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Introduction

The cyclic aryl polyether 1 derived from the base-
mediated reaction of catechol with 1,3-difluoro-4,6-dini-
trobenzene has been proposed by Lehmann to exist
exclusively in a saddle-shaped conformation.1 This con-
clusion was based on a single experimental observation;
namely, the relatively high-field chemical shift observed
for the inner-ring protons of 1 (5.67 ppm, DMSO-d6).
Studies with space-filling molecular models also sup-
ported this hypothesis.
Despite a potential saddle-saddle conformational in-

version of 1, evidence for such a process in alternating
ortho, meta-linked cyclic aryl ethers of this type has not
been reported. The regioselective preparation of analogs
of 1 leading to chiral saddle conformers and, hence, pairs
of conformational enantiomers has, to the best of our
knowledge, also not been described. Ring inversion
barriers in chiral saddle conformations of this type will
dictate the feasibility of resolving conformational enan-
tiomers,2 or atropisomers,3 which could ultimately pro-
vide intriguing homochiral scaffolds for use in synthesis
and conformational studies. For these reasons, evidence
of ring inversion in analogs of 1 displaying chiral saddle
conformations and determination of the corresponding
inversion barriers are of interest.

We have prepared the isopropoxy-substituted dioxa-
dithia analog 2 by a route similar to that described for
1.1 If the macrocycle 2 exists in a saddle conformation
similar to 1, then the homotopic nitro, fluorine, sulfur,
and isopropoxy substituents will independently render
the saddle conformation of 2 chiral, leading to a pair of
conformational enantiomers. In addition, the isopropoxy
groups of 2 will serve as a prochiral probe for investigat-
ing conformational inversion in this ring system. Herein,

we relate molecular modeling results together with 1H
NMR data which support the conclusion that macrocycle
2 exists in a chiral saddle-shaped conformation. In
addition to the anisotropic shielding of the inner-ring
protons of 2 (H-5/5′), we describe NOEs in 2 that
strengthen the saddle conformation argument. More
significantly, dynamic 1H NMR spectra of 2, utilizing the
homotopic isopropoxy groups as a prochiral probe, sup-
port a rapid equilibration of saddle-shaped conforma-
tional enantiomers (a degenerate racemization) at el-
evated temperatures.

Results and Discussion

The macrocycle 2 was formed by reaction of 3-fluoro-
6-hydroxy-4-isopropoxythiophenol (3)4 with 2,4-difluo-
ronitrobenzene and 2 equiv of potassium tert-butoxide in
DMF.5 The high reactivity of the thiolate anion directs
the regioselectivity in this reaction. Presumably, the
2-nitrophenyl sulfide (4) is formed as an intermediate6
which then undergoes dimerization to 5 followed by
cyclization to 2 (Scheme 1). Mass spectrometry of the
product established a molecular weight of 642 amu, and
the chemical shifts in the 13C NMR spectrum (CDCl3)
were consistent with structure 2. The 1H NMR spectrum
(DMSO-d6) exhibited five aromatic protons, indicative of
a symmetrical dimeric structure. In order to simplify the
discussion, these protons are numbered H-1/1′ to H-5/5′
(see structure 2). An unusually low chemical shift of 5.70
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Scheme 1. Synthesis of the Cyclic Dioxadithia
Aryl Polyether 2
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ppm was observed for the inner-ring protons (H-5/5′)
which appeared as a doublet (J ) 2.6 Hz). This is nearly
identical to the chemical shift reported for the corre-
sponding inner-ring protons of 1.1 The nonequivalence
of the geminal isopropyl methyls of 2 was evidenced by
the presence of two distinct doublets at 1.37 and 1.34 ppm
(J ) 6.0 Hz); this anisochrony was more pronounced in
benzene-d6 in which the two methyl doublets appeared
at 1.17 and 0.94 ppm (J ) 6.0 Hz).7
In order to determine a theoretical ground state

conformation for comparison with our 1H NMR data, we
performed a Monte Carlo global conformational search
of structure 2 (see Experimental Section). A search of
1000 conformations produced the chiral saddle conforma-
tion shown in Figure 1 as the global minimum,8 indicat-
ing a pair of ground state saddle-shaped enantiomers.
In this saddle-like arrangement, the inner-ring protons
of 2 are exposed to the shielding cones of both flanking
isopropoxy-substituted aromatic rings. This anisotropic
shielding explains the relatively high-field chemical shift
observed for the inner-ring nuclei of 11 and 2.9 The
presence of two methyl resonances in the 1H NMR
spectrum of 2 is also consistent with the diastereotopic
relationship between the pro-R and pro-Smethyl groups
in the saddle-like conformation. Another noteworthy
feature of the saddle conformation, not exploited in the
analysis of 1, is the proximity of each inner-ring proton
to the two flanking protons on the adjacent isopropoxy-
substituted aromatic rings. The internuclear distances

from H-5 to H-1′ (H-5′ to H-1) and H-5 to H-2 (H-5′ to
H-2′) in the global minimum conformation of 2 are 3.0
and 2.8 Å, respectively. The proximity of these nuclei in
2 were confirmed by an NOE experiment in which
irradiation of the signal at 5.70 ppm (H-5/5′) produced
strong enhancements of near equal intensity in the
signals at 7.61 (H-1/1′) and 7.39 ppm (H-2/2′) (Scheme
2). This result served to further substantiate a saddle
conformation of 2 in solution.
A potential conformational inversion of 2 was investi-

gated by dynamic 1H NMR spectroscopy utilizing the
homotopic isopropoxy substituents as a prochiral probe.
Two methyl doublets were observed in the 1H NMR
spectrum of 2 in DMSO-d6 at 298 and 323 K. When the
sample was heated to 353 K, a single broad methyl signal
was observed; this became a sharp doublet at 373 K.
When the isopropyl methine proton was decoupled during
the variable temperature studies, we observed the coa-
lescence of two methyl singlets at 353 K. The resulting
broad singlet continued to sharpen up to 393 K, the
highest temperature studied. The remaining signals in
the spectrum remained sharp and unchanged throughout
the course of the experiment, with the exception of a
slight decrease in the chemical shifts of the outer-ring
protons and a slight increase in the chemical shift of the
inner-ring protons from 298 to 393 K ((0.12 ppm).
At ambient temperature, equilibration of the isopro-

poxy rotomers of 2 is assumed to be rapid on the NMR
time scale relative to conformational inversion. The
nitro-substituted rings in the saddle conformer may also
oscillate slightly about the nitro aryl C-O and C-S
bonds, but ring inversion to an enantiomeric saddle
conformer is impeded by interference involving the two
inner-ring protons (H-5/5′) and ring heteroatoms. At
elevated temperatures, a rapid equilibration of enan-
tiotopic saddle conformers explains the coalescence of the
methyl signals observed in the 1H NMR spectrum.10 As
illustrated in Scheme 2, ring inversion of saddle con-
former 2A produces its enantiomer 2A*, and this degener-
ate racemization mechanism enables the pro-R and pro-S
methyl groups to exchange stereoenvironments. If this
process is rapid on the NMR time scale, a maximum of
one methyl signal would be predicted, as observed
experimentally. From the peak separation of 9.5 Hz
between the methyl singlets in the methine-decoupled
spectrum of 2 at 323 K, a first-order rate constant (kcoal)
of 21.1 s-1 at the coalescence temperature (Tc ) 353 K)
was obtained for the ring inversion of 2, from which a
free energy of activation ∆Gq ) 18.6 kcal/mol was
calculated.11 This energy barrier is lower than that
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in both systems. For the effects of substituents on the chemical shift
of benzene ring protons, see: Pretsch, E.; Clerc, T.; Seibl, J.; Simon,
W. In Tables of Spectral Data for Structure Determination of Organic
Compounds; Fresenius, W., Huber, J. F. K., Pungor, E., Rechnitz, G.
A., Simon, W., West, T. S., Eds.; Springer-Verlag: Berlin, Germany,
1989; pp H255-H260.
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Sutherland, I. O. J. Chem. Soc. (B) 1970, 24-34. (c) Ollis, W. D.;
Stoddart, J. F. J. Chem. Soc., Chem. Commun. 1973, 571-572.

Figure 1. Global energy minimum of structure 2 obtained
from a Monte Carlo conformational search.

Scheme 2. Saddle-Saddle Inversion and 1H NOEs
of 2
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typically required for separation of conformational iso-
mers at ambient temperature.2

Summary
1H NMR, NOE, and molecular modeling results sup-

port the conclusion that macrocycle 2 preferentially
adopts a chiral saddle-shaped conformation, leading to
a pair of ground state conformational enantiomers.
Dynamic 1H NMR spectra support a saddle-saddle con-
formational inversion of 2 (a degenerate racemization)
at elevated temperatures with a free energy of activation
∆Gq ) 18.6 kcal/mol. Steric interactions involving the
inner-ring protons of 2 (H-5/5′) are likely during ring
inversion, and the incorporation of substituents larger
than hydrogen at these positions should dramatically
increase conformational inversion barriers in these het-
erocycles.

Experimental Section

General. 1H, 13C, and 19F NMR were recorded at 300, 75,
and 282 MHz, respectively. 1H NMR coupling constants are 1H-
1H unless otherwise noted. 1H NMR chemical shifts are reported
in ppm relative to the residual protonated solvent resonance: δ
2.50 (DMSO-d6) and δ 7.15 (C6D6). 13C NMR chemical shifts
are reported in ppm relative to the solvent resonance at δ 76.9
(CDCl3). 19F NMR chemical shifts are reported in ppm relative
to a trifluoroacetic acid external standard. Mass spectral
analyses were performed by Oneida Research Services, Whites-
boro, NY. Elemental analyses were performed by Atlantic
Microlabs, Norcross, GA.
2,13-Difluoro-3,14-diisopropoxy-9,20-dinitro-6,10:17,21-

dimethenodibenzo[b,k][5,16]dioxa[11,22]dithiacycloocta-
decin (2). A solution of 3-fluoro-6-hydroxy-4-isopropoxythiophe-
nol4 (3) (233 mg, 1.15 mmol) in DMF (3 mL) was added dropwise
to an ice-cooled stirring mixture of potassium tert-butoxide (129
mg, 1.15 mmol) in DMF (3 mL), and the resulting mixture was
stirred for 5 min. A solution of 2,4-difluoronitrobenzene (129
mg, 1.15 mmol) in DMF (3 mL) was added dropwise, and, after
stirring an additional 5 min at 0 °C, the mixture was allowed to
warm to rt. HPLC analysis indicated complete conversion to
an intermediate assigned structure 4 based on the UV spec-
trum12 obtained from the photodiode array detector. Additional
potassium tert-butoxide (128 mg, 1.14 mmol) was added via
spatula, and the mixture was stirred overnight at rt at which

point HPLC indicated mostly unreacted 4. The reaction mixture
was heated at reflux for 1 h, allowed to cool, and then
concentrated at reduced pressure. The crude material was
washed with CH2Cl2/H2O and filtered, collecting 2 (110 mg, 0.17
mmol, 30% yield) as a yellow solid: mp 279-284 °C dec; 1H NMR
(DMSO-d6) δ 8.11 (2H, d, J ) 9.2), 7.61 (2H, d, JHF ) 10.5), 7.39
(2H, d, JHF ) 7.6), 7.05 (2H, dd, J ) 9.2, 2.6), 5.70 (2H, d, J )
2.6), 4.73 (2H, sept, J ) 6.0), 1.37 (6H, d, J ) 6.0), 1.34 (6H, d,
J ) 6.0); 1H NMR (C6D6) δ 7.63 (2H, d, J ) 9.2), 6.79 (2H, d,
JHF ) 10.5), 6.41 (2H, dd, J ) 9.2, 2.6), 6.26 (2H, d, JHF ) 7.3),
5.51 (2H, d, J ) 2.6), 3.86 (2H, sept, J ) 6.0), 1.17 (6H, d, J )
6.0), 0.94 (6H, d, J ) 6.0); 19F NMR (CDCl3) δ -54.7 (2F, t, JFH
∼ 8); 13C NMR (CDCl3) δ 161.5, 152.4 (d, JCF ) 3), 150.2 (d, JCF
) 250), 149.7 (d, JCF ) 11), 140.4, 138.3, 128.4, 125.4 (d, JCF )
20), 114.8, 112.8 (d, JCF ) 6), 112.5, 110.6 (d, JCF ) 2), 72.6,
21.6; CIMS m/z 643 (M + 1, 100); HPLC mobile phase: 80%
MeOH/H2O/0.1%TEA/0.1%TFA; stationary phase: 4 µmWaters
Nova-Pak Phenyl (major peak: 95%, K′ ) 10.2). Anal. Calcd
for C30H24F2N2O8S2‚0.5H2O: C, 55.29; H, 3.87; N, 4.30; S, 9.84.
Found: C, 55.09; H, 3.84; N, 4.29; S, 9.84.
Molecular Modeling Procedure for 2. The structure of 2

was built in MacroModel 4.013 and minimized with the MM3*
force field.14 It was then subjected to Monte Carlo global
conformational searching using the default MCMM (Monte Carlo
Multiple Minimum) setup in MacroModel. MacroModel identi-
fies rotatable bonds for Monte Carlo scanning, selects the
number of rotatable bonds which are varied during each Monte
Carlo step, minimizes each Monte Carlo candidate, manages the
population of low energy conformations within a 0-50 kJ
window, and selects a starting conformation for the next Monte
Carlo step from this population on the basis of least usage. The
Truncated Newton (TNCG) minimization method15 was chosen
to achieve good convergence in minimization.
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