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A B S T R A C T

When 4-nitro-AF4 is treated with nucleophiles such as alkoxides and cyanide, a novel ring opening,

cyclophane destroying reaction is observed whereby, via an SNAr mechanism, the nucleophile attacks the

bridgehead aryl carbon vicinal to the nitro group with subsequent aryl-CF2 bond cleavage.
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1. Introduction

Over the last decade, our broad studies of octafluoro[2.2]par-
acyclophane (AF4) and its derivatives have demonstrated that the
highly electron-deficient aromatic rings of AF4 exhibit a rich
diversity of chemical behavior, including clean, high yield electro-
philic substitution and disubstitution [1,2] unique aryne reactivity
[3] and excellent SRN1-reactivity with soft nucleophiles such as
phenyl thiolate and malonate anion (Scheme 1) [4]. In the present
communication, we wish to report the unexpected discovery of an
unusual ring-opening reaction of nitro-AF4 when it is treated with
hard nucleophiles, such as alkoxides and cyanide ion.

2. Results and discussion

Thus, upon treatment of 4-nitro-1,1,2,2,9,9,10,10-octafluor-
o[2.2]paracyclophane with KO-t-Bu in t-BuOD, an experiment
designed to induce deuterium exchange at the 5-position, it was
found that instead of exchange the reaction resulted in total
destruction of the [2.2]paracyclophane structure. As is the case for
4-nitro-AF4 (Fig. 1), all monosubstituted derivatives of AF4 exhibit
four characteristic AB systems in their 19F NMR spectra. It was
apparent upon examination of the 19F NMR spectrum of the
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product isolated from this reaction (Fig. 2) that the [2.2]para-
cyclophane system was no longer present.

When the reaction with t-BuO� was worked up and isolated by
column chromatography, phenol 1a was isolated in 83% yield
(Scheme 2). The product was characterized by 1H, 13C, and 19F NMR,
and by elemental analysis (Fig. 3). Examination of the crude product
mixture indicated that more than one compound bearing a CF2H
group was present, but once the mixture was subjected to isolation
and column chromatography, only the phenol remained. When
other alkoxides, such as methoxide or trifluoroethoxide were used
instead of t-butoxide, in each case only the phenol product could be
isolated. Table 1 provides the results that were obtained from the
reactions of 4-nitro-AF4 with various nucleophiles.

Reactions of [2.2]paracyclophanes that lead to ring-opening
destruction of the paracyclophane system are not common. Early
in their studies of the parent hydrocarbon [2.2]paracyclophane
(PCP), Cram and coworkers reported that, due to the system’s
inherent strain of about 31–33 kcal/mol, the system undergoes
reversible thermal homolytic cleavage of one of the benzylic C1–C2

bonds to form bis-benzylic diradical 2, which could be intercepted
in a number of ways, including by hydrogen atom transfer, as
shown in Scheme 3 [5]. All other examples of ring-opening of
[2.2]paracyclophanes have involved SET oxidation of PCP, pro-
cesses that proceed via radical cation intermediates. Such radical
cations have been generated either electrochemically [6], under
Birch reduction conditions [7], or via treatment of PCP with
cerium(IV) ammonium nitrate (CAN) [8] or the strong one-electron
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Scheme 1. SRN1 reactivity.
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oxidant, nitrosonium tetrafluoroborate (NOBF4) [9]. As exemplified
by the reaction of PCP with CAN in Scheme 4, all of these oxidation
reactions involve cleavage of the C1–C2 benzylic bond of radical
cation 3 to form the bis-benzylic distonic radical cation 4, which
can be trapped either before of after a second oxidative step to form
products such as 5.

Until the current work, there have been no reports of reactions
that led to cleavage of an aryl-bridge bond, nor have there, to our
knowledge, been any examples of either nucleophile-induced or
reductive ring-cleaving reactions of [2.2]paracyclophanes.
Although it is possible that the process that we have observed
Fig. 1. 19F NMR spectru

Fig. 2. 19F NMR spectr
could possibly derive from a reductive SET process, via a radical
anion intermediate, we believe that the overall results, as
discussed below, are more consistent with the SNAr mechanism
depicted in Scheme 5.

The high reactivity of the substrate, nitro-AF4, towards
nucleophiles can be attributed to the great electron deficiency
of its nitro-bearing benzene ring. This electron deficiency is
reflected by its reduction potential. The respective half-wave
potentials for AF4, iodo-AF4 and nitro-AF4, as indicated by cyclic
voltammetry experiments, are �2.02, �1.69 and �0.86 (V versus

saturated calomel reference electrode, SCE). The former two
reductions were irreversible, whereas the relative stability of the
radical anion of nitro-AF4 allows its reduction to be a reversible
process. The addition of the nucleophile at the bridgehead position
would be activated by the nitro group, by the two electron deficient
bridge fluorinated groups, and by relief of ring strain resulting from
this attack. Additional relief of ring strain would also facilitate the
second step of the mechanism, the novel opening of the
paracyclophane ring system, as would formation of �CF2CF2Ar,
which should not be a bad leaving group and which would be
quickly protonated in the presence of cosolvent alcohol.

Of course, neither the expected t-butyl nor the methyl ether
product is actually isolated from the reaction. Instead, the phenol
1a is isolated in both cases. We rationalize this fact on the basis
m of 4-nitro-AF4.

um of product 1b.



Scheme 2. Ring opening reaction of 4-nitro-AF4.

Fig. 3. Assignment of peaks in 1H, 13C, and 19F NMR spectra.

Scheme 3.
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that the presence of the nitro group and two perfluoroalkyl
(bridge) groups on the ether product benzene ring should make the
phenolate anion produced by either an SN2 or an E2 reaction quite a
good leaving group. Therefore, under the highly basic, highly
nucleophilic conditions of the reaction, conversion of the methyl or
t-butyl ethers to the observed phenol product should be quite
facile (Scheme 6).

Indirect evidence for this hypothesis was derived from the
results that were obtained when either cyanide or trifluoroeth-
Table 1
Results for reaction of nucleophiles with nitro-AF4

Nucleophile

(equiv.)

Solvent Temperature

(8C)

Time

(h)

Product

(%)

t-BuO� (6.0) t-BuOH/n-Bu2O (1:1) 110 18 1a (78%)

CH3O� (6.5) CH3OH/n-Bu2O 1:1 110 19 1a (73%)

CF3CH2O� (18) THF/CH3CH2OH 1:1 80 8 1a (67%)

CN� (2.9) CH3CN 80 0.5 1b (52%) Scheme 4.



Scheme 5. Suggested mechanism.

Scheme 6. Formation of phenol product 1a.

W.R. Dolbier Jr. et al. / Journal of Fluorine Chemistry 129 (2008) 1133–11381136
oxide were used as nucleophile in the reaction. As Scheme 1
indicates, when cyanide was used as nucleophile, the product that
was obtained (in 52% yield after chromatography) retained the
cyano group. Cyanide is not considered to be a good SET
nucleophile, which speaks in favor of the SNAr mechanism, and
the reaction is carried out in the absence of any other reactive base
or nucleophile, so it remains intact.

When trifluoroethoxide was used as the nucleophile in reaction
with nitro AF4, although the phenol 1a was still the only product
observed (67%) after chromatographic purification, an NMR
analysis (19F) of the crude reaction product indicated that the
major observable product after 24 h at 80 8C was not the phenol,
but what appeared to be the trifluorethyl ether, as evidenced by a
significant signal for its CF3 group at �74.8 ppm, a signal clearly
distinct from the analogous signal for the remaining trifluor-
oethanol, which was at �79.9 ppm. A chemical shift of�75 ppm is
consistent with expectations for a trifluoroethyl aryl ether [10]. It
was somewhat surprising to us that the relatively non-basic
nucleophile, CF3CH2O�, would be as effective as it was in the SNAr
process. However, trifluoroethoxide has previously been shown to
be an effective nucleophile in SNAr processes [11], and it was used
at a considerably larger concentration than were the other
alkoxides. Also, in all likelihood the rate determining step in this
SNAr process is NOT the nucleophilic addition step, but the second,
ring-cleavage step. Thus the relative nucleophilicity of the
attacking nucleophile should not be very relevant with regard to
the relative efficacy of the overall reaction. The trifluoroethyl ether
product, in contrast to the t-butyl ether cannot undergo an E2

elimination to the phenol, and it will be much less reactive than the
methyl ether with respect to SN2 chemistry.

3. Conclusions

In conclusion, nitro-AF4 has been found to be highly receptive
to attack by nucleophiles, such reactions resulting in an
unprecedented overall ring-cleaving process that destroys the
[2.2]paracyclophane entity. These reactions appear to proceed via
an addition–elimination process (SNAr) with initial attack at the
aromatic bridgehead carbon vicinal to the nitro substituent, with
the intermediate delocalized carbanion undergoing rate-deter-
mining fragmentation of the aryl bridge bond with resultant
extrusion of the tetrafluoroethyl anion, which is then protonated.
Although results are presented for use of only a limited number of
nucleophiles, it seems likely that the process will have some
generality.

4. Experimental

4.1. General

H1–C13 correlation spectra were recorded on a Varian Inova
spectrometer equipped with a 5 mm indirect detection probe,
operating at 500 MHz for 1H and at 125 MHz for 13C. Chemical
shifts are reported in ppm relative to TMS.
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19F and H1-F19 HOESY spectra were recorded on a Varian
Mercury spectrometer operating at 300 MHz for 1H and
282 MHz for 19F. 19F chemical shifts are reported in ppm
relative to CFCl3.

4.2. 4-Nitro-AF4 with t-butoxide: 2-nitro-4-(1,1,2,2-tetrafluoro-2-(4-

(1,1,2,2-tetrafluoroethyl)phenyl)ethyl)phenol (1a)

A 50 mL three-necked round bottom flask was charged with 4-
nitro-AF4 (1.20 g, 3.02 mmol), potassium t-butoxide (2.01 g,
17.91 mmol, 5.93 equiv.), 10 mL anhydrous t-butanol, and 10 mL
n-butyl ether. The mixture was heated to 110 8C and was
maintained at this temperature overnight. Upon cooling, the
mixture was acidified to a pH of 5 by dropwise addition of
concentrated HCl. Multiple extractions were performed using
diethyl ether/water and washing with brine. The organic layers
were combined, dried over anhydrous MgSO4 and then filtered.
The solvent was evaporated under vacuum and the residue
purified by silica gel column chromatography eluting initially with
neat hexanes. The product was then eluted incrementally with
increasingly polar mixtures of hexanes/dichloromethane ending in
a ratio of 5:1, respectively. The desired product eluted as a yellow
band. Upon evaporation, the crystals appeared as bright yellow
rosettes. Like fractions were combined, and the phenol product
(1a) was obtained in a yield of 0.98 g (78%): 1H NMR, d 5.95 (tt,
J = 54 and 2.1 Hz, 1H), 7.25 (d, J = 9 Hz, 1H), 7.71 (d, J = 9 Hz, 1H),
7.67 (s, 4H), 8.31 (s, 1H), 10.76 (s, OH); 13C NMR, d 110.3 (tt, J = 251
and 44 Hz), 115.3 (tt, J = 250 and 45 Hz), 115.6 (tt, J = 250 and
45 Hz), 116.1 (tt, J = 250 and 45 Hz), 120.8 (s), 123.0 (t, J = 25 Hz),
124.8 (t, J = 6.6 Hz), 127.0 (t, J = 6 Hz), 127.5 (t, J = 6 Hz), 133.1 (t,

J = 26 Hz), 133.5 (s), 133.5 (t, J = 26 Hz), 135.6 (T, J = 6 Hz), 157.0
(s); 19F NMR, d �111.0 (t, J = 9 Hz), �111.6 (t, J = 9 Hz), �114.2 (s),
�134.4 (d, J = 54 Hz); Anal. Calcd. for C16H9F8NO3: C, 46.3; H, 2.2;
N, 3.4. Found: C, 46.5; H, 2.3; N, 3.2.

4.3. 4-Nitro-AF4 with methoxide

A 50 mL three-necked round bottom flask was charged with 4-
nitro-AF4 (1.15 g, 2.90 mmol), sodium methoxide (1.02 g,
18.88 mmol, 6.51 equiv.), 10 mL anhydrous methanol, and 10 mL
n-butyl ether. The mixture was heated to 110 8C and was
maintained at this temperature overnight. Upon cooling, the
mixture was acidified to a pH of 5 by dropwise addition of
concentrated HCl. Multiple extractions were performed using
diethyl ether/water and washing with brine. The organic layers
were combined and were dried over anhydrous MgSO4, then
filtered. The solvent was evaporated under vacuum and the residue
purified by silica gel column chromatography eluting initially with
neat hexanes. The product was then eluted incrementally with
increasingly polar mixtures of hexanes/dichloromethane ending in
a ratio of 5:1, respectively. The product was eluted as a yellow
band. Upon evaporation, the crystals appeared as bright yellow
rosettes. The like fractions were combined and the phenol product
was obtained with a yield of 0.85 g (71%).

4.4. 4-Nitro-AF4 with 2,2,2-trifluoroethoxide

A 50 mL three-necked round bottom flask was charged with
sodium hydride (0.43 g, 17.92 mmol), 10 mL anhydrous THF, and
then 2,2,2-trifluoroethanol (1.30 mL, 1.81 g, 18.09 mmol). The
mixture was heated to 80 8C and was maintained at this
temperature for 2 h. To this was added 4-nitro-AF4 (0.50 g,
1.26 mmol) and 10.00 mL anhydrous ethanol and the reaction
run an additional 6 h at 80 8C. Upon cooling, the mixture
was acidified to a pH of 5 by dropwise addition of concentrated
HCl. Multiple extractions were performed using diethyl ether/
water and washing with brine. The organic layers were
combined and were dried over anhydrous MgSO4, then filtered.
The solvent was evaporated under vacuum and the residue
purified by silica gel column chromatography eluting initially
with neat hexanes. The product was then eluted incrementally
with increasingly polar mixtures of hexanes/dichloromethane
ending in a ratio of 5:1, respectively. The product was eluted
as a yellow band. Upon evaporation the crystals appeared
as bright yellow rosettes. The like fractions were combined
and the phenol product was obtained with a yield of 0.35 g
(67%).

4.5. 4-Nitro-AF4 with cyanide ion: 2-nitro-4-(1,1,2,2-tetrafluoro-2-

(4-(1,1,2,2-tetrafluoroethyl)phenyl)ethyl)benzonitrile (1b)

In a three necked round bottom flask, bearing a condenser,
sodium cyanide (0.37 g, 7.55 mmol) was stirred in acetonitrile
(10 mL) for 30 min. Then 4-nitro-AF4 (1.01 g, 2.54 mmol),
dissolved in acetonitrile (5 mL), was added slowly to the mixture
drop wise over a period of about 10 min. The reaction medium
turned instantly light yellow at addition of the first drop, later
inducing a strong orange color. The mixture was then heated to
reflux (�80 8C) for 30 min, checking the efficiency of the reaction
by TLC samples, until the starting material had totally
disappeared (Rf = 0.81 in hexane 2:1 ethyl acetate, compared
to Rf = 0.89 for 4-nitro AF4). At this time, the reaction medium,
which had turned to dark orange, was permitted to cool to room
temperature, and it was then poured into ethyl acetate (30 mL).
The solids in the flask, sodium cyanide in excess, were dissolved
in water (30 mL), which had been poured into the ethyl acetate
mixture. The aqueous layer, brown, was then washed with more
ethyl acetate, leading to an emulsion that needed nearly ten
minutes to be separated. Similar additional washings continued
until no product was seen by TLC. The organic layers were
combined, dried by magnesium sulfate, and filtered, with the
magnesium sulfate salts being washed by ethyl acetate. After
rotary evaporation, a dark brown solid was obtained, and it was
chromatographed (silica gel) using hexane 2:1 ethyl acetate to
give 0.56 g (52%) of light-brown product 1b: mp 139 8C; 1H NMR
(499 MHz, CDCl3), d 8.56 (s, 1H), 8.10 (d, 3J = 8.0 Hz, 1H), 8.05 (d,
3J = 8.2 Hz, 1H); 7.74 (s, 4H), 5.99 (tt, 2JHF = 54 Hz, 3JHF = 1.8 Hz);
19F NMR (470 MHz, CDCl3), d �110.75 (t, 3JFF = 9.7 Hz), �111.71
(t, 3JFF = 9.7 Hz), �114.06 (s), �134.24 (d, 2JHF = 53.9 Hz); 13C
NMR (126 MHz, CDCl3), d 148.8, 136.8 (t, 2J = 42 Hz), 136.1, 133.5
(t, 2J = 42 Hz), 132.9, 132.5 (t, 2J = 45 Hz), 127.7, 127.2, 124.7,
116.0 (tt, 1J = 253, 2J = 51 Hz), 115.3 (tt, 1J = 250, 2J = 40 Hz), 115.0
(tt, 1J = 255, 2J = 51 Hz) 114.2, 111.1, 110.2 (tt, 1J = 250,
2J = 54 Hz); Anal. Calcd. for C17H8F8N2O2: C, 48.1; H, 1.9; N,
6.6. Found: C, 48.6; H, 1.9; N, 6.2; HRMS m/z calcd. for
C17H8F8N2O2Na (M+Na): 447.0350, found 447.0364.

4.6. Electrochemistry

The cyclic voltammetry (CV) experiments were performed on
an EG&G Potentiostat/Galvanostat (Model 273A). All experiments
were carried out with 5 mM solution in CH3CN containing 0.1 M
tetra-n-butylammonium perchlorate (TBAP) as supporting elec-
trolyte, and were performed with a 0.02 cm2 Pt button working
electrode, a Pt wire counter electrode and a silver wire pseudo
reference electrode (calibrated with ferrocene and expressed as V
versus SCE) in an argon filled dry box. The half wave potential E1/2

refers the saturated calomel Ag wire as reference electrode, the
system was calibrated with ferrocene/ferrocenium (Fc/Fc+) redox
system (E1/2(FC) = 0.3927 V versus SCE.
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