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The use of phenyliodine(1II) bis(trifluoroacetate) (PIFA) as a one-electron oxidant
for aromatic compounds has been explored. In trifluoroacetic acid or 1,1,1,3,3,3-
hexafluoro-2-propanol, a number of radical cations were generated in the tem-
perature range — 10 to 20°C and structurally assigned by EPR spectroscopy. The
oxidative power of PIFA was found to be similar to that of thallium(III) trifluo-
roacetate under the conditions employed. Thus PIFA oxidation is a useful, less
toxic complement to existing methods of radical cation generation. 1.1.1.3.3.3-
Hexafluoro-2-propanol was found to be an excellent solvent for radical cations.

The use of PIFA in ‘inverted spin trapping’ with a-phenyl-N-ters-butylnitrone
(PBN) was investigated briefly, and it was found that it sustains this reaction with
nucleophiles such as fluoride, chloride and acetate ion, tetramethylsuccinimide

anion and benzotriazolate anion.

It was shown recently' that 4-substituted phenol ethers
could be substituted oxidatively by various nucleophiles,
using phenyliodine(III) bis(trifluoroacetate) (PIFA) as the
oxidant. In several cases the intermediacy of radical cat-
ions was inferred from their EPR spectral detection in
solutions containing only substrate and PIFA.

One such case was 4-tert-butylanisole (1), which upon
treatment with PIFA in hexafluoroisopropyl alcohol
(1,1,1,3,3,3-hexafluoro-2-propanol) at room temperature
generated a stable EPR spectrum, assigned to 1'* and
decaying over a period of =1 h. The formation and sta-
bility of this radical cation suggested that PIFA in
hexafluoroisopropyl alcohol or another suitable solvent
might provide an alternative radical cation generating re-
agent, useful as a substitute and/or complement to other
methods, e.g. oxidation by TI"! trifluoroacetate,> Hg" tri-
fluoroacetate-UV light,*> 2,3-dichloro-4,5-dicyanobenzo-
quinone-trifluoroacetic acid* or tetranitromethane—tri-
fluoroacetic acid-light.> In what follows, the use and
scope of PIFA for the generation of radical cations is
described.

Results
4-tert-Butylanisole (1). Repetition of the experiment by
Kita et al.! under somewhat different concentration con-

ditions gave the spectrum of Fig. la, identical to the pub-
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lished one apart from the difference caused by the dif-
ference in modulation amplitude (0.05 vs. 0.005 mT). The
persistency of the corresponding radical was rather high,
as reported (see insert to Fig. 1a). The best fit to a double-
exponential function was obtained with k,,=0.28(2)
min ! and kg, = 0.12(1) min " . Such persistency is un-
expected for an anisole-type radical cation, in the light of
the high reactivity of 1-methoxynaphthalene radical cat-
ion in dimerization even at much lower temperatures.® In
fact the only radical cation with could be detected in the
latter system by EPR spectroscopy using a range of gen-
eration techniques was that of the dehydrodimer, 4,4'-
dimethoxy-1,1'-binaphthalene. Even if the terr-butyl
group might be expected to exert some hindrance for fur-
ther reactions of 1°*, it can hardly block the most reac-
tive 2-position completely. Exploration of other possible
candidates for a stable EPR spectrum led us to examine
the possibility of dehydrodimer formation.’

Cyclic voltammetry of 1 in dichloromethane-Bu,NPF
(0.2 mol dm ~*) showed an oxidation peak at E,,=167V
(Ag/AgCl), with no corresponding cathodic peak seen up
to a sweep rate of 50 V s~ '. However, a small cathodic



peak at 1.48 V indicated that a different species had been
formed in the anodic sweep. Repeated cycling caused this
peak to grow and also the development of a matching
anodic peak at about 1.55 V.

The dehydrodimer of 1 (2,2'-dimethoxy-5,5"-di-rert-
butylbiphenyl, 2) was prepared in ca. 10% yield by TI""
trifluoroacetate oxidation® of 1. Cyclic voltammetry of 2
showed a reversible couple with E, and E . at 1.50 and
1.44 V, respectively, at 0.1 V s~ '. These values matched
those of the secondary couple formed upon repeated cy-
cling of the cyclic voltammogram of 1. Treatment of 2
with PIFA in hexafluoroisopropyl alcohol generated the
EPR spectrum of Fig. 1b, identical with that obtained
from 1. It decayed with a rate constant of 0.11(1) min ",
in agreement with the rate constant kg, above. The
spectrum was simulated by the following parameters:
a®M 0227 (6H), 4™ 0.25 (2H), a"® 0.046, o>
0.023 mT. The same spectrum was generated by oxida-
tion of 1 or 2 by DDQ-trifluoroacetic acid or TI"'-
trifluoroacetic acid at room temperature.

In order to generate 1'* for a comparison, the sub-
strate was irradiated in dichloromethane together with
tetranitromethane (0.8 mol dm~?) and trifluoroacetic
acid (0.4 mol dm ~?) at — 60°C. Figure 2 shows the EPR
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Fig. 1. (a) EPR spectrum from a solution of 4-tert-butyl-
anisole (14 mmol dm~3) and PIFA (ca. 1.5 mmol dm~3) in
hexafluoroisopropyl alcohol, recorded at — 10°C. Insert: time
dependency of the EPR signal (middle line) at —10°C.
(b) EPR spectrum from a solution of 2,2’-dimethoxy-5,5"-
di-tert-butylbiphenyl (3 mmol dm~3) and PIFA (8 mmol
dm™3) in hexafluoroisopropyl alcohol, recorded at —10°C.
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0.2 mT

Fig. 2. EPR spectrum from a solution of 4-tert-butylanisole
(70 mmol dm~3), tetranitromethane (0.8 mol dm™3) and tri-
fluoroacetic acid (0.8 mol dm™3), irradiated by light of
A>430 nm at —60°C.

spectrum recorded under these conditions, distinctly dif-
ferent from that of 2°* (Fig. 1).

Other substrates. Exploratory studies soon showed that
PIFA is an oxidant capable of oxidizing aromatic sub-
strates (ArH) with E°(ArH"*/ArH)<2.1 V (Ag/AgCl),
as shown in Table 1. Trifluoroacetic acid was employed
as the solvent, since its freezing point is lower than that
of hexafluoroisopropyl alcohol and thus allowed for the
convenient recording of the EPR spectra of the less stable
radical cations. However, to document the truly excellent
properties of hexafluoroisopropyl alcohol, with pK =9.3,
as a solvent for radical cations, a few compounds were
studied in this solvent at room temperature. One can, for
example, note that the radical cation from 4,4'-
dimethoxy-1,1"-binaphthalene is relatively stable in
hexafluoroisopropyl alcohol at room temperature, decay-
ing with a rate constant of ca. 0.06 min~ ' (cf. ca.
0.07 min ! in TFA). Other radical cations from 1,1'-
binaphthalenes, such as those from 3,3',4,4"-, 4,4°,6,6-
and 2,2’ 4,4 -tetramethylbinaphthalene, survived long
enough in hexafluoroisopropyl alcohol at room tempera-
ture to make possible the recording of well resolved spec-
tra, whereas the radical cation from 4,4',5,5'-tetrameth-
ylbinaphthalene was too shortlived. In further studies of
radical cation generation in hexafluoroisopropyl alcohol
by other oxidants® we have been able to extend the half-
lifes of these binaphthalene radical cations and others by
a factor of more than 100!

For radical cations known to be stable, the compo-
nents were mixed at room temperature, whereas less
stable cations were generated by mixing ca. — 10°C. EPR
spectra in TFA solutions were recorded at — 11°C. Well
resolved spectra of monomeric radical cations were usu-
ally obtained, but for cases where dehydrodimerization
has been clearly established in other methods of genera-
tion, EPR spectra of dehydrodimer radical cations were
seen also from PIFA oxidation (1-methoxynaphthalene,
1,2-dimethylnaphthalene).

However, in some cases the PIFA method failed, not
because radical cations were not formed but because they
were not stable enough under the conditions employed.
Hexamethylbenzene (3) was a typical case of this behav-
jour. Even when the reactants were mixed outside the
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Table 1. Oxidation of aromatic substrates (ArH) by PIFA in trifluoroacetic acid. The EPR spectra were recorded at — 11 °C.
Electrode potentials were obtained from Refs. 10a, 17, 26 and 27.

E°(ArH " /ArH) or Spectrum recorded Ref. to EPR

ArH E,./V vs. Ag/AgCl of spectrum
1,3,5-Tri- tert-butylbenzene 2.05 ArH ™" 27
Durene 1.87 (1,2,4,5,6,8-Hexa- 11

methylanthracene)’
Pentamethylbenzene 1.79 (1,2,3,4,5,6,7,8-Octa- 10a

methylanthracene)”*
4,4’ -Bitoluene 1.69 ArH* 2
4-tert-Butylanisole 1.67 (Ar—Ar)"*
Hexamethylbenzene (mixed at — 10 °C in the cavity 1.66 ArH'™" 3
of the EPR spectrometer)
Hexaethylbenzene 1.63 ArH* 27
1,2-Dimethylnaphthalene 1.60 (Ar—Ar)* 17
2,2’ ,4,4' -Tetramethyl-1,1’ -binaphthalene 1.55 ArH™ ™ 17
Dibenzo- 1,4-dioxin 1.50 ArH™™ 25
2,2'-Dimethoxy-5,5" -di- tert-butylbiphenyl 1.47 ArH'*
1-Methoxynaphthalene 1.47 (Ar—Ar)* 6
1,3,5,7-Tetramethylnaphthalene 1.45 ArH' ™" 26
3,3’,4,4" -Tetramethyl- 1,1 -binaphthalene ? 1.41 ArH'* 17
Anthracene 1.41 (9-CF,COO0Ar)* 12
4,4’ 6,6 -Tetramethyl-1, 1’ -binaphthalene® 1.40 ArH* 17
4,4’ 5,5 -Tetramethyl- 1,1’ -binaphthalene ® 1.38 ArH' 17
1,4,5,8-Tetramethyinaphthalene 1.32 ArH™* 22
Pyrene 1.20 ArH " 27
4.4’ -Dimethoxy- 1,1’ -binaphthalene 1.19 ArH' ™" 6
4,4’ -Bis(d;-methoxy)- 1,1’ -binaphthalene ° 1.19 ArH™ ™ 6
9, 10-Dimethylanthracene 1.1 ArH' ™ 27
Perylene 1.10 ArH™* 27
1,2,3,4,5,6,7,8-Octamethylanthracene 0.86 ArH' ™" 10a
Pentacene 0.74 ArH™ 27

? This radical cation was also generated in hexafluoroisopropyl alcohol at room temperature, and persisted for 5—10 min under
these conditions. ° Persisted for 2—3 min in hexafluoroisopropy! alcohol at room temperature. © Reaction run in hexafiuoro-

isopropyl alcohol at room temperature; K,..,, =0.06 min~".

EPR cavity at ca. —10°C, the resulting solution was
EPR-silent by the time the first spectrum could be re-
corded (about 2 min after mixing). The typical yellow co-
lour signalling the presence of 3°" did appear immedi-
ately upon mixing but disappeared within 1 min; the
addition of 29, of a stronger acid (methanesulfonic acid)
did not influence this process. However, by mixing the
reagents (concentrations around 30 mmol dm ~ %) with the
sample tube kept at — 11°C in the EPR cavity and re-
cording by the automation routine, it was possible to
record the transient spectrum of 3°* and determine its
decay rate constant to be 5-7 min~'. Under similar con-
ditions the reaction between TI'! trifluoroacetate and 3 in
TFA gave a spectrum of 3°* appearing and disappearing
with about the same rate constant, k,,, and k being
0.42 and 0.37 min ', respectively.

The facile formation of 1,2,3,4,5,6,7,8-octamethyl-
anthracene radical cation on oxidation of pentamethyl-
benzene in an acidic medium is a diagnostic reaction for
initial formation of the transient pentamethylbenzene
radical cation.'® This reaction worked well with PIFA, as
did the analogous oxidation of durene with formation of
1,2,4,5,6,8-hexamethylanthracene radical action.'! Oxida-
tion of anthracene produced the EPR spectrum of 9-tri-
fluoroacetoxyanthracene. '

down
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The radical cation of 4,4"-bitoluene was obtained by
PIFA oxidation of this substrate, but not from toluene
(which is possible with TI'™").?

PIFA oxidations were not promoted by photolysis us-
ing UV or filtered light (cut-off at 345 or 430 nm).

Reaction between PIFA and spin traps. The reaction be-
tween PIFA and o-phenyl-N-tert-butylnitrone (PBN),
performed in dichloromethane at room temperature, led
to the formation of a strong signal (l:1:1 triplet of
a™=0.81 mT) of the corresponding carbonylaminoxyl
radical, PhCON(O")Bu', often denoted PBNOx (lit.'?
a™ =0.80). This signal was the only one observed even
when a large excess of PBN was employed. With 5,5-
dimethylpyrroline N-oxide (DMPO) no signal of the
acylnitroxyl radical was detected, whereas a weak signal
(1:1:1 triplet with aN=0.65 mT) was detected from
3,3,5,5-tetramethylpyrroline N-oxide (TMPO)."

When PBN was treated with PIFA in the presence of
a nucleophile Nu~, the corresponding spin adducts Nu-
PBN" were formed, besides PBNOx. The following nu-
cleophiles, in the form of their tetrabutylammonium salts,
were tested: fluoride ion, which gave both the monofluoro
adduct (aN=127, a"=0.11, aF=455 mT; lit.'
a¥=1.27,a"=0.11, a¥ =4.57 mT) and the difluoro com-



pound (the CH of the monofluoro adduct has been sub-
stituted by a fluorine; a™ = 1.27, aF(2F) = 2.08 mT; lit."3
a™=1.28, a"*(2F)=2.12 mT), chloride ion (Cl adduct:
a¥ =127, a"=0.089, a***=0.61, ¢*°’“=0.51 mT; lit."?
aN =1.27, a" = 0.089, a*9 = 0.62, ¢*’¢ = 0.51 mT), hydro-
gendiacetate ion (CH,COO adduct: a"=1.36,
a'=0.16 mT; lit."® o™ =1.36, a™ = 0.16 mT), tetrameth-
ylsuccinimide anion (N-tetramethylsuccinimido adduct:
a¥=143, a"=051, &N =0.13 mT; lit."® oaN=143,
a"'=0.51, ™ =0.14 mT) and benzotriazolate ion (V'-
benzotriazolato adduct: aN=1.37, at=0.16,
aV' =0.35 mT; lit."® &N = 1.38, " =0.16, " =0.35 mT.
With  tetrabutylammonium trinitromethanide  only
PBNOx was formed.

Discussion

In order to establish the characteristics of PIFA as a
radical cation generating reagent, we have utilized a num-
ber of systems with diagnostic properties pertaining to the
chemical reactivity of their radical cations. One charac-
teristic reactivity of radical cations is that of dimerization
to form a dication which upon proton loss gives the de-
hydrodimer [eqns. (1) and (2)], which normally is oxi-

ArH'* + ArH** — Ar(H)-Ar(H)? + Y]
-2H" ArH™
Ar(H)-Ar(H)? + —— Ar-Ar —— Ar-Ar* 2)

dized at lower potential than that of ArH and thus ap-
pears as the radical cation Ar—-Ar"*. This reaction type
is favoured for alkoxy- and amino-substituted aromatics,’
but also seen for methyl aromatics, such as methylbenz-
enes” and methylnaphthalenes.!” Obviously, this type of
behaviour is an intrinsic property of the radical cation
and not dependent upon its mode of generation under
otherwise similar conditions. Thus it is not surprising that
the stable radical cation obtained by PIFA oxidation of
4-tert-butylanisole is that of the dehydrodimer, 2,2’-
dimethoxy-5,5"-di-tert-butyl-1,1"-binaphthalene. The
4-tert-butylanisole radical cation can be prepared only by
low-temperature photolysis of the substrate in the pres-
ence of a good acceptor, tetranitromethane, indicating
some blocking action from the bulky rers-butyl group to-
ward dimerization. From I1-methoxy-naphthalene only
the dehydrodimer is seen under all types of conditions
tried.®

In general, the behaviour of PIFA in the generation of
radical cations resembles that of TI"" trifluoroacetate. Re-
actions are spontaneous and lead to the same types of
radical cations from one and the same substrate. 1,3,5-
Tri-tert-butylbenzene represents the upper £° limit for the
reaction, perhaps artificially so because of the unusually
high stability of its radical cation due to steric hindrance.
Durene and pentamethylbenzene come next in order of
potentials; their radical cations are not persistent enough
to be detectable but instead undergo complex carbo-
cation-mediated reactions to give polymethylated an-

PHENYLIODINE(Ill) BIS(TRIFLUOROACETATE) OXIDATION

thracenes and their radical cations.'®>!! The oxidation of
anthracene leads to the radical cation of the monotri-
fluoroacetoxy substitution product, known from TI""" oxi-
dation.!? Dehydrodimerization takes place upon oxida-
tion of 4-tert-butylanisole, 1-methoxynaphthalene® and
1,2-dimethylnaphthalene.’ The remaining substrates gave
monomeric radical cations.

The failure to observe the hexamethylbenzene radical
cation 3°* from the PIFA oxidation of 3 was ascribed to
the rapid decay of this species under the prevailing con-
ditions. Earlier estimates of the stability of 3°* have been
various, ranging from ‘very shortlived’ (electrochemical
evidence)'® to observable (half-life of the order of 10 min;
EPR, UV evidence) in neat TFA at —10°C,'% or even
at room temperature (EPR evidence).!® These contradic-
tory results will be examined and resolved in a coming
publication;*® here it suffices to say that 3'* is unstable
in neat TFA at — 11°C; the decay rate constant of 3°"
being ca. 6 min ~ !, following its generation by PIFA oxi-
dation of 3.

The properties of the radical cation of PBN, PBN"*,
were studied in detail recently by direct observation
(pulse radiolysis, laser flash photolysis)*! and were found
to accord with the fact that spin adducts can be formed
easily by oxidation of PBN-nucleophile mixtures by
strong one-electron oxidants.'*~'® This pathway, denoted
‘inverted spin trapping’, is initiated by oxidation of PBN
to PBN"", followed by reaction of the latter by the nu-
cleophile. Since PIFA was found to act as a one-electron
reagent toward many ArH, it would also be expected to
sustain inverted spin trapping.

PIFA oxidizes PBN to PBNOXx, as does the one-elec-
tron oxidant tris(4-bromophenyl)aminium ion in the pres-
ence of a weak nucleophile, the trifluoroacetate ion.'®
With acetate ion added [in the form of tetrabutylammo-
nium hydrogendiacetate, Bu,N * H(OAc), ™ ], PIFA con-
verted PBN also into CH;COO-PBN". With fluoride ion
present, PIFA produced both PhCHFN(O')Bu' and
PhCF,N(O")Bu', the latter being a product of further
fluorination of PhACHFN(O*)Bu'. As before,'® this reac-
tion is best explained as a radical-cation-mediated oxi-
dative substitution [eqns. (3) and (4)] according to an
ECE type mechanism.

PhCHFN(O")Bu' —°» PhCHFN(O* )Bu’ 3)
PhCHFN(O* )But —"—F> PhCF,N(O")Bu @)

Other strong nucleophiles, such as the benzotriazolate
ion, the tetramethylsuccinimide anion and the chloride
ion, also gave spin adducts with PIFA and PBN, whereas
a weaker nucleophile, the trinitromethanide ion, did not
react in this fashion.

In conclusion, phenyliodine(III) bis(trifluoroacetate) is
a versatile reagent for the generation of radical cations of
low or intermediate reactivity. It also supports one-elec-
tron oxidation of the spin trap PBN, leading to spin ad-
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ducts via inverted spin trapping. It can replace thallium
tris(trifluoroacetate) in most such applications, thus
avoiding this highly toxic reagent.

Experimental

Materials. Substrates were synthesized by published pro-
cedures (4,4’ -bitoluene),”* available from previous inves-
tigations (4-rert-butylanisole,” tetramethyl-1,1"-binaph-
thalenes,'” 4,4'-dimethoxy-1,1'-binaphthalene and its
CD; analogue,® 1,4,5,8- and 1,3,5,7-tetramethylnaphthal-
ene™ and 1,2,3,4,5,6,7,8-octamethylanthracene)'® or
purchased in highest possible commercial quality. PIFA
and hexafluoroisopropyl alcohol were from Aldrich, and

TFA was of UVASOL quality (Merck).

Preparation of 2,2’ -dimethoxy-5,5’ -di-tert-butylbiphenyl (2).
Thallium(III) trifluoroacetate (2.52 g, 4.63 mmol) was
added to a solution of 4-tert-butylanisole (1.52 g,
9.25 mmol) in TFA (12.5 ml). The reaction mixture was
stirred at room temperature until a TI'"' test was negative,
and then poured into water and neutralized with sodium
bicarbonate. Extraction with dichloromethane (2 x
20 ml), drying of the organic layer with magnesium sulfate
and evaporation of the solvent gave a slightly yellow resi-
due. Purification by column chromatography on silica us-
ing pentane—dichloromethane (10:1) as the eluent gave
pure 2, yield 0.15 g (0.46 mmol, 10%), m.p. 132-133°C.
'H NMR (CDCl,): § 1.33 (s, 18 H), 3.77 (s, 6 H), 6.92
(d, 2 H,J=8.4 Hz), 7.31 (d, 2 H, J=2.6 Hz), 7.34 (dd,
2 H, 8.4, J=2.6 Hz).

Generation of radical cations. A solution of the substrate
(5-20 mmol dm ~?) in TFA, contained in the EPR tube,
was bubbled with argon for 2 min. PIFA was then added
in solid form (final concentration ca. 20 mmol dm ~3).
The mixing was performed at room temperature for the
less reactive systems, and at about — 10°C for the re-
maining ones. The generation of spin adducts was per-
formed as described,"*"'® using tetrabutylammonium
salts of the appropriate nucleophiles.

EPR spectra were recorded on the Upgrade Version
ESP 3220-200SH of the Bruker ER-200D spectrometer.
Cyclic voltammetry was performed in dichloromethane
-Bu,NPF, (0.15 mol dm~?), using the BAS-100 instru-
ment.
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