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Mono- and diprotonation of the tri-, tetra-, and pentabridged
cyclophanes [33](1,3,5)cyclophane (4), [34](1,2,3,5)cyclo-
phane (5), and [35](1,2,3,4,5)cyclophane (6) were realized,
and NMR spectroscopic studies of the resulting carbocations
are reported. Unlike [2.2]paracyclophane and its fluorinated
analogs that are protonated at a position ipso to the ethano-
bridge, the monocations derived from 4, 5, and 6 are proton-
ated at the unsubstituted ring positions. Protonation regiose-
lectivity in the dications is pseudo-meta for 4 and 5 at unsub-
stituted ring positions, but for more-crowded 6 the second
protonation occurs at a position that is ipso to the trimethyl-

Introduction

Synthesis, structural/conformational features, and chemi-
cal transformations of cyclophanes, in particular their elec-
trophilic substitution chemistry and directive effects, have
fascinated organic chemists for decades. Recent progress in
cyclophane chemistry has been summarized in several au-
thoritative chapters and books.[1]

It is almost four decades since Hefelfinger and Cram[2]

reported the direct NMR spectroscopic observation of ipso
monoprotonated [2.2]paracyclophane 1H+ in FSO3H/
SO2ClF (Figure 1). A decade later, Hopf and associates[3]

succeeded in the generation of the doubly ipso protonated
1H2

2+ in “magic acid”/SO2ClF at –110 °C. Double ipso pro-
tonation in 1H2

2+ increases angle deformation, which in
turn decreases charge–charge repulsion.

Two decades ago, we reported[4] the generation and
NMR spectroscopic studies of stable monocations of tetra-
fluoro[2.2]paracyclophane (2) and octafluoro[2.2]cyclo-
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ene bridge. Transannular π–π interactions in the monocations
are manifested in the observed proton deshielding in the un-
protonated π-deck. DFT and GIAO-DFT were employed to
study the mono- and dications for comparison with the solu-
tion studies in superacids. GIAO-derived ∆NICS(1)zz data for
the [3n]cyclophane monocations imply decreased aromaticity
in the cofacial unprotonated arene, consistent with transan-
nular donor–acceptor interactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Figure 1. Mono- and diprotonation of parent 1.

phane (3) by ipso-protonation in superacid media (2H+ and
3H+, respectively; Figure 2).

Figure 2. Stable arenium ions of fluorinated cyclophanes 2 and 3.

Protonation of 2 leads to shielding of the arenium ion
protons by the fluorinated deck, showing that the direction
of transannular π-electron drain can be reversed upon the
2 � 2H+ transformation.
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In continuation of our studies on cyclophane cations[4–8]

and annulenium ions[9–13] we report here on stable-ion
NMR spectroscopy and computational studies of novel
mono- and dications from tri-, tetra-, and pentabridged
cyclophanes [33](1,3,5)cyclophane (4), [34](1,2,3,5)cyclo-
phane (5), and [35](1,2,3,4,5)cyclophane (6; Figure 3).

Figure 3. The tri-, tetra-, and pentabridged [3]cyclophanes. Each
structure represents the most-stable conformer (4b, 5c, or 6b) by
DFT calculations (see below).

Results and Discussion

Background to the Study

Synthesis of [33](1,3,5)cyclophane (4) was reported by
Hübert[14a] and later by Misumi.[14b] Conformational stud-
ies of 4 (by VT-NMR) by Shinmyozu et al.[15] showed it to
exist as two conformers with C3h and Cs symmetry (with
the latter being 0.4 kcalmol–1 more stable), and the energy
barrier for the inversion of the trimethylene bridge is
12.4 kcalmol–1. Shinmyozu et al.[16,17] devised an acid-cata-
lyzed cyclization approach involving the pseudo-geminally
substituted acetyl and chloromethyl groups to sequentially
synthesize [34](1,2,3,5)cyclophane (5) and [35](1,2,3,4,5)-
cyclophane (6; Figure 4). On the basis of their electronic
spectra, transannular π–π interactions in the multibridged
cyclophanes become more pronounced as the number of
connecting trimethylene bridges increases.[16]

Figure 4. Sequential synthetic approach.

The conformational dynamics of 5 involving flipping of
the trimethylene bridge were also studied by Shinmyozu et
al.[18] by VT-NMR and MM3. The flipping of the trimeth-
ylene bridge was fast on the NMR timescale at room tem-
perature, but became slower at low temperature, resulting
in significant line broadening.[15–18]

NMR Spectroscopy and Computational Studies of Parent
Cyclophanes 4–6

Structure optimization on triply bridged cyclophane 4
produced two minima with C3h (4a) and Cs (4b) symmetries;
the latter conformation is slightly more stable (see Table S1
in the Supporting Information). With cyclophane 5, four
minima were located, and 5c was found to be the most

www.eurjoc.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2009, 4451–44574452

stable. Finally, with pentabridged cyclophane 6, three min-
ima were located, and there was a clear preference for struc-
ture 6b.

Since in earlier studies of the parent cyclophanes[15–18]

the 13C NMR spectroscopic data had not been specifically
assigned, in the present study we employed 2D NMR tech-
niques to assign all signals. The data are gathered in Fig-
ure S1. For comparison, the 13C and 1H NMR shifts were
also computed by GIAO-DFT (see Figure S2). It can be
seen that the computed values at the B3LYP/6-311+G(d,p)//
B3LYP/6-31G(d) level are typically more deshielded than
the solution data (see also later discussion).[19–21]

Persistent Monocations

Low-temperature reaction of cyclophanes 4–6 with
FSO3H/SO2ClF at –70 °C resulted in the formation of
monoprotonated cations 4H+, 5H+, and 6H+ (Figure 5).
These cyclophanes were protonated at unsubstituted ring
carbon atoms. The 1H and 13C NMR spectroscopic data
for the monocations are gathered in Figure 6. Although the
13C NMR spectrum of 5H+ was somewhat noisy, partial
assignments could be made with the help of HMQC mea-
surements. Resonances for protonated carbocations 4H+,
5H+, and 6H+ were broadened, owing to conformational
dynamics involving flipping of the trimethylene bridges.
Changing the temperature to between –90 and –50 °C af-
forded little improvement, and at –30 °C decomposition be-
gan to set in.

Figure 5. Protonation of [33](1,3,5)cyclophane (4), [34](1,2,3,5)-
cyclophane (5), and [35](1,2,3,4,5)cyclophane (6) in FSO3H/
SO2ClF. Each structure shows the most-stable conformation by
DFT calculations (see later discussion).

The change in protonation regioselectivity in [3n]cyclo-
phanes as compared to [2.2]paracyclophane carbo-
cations[2–5] (see also Figures 1 and 2) reflects diminished
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Figure 6. Summary of 1H (above) and 13C (below) NMR spectroscopic data for the monoprotonated cations derived from 4–6 in FSO3H/
SO2ClF at –70 °C [a, b, c, d, and e (superscripts) denote interchangeable assignments for a pair or a group of resonances; change in δ1H
and δ13C relative to those of the corresponding hydrocarbons in parentheses; dark circles signify the carbon atoms with high ∆δ13C
values].

charge–charge repulsion in the [3n]cyclophanes, no longer
requiring ipso-protonation/angle deformation at the bridge
as a way to decrease charge–charge repulsion.

A notable feature in the 1H NMR spectra of the carbo-
cations is the diastereotopic nature of the CH2 protons ap-
pearing at distinctly different environments. With the help
of NOE it was established that the more-deshielded methyl-
ene proton is the one closest to the proton in the opposite
deck. As depicted in Figure 7, transannular donor–acceptor
effects and the loss of ring current in the [3n]cyclophane
carbocations are manifested in notable proton deshielding
in the opposite deck.

For a comparison of relative protonation energies, struc-
tures located as minima, corresponding to various confor-
mations, in tri-, tetra-, and pentabridged cyclophanes
(Table S1) were protonated, and the resulting carbocations
were computed by DFT. This showed that for each class of
[3n]cyclophanes, the carbocations derived from conforma-
tions with lower energy were generally more favored.

In accord with their arenium ion character, positive
charge is strongly localized in the ortho/para positions rela-
tive to the protonation site, with near-equal ∆δ13C values
(cation minus neutral) for these positions in each case.
Close inspection of the 13C NMR spectroscopic data also
reveals carbon deshielding at the ring carbon atoms of the
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Figure 7. Transannular proton deshielding in the benzenium deck
in protonated [3n]cyclophanes.

opposite deck, consistent with transannular donor–ac-
ceptor interactions, although proton chemical shifts provide
a more sensitive gauge of this effect.



K. K. Laali, T. Okazaki, T. Kitagawa, T. ShinmyozuFULL PAPER
The DFT-GIAO computed 13C and 1H chemical shifts

for the monocations are summarized in Figure S3. As ob-
served previously in various classes of other carbo-
cations,[19–21] the 13C shifts are more deshielded than the
experimental solution NMR spectroscopic data [on average
by about 10 ppm at the B3LYP/6-311+G(d,p) level], but the
overall charge delocalization pattern is the same. The GIAO
proton shifts are also more deshielded; nevertheless the
GIAO-derived ∆δ1H values (cation minus neutral) are in
concert with the solution data, clearly showing the opera-
tion of donor–acceptor interactions, which leads to notable
proton deshielding in the opposite deck (Figures S2–S3).

The GIAO derived-NICS(1)zz data[20–25] (Figure 8) dem-
onstrate that both cofacial decks in the neutral [3n]cyclo-
phanes are strongly aromatic. The more-negative NICS(1)zz

values (increased aromaticity) on the inner (cofacial) decks
reflect an extended π system spread over both cofacial rings.
Increased aromaticity can be seen in polycyclic compounds
with cofacial benzene rings generally.[25–28] Upon monopro-
tonation, the opposite deck becomes less aromatic, in ac-
cord with favorable donor–acceptor interactions in the
cyclophane carbocation. On the basis of NICS(1)zz, the
outer face of the benzenium deck is no longer aromatic,
whereas the inner face is still aromatic. This is likely due to
interannular π–π interactions in the monocations.

Figure 8. GIAO derived-NICS(1)zz data for the [3n]cyclophanes
and their protonated carbocations by B3LYP/6-311+(d,p)//B3LYP/
6-31G(d) level.

Persistent Dications

Low-temperature reaction of [3n]cyclophanes 4–6 with
FSO3H/SbF5 (1:1)/SO2ClF at –93 °C resulted in the forma-
tion of persistent diprotonated dications 4H2

2+, 5H2
2+, and

6H2
2+ (Figure 9). A notable visual difference in the su-

peracid solutions of the monocations and dications was the
color of the solutions, which were red for the monocations
(dark green in the case of 6H+) and yellow, yellow/orange,
and yellow/brown for the dications (4H2

2+, 5H2
2+, and

6H2
2+ respectively). The color for the monocations could
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be attributed to charge transfer from the benzene rings to
cationic decks owing to small energy gaps between HOMO
and LUMO.[3] Tri- and tetrabridged cyclophanes 4 and 5
were protonated at the unsubstituted positions, but with the
more sterically crowded [35](1,2,3,4,5)cyclophane (6), the
second protonation occurred ipso to the trimethylene bridge
to avoid severe repulsion between the two CH2 groups re-
sulting from diprotonation at two CHs. The NMR spectro-
scopic data were recorded at –93 °C. At this temperature,
conformational flipping of the trimethylene bridges became
too slow on the NMR timescale, resulting in extensive sig-
nal broadening. For most-crowded 6H2

2+ this effect was so
severe that only partial 1H and 13C NMR assignment could
be made with the help of HMQC measurements. Attempts
to induce conformational averaging and signal sharpening
by raising the temperature to –70 °C led to gradual decom-
position. The 1H and 13C NMR spectroscopic data for the
dications are gathered in Figure 10.

Figure 9. Diprotonation of [33](1,3,5)cyclophane (4), [34](1,2,3,5)-
cyclophane (5), and [35](1,2,3,4,5)cyclophane (6) in FSO3H/SbF5

(1:1)/SO2ClF at –90 °C.

The site of the second protonation for 6 could not be
determined definitively by experimental NMR spec-
troscopy. Because only one aromatic CH proton was ob-
served at δ = 7.84 ppm, the second protonation must have
occurred ipso to the trimethylene bridge. Moreover, con-
sidering the preference for pseudo-meta diprotonation in cy-
clophanes 4 and 5, it is likely that the structure is 6H2

2+,
with the second protonation at a pseudo-meta position. This
is supported by DFT calculations, which show that pseudo-
meta diprotonation leads to the most stable dication
(Table S1).

The ring CH2s in dications 4H2
2+ and 5H2

2+ give rise to
two pairs of diastereotopic resonances, whose assignments
were secured by NOE. Judging from the ∆δ13C values, the
magnitude of charge localization at the corresponding
ortho/para positions is significantly larger in the dications
than in the monocations.
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Figure 10. Summary of 1H (above) and 13C (below) NMR spectroscopic data for diprotonated cations derived from 4, 5, and 6 in FSO3H/
SbF5 (1:1)/SO2ClF at –93 °C [a, b, c, d (superscripts) denote interchangeable assignments for a pair or a group of resonances; change of
δ1H and δ13C relative to those of the corresponding hydrocarbons in parentheses; dark circles signify the carbons with high ∆δ13C values];
proton chemical shifts were corrected for bulk solvent effect (see Experimental Section).

Structures for possible diprotonated dications from 4, 5,
and 6 were optimized by the DFT method and their ener-
gies are summarized in Table S1. Pseudo-meta diprotonated
dications from 4–6 were the most stable and lower in energy
than other dications by 4–5 kcalmol–1. Energy differences
among conformational isomers are small enough for in-
terconversion.

The GIAO 13C and 1H data were also computed for the
dications (Figure S4). As was noted for the monocations,
the computed 13C NMR chemical shifts for the dications at
the B3LYP/6-311+G(d,p) level are more deshielded relative
to the superacid data, but the overall charge delocalization
patterns are the same.

Comparative Summary

Unlike [2.2]paracyclophanes that are protonated at a po-
sition ipso to the ethano bridge, low-temperature proton-
ation of tri-, tetra-, and pentabridged cyclophanes
[33](1,3,5)cyclophane (4), [34](1,2,3,5)cyclophane (5), and
[35](1,2,3,4,5)cyclophane (6) with FSO3H/SO2ClF at –70 °C
resulted in persistent monocations by protonation at the un-
substituted ring positions. This reflects diminished charge–
charge repulsion in the [3n]cyclophanes as compared to
[2.2]paracyclophane, no longer requiring ipso-protonation/
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angle deformation as a way to decrease charge–charge re-
pulsion. Charge delocalization mode in the resulting mono-
cations is consistent with their arenium ion character.
Transannular donor–acceptor interactions are manifested
in deshielding of the opposite deck as determined by NMR
spectroscopy and its diminished aromaticity as gauged by
NICS(1)zz. Low-temperature reaction of [3n]cyclophanes 4,
5, and 6 with FSO3H/SbF5 (1:1)/SO2ClF at –90 °C resulted
in the formation of persistent diprotonated dications. Pro-
tonation regioselectivity in dications 4H2

2+ and 5H2
2+ was

pseudo-meta at unsubstituted ring positions, but for more-
crowded 6H2

2+, the second protonation occurred ipso to the
trimethylene bridge. Charge delocalization in the cy-
clophane dications is consistent with the formation of two
arenium ion decks with very high ∆δ13C values for the
ortho/para carbon atoms. A notable feature in the 1H NMR
spectra of both mono and dications is the diastereotopic
nature of the CH2 protons, appearing at distinctly different
environments.

Experimental Section
General: 1H NMR, 13C NMR, and 2D NMR spectra were recorded
with a 400 MHz NMR instrument. SO2ClF was prepared accord-
ing to a modified procedure of Prakash et al.[29] [33](1,3,5)Cyclo-
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phane, [34](1,2,3,5)cyclophane, and [35](1,2,3,4,5)cyclophane were
available from previous studies by Shinmyozu et al.[15–18] Their spe-
cific 1H and 13C NMR assignments are summarized in Figure S1
(Supporting Information). FSO3H, FSO3H/SbF5 (1:1), and other
reagents were commercially available and were used without purifi-
cation.

Stable-Ion Generation Procedure: The substrate (5–8 mg) was
placed in a 5-mm NMR tube and cooled to dry ice–ethanol tem-
perature. SO2ClF (ca 0.5 mL) was condensed directly into the
NMR tube and cold CD2Cl2 (2–3 drops) was introduced into the
solution. Then, a few drops of FSO3H were carefully introduced
to prevent local overheating, whereupon an immediate color
change took place. The NMR sample was vigorously stirred at the
low temperature to give a homogeneous solution, which was ana-
lyzed by NMR experiments (1H, 13C, H/H COSY, HMQC, HMBC,
and NOED).

The dications were prepared by protonation with FSO3H/SbF5

(1:1) at liquid N2/ethanol bath, using an external sealed capillary
tube containing [D6]acetone instead of CD2Cl2. The reported 1H
NMR shifts in Figure S4 were corrected for bulk solvent effect ac-
cording to Edlund et al.,[30] by adding 0.96 ppm to the 1H shift
values. Proton spectra gathered in the Supporting Information are
the actual, uncorrected spectra.

The FSO3H/SO2ClF and FSO3H/SbF5 (1:1)/SO2ClF solutions had
the following colors: clear red and yellow for [33](1,3,5)cyclophane
(4), red and yellow-orange for [34](1,2,3,5)cyclophane (5), and dark
green and yellow-brown for [35](1,2,3,4,5)cyclophane (6), respec-
tively.

Quenching Experiments: The cold superacid solutions were poured
into a cold mixture of ice and sodium hydrogen carbonate and
extracted with CH2Cl2. NMR spectroscopic analysis of the crude
samples showed the recovery of the structurally intact cyclophane
for 4, a mixture of the intact cyclophane (20%) and several un-
known compounds (80%) for 5, and several unknown compounds
for 6. The identity of the newly formed compounds could not be
determined due to extremely small quantities of the materials.

Computational Protocols: Structures were optimized using tight
convergence from initial structures with a C1 molecular point group
by the density functional theory (DFT) method at the B3LYP/6-
31G(d) level using the Gaussian 03 package.[31,32] All computed
geometries were verified by frequency calculations to have no imag-
inary frequencies. Energies and molecular symmetry for the opti-
mized structures are summarized in Table S1. NMR chemical shifts
were calculated by the GIAO[33] (gauge-independent atomic or-
bital)-DFT method[34,35] at the B3LYP/6-311+G(d,p)//B3LYP/6-
31G(d) level. NMR chemical shifts were referenced to TMS (GIAO
magnetic shielding tensors were 31.98 ppm for 1H and 184.1 ppm
for 13C in TMS; these values are related to the GIAO isotropic
magnetic susceptibility), calculated with molecular symmetry of Td

or C3v at the B3LYP/6-311+(d,p) level of theory. Nucleus indepen-
dent chemical shifts (NICS)[36] were calculated at 1 Å above the
ring center, denoted as NICS(1),[37] by the GIAO method at the
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level. The ring centers
were defined as the simple average of Cartesian coordinates for all
the carbon atoms in the ring. Planes of the rings were calculated
by least-square methods using coordinates of all the carbon atoms
in the ring. The “out-of-plane” components of the NICS tensors
were calculated at 1 Å above the ring centers by rotating the planes
of the rings orthogonal to the z axis, which is denoted as
NICS(1)zz.[38]

Supporting Information (see also the footnote on the first page of
this article): DFT-calculated energies; Cartesian coordinates for the
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optimized structures; specific NMR assignments for the cy-
clophanes; GIAO-derived NMR spectroscopic data; selected NMR
spectra for the carbocations.
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