effective radical-generating strate-
gies. One traditional method relies on initiators’. Initiators are high-
energy compounds (for example diazo compounds or peroxides),
which, upon homolysis induced by heat or high-energy light, gener-
ate a reactive radical that can abstract a hydrogen or halogen atom
from a substrate (Fig. 1a, left panel). This approach ultimately relies
on the bond dissociation energy (BDE) of the substrate to form the
target open-shell intermediate I. Another classical route to radicals
exploits the tendency of a substrate to engage in redox processes,
which can be triggered by stoichiometric oxidants/reductants’ or by
electrochemical means® (Fig. 1a, right panel). Radical ions emerg-
ing from the single-electron transfer (SET) event can then fragment
to yield the target radical I. These classical strategies are power-
ful. However, they require relatively harsh conditions, including
hazardous and toxic reagents, high temperatures, and/or UV-light
irradiation, overall limiting the selectivity and the functional group
tolerance of the ensuing radical process.

A crucial step towards milder reaction conditions and, con-
sequently, more selective reactions has been the use of substrates
bearing thio functions and acting as both radical precursors and
reactants (Fig. 1b, left). Methods introduced by Barton®~ and fur-
ther popularized by Zard with xanthate transfer chemistry®’ greatly
expanded the synthetic potential of radicals, but still relied on
purposely designed stoichiometric reagents. Recently, photoredox
catalysis has provided an attractive way to access radicals under
very mild conditions and in a catalytic manner'®-"*. This approach
exploits the ability of light-absorbing metal or organic catalysts to
harness photonic energy to repeatedly remove an electron from or
donate an electron to simple bench-stable substrates (Fig. 1b, right).

F ree radical chemistry offers powerful ways of making molecules

This SET mechanism is generally used to produce the target radical
I, but some photoredox catalysts can also adopt a hydrogen abstrac-
tion manifold to generate I'*. As with all other radical generation
strategies, when applying photoredox catalysis a chemist must rely
on the redox properties'* or the BDE to predict the suitability of a
given substrate to successfully form the target open-shell species I.
Herein, we report a photochemical catalytic strategy that har-
nesses different physical properties of the substrates to generate
carbon radicals (Fig. 1c). Specifically, we show that a nucleophilic
dithiocarbonyl anion catalyst of type 1, adorned with a suitable
chromophore, can undergo Sy2 displacement of simple alkyl elec-
trophiles, bearing different leaving groups. The resulting photon-
absorbing intermediates II afford radicals upon excitation by weak
visible light (blue light-emitting diodes, LEDs) and homolytic
cleavage of the weak C-S bond. We used this S 2-based manifold
to generate open-shell intermediates from a variety of substrates
that would be inert to or incompatible with classical radical gen-
erating strategies. The method’s mild reaction conditions and high
functional group tolerance allowed the development of C-C bond-
forming reactions, the streamlined preparation of a marketed drug,
the late-stage derivatization of active pharmaceutical ingredients
and biorelevant compounds, and enantioselective radical catalysis.

Results and discussion

Design plan. Figure 2a details our proposed strategy to generate
radicals by exploiting the electrophilic character of the precursors.
We envisioned a catalytic cycle wherein a dithiocarbonyl anion 1
would serve as a nucleophilic catalyst that activates alkyl electro-
philes 2 upon S,2 attack and displacement of the leaving group
(LG). The resulting intermediate II possesses a weak C-S bond (for
example benzyl dimethyldithiocarbamate, where R=phenyl and
Z=N(Me),, has a BDE=31.3kcal mol)", which could be cleaved
by low-energy photons to generate the target carbon radical III
and the dithiocarbonyl radical IV. The open-shell intermediate ITT
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Fig. 1| Strategies for generating radicals. a, Established atom abstraction
methods (left panel) generally rely on initiators, which are high-energy
compounds, and require precursors with suitable bond dissociation
energies (BDE). Electron transfer strategies (right panel) use stoichiometric
reductants/oxidants or electrochemical apparatus and require precursors
with suitable redox properties. b, More efficient approaches to generate
radicals under milder conditions using stoichiometric precursors (left
panel) and photoredox catalysts (right panel). ¢, S2-based photochemical
catalytic protocol for generating radicals from precursors that are redox-
inactive or not prone to undergoing atom abstraction activation. SET,
single-electron transfer; LG, leaving group.

would then be intercepted by an electron-deficient olefin 3 to fur-
nish a new C-Cbond. The emerging electrophilic radical V would in
turn abstract a hydrogen atom from 1,4-cyclohexadiene (1,4-CHD),
thus forming the final product 4 and the cyclohexadienyl radical VI.
An exergonic SET reduction of the dithiocarbonyl radical IV (for
example ethyl xanthogenate anion, where Z=OEt, has reduction
potential E,.; (IV/1a)=40.04 V vs SCE)'® from the cyclohexadienyl
radical VI (the parent hydroxycyclohexadienyl radical has E,.4=—
0.1V vs SCE)"” would eventually close the catalytic cycle by return-
ing catalyst 1. This mechanistic plan finds support in (i) the high
nucleophilicity'® of dithiocarbonate and dithiocarbamate anions of
type 1, (ii) a few studies establishing the tendency of thiocarbonyl
compounds of type II to generate radicals upon photolytic cleav-
age'”” and promote polymerizations (acting as photoiniferters)",
and (iii) the ability of 1,4-CHD to serve as a donor of both hydrogen
atoms and electrons”.

Method optimization. To validate our proposal, we studied the
Giese-type radical conjugate addition” to dimethyl fumarate 3a
(Fig. 2b)*7%. The experiments were conducted in acetonitrile
(CH,CN) using commercially available y-terpinene as a cheaper
and more stable surrogate of 1,4-CHD. Our overarching goal was to
define a strategy that permits the predictable and mild activation of
substrates that would be inert to other practical catalytic approaches,
including photoredox catalysis. We therefore selected benzyl chlo-
ride 2a, an industrial bulk chemical, as benzyl radical precursor.
This choice was informed by the fact that 2a has a reduction poten-
tial (E,q (2a/2a7)=-2.13 V vs SCE) (ref. *) sufficiently negative
to remain out of reach of most commonly used photoredox cata-
lysts'**. Therefore, SET reduction of 2a to generate the target ben-
zyl radical would require strong stoichiometric reductants, greatly

limiting its practicality and functional group compatibility. In con-
trast, benzyl chloride is an archetypical substrate for S\2 reactions®.

When conducting the model reaction using potassium ethyl xan-
thogenate 1a as nucleophilic catalyst (10mol%) and under 400 nm
irradiation, the desired product 4a was obtained in 19%yield (entry 1,
Fig.2b). Thisinitial result indicated the feasibility of catalytically gen-
erating the benzyl radical. The reaction was completely inhibited by
changing the light source to a blue LED emitting at 465 nm (entry 2).
We rationalized this reactivity behavior with the inability of the
xanthate intermediate Ila, emerging from the Sy2 process, to absorb
blue light (Fig. 2c). The modular nature of the nucleophilic catalyst
1 allowed us to include a chromophoric unit, a structural modifica-
tion aimed at enhancing the absorption properties of the key benzyl
intermediate of type II. The thiocarbamate catalysts 1b-c, bearing a
carbazole and an indole scaffold, respectively, provided intermedi-
ates ITb-c upon Sy2 reaction with substrate 2a. These intermedi-
ates possess a dramatically increased molar extinction coefficient
with respect to Ila. Pleasingly, those improved optical properties
translated to a restored catalytic activity under blue light irradiation
(Amx=465nm, entries 3 and 4). Raising the temperature to 60 °C
brought the yield of product 3 to 90% when using the indole-
containing thiocarbamate catalyst 1c¢ (entry 5). During control
experiments, no product formation was detected in the absence of
catalyst 1 or light. The inhibition of the reactivity was also observed
in the presence of the radical inhibitor 2,2,6,6-tetramethylpiperi-
dine 1-oxyl (TEMPO, 1 equivalent), while using non-degassed con-
ditions reduced the yield only slightly (entry 6). Mechanistically, we
also evaluated the possibility that the formal dithiocarbamate group
transfer product of type VII (depicted in Fig. 2a) could be generated
during the reaction. Although we never detected this adduct under
catalytic conditions, an authentic sample of the VII-type intermedi-
ate afforded product 4a when irradiated with blue LEDs and in the
presence of y-terpinene. This observation, which is consonant with
the tendency of dithiocarbonyl compounds towards group transfer
manifolds,*’ suggests that adduct VII can be a photoactive species
in equilibrium with the progenitor radicals IV and V.

As a testament to the method’s robustness and relative tolerance
to oxygen, the reaction could be efficiently performed in a simple
test tube without degassing the solvent, and using water as co-sol-
vent (83% yield, entry 7). The method’s operational simplicity and
robustness, in combination with the use of inexpensive reagents
and an air- and moisture-stable solid catalyst, make this reaction
well-suited for multigram scale applications using commonly avail-
able glassware and light irradiation equipment (73% yield, 8.6g,
using simple blue LED strip, see Section D2 in the Supplementary
Information for details). Notably, the solvent can be elected by
considering the solubility of different substrates. No significant
difference of reactivity was observed when performing the model
reaction in a variety of reaction media (for example ethyl acetate,
dichloroethane, toluene, and tetrahydrofuran all provided yields in
the range of 85-90%).

This strategy’s underlying mechanism suggests that other benzylic
substrates with leaving groups suitable for Sy2 displacement could
be used in the model reaction. Accordingly, different precursors
2b-e, bearing iodide, bromide, mesylate, or trifluoroacetate, afforded
product 4a in high yields (Fig. 2d). The benzylamine-derived
Katritzky salt 2f was also a suitable substrate. As such, this activation
mode is not limited to halides, but amine and alcohol derivatives
can also be used. In contrast, leaving groups with a poor tendency to
undergo an Sy2 process, including acetate and phosphate, remained
completely unreacted. The choice of one leaving group or another
can therefore be dictated by its ease of access or compatibility with
other functional groups in a complex synthetic plan.

Scope of the radical generating strategy. We then evaluated
the synthetic potential of this photochemical radical generation

NATURE CHEMISTRY | www.nature.com/naturechemistry


http://www.nature.com/naturechemistry

+ b 1(1 19
a ~ s x 1010 "‘1024’) . MeOC
R LG J\ —_— | Ph/\CI MeOQC\/\CO M y-terpinene (1.2 equiv.) CO,Me
- HY Pz 2Nie . I
2 z S 2a 3a 2,6-lutidine (1.2 equiv.) Ph 4a
1 15 equiv. LEDs, MeCN (0.5 M), 24 h
Electron S
SN2 manifold transfer
X )I\ S S S H H Me
*S z Br s
S v U
)]\ H Et0” TSK N7~ sk N7 sk Me
A~
R™ ~s7 1z Vi /\)\ —
0 R EWG 1a 1b 1c Me
4 v-terpinene
. H-atom
hv Photolytic transfer H H ) " '
C-S cleavage =~ Entry 1 T(°C) Light 4 (nm) Additive 4a NMR yield (%)
1 1a 20 400 - 19
2 1a 20 465 - 0
s o g 3 1b 20 465 - 22
~
)]\ 7 Cc-Cbond R "Newa j]\ 4 1c 20 465 - 43
sT Nz m formation Vg s 7 5 1c 60 465 - 90
v y )I\ 6 1c 60 465 Air 70
S z hw /\)\ 7 1c 60 465 Water (20 equiv.) 83
° R EWG :
ewe 3 v i
c 1¢ (10 mol%) MeO.G
1 y-terpinene (1.2 equiv.) 602
P NG 3a CO2Me
2a-f 2,6-lutidine (1.2 equiv.), 60 °C Ph 4a
L 1.5 equiv. Blue LEDs, MeCN (0.5 M), 24 h
]
> (0]
< 06 O\\S//O L
s P> e ™S P B B N0 e P N0 o,
& 04 2a: 90% 2b: 85% 2¢: 94% 2d: 91% 2e: 75%
Z i
- (0]
02 e j\ I
)|\ P P N0 Sue PR N07 1 OE
0 Ph Ph ) OEt
300 350 400 450 500 550 600 650 700 of 87% Unreactive

Wavelength (nm)

Fig. 2 | Design plan and reaction development. a, Proposed catalytic cycle. Starting from catalyst 1, the first step of the cycle is the reaction with 2 to form
Il via an S2 manifold. Il then undergoes photolytic C-S cleavage to give lll and IV. C-C bond formation then occurs between Il and 3, forming V. H-atom
transfer with 1,4-cyclohexadiene then gives product 4 and VI. Electron transfer between VI and IV regenerates catalyst 1and completes the catalytic
cycle. The combination of radicals IV and V is also possible, which would afford the dithiocarbamate group transfer product of type VII, a photoactive
species in equilibrium with the progenitor radicals. b, The model reaction and the nucleophilic catalysts evaluated (1a-c). ¢, Absorption of intermediates
I, recorded in CH;CN at [0.05M], isolated on Sy 2 reaction of catalysts 1and benzyl chloride 2a. lla: 4,,,,,=355nm, €355 =68 M~'cm~". llb: 4,.,,=365nm,
£365=9000 M~'em~". llc: A,,,,, =344 nm, &5,,=18400 M-'cm~". d, Evaluating the leaving groups (LG) suitable for the S\2-based benzyl radical

generation strategy.

strategy in the context of different C-C bond-forming transforma-
tions (Fig. 3). We first explored the scope of the Giese-type addition
to fumarate 3a catalysed by the nucleophilic catalyst 1c (Fig. 3a).
A large variety of benzylic electrophiles bearing both electron-rich
and electron-poor aryl substituents were all competent substrates
(2g-j). In addition, a secondary benzylic substrate (2k) and prenyl
chloride 21 (an allylic radical precursor) afforded the corresponding
conjugate addition products in moderate yields. The strategy can be
used to implement a radical a-aminomethylation process, allowing
the introduction of an oxazolidinone, a protected secondary amine,
or a protected primary amine from readily available precursors
2m-o. We then evaluated the compatibility with unprotected polar
functional groups, which is an essential criterion when assessing a
method’s potential applicability to complex molecule synthesis and
drug discovery™. Our approach displayed a high level of tolerance
towards nitrogen-containing heterocycles, including thiazole (2p),
isoxazole (2q), pyrazole (2r), and triazole (2s) scaffolds. These com-
mon motifs are typically found in drug molecules. However, they
generally represent a significant tolerability challenge for synthetic
methods. In addition, our strategy’s unique mechanism allowed the
predictable and chemoselective activation of Sy2-prone substrates
bearing reactive functional groups, which would be incompatible
with other radical generation methods or metal-based strategies.
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An aryliodide (2t), a free carboxylic acid (2u), an unprotected alco-
hol (2v), and an aldehyde (2w) were all tolerated and activated exclu-
sively at the desired benzylic position. Finally, we demonstrated that
the Giese-type reaction of commercially available N-(chloromethyl)
phthalimide 20 can be used with a variety of Michael acceptors
(Fig. 3b). Olefins bearing assorted electron-withdrawing groups
(for example esters, nitriles, sulfones, and imides) all reacted in
good yields leading to adducts 5a-e. These functional groups cre-
ate opportunities for product diversification. In general, the radical
conjugate addition protocol requires weak light illumination and a
slight excess (1.5 equivalents) of the radical precursor. Noteworthy,
the choice of the leaving group in the radical precursor was dictated
by commercial availability or ease of substrate synthesis.

We then applied our catalytic system to develop other syntheti-
cally useful radical C-C bond-forming processes. Based on our
mechanistic proposal, we reasoned that a cyclohexadienyl radical of
type VI, a crucial intermediate which acts as a reductant to turnover
the catalyst (Fig. 2a), could be generated upon radical trapping by
an electron-rich aromatic system. This mechanistic variation, which
avoids the use of a stoichiometric H atom donor, was successfully
implemented to enable the preparation of functionalized (hetero)
aromatic products. The sequential radical addition/cyclization of
aromatic acrylamides 6°', promoted by catalyst 1c, provided a range
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Fig. 3 | Reaction scope. Reactions performed at 0.5 mmol scale, unless otherwise stated; yields refer to isolated material after purification. a, Radical
precursors suitable for the Giese addition to dimethyl fumarate 3a. Functional groups that are prone to atom abstraction (products 2t, 2v, and 2w) and to
SET oxidation (adduct 2u) or are incompatible with metal catalysts (2t), bases (2u), and organometallic reagents (2u and 2w) are tolerated well. b, Scope
of the electron-poor olefins for the Giese addition. ¢, Tandem radical addition/cyclization of N-arylacrylamides affording 3,3-disubstituted oxindoles.

d, Radical functionalization of electron-rich (hetero)arenes. Ms, mesylate; DCE, 1,2-dichloroethane; NPhth, phthalimide. 2Run over 48 hours using 20 equiv.
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of differently substituted oxindoles 7 (Fig. 3c). Similarly, the direct
radical functionalization of electron-rich (hetero)aromatics, includ-
ing an unprotected pyrrole (8i), was developed starting from eas-
ily available alkyl chlorides as radical precursors (Fig. 3d). Various
reactive functional groups, including aldehydes, secondary amides,
and free alcohols, were tolerated, leading to synthetically valuable
substituted (hetero)aromatic compounds 8*.

To showcase our system’s synthetic utility, this strategy was
applied to the synthesis of the pyrrole derivative 8h (Fig. 4a).
Adduct 8h is an intermediate en route to Tolmetin, a marketed non-
steroidal anti-inflammatory drug®**. Using 5 mol% of catalyst 1c, we
could perform a multigram-scale preparation of 8h in ethyl acetate,
an industrially preferred solvent. The reaction was also amenable to
the use of a continuous-flow photoreactor”. Further experiments
detailed in Fig. 4b demonstrated that this method is compatible with
the functionalization of biorelevant compounds bearing unpro-
tected polar functional groups. It allowed the late-stage introduction
of a pyrrole (adduct 10) and an oxindole moiety (11) into mesylate
derivative 9, synthesized in a single step from cortisone. The nucleo-
base analogues 13 and 16 could be readily obtained from commer-
cially available uracyl chloride 12 and adenine 14, respectively.

Finally, we applied our strategy to perform an organocatalytic
stereoselective intermolecular a-alkylation of aldehydes using alkyl
chlorides. This transformation, which was originally reported in
2008 using bromomalonate 18a and the chiral secondary amine
catalyst 19a to afford the enantioenriched product 20 (Fig. 5a),
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laid the foundations for the development of the field of photoredox
catalysis'"*". Since then, this process has served as a benchmark to
measure the efficiency of new photoredox catalysts™*. All proce-
dures reported so far used alkyl bromides as radical precursors. As
depicted in Fig. 5b, the dithiocarbamate anion catalyst 1c can effec-
tively activate a variety of easily available alkyl chlorides toward the
direct enantioselective alkylation of aldehydes 17. The chemistry
was effectively performed at ambient temperature using 1c in com-
bination with organocatalysts 19a or 19b to afford the correspond-
ing a-alkylation products 20—22.

Conclusions

In summary, we have reported a photochemical strategy that
exploits an Sy2 process (a fundamental path in ionic chemistry®)
to generate open-shell intermediates from a variety of electrophilic
substrates that would be incompatible with or inert to traditional
radical-generating strategies. The method requires a readily avail-
able organic catalyst and occurs under visible-light irradiation.
Substrate scope investigations indicate that unprotected polar func-
tional groups and N-heterocycles are all well-tolerated. Preliminary
results highlight that this radical-generation strategy can be used
in more complex settings, including light-driven enantioselective
catalysis*’. These findings, along with the experimental simplicity
and the low cost of the catalyst, suggest that this method will find
further synthetic applications and is potentially amenable to medic-
inal chemistry and process development.
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strategy can extend the asymmetric alkylation of aldehydes to include alkyl
chlorides. Bpy: 2,2'-bipyridine; CFL: compact fluorescence lamp; SET:
single-electron transfer; TMS: trimethylsilyl.

Data availability:

The data supporting the findings of this study are available within the paper and
its Supplementary Information. Crystallographic data for Br-11, an analogue
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