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Interplay of arene radical cations with anions and
fluorinated alcohols in hole catalysis
Naoki Shida1, Yasushi Imada1, Shingo Nagahara1, Yohei Okada2 & Kazuhiro Chiba1

Chemical reactions via radical cation intermediates are of great interest in photoredox cat-

alysis and electrosynthesis, while their reactivities are not clearly understood. For example,

how the counter anions correlate with the reactivity of radical cations is still ambiguous. Here

we report the effect of anions and fluorinated alcohols on the reactivity of organic radical

cations in hole catalysis. The addition of salts in a radical cation Diels–Alder reaction under

photoredox catalysis demonstrates that common anions significantly decease the efficiency

of hole catalysis. The use of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) restores the reaction

efficiency in the presence of salts, presumably due to solvation of the anions by HFIP to

reduce their nucleophilicity. These findings enable hole catalysis under electrolytic conditions

with greatly improved efficiency. The effect of anions and fluorinated alcohol described in this

paper gives important insights on the fundamental understanding for the reactivity of arene

radical cations.
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Radical cations, a free radical species generated by one-
electron removal from a closed-shell organic molecule, are
playing an important role in chemistries involving single-

electron transfer (SET) processes. Migration of radical cations
(hole) has been a great interest in charge transfer in DNA for the
application in nanotechnology1 and in organic devices for pho-
tovoltaics2. The recent explosive growth of photoredox catalysis3

and electrosynthesis4 has motivated synthetic organic chemists to
understand the reactivity of organic radical cations. Although the
radical cation itself is not a newly discovered intermediate5,6, it is
still much less established compared to other common inter-
mediate, such as carbocations, carboanions, radicals, and car-
benes, presumably due to its high reactivity and short lifetime. In
other words, harnessing reactivity of radical cations will open a
door to developing novel and unique reactions.

Among various SET-related organic reactions, redox neutral
reactions via radical cation intermediates, namely, hole catalysis
(Fig. 1)7–9, have emerged as an attractive research target owing to
their nature of using holes as the “catalyst,”10–12 as well as their
resulting unique transformations. In these reactions, a radical cation
is generated by SET to react with a neutral molecule to form a C–C
bond, followed by another SET to give the desired neutral molecule
and regenerate the starting radical cation. Hole catalysis is known
in peri-cyclization reactions including [2+1]13,14, [2+2]15–20, and
[3+2]21 cycloadditions and Diels–Alder reactions22–24. Olefin
metathesis reactions25 and polymerizations26 mediated by radical
cations have also been reported. Recently, researchers proposed that
radical cations from styrene derivatives react with alcohols and
carbonyl groups to realize radical addition via hole catalytic man-
ner, where carbonyl group works as a intermolecular radical
acceptor for the first time27. Hole catalytic transformations of
molecular switches, such as diarylethene or azobenzene, are also
been reported28,29.

In such reactions, radical cations are generated by various
methods, including photoredox catalysts14,17,19,21,23, semi-
conducting nanomaterials30,31, chemical oxidants7,20 and
electrochemistry16,24,25. Due to the high reactivity of the radical
cation intermediate, the efficiency in hole catalysis is highly
dependent on the reaction media. For example, the radical cation-
mediated Diels–Alder reaction has been studied intensively with
photoredox catalysts and chemical oxidants. In these reactions,
non-coordinating solvents such as dichloromethane (DCM) and
nitromethane (NM) are commonly preferred, presumably to
avoid interaction between the solvent and the electrophilic radical
cation intermediate.

In addition to the solvents, anion, which is essential counter-
part of radical cations, also should have some effects on the
reactivity of the radical cations. To our surprise, there is no
precedent of the comprehensive study on the effect of anions for
the reactivity of radical cations. Considering that the increasing
number of researchers are working on redox-involved organic
synthesis, studying the effect of anions will be of great help to
ultimately control the reactivity of radical cations.

Based on these ideas, here we report the effect of anions on the
reactivity of radical cations in hole catalysis. Anions are found to
slow down the reaction depending on their donor numbers. Also,
the use of fluorinated alcohols is found to cancel the effect of
anions and also increase the reactivity of radical cations.

Results
Radical cation Diels–Alder reaction under various oxidation
conditions. We first examined the Diels–Alder reaction of trans-
anethol (1) and isoprene (2) with various oxidation methods, that
is, photoredox catalysis, chemical oxidant, and electrochemistry
(Fig. 2). Intriguingly, our trial of an electrochemical Diels–Alder
reaction in DCM afforded the desired product 3 in quite low
yield, on the contrary to the high-yielding results in photoredox
and chemical oxidation systems. This difference in reaction effi-
ciency between electrochemical and other oxidation systems
caught our attention. We attributed this to the supporting elec-
trolyte, which is one of the most significant differences between
these systems. Considering that an electron-deficient radical
cation is the key intermediate in hole catalysis, the effect of the
anion in the electrolyte, which is usually regarded as an inert
component in the electrosynthesis, could be significant.

Radical cation Diels–Alder reaction with salts and fluorinated
alcohols. To determine the effect of anions in hole catalysis, we
performed radical cation Diels–Alder reactions of 1 and 2 using a
Ru-based photoredox catalyst in the presence of various Bu4NX
salts (X= TsO−, TfO−, ClO4

−, BF4−, PF6−, BArF20−, in order of
reported donor numbers32,33) [BArF20−= tetrakis(pentafluoro)
phenyl borate]. Based on the report by Yoon and co-workers23,
we chose the [Ru(bpz)3](PF6)2 (bpz= 2,2′-bipyrazine) complex
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Fig. 1 Conceptual illustration for chemical bond formation via hole catalysis.
Radical cation intermediates are widely implicated in modern
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tetrakis[3,5-bis(trifluoromethyl)phenyl]borate]. CF= carbon felt

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-019-0125-4

2 COMMUNICATIONS CHEMISTRY |            (2019) 2:24 | https://doi.org/10.1038/s42004-019-0125-4 | www.nature.com/commschem

www.nature.com/commschem


as the photoredox catalyst and NM as the solvent (Fig. 3a). We
could not use DCM here due to the poor solubility of the Ru
complex with the counter anions we employed, with the excep-
tion of BArF20−.

In the absence of the salt, 3 was obtained in 86% yield. When
various salts were added to the reaction mixture, the product yield
decreased in all cases (Fig. 3b, red bars). In the case of TsO− salt,
the Ru salt precipitated out of the NM solution such that no
reaction occurred. All other systems were homogeneous, and the
decrease in the product yield was roughly aligned with the order
of the reported donor numbers32,33. These results suggest that the
more donating the anions are, the more strongly they interact
with the generated radical cation to inhibit the hole catalysis.

To improve the reaction efficiency in the presence of additional
anions, one can imagine that the solvation of the anions could
suppress their interactions with the radical cations. Based on this
idea, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was chosen as an
additive due to its strong ability as hydrogen bonding donor for
solvating anions, its extremely low nucleophilicity, thus leaving
radical cations non-coordinated, and its high polarity for
dissolving the supporting electrolyte34,35.

Five equivalents (vs. salt) of HFIP was added to all the systems
tested above. The yields of 3 were remarkably improved in the
presence of anions, while no change was observed in the absence

of additional salt (Fig. 3b, green bars). Interestingly, the TsO−

system became homogeneous upon the addition of HFIP,
presumably due to the solvation of the TsO anion by HFIP such
that the Ru catalyst no longer formed insoluble TsO salts.

The use of MeCN as a coordinating solvent dramatically
decreased the reaction efficiency, and the addition of HFIP was
not helpful to restore the efficiency to the level of the NM system
(Supplementary Fig. 7). This result suggests that both coordinat-
ing anions and solvents can diminish the reactivity of arene
radical cations to decrease the efficiency of the radical cation
chain cycle.

Effect of HFIP concentration on the product yield. Although
HFIP was employed to solvate anions, it could also interact with
the Ru catalyst (via hydrogen bonding to bipyrazine ligand) or 1.
To clarify the role of HFIP in this reaction, the yield dependence
on the concentration of HFIP was investigated under photoredox
conditions (Fig. 3c). When 0.1 M Bu4NTfO was added as a salt,
the yield of 3 increased slightly upon the addition of HFIP in the
range of 0.2–1.6eq. (vs. salt). At over 1.6eq., the product yield
dramatically increased up to quantitative conversion at 12.4eq.
Considering that the drastic change in yield was observed around
the range of concentrations of the Bu4NTfO salt (0.1 M) and
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Fig. 3 Photoredox radical cation Diels–Alder reaction with salts and 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) additives. a Scheme of radical cation-mediated
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1 (0.08 M), we could reasonably rule out the activation of the Ru
catalyst by HFIP as the dominant reason for this phenomenon. A
control experiment with 0.05M of salt resulted in a lower
threshold concentration, indicating that this phenomenon cor-
relates with the concentration of salt (Supplementary Fig. 8).
Hence, one role of HFIP is likely the solvation of anions. Addi-
tionally, based on the result that the increase in the product yield
with more than equimolar quantity of HFIP, it was suggested that
higher order aggregate of HFIP contribute to decrease the
nucleophilicity of TfO anions. Similar solution phase aggregate is
proposed for the activation of hydrogen peroxide36.

Radical cation Diels–Alder reaction with various dienophiles.
Diels–Alder reactions with other combinations of dienophiles and
dienes were also investigated (Fig. 4). The results showed that the
addition of salts decreased the reaction efficiency, whereas they
were improved by the addition of HFIP in general. Interestingly,

in these cases, HFIP improved the yield even in the absence of
additional salts. This result was attributed to the solvation of PF6
anions in the Ru catalyst by HFIP. It is also possible that HFIP
stabilize arene radical cations, as often mentioned in the redox
chemistry using HFIP34,35.

Electrochemical analysis. To gain additional insights, the elec-
trochemistry of the arenes was investigated by cyclic voltammetry
(CV). Since the radical cation of all the arenes used for
Diels–Alder reactions were too short-lived to observe a reversible
redox on the time scale of the CV measurement37, 1,4-dime-
thoxybenzene (8) was employed for this study (Fig. 5). DCM was
used as a non-coordinating solvent. The voltammograms of 8
with various supporting electrolytes are shown in Fig. 5a. The
oxidation waves of 8 were irreversible in the presence of TfO−

and ClO4
−. When less donating anions, that is, BF4− and PF6−,

were used, the oxidation peak currents decreased and reduction
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currents appeared. In particular, 8 exhibited a quasi-reversible
voltammogram in the presence of PF6−. This result suggests that
the stability of the radical cation of 8 strongly depends on the
nucleophilicity of the co-existing counter anions. The higher
oxidation current and irreversible nature of the oxidation wave in
the presence of donating anions was attributed to an oxidative
oligomerization of 8 and further oxidation of oligomers.

Cyclic voltammograms of 8 recorded in 0.1 M Bu4NTfO/DCM
with successive addition of HFIP are shown in Fig. 5b, along with
that recorded in neat HFIP for comparison. As expected, upon
the addition of HFIP to an electrolytic solution, oxidation peak
currents decreased and reduction waves appeared. This result
indicates that HFIP solvates TfO− to lower its nucleophilicity.
Over 5eq. of HFIP to the supporting electrolyte was sufficient to
restore the quasi-reversible voltammogram. However, unlike the
experiment in Fig. 5a, the oxidation onset potential shifted in the
negative direction upon increasing the amount of HFIP. Such a
shift in oxidation potential in the presence of HFIP is usually

translated as a result of the stabilization of the radical cation
species17, but how the radical cations are stabilized in HFIP is still
ambiguous. Our CV measurements suggests that HFIP stabilizes
the radical cation in two different ways, by trapping the anions
and suppressing the formation of the ion pair, resulting in the
quasi-reversible redox of 8, and also by interacting with the
substrate to energetically stabilize the radical cation, which
induces a shift in oxidation potential.

The CV measurement of 8 was also performed in MeCN
(Fig. 5c, d). In contrast to the case of DCM, successive addition of
HFIP to 8 and 0.1 M Bu4NTfO/MeCN did not improve the
reversibility nor affect the oxidation onset potential (Fig. 5d). This
result suggests that a coordinating solvent such as MeCN
interacts with the radical cation such that the stabilization of
the radical cation by HFIP is negated.

Although a reversible redox of the dienophiles was not
observed on the time scale of the CV under any conditions, the
oxidation behavior of 1 changed depending on the solvent and
addition of HFIP, in accordance with the CV result of 8 (Fig. 6).
The use of less coordinating anions as supporting electrolyte did
not change the redox chemistry of 1, but the addition of HFIP
lowered the oxidation potential (Fig. 6a, b). In MeCN, the
oxidation potential of 1 did not shift as much as in DCM (Fig. 6c,
d). Same effect by HFIP in DCM was also observed for other
dienophiles (Supplementary Fig. 4). Interestingly, even the
dienophile with a hydrogen bond acceptor, an acetoxy group,
resulted in a lowered oxidation potential in the presence of HFIP.
Another fluorinated alcohol, 2,2,2-trifluoroethanol (TFE), also
showed a similar effect on the redox chemistry of 1 (Supplemen-
tary Figs. 5, 6).

DFT calculations. Computational simulations based on density
functional theory (DFT) were performed. 1·+ with corresponding
anions were optimized under UB3LYP/6–31G(d) basis set. Single-
point calculation was carried out with UB3LYP/6–311+G(2df,
2p) basis set. We obtained the most stable geometries for each
combinations of 1·+, and anions were further optimized under
UB3LYP/6–31+G(d, p) basis set to simulate the potential
mapping and orbital energy levels. Comparison of energy levels
obtained from 6–31G(d) and 6–31+G(d, p) level basis sets is
described in Supplementary Fig. 15. Figure 7a shows optimized
structures and static potential mapping of the optimized con-
formations of 1·+ with the corresponding anions. In optimized
structure, more donating anions such as TsO−, TfO−, and ClO4

−

strongly interacted with β-carbon of 1·+, while BF4− and PF6−

left 1·+ intact. This resulted in more pronounced charge separa-
tion in the latter case. Similar tendency was observed in the
analysis on molecular orbitals (Fig. 7b). Molecular orbital analysis
suggested that the singly occupied molecular orbital (SOMO) and
the lowest unoccupied molecular orbital (β-LUMO) were sig-
nificantly affected by the donor number of the anions, resulting in
lowered SOMO and β-LUMO energy levels with less donating
anions (Fig. 4b). These results suggest that the more donating
anions are, the more influence they have on the electronic
structure of 1·+. It should be noted that the actual state of ion pair
of 1·+ and anion in solution must be dynamic unlike simulation,
so that the orbital energy will be a statistical average of all those
states. However, electronic structure of optimized geometry
should be a largest portion of that average, so estimating elec-
tronic structure of ion pair by DFT calculation is still meaningful.

Hole catalysis by electrochemistry. Finally, we carried out an
electrochemical radical cation Diels–Alder reaction using fluori-
nated alcohols (Fig. 8, Table 1). As mentioned at the beginning of
this paper, the electrochemical Diels–Alder reaction was not
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successful when 0.1 M Bu4NTfO/DCM was used as an electrolyte
(Table 1, entry 1). When TFE was used as the solvent, 3 was
obtained in high yields in the presence of TfO− or TsO− anion
(Table 1, entries 2, 3). The use of HFIP as a solvent gave the
desired product in high yield, where lower charge was required
when less donating anions were used (Table 1, entries 4–6). HFIP
was also used as an additive in DCM. Compared to the result
without HFIP, the product yield was significantly improved
(Table 1, entries 1, 9).

The radical cation catalyzed [2+2] reaction in fluorinated
solvent was also examined (Supplementary Table 2). Our
previous study showed that a larger amount of charge was
required for the completion of the [2+2] cyclization reaction
compared to the radical cation Diels–Alder reaction, presumably
due to the slower kinetics of cyclobutane ring formation9. [2+2]
Cycloaddition reactions in TFE gave the desired product with a
maximum yield of 66%, but much lower yields were observed in
most cases (Supplementary Table 2, entries 1–4). On the other

hand, the reaction in HFIP with Bu4NOTf or Bu4NClO4 gave
90% yields after 1 F/mol of charge was passed (Supplementary
Table 2, entries 5, 6). The use of HFIP as an additive in DCM did
not give desired product (Supplementary Table 2, entry 7). The
difference in product yield between HFIP and TFE was attributed
to the difference in the degree of radical cation stabilities, implied
in the CV measurements (Supplementary Figs. 5, 6).

Discussion
We have demonstrated the effect of anions and fluorinated
alcohols on the efficiency of hole catalysis. The effect of anions
was analyzed by CV measurement and DFT calculation. CV
measurement of model compound 8 demonstrated that the more
donating anions were, the shorter the lifetimes of radical cations
were. DFT calculation indicated that donating anions are more
influential on the electronic structure of 1·+. Both of these were
supposedly responsible for the diminished reaction efficiency in
hole catalysis. It was also determined that fluorinated alcohols,
such as HFIP, can negate the effect of the anions, presumably by
decreasing their nucleophilicity via hydrogen bonding interac-
tions. Finally, we demonstrated hole catalytic Diels–Alder reac-
tion and [2+ 2] cycloaddition reaction under electrochemical
condition. The supporting salt is an essential component in
electrochemistry, thus the idea of using fluorinated alcohols in
order to suppress the effect of anions to preserve the inherent
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Fig. 6 Cyclic voltammograms of 1 (2 mM) recorded at a scan rate of 100
mV/s. a In 0.1 M Bu4NX/DCM, X= TfO−, ClO4

−, BF4−, and PF6−. b In 0.1
M Bu4NTfO/DCM+HFIP. c In 0.1 M Bu4NX/MeCN, X= TfO−, ClO4

−,
BF4−, and PF6−. d In 0.1 M Bu4NTfO/MeCN+HFIP. In b, d, 1–15eq. of HFIP
as the supporting electrolyte was successively added
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reactivity of the organic radical cations can bridge the gap
between electrosynthetic chemistry and other oxidation chemis-
tries. It is noteworthy that recent development of electrosynthesis
achieved various valuable chemical transformation by the aid of
fluorinated alcohols, while its role is not clearly understood38–44.
This work shed light on the effect of anions and fluorinated
alcohols to the radical cation intermediate, and we believe that
our findings will give new direction to develop novel reaction
systems.

Methods
General considerations. All reagents and solvents were purchased from com-
mercial sources and used without further purification. (E)-tert-butyldimethyl(4-
(prop-1-en-1-yl)phenoxy)silane and 1-acetoxy-4-propenylbenzene were synthe-
sized from trans-anethol (1) in two steps. Ru(bpz)3(PF6)2 was synthesized
according to reported procedure45. Proton nuclear magnetic resonance (1H-NMR)
spectra were collected on 600 or 400MHz NMR spectrometers using the deuter-
ated solvent as an internal deuterium reference. All cyclic voltammograms were
recorded using a glassy carbon working electrode, a platinum counter electrode,
and an Ag/AgCl reference electrode at a scan rate of 100 mV/s. Synthetic proce-
dures are given in the Supplementary Methods. For 1H-NMR of synthesized
materials, see Supplementary Figs. 1–3. CVs recorded in various conditions are
shown in Supplementary Figs. 4–6.

General procedure for radical cation mediated Diels–Alder reaction using Ru
photoredox catalyst. In a vial, 1 (0.08 M), 2 (0.24 M), and Ru catalyst (0.5 mol%
vs. 1) were dissolved in NM (4.2 mL). Bu4NX (0.1 M) (X= TsO−, TfO−, ClO4

−,
BF4−, PF6−, BArF20−) [BArF20−= tetrakis(pentafluoro)phenyl borate]) and/or
0.5 M HFIP were also added for comparison. The reaction mixture was irradiated
with 23W visible light and reacted for 15 min under stirring (1000 rpm). After the
reaction, the solvent was removed in vacuo, and the crude mixture was dissolved
into CDCl3. The product yield was determined by 1H-NMR using benzaldehyde as
an internal standard, according to the previously reported 1H-NMR spectrum
of 323.

Photoredox Diels–Alder reaction in MeCN with salts and HFIP were performed
under the same conditions mentioned above, except the solvent. The summary of
the reaction is shown in Supplementary Fig. 7.

Photoredox radical cation Diels–Alder reactions with various concentration of
HFIP were perfomed under the above-mentioned conditons with Bu4NTfO (0.1 or
0.05M) and 0.2–12.4 of HFIP (vs. Bu4NTfO). The product yields under these
conditions are summarized in Fig. 3c and Supplementary Fig. 8.

Radical cation Diels–Alder reaction with other dienophile and dienes were
performed under the similar conditions. Specific conditions for each reaction are
described in Supplementary Table 1.

1H-NMR data for photoredox catalysis are shown in Supplementary Figs. 9–13.

Hole catalysis under by electrochemical oxidation. All reactions were carried
out in 10 mL of electrolyte solution with two electrode system at room temperature
under a constant potential electrolysis using carbon felt as working and counter
electrodes. Yields were determined by 1H-NMR using benzaldehyde as an internal
standard. Conditions and yields for Diels–Alder reactions and [2+ 2] reaction are
summarized in Table 1 and Supplementary Table 2, respectively.

DFT calculations. All calculations were performed using the Gaussian 13 software.
Geometry optimizations and frequency calculations were performed for all of the
tellurophene derivatives at the UB3LYP level of theory using 6–31G(d) basis set for
all atoms. Frequency calculations were performed with the same basis set with
scaling factor of 0.977. Single-point calculation was conducted using UB3LYP/
6–311+ (2df, 2p) basis set. Optimized geometry of 1·+ with anions were obtained
by using four deferent initial geometries for optimization (Supplementary Fig. 14),
and compared the structural energy after taking zero-point energy in account. The
most stable geometries were β-carbon bound form for more coordinating anions
(TsO, TfO, and ClO4). For these anions, second most stable geometries were found
when anions stayed near methoxy group, which were ca. 4 kJ/mol unstable. For less
coordinating anions (BF4 and PF6), anions stayed outer sphere of 1·+. We obtained
the most stable geometries for each combinations of 1·+, and anions were further
optimized under UB3LYP/6–31+G(d, p) level basis set to simulate the potential
mapping and orbital energy levels. Comparison of orbital energy diagram calcu-
lated with UB3LYP/6–31G(d) and UB3LYP/6–31+G(d, p) basis sets are shown in
Supplementary Fig. 15. Cartesian coordinates and structural images of optimized
molecules are shown in Supplementary Tables 3–14 and Supplementary Figs. 16–
27, respectively.

Data availability
All other relevant source data are available from the corresponding author upon
reasonable request.
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