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Exploring frustrated radical pairs through the
persistent radical effect: methods of generation
and recent applications

Darshika Singh (2 and Robert E. Maleczka Jr (2 *

Radicals have long fascinated chemists owing to their structure, reactivity, and other features. The
recent discovery of frustrated radical pairs (FRPs) has added a new dimension to this field. These unique
radicals, which do not conform to traditional radical behavior, have opened a world of intriguing
possibilities. FRPs have been categorized into neutral and ionic frustrated radical pairs and both are
addressed as FRPs in this review. These pairs consist of two different (transient and persistent) radicals or
radical ion pairs that do not react with each other. Such orthogonal reactivities and the resultant
"persistent radical effect” enable chemical transformations that are difficult to achieve using traditional
radical chemistry. This highlight uses recent examples to explore the different ways of generating these

rsc.li/chemcomm

Introduction

Though the concept of chemical frustration has long been
established," Frustrated Radical Pairs (FRPs) are relatively
new to the field.>* FRPs bear similarities to Frustrated Lewis
Pairs (FLPs). In their 2006 seminal report, Stephan and
coauthors demonstrated that (CsH,Me3),PH and B(CgFs)s3
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radical pairs and their working principle, highlighting the novelty and potential of this emerging field.

did not show traditional Lewis acid-base chemistry due to
steric repulsion. Instead, what they termed as frustrated
Lewis pairs was shown to activate dihydrogen (H,).* After this
breakthrough discovery, follow-up studies explored the dif-
ferent applications of FLP chemistry.” Among the most
important applications of FLPs were their use in activating
small molecules, including H,, CO,, and CO (Fig. 1).*’
Mechanistic investigations into such small molecule activa-
tions would ultimately lead to the discovery of frustrated
radical pairs (FRPs).
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Fig. 1 Frustrated Lewis pair and its applications for activating small molecules.

The seeds of that discovery were planted in 2011 when Piers
suggested four possible mechanisms for H, activation using
FLP chemistry.® Other than the heterolytic cleavage of the H,
bond within the reactive pocket of the encounter complex
(Fig. 2, pathway a),” a homolytic pathway was also hypothesized
(Fig. 2, pathway (b)). This latter mechanism postulates single
electron transfer (SET) from a Lewis base #-BusP to Lewis acid
B(C¢F5); to form a radical anion/radical cation ion pair, which
then homolytically cleaves a hydrogen bond. This radical ion
pair was later recognized as the frustrated radical ion pair. Piers
acknowledged that due to the mismatch of redox potential for
B(CeFs); and ¢-BusP, any formation of this radical cation/anion
ion pair would be limited to subnanomolar concentrations.
Later, in 2013, Stephan proposed a similar mechanism for
activating N,O using Al(Ce¢Fs); and RzP (R = t-Bu, mesityl,

Q
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naphthyl), which involves the frustrated radical ion pairs
formed via SET. The presence of radical ion pairs was observed
by an EPR study, marking these as the first reported examples
of frustrated radical ion pairs.'® This discovery highlighted the
potential of FRPs in C-H activation, inspiring further explora-
tion and application in chemistry.

Working principle

The chemical frustration in most FRPs arises from steric
hindrance."" The chemical bond between two frustrated radi-
cals would lie between states I and II on the potential energy vs
internuclear distance curve (Fig. 3A). At state I, two atoms/
molecules are far apart and experience no attractive force. As
atoms/molecules begin to experience attractive forces, state II is
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Fig. 2 Heterolytic (a) and homolytic (b) pathways to activate hydrogen. Pathway (b) led to the origin of the frustrated radical pair.
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Fig. 3 (A) Potential energy vs. internuclear diagram representing chemical frustration. (B) The persistent radical effect in frustrated radical pair.

reached, where the potential energy is lowest. This repulsive
force then dominates III (Fig. 3A)."> Regarding FRPs, the two
bulky radicals would approach each other (due to inherent
radical properties), aiming to reach the lowest energy state by
radical combination, but steric repulsion forbids such a pro-
cess. Therefore, they lie at state IV (shaded area), which is
between states I and II. At state IV, two bulky radicals experi-
ence attractive forces, but steric prohibit the coupling process,
and thus, the radical pair is frustrated.

This begs the question of why the two TEMPO radicals are
not considered FRPs (Fig. 4)? Afterall, TEMPO is a bench-stable
radical (lifetime ~2 years) and is widely used in organic
synthesis."?

The answer lies in the different reactivity of the two fru-
strated radicals, which is not applied in the case of the identical
TEMPO radicals. The distinct reactivity of FRPs is best under-
stood by consideration of the persistent radical effect (PRE).
The PRE is a kinetic phenomenon that explains the high cross-
selectivity of radical-radical couplings."*"° If two radicals with
different lifetimes are generated at equal rates, the longer-lived
“persistent” radical will accumulate over time compared to the
short-lived “transient” radical, resulting in high cross-coupling
selectivity. Since FRPs cannot cross-couple due to steric hin-
drance, they follow another pathway leading to distinct
reactivities."*® When two frustrated radicals, a transient radi-
cal T* and persistent radical P*, are generated in solution at

)

Should two TEMPO radicals be considered a frustrated radical pair?

Z—0,

Fig. 4 No radical recombination in TEMPO radical.
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equal rates, the hindered transient radical T* can generate
another unhindered transient radical T’® via different chemical
transformations like rearrangement, fragmentation, atom or
group transfer and addition to an unsaturated molecule. This
unhindered transient radical T'® later cross-couples with the
hindered persistent radical P* (Fig. 3B)."*"*° This unique reac-
tivity has opened new avenues for this chemistry.

A recent report by the Lin group exploited this phenomenon
by first generating a hexamethyldisilazane and TEMPO radical
FRP via in situ single electron transfer (SET). The hexamethyl-
disilazane radical (the hindered transient radical) was able to
abstract a hydrogen atom from cyclohexane (N-H vs. C-H;
109 kecal mol ™", 98 kcal mol™") to form cyclohexyl radical (an
unhindered transient radical). Notably, the TEMPO radical
does not abstract the H-atom as the BDE of the O-H bond is
70 kecal mol ™', which is 30% weaker than the typical O-H
bond."® The unhindered transient cyclohexyl radical is subse-
quently trapped by the persistent TEMPO radical to give a cross-
coupled product 1 (Scheme 1)."”

TEMPOBF, (1.0 equiv)

(A) Reaction conditions
LiHMDS (1.25 equiv)
TEMPO (0.2 equiv)

H
O/ PhCF3 (0.1 M), rt, 30 min

(5 equiv) 1

NI N R
Transient Si_._Si
radical |~ "N \>< N
H
GNPy,
Si Si o

Persistent
radical

~l L

/Si\N,Si\ _~ \’]l/ ~ 9O .4
BDE (N-H) BDE (C-H) H
109 kcal/mol 98 kcal/mol
Scheme 1 (A) Reaction conditions for C—H bond activation using FRP. (B)

Trapping of cyclohexyl radical with TEMPO governed by the persistent
radical effect.
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In 2021, the Tang group reported on the sulfenylation of
indoles under aerobic conditions by irradiation of B(CeFs); and
indole-based electron donor-acceptor (EDA) complex
(Scheme 2). Here again, the persistent radical effect can be
invoked. Specifically, transient [B(C¢F5)3] *, after reacting with
oxygen, gives an intermediate that abstracts an H-atom from
thiophenol to generate another unhindered transient radical
(3a). Transient radical 3a couples with the persistent indole-
based radical cation to provide product 4 upon proton removal
(Scheme 2B).'® This report, along with other similar studies,
has played a pivotal role in demonstrating the unique reactivity
of frustrated radical pairs, enlightening the scientific commu-
nity about the potential of this chemistry.'®

Ways of generating FRPs and their
applications

FRPs can be categorized as neutral or ionic depending on the
reductant and oxidant. If the reductant and oxidant are ionic,
single electron transfer (SET) from the reductant to the oxidant
generates a neutral FRP.>* Conversely, a neutral reductant and
oxidant pair generate an ionic FRP. Both are addressed as FRPs
in this highlight. To date, three ways have been shown to
generate FRPs from FLPs: (a) by thermal SET, (b) by

7012 | Chem. Commun., 2025, 61, 7009-7018

(A) Reaction scheme for sulfonation of indole. (B) The proposed reaction mechanism, governed by the persistent radical effect.

photoinduced SET, and (c) by substrate-assisted generation of
FRPs from FLPs.'®** Each of these methods and applications of
the so-generated FRPs are further described below.

Thermal SET for the generation of FRP

In considering the generation of FRPs from FLP, it is helpful to
examine the process through the lens of Mulliken theory.
Donors and acceptors interact to form electron donor-acceptor
(EDA) complexes [D-A], which generally have a new absorption
band (typically lying in the 400-700 nm range) different from
that of the individual donors and acceptors. The frontier
orbitals of electron donor (D) and electron acceptor (A) interact
to form new molecular orbitals that cause this new absorption
band (Fig. 5A). EDA complexes are analogs to the weakly
bound species known as an encounter complex (E) in FLP
chemistry.”>?* Encounter complexes are held together by weak
non-covalent interactions, not classical dative bonds.”*® Upon
thermal excitation of these EDA or encounter complex (E), SET
from a donor (D) to an acceptor (A) forms a radical ion pair
[D**, A*"] (FRP) as long as the energy gap (AE) for SET is
< 9 kecal mol '.*”® These radical ion pairs [D**, A*"] often
undergo back electron transfer to generate [D, A] complex.
According to Boltzmann distribution, for a 0.06 M solution,

This journal is © The Royal Society of Chemistry 2025
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FRPs through thermal single electron transfer.

this corresponds to equilibrium with an energy gap (AG) of
approximately 9 kcal mol ™" (0.4 eV) between the EDA complex
(ground-state) and the radical pair. This leads to the formation
of detectable radicals in concentrations as low as 10~ °M via
thermal SET (Fig. 5B). The Slootweg group has shown that this
energy gap depends on the Lewis base’s ionization energy and
Lewis acid’s electron affinity.>®

The Wang group provided evidence for the formation of
methylene-bridged triarylamine radical cation 5a. When a 1:1
mixture of triphenylamine 5 and B(C4Fs); in dichloromethane
was stirred for 72 h at room temperature, SET from triarylamine
to B(CeFs); was observed. EPR studies and UV-vis provided
evidence for triphenylamine radical cation 5a formation
(Scheme 3A).*° Recently, the Ooi group has shown the thermal

(A) Wang and coworkers, 2013

5, 5

72 h rt
+ +
B(CeFs)3 B(CeFs)3
(0.19 mmol, 1:1 mixture) (5a, supported by EPR
and UV-vis)
(B) Ooi and coworkers, 2020
Nt
~ N N Si -~ N Si S
> |
CH,Cl, —
+ B(CgFs)3 + B(CgFs)3
Br Br
6 6a
(6a, supported by ESR
and UV-vis)

Scheme 3 Generation of FRP via thermal single electron transfer by
(A) Wang and coworkers (2013), (B) Ooi and coworkers (2020).

This journal is © The Royal Society of Chemistry 2025
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(A) General molecular orbital diagram for the formation of EDA complex and its excitation. (B) Schematic diagram representing the formation of

SET between a mixture of B(CeFs); and N-methyl-N-((trimethyl-
silyl)methyl)aniline derivative 6 under similar conditions. N-
Methyl-N-((trimethylsilyl)methyl)aniline derivative 6 was cho-
sen due to its lower oxidation potential (0.23 V), which, upon
SET, formed radical cation 6a (stability stemmed from the
hyper-conjugation effect of the silicon-carbon bond), which
was supported by ESR and UV-vis studies (Scheme 3B).**

Another landmark paper was recently published by the Lin
group in which they used the hexamethyldisilazide anion
(HMDS ™) and the N-oxoammonium cation 2,2,6,6-tetramethyl-
1-oxo-piperidinium (TEMPO') 7. Single electron transfer from
HMDS~ to TEMPO" resulted in the formation of neutral FRP
that consists of a persistent radical TEMPO® 7a and transient
radical HMDS® (Scheme 4A).*> The EPR signal was observed for
stable TEMPO® (sterically encumbered). However, strong H-
atom acceptor HMDS® could not be seen in EPR (N-H BDE
~109 keal mol ). Together, these species could do regioselec-
tive activation of C-H bonds in small and complex molecules
(reaction conditions mentioned in Scheme 1A), which could be
controlled by tuning the structure of the donor molecule
(Scheme 4B). After activation of the C-H bond, TEMPO trapped
species 7b showed a reduction, halogenation, deuteration, and
nucleophilic substitution, among many other things, showing
the diversification of this product.’* Following their work, they
have recently demonstrated that FRPs containing transient
alkoxy radicals and persistent TEMPO radicals, by operating
under PRE, undergo B-scission, radical cyclization, and remote
C-H functionalization (Scheme 5).**

Photoinduced SET for the generation
of FRP

The energy difference between the encounter complex (E) (or
EDA complex) and the corresponding radical ion pair plays a
vital role in determining the nature of single electron transfer.
In this way, the generation of FRPs from FLPs is viable even
when AE > 9 kcal mol ™. In 2020, Slootweg demonstrated that
in the case of a significant energy gap (35.7-71.4 kcal mol™*,

Chem. Commun., 2025, 61, 7009-7018 | 7013


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc00946d

Open Access Article. Published on 16 April 2025. Downloaded on 7/31/2025 12:11:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

(A) Generation of FRP via Thermal SET

| \ | { N
~ - N e Si__ _Si
/Sl\ﬁ,& /SI\N/SI\ A (TN

I
SET H—R H
0 o R
N |‘\] N
®
7 7a 7b
(Supported by EPR,

cyclic voltammetry etc.)

(B) Application in regioselective C-H activation

é o
100 100
__ 80 .80
g g
> 60 260
= 2
8 40 840
& &
20 20
0 0
HMDS HPDS' +BuO HMDS HPDS'
Yield (%): 74 47 Yield (%): 50 87 30
t-BuO HMDS HPDS
B | |/ Ph_ | | _Ph
: Ssic Sil Ssio_siC
N Ph” "N Ph
0 &) A
o
Scheme 4 (A) Generation of FRP via Thermal SET. (B) Application in

regioselective C—H bond activation.

A = 400-800 nm), upon irradiation of visible light, SET can
occur in encounter complex to form radicals (Fig. 6A). More-
over, it is possible to tune this energy gap and predict the
nature of SET based on the ionization energy (IE) of the donor
and the electron affinity (EA) of the acceptor.>

In 2011, while suggesting a mechanism for generating
frustrated radical pairs, Piers accounted for the mismatch of
redox potential in (¢-Bu);P/B(CeF5); FLP. Therefore, he men-
tioned that this pair is not suitable for thermal SET.? Later,
Slootweg calculated the energy gap between an FLP and its
corresponding radical ion pair based on IE and EA of the
corresponding donor and acceptor (Fig. 6B). In this way, the
calculated energy gaps (sum of IE and EA) between the Lewis
acid/base pair and its corresponding radical ions were
67.4 kcal mol " for (t-Bu);P/B(C¢Fs) and 57.8 kcal mol ™" for
(Mes);P/B(CgFs);. The authors suggested that these FLPs will
undergo a photoinduced SET process as the value lies in the
visible light range (Fig. 7). Upon irradiation of visible light for
90 seconds on corresponding FLP, an EPR signal was observed
that was attributed to the superposition of two radical species
(Mes3P*"/B(C4Fs)s°~ and (t-Bu)sP*" and B(CeF5);° ). This work
demonstrated that the energy required for single electron

7014 | Chem. Commun., 2025, 61, 7009-7018
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transfer could be decreased to fall under the thermal process
by wisely choosing Lewis acid and Lewis base pair.*’

As previously alluded to, the Tang group utilized this con-
cept on the B(C¢Fs); and indole-based EDA complex. Upon
irradiation of Blue LED on this EDA complex for 7-12 h, FRP
8a was generated, which was utilized in the sulfenylation of
indoles under aerobic conditions. Upon irradiation by a
30 W blue LED lamp at 298 K for 10 min with blue LEDs under
air, ethylene chloride solution containing 8 (0.1 M) and
B(C¢F5); (0.005 M) gave an intense EPR signal (g = 2.00296)
(Scheme 6A)."® Ooi and co-workers observed that an equimolar
mixture of 4-bromo-N,N-dimethylaniline 9 and B(CeFs)3
in dichloromethane did not give a signal. Interestingly, irradia-
tion with a 405 nm LED light source led to the detection of
FRP 9a (Scheme 6B). Compared to N-trimethylsilylmethyl
6 (Scheme 3B), this different behavior of 4-bromo-N,N-
dimethylaniline 9 could be attributed to its lower reactivity
and its higher oxidation potential (6: 0.23 V, 9: 0.50 V vs. Fc/
Fc"). In addition, rates of different back electron transfers are
also crucial. External energy from photoirradiation is required
due to the higher energy barrier for SET and the faster back
electron transfer of 9a. Gibbs free energy value calculated by
DFT calculation for SET reactions also supported that energy
was 4.2 kcal mol™' higher for 9 and 9a (Scheme 6B) than
between 6 and 6a (Scheme 3B).>! These FRPs are also applied
in carbon-carbon bond formation reactions. This FRP in the
presence of methyl vinyl ketone afforded compound 10a
with 31% yield in 36 hours (Scheme 6C). Recently, the same
group has also shown such a phenomenon on an intra-
molecular FLP p-diarylboryl halothiophenolates, which, upon

This journal is © The Royal Society of Chemistry 2025
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absorbing visible light, showed an intramolecular charge
transfer to form a radical pair consisting of a thiyl radical
and boron radical anion.'” Another emerging subfield
related to FRP chemistry is generation and use of
poly(FRPs). Recent work utilized photoinduced SET to
generate poly(FRPs), which were shown to catalyze hydrogena-
tions, gas-gelations, and radical-mediated photocatalytic
perfluoroalkylations.**

This journal is © The Royal Society of Chemistry 2025

Substrate-assisted generation of FRPs
from FLPs

Weaky-associated FLP encounter complexes (E) can also lead to
the formation of a reactive pocket that helps in the activation of
small molecules. Such FLP encounter complexes can thereby
react with a small substrate (S), which in turn can generate a
frustrated radical pair (Fig. 8).

Chem. Commun., 2025, 61, 7009-7018 | 7015
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Fig. 8 Generation of FRP through the substrate-assisted method.

An example of substrate-assisted generation FRPs from FLPs
can be found in Stephan’s work on the capture of N,O by a
boron and phosphorous-based FLP (B(CgFs)s/¢t-BusP). Building
off the knowledge that the formation of Lewis acid-base adduct
(t-BuzPO)B(CgFs); is possible through ejection N, under ther-
molysis or photolysis condition,*® Stephan showed that altering
the Lewis acid affects the chemistry dramatically. Namely, the
R3P/Al(CeF5); pair could not only capture N,O to form an
R3P(N,0)Al(CeF5); (R = Mes, t-Bu) adduct, but upon reacting
with another equivalent of Al(C¢F;); liberated N, and generated
transient FRPs 11 (Scheme 7A).

For ([MessP*]")/[(1-O%)(Al(CoFs)s),]” FRP 11a, EPR studies
and its UV-vis spectrum indicated the presence of the phos-
phoniumyl radical cation, but an EPR signal for the Al, oxyl
radical anion [(u-O®)(Al(CeFs);).] was not observed. This fail-
ure was attributed to that species shorter lifetime. Nonetheless,
it was found that [(u-O°)(Al(CeFs)s3),]” capable of undergoing
hydrogen atom transfer(HAT) with the toluene solvent as
[(w-HO)(AL(CFs)3);]” was observed (Scheme 7B). Additionally,
FRP ([t-BusP*]")/[(1-O°)(Al(CgFs)s),]~ 11b, where the ligand on
phosphorous switched from Mes to t-Bu, underwent C-H bond
activation of the ¢butyl group when the solvent was

7016 | Chem. Commun., 2025, 61, 7009-7018

+
O’\\LB— S —LA;'” — O—\LB LA-~-|Q

Substrate S reacts with E

o

fluorobenzene (Scheme 7B).*° These reactions of 11a and 11b
are the first examples of C-H bond activation via FRP chem-
istry. It is worth noting that, unlike with 11a, an EPR signal was
not observed for [t-BuzP*]"."° This difference was explained by
the fact that, as Slootweg and co-workers determined by tran-
sient absorption spectroscopy,”® [t-BuzP*]" has a shorter life-
time than [Mes;P*]" (6 vs. 273 ps respectively).

FRPs can also be generated from FLPs in which SET cannot
occur spontaneously. In such cases, adding a substrate that will
accept an electron from the Lewis base and donate it to the
Lewis acid facilitates the generation of the FRP.

Tetrachloro-p-benzoquinone (TCQ) is among the substrates
that can facilitate the generation of an FRP from an FLP by a
concerted Lewis acid/base action.’®>” This was demonstrated
by Stephan and co-workers, who detected a visible absorption
maximum at 573 nm when half an equivalent of TCQ 14 was
added to Mes;P/B(C¢F5); in toluene at —78 °C. This measure-
ment is consistent for [Mes;P]*", though only a weak EPR signal
was observed.*® A Mes;P/B(C¢Fs); FLP in the presence of TCQ
gave [Mes;P*]",[(C6F5)3sBOCCl,OB(CeFs);]°~ 14a (Scheme 8A).
The identification of intermediate radical salts supported that
the mechanism followed SET from the Lewis base to the Lewis

This journal is © The Royal Society of Chemistry 2025
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Scheme 8 (A) FRP Generation upon adding 1/2 equivalent of Tetrachloro-p-
benzoquinone (TCQ) (B) Proposed mechanism for the generation of FRP 8c
where TCQ EA increases by coordination with Lewis acid B(CgFs)s.

acid.’” Furthermore, Slootweg®* found that this reaction also
proceeds in the dark. B(Ce¢Fs); and TCQ 14 are not strong

This journal is © The Royal Society of Chemistry 2025

(A) Generation FRP using N,O. (B) Application in C—H activation.

enough electron acceptors (electron affinity (EA) = —3.31 and
—4.45 eV, respectively’®) to facilitate a thermal SET. It was
suggested that when B(C¢Fs); coordinates to TCQ 14 to form
TCQ-B(C¢Fs); adduct 14b, the electron affinity (EA = —5.57 V)
increases. As a result, rapid SET from Mes;P to 14b forms the radical
ion pair [Mes;P]* "[C¢Cl,0,B(C6F5);]*~ 14¢ (Scheme 8B).>**%*° In
short, adding TCQ facilitated the SET process in Mes;-
P/B(C4Fs); to generate FRP."'

Conclusion

Compared to the frustrated Lewis pair, frustrated radical pair
chemistry is relatively new. Nonetheless, frustrated radical
pairs have shown applications in weak and strong bond activa-
tion, sulfenylation, small molecule activation, dehydrohalo-
genation reactions, radical cyclization and many more. Some
examples have shown that selectivity in this chemistry can be
easily tuned and used in diverse chemical modifications, mak-
ing it even more exciting and showing that it could be an
essential synthesis toolkit. As this field continues to evolve, it
enhances understanding of fundamental principles like FLP,
PRE, and radical chemistry. It also holds promises of advancing
its application to different fields of chemistry.
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