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ture of covalently tethered
distonic radical anions in the generation of
heteroatom-centered radicals: evidence for the
polarity-matching PCET pathway†

Kang Fu,‡ Xihui Yang,‡ Zhiyou Yu, Lijuan Song * and Lei Shi *

Recognition of the intermediacy and regulation of reactivity patterns of radical intermediates in radical

chemistry have profound impacts on harnessing and developing the full potential of open-shell species

in synthetic settings. In this work, the possibility of in situ formation of O/N–X intermediates from

Brønsted base covalently tethered carbonyl hypohalites (BCTCs) for the generation of heteroatom-

centered radicals has certainly been excluded by NMR experiments and density functional theory

calculations. Instead, the spectroscopic analyses reveal that the BCTCs serve as precursors of tether-

tunable distonic radical anions (TDRAs) which have been unequivocally substantiated to be involved in

the direct cleavage of O/N–H bonds to generate the corresponding heteroatom-centered radicals.

Meanwhile, a deep insight into the properties and reactivities of the resulting TDRAs indicates that the

introduction of a tethered Brønsted base on the parent open-shell species reinforces their stabilities and

leads to a reversal of electrophilicity. Moreover, the dual descriptor values and electrophilicity indices are

calculated based on eleven reported radical reactions involving various electrophilic/nucleophilic radical

species, further confirming their validity in the prediction of the polar effect and the polarity-matching

consistency between nucleophilic TDRAs and protic O/N–H bonds. The additional halogen-free

experiments mediated by the combination of phthaloyl peroxide and TEMPO also prove the feasibility of

the TDRA-assisted philicity-regulation approach. Lastly, detailed intrinsic bond orbital (IBO) and

Hirschfeld spin population analyses are employed to elucidate that the H-atom abstraction processes are

the polarity-matching proton-coupled electron transfer (PCET) pathways, with a degree of oxidative

asynchronicity.
Introduction

Heteroatom-centered radicals (Ec, E = O, N) are crucial chem-
ical entities extensively involved in organic synthesis,1,2 mate-
rials science3 and biology.4 The distinct characteristics of these
open-shell species such as the existence of unpaired electrons,
the high electronegativity of heteroatoms, and diverse hybrid-
izations impart them with versatilities, reactivities and selec-
tivities.5 Despite their power and inuence, the synthetic
utilities of heteroatom-centered radicals are still less explored
than those of carbon radicals owing to the shortage of conve-
nient access to their efficient generation and the lack of
awareness of their reactivity patterns and properties.1,6
ing, School of Science(shenzhen), Harbin
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12409
Generally, such reactive radical species (Fig. S4 and S5†) can
be accessed by the cleavage of relatively weak E–E, E–S, and E–X
(X = F, Cl, Br, I) bonds from pre-activated substrates through
mechanically different processes including: (i) homolytic
cleavage of an in situ generated weak E–X bond,7 (ii) mesolytic
bond cleavage via single electron transfer (SET),8,9 and (iii)
homolytic bond cleavage via energy transfer (EnT)10,11 (Fig. 1a).
Notably, direct cleavage of the E–H bonds represents another
nontrivial activation mode with a higher step and atom
economy. By virtue of ligand-to-metal charge transfer
(LMCT),2,12,13 hydrogen atom transfer (HAT)14,15 or proton-
coupled electron transfer (PCET),16,17 an array of heteroatom-
centered radicals could be accessed from common closed-shell
E–H containing compounds without any pre-functionalization
(Fig. 1b le). However, the pinpoint controllable transfers of the
proton and electron, which are closely correlated with direct
generation of Ec from E–H containing compounds, have not
been well-addressed due to a series of intrinsic restrictions. For
instance, an interdependent and inverse correlation of the
acidity constant (pKa) and E° presents the challenge of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Strategies for the indirect generation of heteroatom-centered radicals. (b) Strategies for the direct generation of heteroatom-centered
radicals. (c) Critical experimental and theoretical studies for the TDRA-mediated generation of heteroatom-centered radicals through the
philicity-regulation approach and PCET step.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 12398–12409 | 12399
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structural modication for more potent HAT reagents.18 In
contrast, a collaboration of an independent electron acceptor
and a Brønsted base in PCET overcomes the extrinsic thermo-
dynamic limitations, while termolecular systems (substrate,
base, and oxidant) are intrinsically disfavored on entropic
grounds.19 To circumvent these obstacles, many researches
started to utilize tethering strategies enlightened by natural
biological precedents such as the covalent integration of
oxidation centers and intramolecular Brønsted base scaffolds
(e.g., the carboxylate anion),20 typically represented by heme-
propionate controlling the redox potential of heme upon
interaction with ascorbate (Fig. 1b right and Fig. S3†).

Different types of heteroatom-centered radicals have distinct
congurations and substituents, which inuences their elec-
tronic characters and radical philicities.2,21 For example, alkoxy
radicals exhibit electrophilic behaviors and high reactivities,
due to the unpaired electron at more electronegative oxygen
atoms and the dearth of spin delocalization.2 Different
substituents on oxygen-centered radicals could increase or
reduce the electron deciency at the corresponding radical
center. Similarly, nitrogen-centered radicals, such as iminyl,
aminyl, amidyl, and aminium species,21 offer diverse reactivities
from nucleophilic to electrophilic. In particular, heteroatom-
centered distonic radical anion species, which possess spatially
separated charge and spin sites, have been documented to
display orbital energy-level conversion and be more stable than
their protonated or nonsubstituted counterparts.22

In our previously reported ring-opening halogenation reac-
tion23 and C(sp3)–H amination reaction,24 the intermediacy of
the tether-tunable distonic radical anion (TDRA) was proposed
to facilitate the formation of heteroatom-centered radicals,
primarily on the basis of radical trapping experiments and
density functional theory (DFT) calculations. However, alter-
natively, Muñiz and Nagib suggested that the involved hetero-
atom-centered radicals were generated from the corresponding
in situ formed E–X compounds.7,25 Indeed, the inevitable
participation of the halogen source led to an uncertain mech-
anism, that is, the generation of heteroatom-centered radicals
may occur through the following two pathways: (1) homolytic
cleavage of weak E–X bonds of in situ generated stoichiometric
1-X or 3-X and (2) direct cleavage of strong E–H bonds. In this
report, we present a series of experimental and computational
pieces of evidence, including (i) NMR analyses and potential
energy surface calculations to exclude the in situ formation of
the E–X (X = Br, I) compounds; (ii) investigations on identifying
the structures of Brønsted base covalently tethered carbonyl
hypohalites (BCTCs) and the properties and reactivities of the
resulting TDRAs; (iii) rigorous investigation of the radical phi-
licity and polar effect to evaluate our two TDRA-mediated
protocols together with eleven other reported radical reactions,
and the philicity-regulation strategy in two halogen-free HAA
processes, and (iv) intrinsic bond orbital (IBO) and the
Hirschfeld spin population analyses for the revelation of
a polarity-matching PCET process in an oxidatively asynchro-
nous manner (Fig. 1c). These results not only reveal the acti-
vation mode of TDRA-induced heteroatom-centered radical
generations but also provide a practical and efficient philicity-
12400 | Chem. Sci., 2024, 15, 12398–12409
regulation approach for parent heteratom-centered radicals by
introducing a suitable anionic fragment.

Results and discussion
Investigation on the possibility of in situ formation of O–Br or
N–I compounds as heteroatom-centered radical precursors

While Singleton and co-workers recently proposed a hypo-
bromite radical chain mechanism for BCTC-1-induced ring-
opening bromination of 1-methylcyclobutanol,26 we deemed
that evaluating the possibility of in situ formation of the E–X (X
= Br, I) containing species would be a good starting point for
the mechanistic investigation. E–X cleavage is one of the most
common indirect methods to access heteroatom-centered
radicals through thermolysis and UV photolysis or with radical
initiators.27,28 In this regard, E–halogenated derivatives can be
easily synthesized from native E–H containing compounds
using common halogenating reagents, and they are also formed
in situ owing to their innate instability.29,30 In general, structural
elucidation by NMR spectroscopy can provide convincing
evidence for the in situ formation of E–halogenated species.31 To
distinguish the difference between the above two possible
reaction pathways (homolytic cleavage of E–X bonds or direct
cleavage of E–H bonds), the rst critical question is whether the
in situ formation of the E–halogenated species could be detected
by NMR spectroscopy of the reaction mixture with appropriate
standards.

Initially, the corresponding hypobromites were prepared
from 1-phenylcyclohexanol (1b) and 1-methylcyclohexanol (1d)
in the presence of Br2 and HgO in the dark,32 and their identities
were further conrmed by NMR spectroscopy. For convenient
comparison, the strong carbon resonates in the 35–36 ppm
region for O–Br derivatives were employed as decisive signals
for the existence of corresponding hypobromites in the ring-
opening halogenation (Fig. 2a). With the assessment criteria in
hand, the in situ 13C NMR experiments of 1b and 1d were per-
formed using the combination of phthaloyl peroxide (PPO) and
n-tetrabutylammonium bromide (TBAB) in 1,2-dichloroethane
(DCE) at ambient temperature. Aer reacting in the dark for 70
min, a detectable trace amount of O–Br species could be
observed in the in situ 13C NMR spectroscopy, while most
cycloalkanol substrates were le and only a trace amount of
ring-opening products could be isolated. In contrast, aer
irradiation with blue LEDs for 40 min, no O–Br species were
detected in the in situ NMR experiments, while the corre-
sponding ring-opening products from 1b and 1d were isolated
in 73% and 86% yield, respectively (Fig. S7 and S8†). Mean-
while, although we failed to prepare the hypobromite interme-
diate 1a-Br due to high instability, the obviously low synthetic
efficiency was observed when 1a was subjected to the combi-
nation of PPO and TBAB in the dark at the same and even longer
reaction time (Table S5†). Analogously, in situ 1H NMR experi-
ments were conducted to investigate the formation of N–I
compounds in the C(sp3)–H amination of 3a and 3b by using the
combination of malonoyl peroxides (MPO) and CsI in MeCN. As
a result, no oxazoline product or N-iodo species was observed
with only imidate substrates recovered under the dark
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) NMR spectra for the exclusion of the in situ formation of O–Br compounds. (b) Exclusion of the in situ formation of N–I compounds. (c)
Radical trapping experiments. (d) EPR spectra of the spin-trapped radical time-dependent on the pronounced irradiation time. (e) The E–X (E =

O, N and X = Br, I) bond dissociation energies (BDEs) for BCTCs and the supposed O–Br/N–I intermediates formed from cycloalkanols and
imidates. N.D. = not detected.
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conditions for$2 h, while no labile N-iodo species was detected
by 1H NMR analysis under blue LED irradiation for 30 min
(Fig. 2b and S12–S16†).31 Taken in concert, the above
© 2024 The Author(s). Published by the Royal Society of Chemistry
observations reveal that the E–X species are not indeed formed
for the generation of heteroatom-centered radicals under our
standard conditions.
Chem. Sci., 2024, 15, 12398–12409 | 12401
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Subsequently, a series of radical trapping experiments were
carried out. The addition of 2,2,6,6-tetramethylpiperidinooxy
(TEMPO) or butylated hydroxytoluene (BHT) completely inhibi-
ted either ring-opening halogenation or C(sp3)–H amination
(Tables S1 and S2†). Interestingly, two different dicarboxylic
radical anion adducts with BHT were successfully isolated in the
presence or absence of starting materials, strongly implying that
the in situ generation of TDRAs was reasonable (Fig. 2c and
Tables S3 and S4†). To further assess the generation of TDRAs,
electron paramagnetic resonance (EPR) experiments were con-
ducted, wherein 5,5-dimethyl-1-pyrroline N-oxide (DMPO) or N-
tert-butyl-a-phenylnitrone (PBN) was used as the spin-trapping
agent. EPR spectra of PPO/MPO with or without TBAB/CsI
showed distinct signals at g∼ 2.0, which certied the generation
of new radical species before the addition of E–H containing
compounds (Section S4.5†).33,34 Additionally, the intensity of the
DMPO-adduct signal was found to be irradiation-time-depen-
dent (Fig. 2d), further suggesting that the new radical species
was generated from the gradual photoinduced process of the
combination of cyclic diacyl peroxides with halide salts. The
signal intensity decreasing with time was observed in the
measurement of the DMPO spin adduct of the PPO/TBAB system
due to the fast generation and innate instability of the O–Br
species. Furthermore, an increase in signal intensity was
observed in the measurement of the DMPO spin adduct of the
PPO/CsI system with the lapse of time, probably due to the poor
solubility of CsI in MeCN. As a matter of fact, when the mixture
of MPO and CsI was irradiated for 30 min before the addition of
3a, only a slight decrease in yield was observed (Table S12†). Also
of note, if themixture of PPO and TBABwas irradiated for 60min
prior to the addition of 1a, no ring-opening product was detected
(Table S13†). These experimental results are consistent with the
intensity changes in the EPR spectra.

On the other hand, the E–X (E = O, N and X = Br, I) bond
dissociation energies (BDEs) were calculated for BCTCs and the
supposed O–Br/N–I intermediates that formed from cyclo-
alkanols and imidates. The much lower BDEs of O–halogen
bonds in the BCTCs (<30.0 kcal mol−1 O–Br bonds and <25.0
kcal mol−1 O–I bonds) suggest that the homolytic cleavage of
their O–halogen bonds should occur more facilely than that of
proposed O–Br/N–I intermediates (>36.0 kcal mol−1 O–Br bonds
and >29.0 kcal mol−1 N–I bonds) (Fig. 2e).35 Based on these
experimental and computational results, it could be concluded
that TDRAs could be easily generated in situ from the combined
system of cyclic diacyl peroxides and halide salts with cation-
dependent properties.
Identication and characterization of the Brønsted base
covalently tethered carbonyl hypohalites (BCTCs)

A series of spectroscopic analyses such as NMR, UV-vis, Raman,
and high-resolution mass spectroscopy (HRMS) were carried
out to verify the exact structures of the BCTCs. The 1H and 13C
NMR experiments by mixing PPO/MPO and halide salts indi-
cated that two separate aromatic/cycloalkyl peaks were clearly
labelled, due to the symmetrical structures of dimeric or even
oligomeric BCTCs (Section S5.1†). In contrast, four separate
12402 | Chem. Sci., 2024, 15, 12398–12409
aromatic peaks were observed and no such dimer was formed in
the benzoyl peroxide (BPO)/TBAB system (Section S5.1†). The
UV-vis spectra of the PPO/TBAB and MPO/TBAB systems in CCl4
exhibited absorption features at 266 nm (3 = 748.4 M−1 cm−1)
and 273 nm (3 = 792.4 M−1 cm−1) respectively (Fig. 3a) and did
not show the broad features between 400 and 500 nm, which
completely excluded the initial formation of Br2 (lmax= 415 nm)
(Section S5.3†).36 The clearly decreased absorption intensity and
slight blue-shi were observed in the UV-vis spectrum when the
PPO/TBAB system was illuminated for 60 min, thus revealing
again that the key active species was unstable and photosensi-
tive (Fig. S25†). Furthermore, the Raman measurements of
several cyclic diacyl peroxide/iodized salt systems were con-
ducted in MeCN (Fig. 3b and Section S5.4†). The band near 168
cm−1 was assigned to BCTCs and the band at 110 cm−1 was
characteristic of I3

−.37 By comparing the computational and
experimental UV-vis and Raman spectra, the dimer of carbox-
ylate-tethered acyl hypohalites was deemed to be unstable active
species (Section S7.2 and S7.3†). Moreover, the consistency
between the structure and the molecular weight obtained by
HRMS analysis further proves the existence of BCTC-1 (Section
S5.2†). The operative role of tribromide or triiodide as possible
active species (Fig. S26 and S28–S30†) has also been ruled out,24

although it might be observed in solution.
Properties of the tether-tunable distonic radical anions
(TDRAs)

To explore the inherent chemical properties of structurally
unique TDRAs, we conducted a comprehensive comparison
with common acyloxy radicals. In contrast to the standard
conditions for ring-opening halogenation and C(sp3)–H ami-
nation, rather low yields were obtained by utilizing acyclic
benzoyl peroxides and other open-chain peroxides instead of
cyclic diacyl peroxides (Tables S7 and S8†), indicating that the
two respective carboxyl groups in TDRAs work together and the
cooperation of intramolecular Brønsted base brought by the
cyclic peroxides plays a key role in these transformations.

For a better comprehension of differences in reactivity and
properties between dicarboxylic radical anions and acyloxy
radicals, it is important to understand the inuence of the
presence of COO−A+ (A = TBA or Cs) on the modulation of the
BDEs of the acyloxy O–X (X = Br, I), which in turn affects the
stability of the acyl hypohalites or the acyloxy radical (Section
S7.5†).38 It is found that the BDE of the O–Br bond in BCTC-1
(BDEPc = 29.3 kcal mol−1) is much lower than that of acyl
hypobromite substituted by COOH or without substitution
(BDEPb = 36.4 kcal mol−1 and BDEPa = 35.5 kcal mol−1),
implying that the presence of COO−A+ is critical for the stability
of the resulting TDRAs (Fig. 3c and S37, S38†). This difference in
BDE is even larger in the system of aliphatic acyl hypobromite
(BDEMc = 29.7 kcal mol−1, BDEMb = 37.3 kcal mol−1, and
BDEMa = 39.2 kcal mol−1). The same trend is found in the case
of substituted acyl hypoiodite (Fig. S37 and S38†). Overall, the
tethered carboxylate anion substituents contribute to the pref-
erential stabilization of TDRAs. Considering that the photo-
chemical homolysis of the O–X bond of benzoyl hypohalite
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-vis spectra of BCTCs. (b) Raman spectra of BCTCs and other species. (c) Non-covalent interactions on the modulation of the BDE.
(d) SOMO–HOMO energy-level inversion (SHI) for TDRA-1. (e) ALIE to evaluate the intrinsic chemical reactivity of TDRAs.
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(derived from BPO) might require higher energy light due to the
higher BDE (>33.0 kcal mol−1), illumination with light of
wavelength 300 nm was chosen to perform ring-opening halo-
genation and C(sp3)–H amination in the BPO/TBAB or BPO/CsI
system, to compare the reactivity of the O-radicals generated by
the processes. As a result, the quite high energy light did not
bring signicant improvement in yields (29% vs. 20%, and 40%
vs. 31% respectively, Section S5.6†), suggesting that the effi-
ciency of generating acyloxy radicals may not be a restrictive
factor for smooth transformations.

Similar to other distonic radical anions,22 a SOMO (singly
occupied molecular orbital)–HOMO (highest occupied molec-
ular orbital) energy-level inversion (SHI) was observed for TDRA-
© 2024 The Author(s). Published by the Royal Society of Chemistry
1, showing that the SOMO in TDRA-1 is located on the oxygen
atom of the COO moiety and the corresponding energy level is
lower than HOMO−5 (Fig. 3d). This SHI is accompanied by
tuning the tethered carboxylic radical and carboxylate anion
moieties from a planar to a non-planar conformation with an
energy difference of 2.9 kcal mol−1. In most reported distonic
radical anions, the orbital conversion with lowered SOMO
energy largely contributes to the stability of the radical anion
intermediate.22 The stabilization is largest when a highly delo-
calized radical (e.g., TDRA-1) is combined with the deprotona-
tion of an acid–base group (e.g., COO−).39 However, the TDRA-2
does not display SHI, because the stabilization is negligible for
highly localized radicals (Section S7.6†).39
Chem. Sci., 2024, 15, 12398–12409 | 12403
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The calculations of the electrostatic potential (ESP)40 and
average local ionization energy (ALIE)41 were carried out to eval-
uate the intrinsic chemical reactivities of the TDRAs. The ESP
mapped van der Waals surface shows a negative region (minima)
located at the carboxylic radical, indicating a preferable site for
electrophilic attack.40 It is noticeable that the minimal value
decreased signicantly when a carboxylate anion was attached to
the radical species (Table S16†). It is generally recognized that
the ALIE could reect the ionization energy of an electron in
a local region.41 As the ALIE decreases, the weaker the electron
binding, the higher the reactivity of the electrons. As shown in
Fig. 3e and Table S17,† the electrophilic reaction site is located at
the benzene moiety in the benzoyl radical or TDRA-H. However,
once it is tailed with the carboxylate anion, the result differs to
some extent. In TDRA-1/3 and TDRA-2/4, the electrophilic reac-
tion site would move to the remote carboxylic radical moiety.
Both the ESP and ALIE analyses suggest that the carboxylate-
tethered distonic radical anions are nucleophilic (Fig. 3e).42

Based on the aforementioned ndings, the potential energy
proles of the ring-opening halogenation of cycloalkanols and
C(sp3)–H amination of imidates were thoroughly re-evaluated to
examine the rationality and feasibility of TDRA-mediated
generation of the heteroatom-centered radicals. PPO initially
reacts with tetramethylammonium bromide (TMAB) (simplied
model for TBAB) to generate BCTC-1, with a free energy barrier
of 12.6 kcal mol−1. It is found that mono BCTC-1 is easily
converted into a more stable dimer, with a free energy of −24.7
kcal mol−1. This is also supported by the computational anal-
ysis of UV-vis and Raman spectra, as well as the occurrence of
two identical NMR shis (Fig. S31, Table S14 and Section S5.1†).
The O–Br bond of the dimer would then undergo homolytic
cleavage under the blue LEDs, producing TDRA-1 and
a bromine radical. Subsequently, the hydrogen atom of the O–H
bond is abstracted from the six-membered cycloalkanol to
TDRA-1, with an energy barrier of 19.3 kcal mol−1. Nevertheless,
a higher energy barrier of 43.0 kcal mol−1 is required for the in
situ generation of the E–X intermediate. Similar trends are
found for the b- and g-aminations of imidates. Hence, both
computational studies and the above experimental results
could rule out the possibility of the polar pathway for in situ
generation of E–X intermediates (Section S7.4†).
Assessment of radical philicity and the polar effect as well as
radical-regulation for hydrogen-atom abstraction

Following the initial ndings (from ESP and ALIE) that TDRA
species are nucleophilic, we thoroughly examined the electronic
characteristics of TDRAs and some common radical species by
utilizing the electrophilicity index (u)43 and nucleophilicity
index (NNu)44 (Fig. 4a). The computational results indicate that
the benzoyloxy radical and acetoxy radical are typical electro-
philic radicals with a high electrophilicity index (u: 3.116 eV and
2.807 eV, respectively), while alkoxyl 1a-IM (u: 2.056 eV) and
iminyl radicals 3a-IM/3b-IM show weak to moderate electro-
philicity (u: 2.121 eV and 2.117 eV, respectively).45 According to
the denition of the polar effect,46,47 the HAA of the protic O–H
bond of 1a or N–H bond of 3a/3b with an electrophilic
12404 | Chem. Sci., 2024, 15, 12398–12409
carboxylic radical is unfavorable due to the polarity mismatch.
By covalently integrating a carboxylate anion, typical electro-
philic carboxylic radicals are changed to weak nucleophilic
dicarboxylic radical anions via a philicity-regulation strategy
(uu: 1.579 eV for TDRA-1 and 1.698 eV for TDRA-2,
respectively).48–50 We also calculated more indices (e.g.
condensed local electrophilicity/nucleophilicity index (ure

+/
Nre

+) and cubic electrophilicity index (ucubic)) (Table S16†).51 All
the indices suggest that the TDRAs are nucleophilic species and
preferred attacking protic hydrogen atoms via polarity-match-
ing HAA processes. Consequently, a philicity-regulation strategy
is crucial to allow our two TDRA-mediated protocols to occur.

In order to gain a better understanding of the polar effect, we
investigated the selected HAA processes of another eleven
related radical reactions (Fig. 4a and S41†). Herein, we
employed dual descriptor values52 to evaluate the polarity of the
hydrogen atom and the electrophilicity index to determine the
electronic properties of open-shell radicals. This evaluation rule
has proven successful in these eleven reported examples, in
which electrophilic radicals prefer to attack the hydridic C–H
(showing less positive Fukui function values) and vice
versa.13,53,54 For example, the electrophilic radical Cl3CH2COc
prefers to attack the more hydridic hydrogen atom of methane
(condensed dual descriptor (CDD) = 0.024) rather than that of
acetonitrile.13 Analogically, the nucleophilic radical PhCH$NH2

tends to react with the more protic hydrogen atom of the S–H
bond, even though its BDE is larger than that of the O–H bond
of ascorbate.53 In our cases, the nucleophilic TDRAs would
abstract the relative protic hydrogen atom of E–Hbonds (CDD=

0.064, 0.102 for O–H bonds and 0.002, 0.007 for N–H bonds)
rather than the hydridic hydrogen atom of the C–H bond (CDD
= 0.027, 0.026 for cycloalkanols and −0.002, −0.016 for imi-
dates). The consistency is astonishingly good between our
calculation and experiment results, which demonstrates that
the cooperation of dual descriptor values and the electrophi-
licity index is a useful tool for assessing the polar effect and
explaining the chemo-selectivity during HAA processes.

To further verify the effectiveness of the philicity-regulation
approach, halogen-free HAA reactions were designed and
carried out. TEMPO is a well-known and thermodynamically
stable nitroxyl radical, which easily undergoes a one-electron
redox process.55 We hypothesized that one-electron oxidation of
TEMPO with PPO might afford the active TDRA oxoammonium
species even under dark conditions. It was found that the
combination of 2 equivalents of TEMPO and 1 equivalent of
PPO under dark conditions could dominate the HAA process
and be followed by the ring-opening process. The ring-opening
product 7 was obtained via C–O bond coupling with an albeit
low yield (7%) (Fig. 4c). Analogously, we carried out the cycli-
zation of N-phenylbenzothioamide 8 under the guidance of the
philicity-regulation approach in which the cyclization product 9
was isolated in a good yield (80%) (Fig. 4c), using 2 equivalents
of TEMPO and 1.5 equivalents of PPO under dark conditions.
Control experiments prove that no desired product is isolated
without the participation of PPO or TEMPO.56 These results
under halogen-free conditions represent strong experimental
evidence for demonstrating successful execution of the TDRA-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) u of radical species and polarity-matching examples. (b) Typical electrophilic carboxylic radicals were changed to weak nucleophilic
dicarboxylic radical anions via philicity-regulation. (c) Halogen-free HAA reactions via philicity-regulation approaches.
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assisted philicity-regulation approach, in which large polarity
differences lead to lower barriers.

Intrinsic nature of proton and electron transfer processes

Aer identifying the E–H activation mediated by TDRAs, we
employed the intrinsic bond orbital (IBO) analysis to elucidate
the proton and electron transfer processes. IBO analyses allow us
to analyze the electron transformation in the electronic structure
by following changes in the localized IBO for the a and b spin
manifolds separately in an open-shell system, providing an
intuitive picture throughout a chemical transformation along an
intrinsic reaction coordinate (IRC).57–60 Notably, this approach is
© 2024 The Author(s). Published by the Royal Society of Chemistry
particularly useful in dissecting the nuances between HAT and
PCET in the context of HAA reactions. Herein, Fig. 5 shows
illustrative examples of the evolutions of IBOs for a- and b-elec-
trons from the s O–H bond and lone pair of oxygen during the
cleavage of O–H bonds in the six-membered cycloalkanol 1b
along the IRC (calculations were carried out at the same level of
theory as optimization, for up to 196 steps). The evolution of the
a-IBO (green lobe) of the sO–H bond is illustrated in Fig. 5d, and
the corresponding b-IBO (orange lobe) follows almost the same
evolution in Fig. 5e. Since both the a- and b-IBOs of the s O–H
bond remain on the alkoxy substrate throughout the hydrogen
abstraction process, the s O–H bond is only involved in the
Chem. Sci., 2024, 15, 12398–12409 | 12405
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Fig. 5 (a) Plots of the change in electronic energies (computed at UB3LYP-D3(BJ)/6-31+G(d)) along the intrinsic reaction coordinate (IRC
amu−1/2 bohr−1) for the ring-opening halogenation of six-membered cycloalkanols. (b) Changes in the Hirschfeld spin-population for the ring-
opening halogenation of the six-membered cycloalkanols. (c) Spin value analysis pictures of open-shell singlet transition states. (d) The evolution
of the a-IBO (green lobe) of the s O–H bond. (e) The evolution of the b-IBO (orange lobe) of the s O–H bond. (f) The evolution of the a-IBO
(yellow lobe) of the oxygen lone pair. (g) The evolution of the b-IBO (purple lobe) of the oxygen lone pair.
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proton transfers and electron transfer should occur on another
IBO to accomplish the overall HAA, reecting the concerted
nature of the reaction. As shown in Fig. 5g (purple lobe), in the
transition state (TS), it is the b-IBO of the oxygen lone pair in the
12406 | Chem. Sci., 2024, 15, 12398–12409
six-membered cycloalkanol that evolves into the oxygen p-orbital
of the remote carboxylic radical moiety in TDRA-1, while the
proton is transferred to the carboxylate moiety in TDRA-1. As the
proton and electron transfers involve distinct donor/acceptor
© 2024 The Author(s). Published by the Royal Society of Chemistry
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centers, this process could be most aptly described as a PCET
pathway, as shown by the curly arrows in Fig. 5a. A similar
scenario for the ring-opening halogenation of four- and ve-
membered cycloalkanol reactions is presented, i.e., both a- and
b-IBOs of the sO–H bond remain on the cycloalkanols and the b-
IBO of the oxygen lone pair in the cycloalkanols transits into the
oxygen p-orbital of the remote carboxylic radical moiety in TDRA-
1 (Fig. S42 and S43†).

In addition, the evolutions of the IBOs for the s N–H bond of
the imidate 3a, engaging in bonding interactions with TDRA-4
along the IRC path, were scrutinized. In this case, the b-IBO
(Fig. S45,† blue lobe) undergoes a transformation from an N–H
bond in imidate 3a to an oxygen p-orbital of the remote
carboxylic radical moiety and the a-IBO (Fig. S45,† orange lobe)
evolves from an N–H bond to an N-radical, while the proton is
transferred to the carboxylate moiety in TDRA-4. The overall
electron ow indicates that the reaction between TDRA-3 and
imidate 3b can also be described as a PCET mechanism
(Fig. S46†). These analyses lead to the conclusion that TDRAs
abstract a hydrogen atom from cycloalkanols or imidates
through a PCET pathway.

Comparative analyses of the PCET mechanisms in TDRAs/
cycloalkanols and TDRAs/imidates are provided in Fig. 5b, c and
S47–S56.† The plots illustrate the time evolutions of the
Hirschfeld spin population along the TDRA-induced HAA
processes, which is consistent with the bond length changes of
the key transition states.61,62 In the TDRAmediated ring opening
of the six-membered cycloalkanol, the spin-density on the 1-
fragment begins to increase (and that of the remote carboxylic
radical moiety, 2-fragment, starts to decrease) well before the
TS, implying an early transfer of electrons from the substrate
(Fig. 5b). Additionally, the spin orbitals of the transition states
(3), initial state (1), and nal state (5) are demonstrated in
Fig. 5c.63 The single electron is predominantly distributed in the
carboxylic radical (2-fragment) at the initial state and oxygen of
the cycloalkanol at the nal state. These calculated results
indicate that the SET between the carboxylic radical of TDRAs
and cycloalkanol occurs concomitantly with proton transfer at
distinct sites, providing robust conrmation of the PCET
pathway. In addition, the evaluation of the BDFEs offer further
proofs that the PCET processes are actually involved in the two
TDRA-mediated transformations (Section S9.5†).64

Within the framework of a PCET process, there is a variable
degree of asynchronicity in the transfer of hydrogen ions (H+)
and electrons (e−), which could exert a noteworthy inuence on
the overall reaction rate. Therefore, the determination of the
asynchronicity factor (h) is an effective method for such quan-
tication,47 delineating the relative impacts of two competing
factors governing the HAA process: the pKa and the redox
potential. In scenarios where acidobasic contributions hold
greater signicance, a negative value for the asynchronicity
factor (h) is anticipated.47 Conversely, a positive value of h shows
a prevailing inuence of the redox potential playing a more
dominant role. In this case, our two TDRA-mediated protocols
display a more electron transfer (ET)-like character to be
oxidatively asynchronous as we obtained a positive value for h
(+123, +180 and +229 mV for the TDRA-induced ring-opening
© 2024 The Author(s). Published by the Royal Society of Chemistry
halogenation reaction and +64 and +381 mV for the C(sp3)–H
amination reaction, respectively; Section S9.4†).
Conclusions

In summary, we have implemented comprehensive experi-
mental and theoretical investigations to elucidate the mecha-
nism of TDRA-mediated generation of heteroatom-centered
radicals. The results from in situ NMR experiments and DFT
calculation have excluded the possibility that the E–X species
are formed for the generation of heteroatom-centered radicals.
Instead, a series of radical trapping experiments and EPR
experiments together with assessment of BDEs have clearly
revealed the probability and rationality of in situ formation of
TDRAs under our original conditions. Additional diverse spec-
troscopic analyses have veried the symmetrical dimeric or even
oligomeric structures of the BCTCs, which suggests the inter-
mediacy of TDRAs. Further investigations focusing on the
chemical properties and reactivities of the TDRAs have revealed
that the introduction of a tethered Brønsted base on the parent
open-shell species reinforces their stabilities and leads to
a reversal of electrophilicity, and this in turn predominantly
induces philicity-regulation, thus leading to its distinguished
reactivities in heteroatom-centered radical involved reactions.
Furthermore, dual descriptor values and electrophilicity indices
have been calculated based on eleven reported radical mediated
selected HAA processes, indicating their validity in the predic-
tion of the polar effect and in the polarity-matching consistency
between nucleophilic TDRAs and protic O/N–H bonds. Addi-
tionally, two halogen-free HAA reactions have been also
designed and carried out to illustrate the effectiveness of the
TDRA-assisted philicity-regulation approach. Ultimately, the
IBO analyses, Hirschfeld spin population analyses and asyn-
chronicity factor analyses have enabled us to discern the proton
and electron transfer modes during HAA processes, the results
of which suggest the PCET pathway with a degree of oxidative
asynchronicity. We hope that these exhaustive and substantial
studies could not only help to directly resolve generation of
heteroatom-centered radicals in TDRA-mediated trans-
formations but also facilitate quantitative understanding and
controlled modulation of structurally diversied radical
species.
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