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Perfluororesinsulfonic acids such as Nafion are highly
acidic solid catalysts, and they are superior to conventional
resinsulfonic acids such as Dowex-50, Amberlite IR-112, and
Permutit-Q with regard to catalytic activity, thermal stability,
and chemical resistance.l"2l However, like inorganic solid
acids such as zeolites, they are not effectively swollen by most
aprotic organic solvents.?l A resin-bound superacidic Brgnst-
ed acid that is effectively swollen by such solvents may offer
several advantages over Nafion, including a broader range of
applications, improved yields, improved selectivity, and mild-
er reaction conditions.

The trifluoromethanesulfonyl (triflyl, Tf) group is one of
the strongest neutral electron-withdrawing groups.! In par-
ticular, it greatly increases the acidity of a-hydrogen atoms.[>7!
For example, phenylbis(triflyl)methane (1, pK,=7.83 in
MeCN)I! is a strong nonoxidizing acid. The steric and
electronic effects of the aromatic ring in arylbis(triflyl)-
methanes are expected to greatly influence their Brgnsted
acidity and their catalytic activity and selectivity for organic
reactions. We report here on concise syntheses of the new
strong organic Brgnsted acids pentafluorophenylbis(triflyl)-
methane (2) and polystyrene-bound tetrafluorophenylbis(trif-
lyl)methane (3) and their catalytic applications in organic

synthesis.
R F R F
Tf Tf
< @O
f Tf
F F 2 F F 3

The synthetic strategy for 2 involves the preparation of
2,3,4,5,6-pentafluorobenzyltriflone (5) by nucleophilic substi-
tution of 2,3,4,5,6-pentafluorobenzyl bromide (4) with sodium
trifluoromethanesulfinate and subsequent reaction of § with
triflic anhydride [Eq. (1)].[* % The first step was accomplished
in 91 % yield by a slight modification of the method described
by Hendrickson et al.! The second step was achieved by
successive addition of BuLi (1 equiv) and triflic anhydride
(0.5 equiv) to a solution of 5. Thus, 2 was obtained in 95 %
yield based on triflic anhydride, and 5 was recovered in ca.
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1. Buli (1 equiv), Et,0, ~78 °C, 0.5 h

2 (95% yield)
2. THO (0.5 equiv), -78 °C—=RT, 1 h
3.4 MHCI

50% vyield. When (BulLi (2 equiv) and triflic anhydride
(1 equiv) were used with 5, 4-tert-butyl-2,3,5,6-tetrafluoro-
phenylbis(triflyl)methane (6a) was obtained instead of 2 as a
major product.

To explore the generality and scope of the nucleophilic para
substitution of 2, the reaction was examined with several
alkyllithium reagents (Table 1). We confirmed that compound
6 was always produced as a single isomer by para substitution

Table 1. Regiospecific nucleophilic para substitution of 2.

RLil Conditions 6 Yield [%]
tBuLi —78°C,1h 6a 87
BuLi —78°C,1h 6b >95
PhLi —-78°C—RT,1d 6¢ >95

[a] RLi (3 equiv) was added.

by 'H, BC, YF, F-F COSY, and NOE difference NMR
spectroscopy, and by single-crystal X-ray analysis on 6 ¢!
(Figure 1). The C13—H13 bond in 6¢ is almost coplanar with

Figure 1. ORTEP plot of 6¢. Ellipsoids are drawn at 26 % probability.
Selected distances [A] and torsion angles [°]: C13-H13 0.993(4), H13---F2
2.2516; C9-C10-C13-H13 6.2(3), C9-C10-C13-S1 —116.7(4).

the tetrafluorobenzene ring, and the torsion angle C9-C10-
C13-H13 is 6.2°. Furthermore, 6 may prefer an asymmetrical
conformation in CDCl; at room temperature, according to
NMR spectroscopic data. These experimental results can be
explained by conformational relaxation to avoid steric
repulsion between the triflyl groups and the ortho-fluoro
substituents of the tetrafluorobenzene moiety in 6.

To understand the para selectivity of the nucleophilic
substitution of 2, we recorded the 3C NMR spectra of 2 and
its lithium salt in CD;OD, and compared the chemical shifts of
the reaction sites. The *C NMR signals of C4 were observed
at 6=143.0.1 This means that conjugation between the
anionic carbon center and the pentafluorobenzene ring is lost.
In addition, the next lowest unoccupied molecular orbital
(NLUMO) coefficients!' and charges on the pentafluoro-
phenyl carbon atoms of the lithium salt were estimated by
theoretical calculations (RHF/STO-3G) (Figure 2).31 The
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Figure 2. Frontier electron densities (left) and atomic charges (right) of the
NLUMO at C2-CS5 in the lithium salt of 2.

frontier electron density of NLUMO and the positive charge
at the C4 position are much greater than those at the C3 and
C5 positions. Therefore, interception of the electron donation
from the anionic carbon atom to the aromatic ring and the
steric hindrance of triflyl groups on the ortho position cause
higher reactivity at the para position.['¥

To determine the acid strengths of 2 and 6¢, the 'H NMR
signals of their acidic protons were compared, and their pK,
values in glacial acetic acid were measured by the '"H NMR
method of Schantl et al. (Table 2).] Their '"H NMR signals
were observed at a lower field in the order 1,2~ 6 ¢, CHTT;. If
the pK, values shown in Table 2 are valid, 2 is a remarkably
strong acid (superacid). In addition, 6 ¢ is still of equal acidity
to concentrated sulfuric acid, although the para substitution of
2 by phenyllithium lowered the Brgnsted acidity.

Table 2. '"H NMR signals and pK, for R,CHTf;_, (n=0, 1; R=H, aryl).

CH,Tf, 1 H,SO, 6c 2 CHTY,
STHI 4.98 597 - 631 621 721
pK,in AcOH" 13 125 7507009 75 15 -

[a] '"H NMR chemical shift for the acidic proton of R,CHTf;_, in CDCl;.
[b] See ref. [15]. [c] Literature data.!']

Our goal was to develop a highly acidic heterogeneous
catalyst that can be effectively swollen by organic solvents.
Polystyrene, 1 or 2% cross-linked with divinylbenzene
(DVB), is fully swollen by aprotic solvents such as aromatic
solvents, chlorinated hydrocarbons, dioxane, and THF.I') We
envisioned that the nucleophilic para substitution of 2 with an
alkyllithium could be adapted to prepare polystyrene-bound
tetrafluorophenylbis(triflyl)methane 3 [Eq. (2)]. Three equiv-
alents of the lithium salt of 2 were added to lithiated

1. BuLi (3 equiv)
benzene, 60 °C, 3 h

2. Removal of excess BuLi
and solvents

3
Q—OBT 3. Lithium salt of 2 (3 equiv) @)

benzene/THF = 1:1
7 0°C—RT (0.5 h),
then 70 °C (6 h)

polystyrene beads,'®l prepared from commercially available
poly(4-bromostyrene) (7; 2.71 mmolBrg~! resin, 2% DVB
cross-linker, 200-400 mesh['!) in situ, and the reaction
mixture was heated at 70°C. After treatment with 4m HCI,
3 was obtained as a brownish resin. The loading of 2 on the
resin was estimated to be 1.01 mmol of Tf,CHC(F, units per
gram of resin, based on fluorine content (elemental analysis).
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The catalytic activities of Brgnsted acids 2 and 3 were first
tested in the acylation of alcohols with carboxylic anhydrides,
which is known to be catalyzed by Lewis acids (Table 3).I'81 As
expected, 3 exhibited an extremely high catalytic activity for

Table 3. Acetylation of (—)-menthol with carboxylic anhydrides (1.5 equiv).
(RCO),0E  ¢[h] Yield [%]

Entry  Catalyst [mol % Tf,CH units]

1 3(0.1) Ac,0 <1 >9
2 2 (3) Bz,0 <1 >9
3 6c(3) Bz,0 <1 >9
4 3(3) B2,0 4 71
5 3(6) Bz,0 17 >99
6 Nafion SAC-13] Bz,0 17 0

[a] Ac=acetyl, Bz =benzoyl. [b] Nafion SAC-13 (60 gmol~') was used.

the acetylation of (—)-menthol with acetic anhydride: the
reaction was complete within 1h in the presence of 3
(0.1 mol % Tf,CH units, entry 1). Benzoic anhydride is much
less reactive than acetic anhydride.'®! Nevertheless, the
benzoylation reaction proceeded quantitatively in the pres-
ence of 3 (6 mol % Tf,CH units, entry 5). Moreover, 2 and 6¢
were more active than 3 for the benzoylation (entries 2 and 3
vs entry 4). Surprisingly, Nafion-H/silica nanocomposite
(Nafion SAC-1311), which has a 10*fold higher surface area
than Nafion-H beads (Nafion NR50),] was inert in the
benzoylation (entry 6).

To demonstrate the usefulness and effectiveness of 3, its
catalytic activities in several important synthetic reactions
were compared with those of Nafion SAC-13 (Equations (3) —
(7) and Table 4). Catalyst 3 was highly active and reusable for
all of the reactions examined: direct esterification [Eq. (3)],1!
Friedel - Crafts acylation [Eq. (4)],[M acetalization [Eq. (5)],M"
the Mukaiyama aldol reaction [Eq. (6)], and Sakurai—Ho-
somi allylation [Eq. (7)]. The catalytic activity of 3 in the
reactions examined was superior to that of Nafion, which may
be the strongest Brgnsted acid among the known solid acids.

The polymer catalyst 3 was quantitatively recovered by
simple filtration and could be reused.” For example, 3

catalyst

Phcon Phe~co,Me (3)
MeOH, 27 °C, 29 h
OMe
OMe
catalyst
+ Ac,0 4)
(1.2 equiv) MeNO,, 50 °C, 2 h
Ac
o] catalyst MeO OMe 5)
+  HC(OM —_—
ph/\)j\ @ 2(e e“)l‘; toluene ph/\)Q
(1 equiv) -2 equ 0°C,1h
1. catalyst
toluene
OSiMes -78°C,7h OH O 5
+ -
PhCHO Ph 2.1 M HCI/THF ph)\)J\ Ph ©
(1 equiv) .
(1.2 equiv)
1. PhCHO (1 equiv)
catalyst -40°C,1h OH
SiME3 7
e CH,Cl, 2. 1M HCITHF NN
(1.5 equiv) RT,05h
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Table 4. Comparison of catalytic activities of 3 and Nafion SAC-13.

Reaction 3 [gmol! Yield Nafion SAC-13 Yield
(mol% Tf,CH)] [%] [gmol!] [%]
Eq. (3) 10 (1) 94 10 39
Eq. (4) 30 (3) >99 - -
Eq. (4) 10 (1) 54 10 25
Eq. (5) 5(0.5) >99 5 16
Eq. (6) 30 3) >99 30 >99
Eq. (7) 30 (3) 89 30 2

(0.1 mol % Tf,CH units) was reused for acetalization [Eq. (5)]
more than ten times, and no loss of activity was observed for
the recovered catalyst.?!l This means that the turnover
number (TON) is greater than 10000 and the turnover
frequency (TOF) exceeds 1000 h—.

In conclusion, a practical method for preparing a novel
carbon Brgnsted superacid 2 was developed and a resin-
bound strong Brgnsted acid 3 was obtained by para substi-
tution of the lithium salt of 2 with lithiated polystyrenes. To
the best of our knowledge, this is the first example of a highly
acidic heterogeneous Brgnsted acid catalyst that is effectively
swollen by nonpolar organic solvents, and its catalytic activity
is superior to that of Nafion SAC-13. Such superacids could
make a major contribution to green chemistry.
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The aromatic polymer backbone of 3, which was prepared by
nucleophilic substitution at the active surface of 7, was inert to
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