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Hexafluoroisopropanol-assisted selective 
intramolecular synthesis of heterocycles by 
single-electron transfer
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Sara López-Resano    1,2, Eric Cots    1, Feliu Maseras    1   & 
Mónica H. Pérez-Temprano    1 

Intramolecular amination of remote aliphatic C–H bonds via hydrogen-atom 
transfer reactions has become a powerful tool for accessing saturated 
nitrogen-containing heterocycles. However, the formation of 
six-membered rings or oxa-heterocycles remains a formidable challenge 
for Hofmann–Löffler–Freytag reactions. Here we show how by simply 
combining bench-stable (bis(trifluoroacetoxy)iodo)benzene and 
hexafluoroisopropanol (HFIP) we can switch from the well-established 
Hofmann–Löffler–Freytag mechanism to a different versatile reaction 
pathway that enables selective C(sp3)–H bond functionalization. We 
have exploited the facile formation of radical cations via single-electron 
transfer, in the presence or absence of light, to synthesize pyrrolidines and 
piperidines, including drug-type molecules, along with O-heterocycles. 
Experimental and computational mechanistic studies support two distinct 
mechanistic pathways, depending on the electron density of the substrate, 
in which the HFIP plays a multifunctional role.
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Cleavage of C(sp3)–H bonds via hydrogen-atom transfer (HAT) provides 
access to reaction pathways that have opened up very exciting possibili-
ties in synthetic organic chemistry1–3. One of the pioneering examples of 
the practical utility of this approach is the classical Hofmann–Löffler–
Freytag (HLF) reaction, discovered more than a century ago (Fig. 1)4–8.  
These metal-free protocols enable the transformation of acyclic amines 
into saturated nitrogen-containing heterocycles (SNHets) through the 
formation of an amidyl radical that triggers the intramolecular abstrac-
tion of δ C–H bonds. Despite important advances in synthetic applica-
bility and the milder nature of the reported reaction conditions due to 
the exploitation of hypervalent iodine(III) reagents (HIRs)9–11, such as 
(bis(trifluoroacetoxy)iodo)benzene (PhI(OTFA)2, PIFA) or (diacetoxyi-
odo)benzene (PhI(OAc)2, PIDA), persistent challenges associated with 
these intramolecular C(sp3)–H aminations remain2,8,12,13. The high bond-
dissociation free energy of N–H bonds (107–110 kcal mol−1), hampers 
the homolytic cleavage generating the nitrogen-centred radical14,15. 

Thus, the efficient in situ generation of this open-shell species requires 
an additional halogenation step for prefunctionalizing the starting 
material into an N-halogenated amine. Furthermore, the HLF method-
ology exhibits a high regioselectivity towards five-membered SNHet 
formation because 1,6-HAT processes are kinetically disfavoured even 
for benzylic positions16. As a result, access to piperidine derivatives, the 
most frequent nitrogen heterocycle in medicinal chemistry17,18, is rare 
and mainly occurs when the formation of pyrrolidines is not viable19. 
Additionally, this reactivity cannot be translated to constructing lac-
tones from carboxylic acids due to undesired Hunsdiecker decarboxy-
lation processes20–24.

Reports on intramolecular amination25–27 prompted us to engineer 
a general and mild strategy that could complement the traditional HLF 
reactivity and additional nitrogen to carbon radical relays19,28,29 by the 
engagement of an HIR in a distinct mechanistic paradigm that circum-
vents the intramolecular HAT process. Specifically, we envisioned that 
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Results and discussion
We started our study by evaluating the feasibility of an SET between PIFA 
and 1a through CT complexation. We envisioned that the electron-rich 
aromatic fragment of the amine could serve as a donor and interact 
with the HIR in HFIP, generating a radical cation30,34,44–46. Whereas the 
separate solutions of 1a and PIFA in HFIP were colourless, their mixture 
immediately turned a pale yellow, suggesting the formation of a CT 
complex. Ultraviolet–visible and electron paramagnetic resonance 
(EPR) studies provide further support for the SET event (Fig. 2a). The 
absorption spectrum of this mixture exhibited an intense absorption 
band in the visible region between 400 and 500 nm, which indicated 
the formation of the radical cation, Int-I30,47,48, which was also detected 
by electron paramagnetic resonance spectroscopy (Fig. 2b)47,49. After 
proving the ability of the PIFA–1a system to participate in SET events, 
we aimed to translate this finding into the development of an intra-
molecular C(sp3)–H amination reaction. We found that the reaction 
of 1a with 1.2 equiv. of PIFA in HFIP at room temperature provided the 
desired nitrogen-based heterocycle 2a in a 62% isolated yield. Control 
experiments showed that the reactivity was completely inhibited when 
using PIDA or other solvents, indicating that the PIFA/HFIP combination 
is key for the successful implementation of a synthetic SET strategy 
through radical cation generation (Fig. 2c).

Adopting the reaction conditions described in Fig. 2c, we next 
determined the generality of our protocol (Fig. 2d). Substrates con-
taining different electron-donating groups, such as pyrrolidine or 
aromatic fragments, provided the desired products (2b–2d) in moder-
ate to excellent yields, including 2c in gramme scale. As anticipated, 
the same strategy successfully facilitated the formation of piperidine 
within a six-membered cyclization (2e–2f), which cannot be easily 
achieved through the HLF methodology due to the kinetically disfa-
voured 1,6-HAT process. For comparison, using PIDA instead of PIFA, 
and conditions suitable for the HLF process, was less efficient at pro-
ducing 2f and formed considerable amounts of five-membered ring 
by-products. Furthermore, this methodology extends beyond C–H 
amination, allowing oxygen nucleophiles to capture the benzylic cation 
and obtain the lactone product 2g and ether product 2h with yields of 
77% and 60%, respectively. By contrast, the absence of donating groups 
with resonance effect on the aromatic architecture greatly affects 
the efficiency of the process. Substrates adorned with 4-(tert-butyl)

simply in the absence of the amidyl radical mediator, a single-electron 
transfer (SET) between the substrate and the HIR could unlock access to 
radical cation intermediates that switch the mechanism of the C(sp3)–H 
cleavage by increasing its acidity26. Our inspiration for this strategy lies 
in seminal studies by Kita and co-workers in which hypervalent deriva-
tives were used to mediate the oxidative nucleophilic C–H functionali-
zation of arenes. The umpolung reactions proceed via radical cations 
triggered by SET through charge-transfer (CT) complexes of HIRs and 
electron-rich aromatic substrates30–35. These oxidative SET events have 
been successfully applied to inter- and intramolecular C(sp2)–H func-
tionalization reactions with a wide array of nucleophiles36. Nonetheless, 
the translation of this mechanistic concept towards electron-deficient 
scaffolds or the expansion towards the functionalization of C(sp3)–H 
bonds remains unexplored.

In this article, we demonstrate that an SET mechanism between 
HIRs and aromatic substrates grants access to radical cations that initi-
ate the regioselective intramolecular functionalization of C(sp3)–H 
bonds. Specifically, we show two radical-cation-generating strategies, 
depending on the electron density of the substrate. Whereas arenes 
decorated with electron-donating groups by resonance can undergo 
SET via CT complexation with PIFA, a photoinduced SET is required 
when the CT complex is not accessible. We found that 1,1,1,3,3,3-hexaflu
oro-2-propanol (HFIP), widely recognized by its unique physicochemical 
properties in C–H functionalization reactions37–40, is key to promote this 
established intramolecular reactivity by playing a multifunctional role. 
It facilitates effective CT-complex formation with electron-rich aromatic 
substrates41 and enhances the oxidation ability of PIFA by generating an 
excited triplet state under blue light-emitting diode (LED) irradiation. 
This perfluorinated alcohol can also stabilize the radical cation interme-
diates resulting after the SET oxidation42,43, and can cause a second SET 
event leading to a carbocation that is intercepted intramolecularly by 
the attack of the tethered nucleophile. This mild and simple hypervalent 
iodine(III)-mediated strategy gives selective access to a broad scope 
of valuable five- and six-membered saturated heterocycles, including 
biorelevant compounds, which are difficult to synthesize under HLF 
conditions. This discovery broadens the synthetic utility of HIRs in 
metal-free C(sp3)–H functionalization reactions and intramolecular 
cyclizations. Experimental, spectroscopic and computational studies 
support the proposed mechanistically divergent SET-based pathway.
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phenyl or phenyl moieties only afforded traces of 2i and 2j under these 
conditions.

In an attempt to overcome the difficulties caused by using starting 
materials containing non-electron-rich arenes, we sought to inter-
rogate the structure–activity relationship for substitution of the aryl 
scaffold. We noticed a difference in the reaction mixture when using 
1j as starting material rather than 1a. Instead of a pale-yellow solution, 

there was no change in colour when this compound was mixed with PIFA 
in HFIP. This was also confirmed by ultraviolet–visible spectroscopy: 
the mixture provided the same absorption spectrum as PIFA alone, 
indicating that this starting material is not capable of interacting with 
the HIR (Fig. 3a). Furthermore, an electrochemical analysis showed a 
clear correlation between the electron-donating ability of the func-
tional groups on the aromatics and the oxidation potential of the 
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Fig. 2 | HFIP-assisted intramolecular C(sp3)–H functionalization through an 
intracomplex SET process with a CT complex. a, Ultraviolet–visible spectra of 
1a, PIFA, and a mixture of 1a and PIFA in HFIP and images of the corresponding 
solutions. b, EPR measurement of the reaction mixture of 1a and PIFA (1.2 equiv.) 
in HFIP. c, Control experiments. Reaction conditions: 1a (0.05 mmol, 1.0 equiv.), 
HIR (0.06 mmol, 1.2 equiv.) in solvent (0.5 ml), at room temperature under argon 
for 14 h. Yields were determined by crude 1H NMR spectroscopy analysis using 

1,1,2,2-tetrachloroethane as the internal standard. aIsolated yield. d, Scope of the 
intramolecular C(sp3)–H functionalization. Reaction conditions: 1 (0.15 mmol, 
1.0 equiv.), PIFA (0.18 mmol, 1.2 equiv.) in HFIP (0.1 M) at room temperature 
under argon for 14 h. Isolated yields. bYields were determined by crude 1H NMR 
spectroscopy analysis using 1,1,2,2-tetrachloroethane as the internal standard. 
Ts, toluenesulfonyl; DCM, dichloromethane; NR, no reaction.
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corresponding substrates in HFIP (Fig. 3b). As expected, 1a exhibits the 
strongest donating ability, with an irreversible oxidation potential at 
1.23 V versus Fc/Fc+ (Fc, ferrocene). The replacement of the methoxy 
group by a phenyl substituent (1c) provokes an anodic shift of 100 mV, 
which remains sufficient to promote the CT complexation, as observed 
experimentally. The decrease in donating strength observed for 1i, 
which contains a tert-butyl group (1i), is in alignment with the poor reac-
tivity observed with our optimal C–N bond-forming reaction condition, 
requiring at least 7 days to achieve 20% yield of the corresponding 
five-membered ring. This experimental outcome might indicate that 
the reaction kinetics was diminished by the lower electron density on 
the phenyl ring. Finally, substrates without an electron-donating group 
or with electron-withdrawing functionalities on the aromatic core 
showed higher oxidation potentials at ∼1.75 V versus Fc/Fc+. Therefore, 
formation of a CT complex between a weak-electron-density substrate 
and PIFA is not efficient, explaining their inactivity in the intracomplex 
SET approach.

Interestingly, our ultraviolet–visible study also revealed that PIFA 
presented absorption bands at wavelengths longer than 450 nm in 
HFIP, a region inaccessible in alternative solvents (Fig. 3c), which might 
correspond to spin-forbidden transitions50,51 Encouraged by this result, 
we questioned whether the photoexcitation of PIFA could unlock SET 
mechanisms for non-electron-rich substrates. When we tested the 

intramolecular C(sp3)–H amination of 1j under light irradiation, the 
desired product was achieved in 86% yield (Fig. 3d, entry 1). Moreover, 
the replacement of PIFA by PIDA or PhI(mCPBA)2 (Fig. 3d, entries 2 
and 3) or HFIP by alternative solvents (Fig. 3d, entries 4–10) resulted 
in a dramatic decrease in reactivity under the same conditions. This 
highlights the unique match between PIFA and HFIP in the C(sp3)–H 
functionalization reaction. The absence of light or the presence of 
oxygen also reduced the efficiency of the photoinduced SET process 
(Fig. 3d, entries 11 and 12).

Having established a set of optimized reaction conditions, the 
scope of this light-assisted intramolecular C(sp3)–H functionalization 
protocol was evaluated (Fig. 4a). Pleasingly, the reaction exhibited a 
wide range of applicability, accommodating various sulfonyl protect-
ing groups on the nitrogen atom. Notably, tosyl, mesyl, 4-bromophenyl 
sulfonyl, nosyl and triflate groups were well tolerated, providing the 
corresponding pyrrolidine products in excellent yields (2i–2n). Addi-
tionally, benzamide and trifluoroacetamide derivatives also underwent 
successful transformations, affording pyrrolidines 2o and 2p with 
good yields. The light-assisted strategy exhibited its advantages by 
enabling the reactions of substrate with electron-donating as well as 
electron-withdrawing substituents on the aryl group at the ortho, meta 
and para positions with excellent yields (2i, 2q–2w), which included 
aryl chloride and bromide functionalities that can be further engaged in 
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additional modular diversifications. Moreover, we discovered that the 
transformation can be carried out with modified backbones (2x–2ad). 
Particularly noteworthy was the observation of acyclic stereocontrol 
when used a substrate with monosubstitution in the alkyl chain, lead-
ing to a diastereomeric excess of up to 2.1:1 for the trans:cis ratio (2y)26. 
This transformation also works well without geminal alkyl groups, 
demonstrating its tolerance for substrates without a Thorpe–Ingold 
effect (2z). Additionally, the versatility of the reaction extended to the 
amination of tertiary benzylic positions, yielding the desired product 
2aa in 88% yield.

To access more intricate molecular frameworks, we incorporated a 
phenyl backbone into the substrates, leading to the formation of highly 

desirable isoindoline 2ab and dioxoisothiazole derivative 2ac with 
exceptional yields52,53, with the latter being unambiguously character-
ized by X-ray crystallography. Moreover, the reaction demonstrated 
its potential in synthesizing tricyclic alkaloid products, exemplified by 
the efficient formation of 2ad through transannular C–H amination. 
To showcase its applicability in late-stage amination of complex phar-
maceutical and natural products, we explored its use with celecoxib 
and camphor derivatives, resulting in the formation of products 2ae 
and 2af in excellent yields. In addition to the amination reactions, our 
methodology also proved effective in lactonization and etherification 
processes, delivering the corresponding desired products in moderate 
to high yields (2ag–2ah). This photochemical strategy also enables 
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the efficient synthesis of six-membered heterocycles (Fig. 4b). The 
cyclization process was successful for substrates containing various 
nitrogen-protecting groups (2ai–2al). As expected, our methodol-
ogy exhibited excellent tolerance towards the inclusion of common 
functional groups at the 2-, 3- and 4-positions of the arene group (2am–
2as), including a heteroaromatic derivative 2as, showcasing the wide 
applicability of this transformation. Modifying the backbone of the 
substrate was also amenable, resulting in the formation of product 2at 
with a yield of 68%. Additionally, the reaction proceeded smoothly with 
a diphenylmethyl derivative, yielding the appealing tetrahydroisoqui-
noline core with a high yield (2au). Moreover, utilizing this process, we 
were able to obtain the desired lactone product 2av with a remarkable 
yield. Furthermore, we demonstrated the facile removal of the nosyl 
protecting group, providing the free pyrrolidine 3 in excellent yield. 
This removal step opens avenues for introducing other functionalities 
on the nitrogen atoms, thus enhancing the potential of our method in 
medicinal chemistry applications (Supplementary Section 7).

To better understand the reaction mechanism of the photochemi-
cal approach, we conducted various experimental and computational 

studies. Upon irradiation of the mixture of 1j and PIFA in HFIP with blue 
LEDs for 15 min, the ultraviolet–visible spectra showed an absorption 
band in the range of 400–500 nm (Fig. 5a), consistent with the ultravio-
let–visible spectra of 1a obtained in Fig. 2b, indicating the formation 
of aromatic radical cationic intermediates. A fluorescence quenching 
study confirmed that the excited PIFA can be quenched by substrate 1j 
to provide the corresponding phenyl radical cation (Fig. 5b).

Additionally, a kinetic isotope effect value of 1 was determined 
through a competition experiment involving 1j and its deuterated 
benzylic derivative, D-1j (Fig. 5c). This finding aligns perfectly with 
the initial oxidation process of the aromatic ring. Density functional 
theory (DFT) calculations at the M06-D3/def2-TZVP/SMD//M06-D3/6-
31 G(d)-LANL2DZ/SMD level in HFIP solvent (full computational details 
are given in the Supplementary Information; computational data have 
been uploaded to the ioChem-BD repository54) confirmed the occur-
rence of an intracomplex SET process between 1a and PIFA via a CT 
complex, with a low-energy intermediate of 8.0 kcal mol−1 (Fig. 5d). 
However, when the same process was investigated between 1j and PIFA, 
the corresponding intermediate has an energy as high as 21.3 kcal mol−1. 
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This relatively high energy for the intermediate ought to be coupled 
with a higher barrier, making it impossible for the intracomplex SET 
process between 1j and the hypervalent iodine in the ground state to 
occur. Hence, the use of visible light is necessary to enhance the oxida-
tion ability of PIFA.

Based on the combined experimental and DFT observations, a 
proposed mechanism is depicted in Fig. 6. The reaction commences 
with the substrate undergoing an SET process with PIFA, resulting in 
the formation of the aromatic radical cation A. With an electron-rich 
substrate, A is formed through an intracomplex SET of the CT complex 
in the ground state. On the other hand, visible-light excitation turns 
PIFA into a strong oxidizing agent (Ered (PIFA*/PIFA·–) = 3.09 V versus 
Fc/Fc+) in HFIP, as estimated from spectroscopic measurements and 
the oxidation potential of PIFA reported in the literature (Supple-
mentary Section 9.6)41. The lower oxidation potential of substrate 1j 
(Eox (1j/1j·+) = 1.78 V versus Fc/Fc+ in HFIP, Fig. 3b) indicates that it is 
particularly effective at enabling the SET event, leading to the for-
mation of intermediate A. At this stage, the acidity of the benzylic 
proton experiences a notable increase, rendering it an exceptionally 
strong acid that can be readily deprotonated23,55–57. This deprotonation 
leads to the formation of the benzylic radical B, with the assistance 
of the in situ generated trifluoroacetate anion, which is detected by 
using (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as a radical 
trap (Supplementary Section 9.8). Subsequently, B undergoes a fur-
ther single-electron oxidation by the HFIP radical, which is formed 
through a favourable HAT process involving the CF3 radical and HFIP. 

The generation of the CF3 radical was confirmed by the detection of 
CO2 using gas chromatography after the reaction in both dark and 
photoredox processes. The oxidation of B leads to the formation of the 
benzylic cation C, which is then captured by the nucleophilic fragment, 
resulting in the corresponding heterocyclic product. Additionally, 
we conducted DFT calculations on the mechanism. The results reveal 
activation energies of 6.9 kcal mol−1 for deprotonation (TSAB-1a) and 
3.8 kcal mol−1 for the formation of the C–N bond (TSCD-1a) (Fig. 6b). 
For comparison, the intramolecular radical addition of intermediate 
B has also been investigated58. However, this process via a transition 
state TSBE-1a (ΔG‡ = 38.1 kcal mol−1) requires a higher activation free 
energy than the proposed mechanism. Removal of one electron from 
intermediate B-1a to lead to intermediate C-1a is much more favoured 
(Supplementary Fig. 18).

Conclusion
We have developed a PIFA-mediated intramolecular C(sp3)–H function-
alization reaction facilitated by HFIP to access valuable pyrrolidines, 
piperidines and O-heterocycles. The success of this reaction relies on 
the SET process, leading to the formation of an aromatic radical cation 
intermediate. The reaction proceeds through two distinct pathways, 
depending on the electron density of the substrate’s arene ring, which 
were confirmed by both experimental and theoretical mechanistic 
studies. For electron-rich substrates, the SET process takes place via 
a CT complex formed between PIFA and the substrate. However, for 
substrates without electron-donating substituents, the process occurs 
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with the assistance of blue light. Under these reaction conditions, HFIP 
plays a key multifunctional role: from facilitating CT complex formation 
and enhancing the oxidation ability of PIFA to enabling the stabiliza-
tion of the radical cation intermediate. This protocol features mild 
reaction conditions and excellent regioselectivity, achieving C(sp3)–H 
functionalization via an SET process of the CT complex formed between 
the electron-rich substrate with HIRs. Furthermore, it opens a synthetic 
avenue for the functionalization of substrates that cannot form CT 
complexes with HIRs.

Methods
General protocol for C(sp3)–H functionalization without light 
irradiation
The sulfonamide (0.15 mmol, 1.0 equiv.) and PIFA (1.2 equiv.) were 
added to a reaction vial equipped with a stir bar. This reaction vial was 
then placed in an argon-filled glovebox, 1.5 ml of dry HFIP was added to 
the mixture and the reaction vial was sealed with a cap equipped with a 
Teflon septa. The sealed vial was removed from the glovebox and stirred 
at room temperature for 14 h. After completion of the reaction, vola-
tiles were evaporated under reduced pressure and the resulting crude 
product was purified by chromatography to obtain the final product.

General protocol for C(sp3)–H functionalization for 
five-membered rings with light irradiation
Reactions were performed using set-up 1 in Supplementary Fig. 1. The 
sulfonamide (0.15 mmol, 1.0 equiv.) and PIFA (1.2 equiv.) were added 
to a reaction vial equipped with a stir bar. This reaction vial was then 
placed in an argon-filled glovebox, 4.5 ml of dry HFIP was added to 
the mixture and the reaction vial was sealed with a cap equipped with 
a Teflon septa. The vial was then carefully removed from the glovebox 
and subjected to irradiation under stirring for 14 h. After completion 
of the reaction, volatiles were evaporated under reduced pressure 
and the resulting crude product was purified by chromatography to 
obtain the final product.

General protocol for C(sp3)–H functionalization for 
six-membered rings with light irradiation
Reactions were performed using set-up 2 in Supplementary Fig. 2. The 
sulfonamide (0.15 mmol, 1.0 equiv.) and PIFA (1.3 equiv.) were added to 
a reaction vial equipped with a stir bar, this reaction vial was then placed 
in an argon-filled glovebox, 3.0 ml of dry HFIP was added to the mixture 
and the reaction vial was sealed with a cap equipped with a Teflon septa. 
The vial was then carefully removed from the glovebox and subjected 
to irradiation under stirring at 5 °C for 30 h. After completion of the 
reaction, volatiles were evaporated under reduced pressure and the 
resulting crude product was purified by chromatography to obtain 
the final product.

Data availability
All data are available in the main text or the Supplementary Informa-
tion. CCDC 2282188 contain the supplementary crystallographic data 
for this paper. This data can be obtained free of charge via www.ccdc.
cam.ac.uk/data_request/cif. This study did not generate any code. 
A dataset collection of computational results is available as source 
data with this paper and can be accessed at ioChem-BD repository via 
https://doi.org/10.19061/iochem-bd-1-327. Source data are provided 
with this paper.
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