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The acid-catalyzed transacetalation of cyclophane formalde-
hyde acetals incorporating m-xylylene units (m-C;) generates
a well behaved dynamic library of oligomeric macrocycles.
Effective Molarities (EM) relating to the formation of the
lower cyclic oligomers (i = 2-4) were estimated from equilib-
rium concentrations measured under conditions closely ap-
proaching the critical monomer concentration. Comparison
with available EM data relating to the formation of the iso-
meric paracyclophanes p-C; shows that the metacyclophanes
m-C; are considerably more stable, the stability difference
being particularly significant for i = 2. Molecular modeling
indicated that incorporation of COCOC moieties in the cyclic

structures enforces deviations from the most stable g*g*/g g~
conformation. Consistently with experimental results, such
deviations are at a maximum for the dimeric paracyclophane
p-C,, and tend to decrease with increasing ring size in both
series. Molecular modeling also showed that the stability of
the heterodimer m,p-C, is comparable to that of m-C,, which
is again in agreement with the results of a cross-experiment
in which a mixture of m-C, and p-C, was allowed to equili-
brate.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

A major motivation for the current wide interest in reac-
tions involving covalent bond formation under fully revers-
ible conditions!!! has been the prospect of the unexpected
choice of receptors by guest molecules (templates) by virtue
of the “proof reading and editing” capability of Dynamic
Covalent Chemistry (DCC). In this paper we focus on an-
other important, still overlooked, potential of DCC. When-
ever reversible macrocyclization processes are considered,
DCC turns out to be a most convenient source of infor-
mation about the thermodynamic stability of the intercon-
verting macrocycles, which is hardly ever accessible from
other sources, given the general paucity of thermodynamic
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data for ring compounds over large ring size ranges. In fact,
the only extensive series of ring compounds for which strain
energies are available are the cycloalkanes!®! up to ring 16
and the lactonest up to ring 14. Standard heats of forma-
tion (AH;®) for other ring sizes are limited to scattered ex-
amples.™ The situation for standard entropy (S°) is even
WOTSe.

We recently reported on the fully reversible interchange
of paracyclophane formaldehyde acetals p-C; (Scheme 1)
through acid-catalyzed transacetalation in chloroform.
Peculiar structural properties were found for the lower cy-
clic oligomers p-C, to p-Cs, due to the constraints imposed
by the cyclic arrangement on the C—O-C-O-C chain, which
has highly demanding conformational requirements.’3 A
strain energy of 3.3 kcalmol ! was assigned to the 18-mem-
bered dimer p-C,, an exceedingly high value for a ring of
that size. Even more surprising was the strain energy of
1.3 kcalmol™' estimated for the 45-membered pentamer p-
Cs, in contrast to the common view that rings with more
than 25-30 skeletal atoms are virtually strainless.

To investigate the stability of macrocycles incorporating
COCOC chains further, we have extended our previous
study (Scheme 1) to the acid-catalyzed transacetalation of
cyclophane formals m-C;, featuring m-xylylene spacers.
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Scheme 1. Ring-ring equilibria of cyclophane formals p-C;.
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A parallel computational study, based on molecular me-
chanics and molecular dynamics calculations, was carried
out to provide more insights into the factors that rule the
relative stabilities of para- and metacyclophane formals,
and to predict the outcomes of cross-transacetalation ex-
periments. X-ray crystal structures of p-C, and m-C, dimers
were compared with the results from computational studies.

Results and Discussion

Pure samples of the lower metacyclophane oligomers m-
C, to m-Cs5 were obtained from the irreversible reaction be-
tween benzene-1,3-dimethanol and bromochloromethane in
the presence of NaH in boiling THF under Ziegler’s high-
dilution conditions [Equation (1)]. Yields of the lower
oligomers (10% m-C,; 6% m-Cs; 6% m-C,) were higher
than those previously reported! for the para analogues
(1.2% p-C5; 3.7% p-Cs; 2.7% p-C4) under virtually identical
conditions, which provides an indication of lower strain en-
ergies in the meta series.

NaH, THF

O\ + CHBrCl —am
HOH,C CH,0OH high dilution

— m-Cy+m-C3+m-Cy+m-Cs + higher oligomers /polymer (1)

As also previously observed for the para series,®® no
trace of the monomeric ring m-C; was found, showing that
the five-atom COCOC chain is too short to span the m-
phenylene spacer.

A set of acid-catalyzed transacetalation experiments were
carried out on m-C, solutions in CDClj; at 25 °C, at varying
reactant concentrations in the range of 10 to 200 mm. The
ring-opening cyclooligomerization processes, generating the
whole library of interconverting macrocycles, were initiated
by the addition of a catalytic amount of triflic acid (TfOH).
Equilibration was complete within 4-5 h. '"H NMR spectra
(OCH,O0 signals) of equilibrated mixtures are shown in Fig-
ure 1. Signal assignments were based on the 'H NMR spec-
tra of pure samples of m-C, to m-Cs, and on a combination
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of '"H NMR and ESI-MS spectra of chromatographic frac-
tions containing higher oligomeric materials. Whereas the
equilibrium concentrations of m-C, could be determined
with the ordinary accuracy of integrated 'H NMR peak
intensities, the deconvolution procedure adopted for m-Cs
afforded integrated intensities of only moderate accuracy,
particularly in the high-concentration region. The situation
was even worse for m-C, for which the determined concen-
trations are to be taken as semiquantitative estimates at
best. Plots of the equilibrium molar concentrations of m-
C, to m-C4 against total monomer concentration [M]y,
(Figure 2) display a tendency toward saturation in the high-
concentration region.

higher cyclic oligomers/polymer

m-C; m-C4

m-C,
N AN

m-Cs + higher cyclic oligomers/polymer
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Figure 1. '"H NMR spectra (OCH,O signals) of equilibrated solu-
tions obtained in the acid-catalyzed transacetalation of m-C,, at the
given equivalent monomer concentration [M]., (CDCls, 25 °C).
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Figure 2. Equilibrium concentration of m-C, to m-C4 from acid-
catalyzed transacetalation of m-C,, as a function of the total mono-
mer concentration [M],; (CDCls, 25 °C).
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Such a behavior is in keeping with Jacobson and Stock-
mayer’s theory of macrocyclization equilibria, according to
which the concentration of each individual cyclic species
increases with increasing monomer concentration, until a
critical value is reached.l”) Above such a critical value, the
concentration of each cyclic species remains constant, and
coincides with the effective molarity (EM;) of the given cy-
clic oligomer C;: EM; = (Kinira)i Kinter- The quantities Ko,
and (Ki,.); are defined in Equations (2) and (3), respec-
tively, where P denotes linear polymer chains. As pointed
out by Flory,!” the chemical nature of end groups is imma-
terial to the argument. For simplicity the end groups may
be regarded as free radicals, such as in the hypothetical lin-
ear oligomer P;.

-@OVO@/OVO\éHZ
i-1
P;

Combination of Equation (2) with Equation (3) leads to
the ring/chain equilibrium of Equation (4), with EM,; =
(Kintra)i/Kintcr = [Cl] [iji]/[Pi]'[S]

P; P+ P,
Kinlcr (2)
(Kinlra)i
P, =—= C; (3
P, === C; +P;; 4)

Jacobson—Stockmayer theory shows that when the extent
of reaction (p) in the linear fraction is very close to 1,
Equation (4) reduces to a sufficient approximation to the
useful form of Equation (5),

EM; = [C} (%)

according to which the equilibrium concentration of a given
cyclic oligomer provides a direct measure of its EM on the
condition that measurements are carried out at monomer
concentration above the critical value.

A major problem with the equilibrium concentrations
plotted in Figure 2 is that they do not allow the critical
monomer concentration to be determined with any pre-
cision. Extrapolation of [m-C,] to infinite monomer concen-
tration in a plot of [m-C,] against 1/[M],, (Figure 3) gave a

value of 15 mM for the limiting concentration of m-C,, very
close to the value of 13 mm determined at [M];,; = 200 mM.
This indicates that the highest monomer concentration in
the equilibration experiments closely approaches the critical
value. With use of the presumably more precise analytical
concentrations of m-C3 measured in the more dilute runs, a
value of 31 M ! was calculated for the equilibrium constant
K, 3; see Equation (6), K, 3 = [m-C31*/[m-C,]%).

Ky

3m-Cy

2m-C3 (6)
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Figure 3. Extrapolation of equilibrium concentrations of m-C,
(from Figure 2) to infinite monomer concentration.

Combination of the value of K, 3 with that of the limiting
concentration of m-C, (15 mm) gave a value of 10 mm for
the limiting concentration of m-Cs, again showing that the
experiment carried out at [M],, = 200 mMm closely ap-
proaches saturation conditions. In view of the presumably
large errors affecting the equilibrium concentrations of m-
Cy4, any refinement of experimental data appeared inappro-
priate. Hence the concentration of 6 mM measured at the
highest monomer concentration was taken as a rough esti-
mate of the limiting concentration of m-Cy.

The EM,; values relating to the formation of the metacy-
clophane oligomers m-C; (i = 2-4) are compared with the
corresponding values of the paracyclophanes p-C; in
Table 1. It is apparent that the EMs in the meta series are
significantly higher than the corresponding values in the
para series. The ring strain energies (Eg.in) reported in

Table 1. Experimentally determined EM, values and calculated strain energies in m-C; and p-C; series.

m-C; p-Clal
i Ring atoms EMS (m) P EM; (m) [ Strain energy [ EM; (M) Strain energy
[kcalmol ] [kcalmol ']
2 18 8.5%102 1.5X10°72 1.0 3.0x104 33
3 27 1.6 X102 1.0x10°72 ca. 0.3 9.0x10* 1.7
4 36 7.0x1073 ca. 61073 =0 59x 104 1.5

[a] Data from ref.[*¥]. [b] Taken from the compilation of entropic components of EM (EMS) as a function of the number r of rotatable
bonds reported in Table 1 of refl'%l. For the present system r = 6i — 1. The listed EMS data have been corrected for the symmetry
number of C;: namely, o, = 2i. [c] Estimated errors range between +5% (m-C,) and +20% (m-C,). [d] Calculated at 298 K as RTIn(EM 5/

EM).
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Table 1 were estimated with reference to Equation (7). The
second term on the right of Equation (7) defines the en-
tropy component (EMS) of the EM [Equation (8)].

AH . —AH, AS, e — A
[«MI = eXp(— intra T inter )exp[ intra Sm(cr ]

EMS < exp(Mm.m = ASpe )
R )

Whenever strainless rings are formed (AH;, .o = AHiner),
the EM is determined solely by the entropic component
EMS, which is largely independent of the nature of end
groups, because of a substantial cancellation of contri-
butions due to chemical changes in the (ASiyira — ASinter)
quantity. However, it strongly depends on the conforma-
tional (torsional) entropy loss suffered by the chain precur-
sors upon cyclization. It was found that, to a useful
approximation, the magnitude of (AS 0 — ASinter) 18 solely
determined by the number r of essential single bonds in the
chain precursors. The EMS values in Table 1, taken from
the compilation of EMS values as a function of 1'% were
combined with the experimentally determined EM values
to calculate Eg.,i, for the various rings according to Equa-
tion (9).['1]

S
AH,,.)=RTIn M

E g =(AH . — M ©)

strain

A strain energy value of 1.1 kcalmol™! was calculated for
the dimer m-C,, whereas the trimer m-C; and the tetramer
m-C,4 turned out to be virtually strainless. A striking dif-
ferent picture was previously observed for the para iso-
mers,’4 as shown by the corresponding data reported in
Table 1 for comparison. The origin of the relatively high
strain energies of the paracyclophanes p-C; was ascribed
to the torsional strain arising from deviations of the CO-
COC chain from the most stable g*g*/g g~ conforma-
tion.['”) Given that the latter corresponds to a narrow and
deep energy well, a significant torsional strain is introduced
whenever the geometrical constraints imposed by a cyclic
arrangement cause even small deviations from the optimal
geometry. The geometrical constraints imposed by the m-
phenylene spacers turn out to be much less severe than
those imposed by the p-phenylene spacers. Not surprisingly,
in both series, such geometrical constraints become less
stringent as the ring size gets larger.

X-ray Crystal Structures

Single crystals of p-C, and m-C, suitable for X-ray analy-
sis were obtained by slow evaporation of solutions of the
pure compounds in a solvent mixture of dichloromethane/
heptane/acetone (11:8:0.7, v/v). The molecular structures of
the two macrocycles are illustrated in Figure 4 (parts a and
b), together with the values of the torsion angles along the
two COCOC chains connecting the aromatic rings, showing
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that in both cases the chains adopt conformations resem-
bling the g*g*/g-g~ arrangements. The main significant dif-
ference between the two structures is the reciprocal orienta-
tion of the two aromatic rings.

(a) C4-C7-01-C8 —80.65(8), C7-01-C8-02 71.90(8), 01-C8-02-C9 70.03(8),
C8-02-C9-C10-159.95(6), C1-C18-04-C17 158.23(6), C18-04-C17-03 —
69.2(1), 04-C17-03-C16 —68.60(9), C17-03-C16-C13 75.38(9)

(b) C1-C18-04-C17 —115.8(4), C18-04-C17-03 72.9(4), 04-C17-03-C16
64.7(4), C17-03-C16-C12 178.1(3), C3-C7-01-C8 ~177.5(3), C7-01-C8-02
~67.4(4), 01-C8-02-C9 ~70.9(4), C8-02-C9-C10 117.3(4)

Figure 4. ORTEP drawings of the molecular structures with rel-
evant torsion angles (°): a) para dimer p-C, and b) meta dimer m-
C,. The hydrogen atoms have been omitted for clarity.

In both cases the opposite rings are in the “slipped paral-
lel” geometry [the dihedral angles between least-squares
planes are 0.50(3)° in p-C, and 0.3(1)° in m-C,], but the
horizontal shift (H) and the vertical separation () between
planes in the two structures are quite different. In p-C, (Fig-
ure 4, a) the two rings are almost superimposed in a face-
to-face fashion (H = 1.39, ¥ = 3.51 A), whereas those in m-
C, (Figure 4, b) are significantly shifted with respect to one
another (H = 5.84, V' = 2.95 A).

The mutual arrangement of the aromatic nuclei suggests
a reasonable explanation for the widely different affinities
of the two isomeric dimers toward silver(I) cation. The abil-
ity of p-C, to bind strongly to Ag™ has been reported pre-
viously.’4 The X-ray crystal structure of the (CF3S0,)>-
NAg complex of p-C,, obtained by slow evaporation of an
equimolar chloroform solution of the components, is shown
in Figure 5. Two different units of the complex were found
in the crystal lattice. In both the complexes the metal ion is
paired to the (CF3S0,),N counteranion; the complex has
a C, symmetry and the Ag-N bond lies on a twofold sym-
metry axis (Figure 5). There are also similarities between
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the two complexes in the coordination spheres of the metal
ions. In both complexes the Ag* cation is coordinated to
two opposite oxygen atoms of the COCOC chains (Ola and
its symmetry-related oxygen in the Ag2 complex; O2c¢ and
its symmetry-related oxygen in the Agl complex) and to
two opposite sets of n? Ag*—C bonds with the carbon
atoms of the two opposite aromatic rings (Cla, C2a, C3a,
and their symmetry-related ones in the Ag2 complex; C4c,
C5c, C6c, and their symmetry-related ones in the Agl com-
plex).

(a) Ag2-Ola 3.007(5), Ag2-Cla 2.711(9), Ag2-C2a 2.442(8), Ag2-C3a
2.932(7), Ag2-N1b 2.369(6)

(b) Agl-O2¢ 2.705(4), Agl-Cde 2.890(4), Agl-C5c¢ 2.503(5), Agl-Cée 2.859(5),
Agl-N1d 2.344(6)

Figure 5. ORTEP drawings of the molecular structures of the two
independent units of the complex of p-C, with (CF3S0,),NAg with
relevant bond lengths (A). The hydrogen atoms have been omitted
for clarity.

However, the bond lengths in the coordination spheres
of the two Ag* ions (Figure 5) show that in spite of these
rough similarities, the binding of the silver cation to the
macrocycle is substantially different in the two complexes.
In one complex unit (Figure 5, a) the n° Ag*—C bonds are
stronger and the Ag*-O bonds weaker than in the other
complex (Figure 5, b). The average Ag2-C distance for the
n° bonds [2.695(8) A] is significantly shorter than the
average Agl-C distance [2.763(5) A] in the other complex
unit. Nevertheless, the weaker n? binding of the macrocycle
to the Agl™ ion is compensated by the stronger Ag™—O
bonds: Agl-O2c [2.705(4) A] is significantly shorter than
the corresponding Ag2-Ola bond length of 3.007(5) A in
the other complex unit. Although long, the latter bond is

190 WWW.eurjoc.org
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decidedly shorter than the longest Ag-O bond (3.164 A)
found in the Cambridge Crystallographic Data Base.['’]

The self-assembly of the two complex units in the crystal
lattice is also assisted by weak attractive intermolecular
interactions. An intermolecular Flb--C6c contact of
3.113(7) A, shorter than the sum of the van der Waals radii,
links the fluorine atom F1b of the counteranion in the Ag2
complex unit to the carbon atom Céc of the macrocycle in
the Agl complex unit. Thus, in the crystal lattice, the two
independent complex units are piled up in separated colum-
nar arrangements, parallel to the crystallographic ¢ axis as
illustrated in Figure 1S (see electronic supporting infor-
mation).

In marked contrast with the behavior of p-C,, no signifi-
cant evidence of complexation was found for m-C,,['¥
showing that simultaneous complexation of the silver cation
with both aromatic rings is a prerequisite for effective bind-
ing.

Computational Procedure and Results

Molecular mechanics and dynamics calculations were
carried out with the force field MMFF!! as implemented
in the Macromodel® 6.0 molecular modeling system.['®) The
MMFF force field was chosen because it is considered one
of the most reliable force field when compared to others
available.['”]

A conformational research by the Monte-Carlo-based
Low-Mode Conformational Search method was carried out
for each cyclophane.'8! The length of each search was of
5000, 10000, and 15000 steps for the dimers, trimers, and
tetramers, respectively. Only structures with steric energies
in the 12 kJmol! (2.87 kcalmol™') range above the global
minimum were collected. To confirm that the global mini-
mum was indeed found, for each cyclophane a new search
was carried out by using the Monte Carlo Multiple Mini-
mum Conformational Search method.['°! This new search,
of the same length as the previous one, was started from a
different structure and with a different seed number. In all
cases, for each cyclophane, the two alternative searches pro-
vided the same global minimum.

It is interesting to compare the structures of the two
global minima found for the para and meta dimers (Fig-
ure 6) with the corresponding experimentally observed X-
ray structures of the two isomers in the solid state (Fig-
ure 4). The structure of the global minimum found for the
meta dimer m-C, is very similar to the X-ray structure in
that both show the g*g*/g ¢~ conformation for the two CO-
COC moieties. The structure of the global minimum found
for the para dimer p-C, instead shows the g*a/g*a confor-
mation for the COCOC moieties. The first conformer that
shows the same g*g*/g g pattern found in the X-ray struc-
ture, is 1.35 kcalmol™! above the global minimum, thus sug-
gesting that the cyclic arrangement introduces highly de-
manding geometrical constraints in the paracyclophane di-
mer, and enforces a deviation from the intrinsically most
stable g*g*/g g arrangement of the acyclic analogue.

Eur. J. Org. Chem. 2008, 186-195



Metathesis of Formaldehyde Acetals

Eur

Figure 6. Side views and top views of the global minimum struc-
tures found for a) the para dimer p-C, and b) the meta dimer m-
C,.

As to the steric energies obtained from the simulation, we
had to take into account that each cyclophane is actually
described by several conformations. The number of confor-
mations found for each cyclophane in the 12 kJmol™! range
above the global minimum varies from tens for dimers to
hundreds for trimers and tetramers. Consequently, it is still
manageable to obtain the Boltzmann averaged steric ener-
gies for m-C, and p-C,, but not for higher oligomers. There-
fore the relative stabilities of the cyclophanes were evaluated
on the basis of the average potential energy (<E>) ob-
tained from a constant temperature (298 K) molecular dy-
namics simulation started from the global minimum of each
cyclophane. After an equilibration run of 250 ps, the length
of the production runs were 1, 1.5, and 2.0 ns for dimers,
trimers, and tetramers, respectively. It was verified that the
production runs were long enough to obtain convergence
for the average potential energy (<E>) to the first decimal
digit. For each cyclophane the molecular dynamics simula-
tion was repeated twice and identical results were obtained.

The average potential energy (<E>) calculated for a
given ring is not directly comparable to the strain energy
(Esrain), because the two quantities are based on different
reference systems. The energy differences listed in Table 2,
however, are closely comparable, because, being p-C; and
m-C; isologous molecules,? differences due to the different
reference systems are cancelled out.

It is apparent that the A<E> [para — meta] values calcu-
lated for the dimers and tetramers exceed the corresponding
AE..in values by sizeable amounts. However, apart from
the discrepancies emerging from a comparison of exact fig-
ures, it should be stressed that the calculated A<E> [para —
meta] quantities are always positive, which is in agreement
with the finding that paracyclophanes p-C; (i = 2-4) are
less stable than the corresponding metacyclophanes m-C;.
Furthermore, the normalized <E> values (Table 2) de-
crease regularly from dimer to tetramer in both series, in
good agreement with the observed trends of strain energies
(Table 1).
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Table 2. Calculated average potential energy (<E>) values (scaled
at 298 K) for macrocycles p-C, to p-C4 and m-C, to m-C4. Differ-
ences of average potential energy values and strain energy values
for the two isomers of cyclooligomers C,~C4. All energies in
kcalmol!.

<E>lal A<E> [para — meta] AEgg, [para — meta]®
p-C, 68.1 (34.05) 3.7 2.3
m-C,  64.4 (32.20)
-Cs 96632200 15 1.4
m-Cs  95.1 (31.70)
pC, 12713177 22 1.4
m-Cy 124.9 (31.22)

[a] The <E> values normalized for the number of monomers in
each macrocycle are reported in parentheses. [b] Calculated as
(AEstrain)i = (Els’lar’dam)l - (Egyttﬁiln)t = RTIn (EMytem/EM{'mm) from data
in Table 1.

We therefore conclude that the computational procedure
used in this work is a useful tool for an easy and relatively
fast assessment, at least on a semiquantitative basis, of the
stability of macrocyclic formaldehyde acetals.

As a further, independent test of the reliability of our
computational model, it was used to predict the outcome
of a dynamic combinatorial experiment involving an acid-
catalyzed cross-transacetalation of isomeric cyclophane
formaldehyde acetals, as reported in the next section.

An Acid-Catalyzed Transacetalation Cross-Experiment

A system composed of two different building blocks of-
fers a higher degree of complexity, as heteroaggregates are
also formed together with the homoaggregates. In a dy-
namic library derived from a mixture of m-C, and p-C,
building blocks, the simplest of such heteroaggregates is the
mixed dimer m,p-C, [Equation(10)].

L

= 2 0 o)

o:B

mp-C,

p-Cy + m-C,

(10)

Although no theory of macrocyclization equilibria of
systems composed of two or more building blocks is yet
available, there is no doubt that the relative abundances of
the isologous macrocycles m-C,, p-C,, and m,p-C, at equi-
librium must be related to their thermodynamic stabilities.

The heterodimer m,p-C, was subjected to the computa-
tional procedure described above. Figure 7 shows all the
conformations found in the conformational search within a
1 kcalmol ™! range above the global minimum.?!l Compari-
son of a value of 65.1 kcalmol™' calculated for the average
potential energy (<E>) of m,p-C, with those of 68.1 and
64.4 kcalmol ! obtained for p-C, and m-C,, respectively,
shows that the heterodimer is definitely more stable than p-
C,, and has a stability comparable to that of m-C,.*?
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Figure 7. Low-energy conformations of mp-C, (up to a
1 kcalmol™! range above the global minimum: i.e. 85% of the total
conformational population) generated in the conformational se-
arch. The hydrogen atoms are omitted for clarity, except for that
responsible for the '"H NMR signal at 6 = 5.45 ppm (see ref.2!).

The cross ring-opening cyclooligomerization of an equi-
molar mixture of p-C, and m-C, [12.5 mM each, (p-M),,, +
(m-M),, = 50 mMm] in CDCl; at ambient temperature was
initiated by the addition of TfOH (0.4 mm). Equilibrium
was reached after 5 h. The aliphatic region of the '"H NMR
spectrum of the reaction mixture at time zero (trace a) and
of the equilibrated mixture (trace b) are reported in Fig-
ure 8. Trace b shows that a large fraction of the starting
materials is in the form of unidentified higher oligomers,
and that the concentrations of m-C, and m,p-C,* are 1.5
and 5.8 mM, respectively, whereas no trace of p-C, ([p-
C,]<0.05 mm) is visible. It appears therefore that the results
of the cross-equilibration experiments are in substantial
agreement with the computational results, in that the sta-
bility of the heterodimer m,p-C, is comparable to that of
m-C,, and decidedly higher than that of p-C,.
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Figure 8. Aliphatic region of '"H NMR spectra of @) an equimolar
solution (12.5 mm each) of p-C, and m-C, before the addition of
TfOH; b) the equilibrated solution after 5 h from the addition of
TfOH; c¢) solution of trace b after the reequilibration in the pres-
ence of (CF5S0,),NAg and extraction with ammonia.

We have already pointed out that p-C,, unlike m-C,, is
an effective binder of Ag* ion, because its conformation
allows simultaneous interaction of both aromatic rings with
the metal ion. A glance at the low-energy conformations of
m,p-C, (Figure 7) suggests that the heterodimer should be
a very poor candidate for an effective complexation of Ag*
ion.

The dynamic library obtained in the cross-experiment
(Figure 8, trace b), was treated with excess solid (CF;SO5),-
NAg. The new equilibrium composition revealed by the 'H
NMR spectrum (Figure 8, trace ¢) is [p-C,] = 4.9 mm, [m,p-
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C,] = 9.0 mMm, [m-C;] = 2.9 mMm, showing that two-thirds of
the material is now distributed among the dimeric rings.
Comparison with trace b shows that the silver template
amplifies the concentration of p-C, by no less than 100-
fold, whereas the amplification factors for m-C, and m,p-C,
hardly amount to a factor of 2. These findings are clearly
consistent with the view that not only m-C,, but also m,p-
C, should be a very poor binder of Ag" ion, as suggested
by conformational considerations.

Conclusions

We have reported that the new family of m-C; formals,
in analogy with the already studied p-C; family, also be-
haves as a fully reversible dynamic library when treated in
chloroform solution with catalytic amounts of TFOH. Infor-
mation on the relative stabilities of the first three members
m-C, to m-C4 was obtained from their effective molarity
values (EM;). A comparison with the corresponding terms
for the p-C; family points to the higher stability of the m-
C; isomer, the effect being remarkably high for the dimer.
We have also shown that quite reliable data on the relative
stabilities of these systems can be foreseen by molecular
modeling calculations. The adopted computational pro-
cedure also proved to be suitable for predicting the out-
comes of cross-equilibration experiments, thus showing
promise as a convenient tool for easy preliminary screening
of different structures of interchangeable cyclophane for-
mals.

Experimental Section

Instruments and General Methods: NMR spectra were recorded on
either a 200 or a 300 MHz spectrometer. Chemical shifts are re-
ported as ¢ values in ppm from tetramethylsilane added as an in-
ternal standard. Equilibration reactions were carried out in the
NMR tube, in the thermostatted probe of the spectrometer. The
experiments were run in the presence of TfOH (0.5 mm) at 25.0 °C.
High-resolution mass spectra (HRMS) were performed with an
Electrospray Ionisation Time of Flight Micromass spectrometer.

Materials: CF;SOsH was a commercial sample used without fur-
ther purification. (CF3S0,),NAg was prepared as described in the
literature.?* THF was dried by distillation from sodium benzophe-
none ketyl. CDCl; was dried with activated molecular sieves (4 A).

Cyclic Oligomers m-C, to m-Cs: Bromochloromethane (8.28 mL,
0.135 mol) was added to a suspension of NaH (60% w/w, 5.4 g,
0.135 mol) in dry THF (450 mL). The mixture was heated to reflux,
and benzene-1,3-dimethanol (3 g, 0.022 mol) in THF (50 mL) was
added dropwise under argon by syringe over 24 h. The mixture was
subsequently heated at reflux for two days, then cooled to room
temperature, and sodium hydroxide (1 M) was added to quench the
excess of NaH. After addition of water (150 mL) the mixture was
extracted with CH,Cl, (1 X400 mL and 2 X200 mL). The com-
bined organic phases were dried with Na,SO, and evaporated to
give crude product (3.1 g). Pure samples of m-C, to m-Cs were
obtained by column chromatography on silica gel. After elution of
a colored impurity with CH,Cl,/heptane 11:8, elution with CH,Cl,/
heptane/acetone 11:8:0.7 gave the pure title compounds in the given
order.
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2,4,13,15-Tetraoxa|5,5]metacyclophane  (m-C,):  White  solid
(300 mg, 10%); m.p. 114-115°C. '"H NMR (200 MHz, CDCl,): §
=7.30-7.29 (m, 6 H), 6.89 (s, 2 H), 4.93 (s, 4 H), 4.54 (s, 8 H) ppm.
13C NMR (50 MHz, CDCl5): 6 = 138.52, 127.63, 128.53, 96.63,
71.01 ppm. HRMS (ESI-TOF): caled. for [C;gH,,04 + K]*
339.0999; found 339.0991.

2,4,13,15,24,26-Hexaoxal|5,5,5|metacyclophane (m-Cs): White wax
(181 mg, 6.0%). '"H NMR (200 MHz, CDCls): 6 = 7.41-7.29 (m,
12 H), 4.85 (s, 6 H), 4.62 (s, 12 H)ppm. '3C NMR (50 MHz,
CDCl;): 0 = 138.04, 128.65, 127.71, 127.33 94.02, 69.45 ppm.
HRMS (ESI-TOF): calcd. for [C,;H300¢ + K]* 489.1679; found
489.1665.

2,4,13,15,24,26,35,37-Octaoxals,5,5,5|metacyclophane (m-Cg4): Col-
orless oil (179 mg, 6.0%). '"H NMR (200 MHz, CDCls): 6 = 7.32—
7.28 (m, 16 H), 4.83 (s, 8 H), 4.62 (s, 16 H) ppm. 3C NMR
(50 MHz, CDCl;3): 0 = 138.12, 128.61, 127.38, 127.18, 94.18,
69.48 ppm. HRMS (ESI-TOF): caled. for [C3sH40Og + Na]*
623.2621; found 623.2605; caled. for C;3gH40Og+K* 639.2360;
found 639.2382.

2,4,13,15,24,26,35,37,44,46-Decaoxa|5,5,5,5,5|metacyclophane  (m-
Cs): Colorless oil (25 mg, 0.8%). '"H NMR (200 MHz, CDCls): 6
= 7.36-7.28 (m, 20 H), 4.82 (s, 10 H), 4.62 (s, 20 H) ppm. '3C
NMR (50 MHz, CDCl;): 6 = 138.10, 128.58, 127.37, 127.23, 94.13,
69.43 ppm. HRMS (ESI-TOF): caled. for [C4sHs500;0 + Na]*
773.3302; found 773.3319; caled. for [C4sHs00;0 + K]t 789.3041;
found 789.3006.

2,4,13,15-Tetraoxa|5,5|meta/paracyclophane (m,p-C,): All attempts
to isolate m,p-C, as a pure sample from the equilibrated reaction
mixture of the cross-transacetalation experiment failed. Purifica-
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tion by preparative TLC (eluent: CH,Cl,/heptane/acetone, 11:8:0.7)
nevertheless provided a fraction containing 85% m,p-C, and 15%
m-C,, which allowed unequivocal assignment of the "H NMR spec-
trum of the cross-dimer m,p-C,. "H NMR (200 MHz, CDCl;): § =
7.48 (s,4 H), 7.15-7.10 (m, 3 H), 5.45 (brs, 1 H), 4.95 (s, 4 H), 4.72
(s, 4 H), 4.35 (s, 4 H) ppm. The presence of only dimeric species C,
was confirmed by HRMS (ESI-TOF): calcd. for [C;sH,,04 + K]*
339.0999; found 339.0997.

X-ray Crystallography: Diffraction data for m-C,, p-C,, and p-C,
(CF3S0,);,NAg complex were collected with an Enraf Nonius
CAD4 diffractometer with use of monochromated Cu-K,, radiation
(% = 1.54178 A). Orientation matrices and unit cell parameters were
obtained from least-squares fitting of 1(0,y, ¢) reflections found in
random searches on the reciprocal lattices. The collected reflections
were integrated and corrected for Lorentz and polarization effects.
Only the data for the Ag complex were corrected for absorption by
use of NEWABS92.2%) The crystal structures were solved by direct
methods by use of the SIR2004 computer programi?® and refined
by full-matrix, least-squares refinement by use of the SHELXL-97
computer program.?’ All non-hydrogen atoms were refined with
anisotropic atomic displacements. The hydrogen atoms were in-
cluded in the last cycles of the refinement with the geometrical
constraint C—H 0.96 A with a “riding” model. Geometrical calcula-
tions were obtained with PARST97.?8! Crystallographic data and
the most relevant parameters for the structure refinements of m-
C,, p-C,, and p-C, (CF;S0,),NAg are collected in Table 3.

CCDC-653071 (for m-C,), -653072 (for p-C,), and -653070
[for p-C, (CF5S0,),NAg] contain the crystallographic data (exclud-
ing structure factors). These data can be obtained free of

Table 3. Crystallographic data and structure refinement for m-C,, p-C,, and p-C, (CF;S0O,),NAg.

m-C, p-Cy Pp-C; (CF380,),NAg
Empirical formula C]8H2004 C18H2004 C18H2004‘(CF3502)2NAg
Formula weight 300.354 300.354 688.358
Crystal size [mm] 0.2X0.3%X0.3 0.1xX0.3%X0.3 0.4%x0.4X%x0.2
Crystal system triclinic triclinic monoclinic
Space group Pl P1 P2/n
a[A] 10.376(5) 8.320(5) 15.747(2)
b [A] 8.884(5) 8.445(5) 10.576(2)
¢ [A] 4.378(5) 7.603(5) 16.323(2)
a [°] 83.046(5) 118.167(5) 90
S 84.413(5) 66.439(5) 112.19(2)
7 [°] 71.181(5) 124.566(5) 90
VA% 378.4(5) 381.3(4) 2517.1(7)
z 1 1 4
p (caled.) [gem ™) 1.318 1.308 1.816
F(000) 160 160 1376
T [K] 295 295 295
J[A] 1.54178 1.54178 1.54178
4 [mm] 0.752 0.747 8.827
Theta range [°] 3,70 3,70 3,70
Reflections collected 1453 1575 5245
Independent reflections 1453 1462 4774
(Rine = 0.00) (Rin, = 0.006) (Rin, = 0.067)
Observed reflections 1231 1424 3352
Fo=40(F,) Fo=40(F,) Fy=40(F,)
Parameters/restraints 200/2 200/2 350/0
Goodness-of-fit on F? [l 1.083 1.043 1.010
R, 0.0351 0.0485 0.0594
WR, 0.1187 0.1488 0.1597
Largest diff. peak and hole [e/A3] 0.16, -0.12 0.24, -0.28 2.30, -0.83

[a] Ry = 2 ||Fo| — |FZ |F,, wRy = [EW(F,> — F2)?Ew F,*”. Goodness-of-fit = [Ew(F,> — F.2)*/(n — p)]”>, where n is the number of

reflections and p the number of parameters.

Eur. J. Org. Chem. 2008, 186-195

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

WWW.eurjoc.org 193



FULL PAPER

L. Mandolini, P. Mencarelli, F. Ugozzoli et al.

charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Molecular Modeling: Molecular mechanics and molecular dynam-
ics calculations were carried out with the MacroModel 6.0 molecu-
lar modeling system!'®! running on a Silicon Graphics O2 R10000
workstation. All the calculations were carried out in vacuo, and no
cut-off restrictions for the nonbonded interactions were used. The
geometries were optimized to an energy gradient lower than
1X10%kIJmol 'A!, by the Polak—Ribiere conjugate gradient
(PRCG) method.*®! The constant-temperature molecular-dynamics
simulations were carried out without the shake algorithm and with
a time step of 0.5 fs. The temperature was maintained constant with
a thermal bathP% with a bath time constant of 0.2 ps.

Supporting Information (see also the footnote on the first page of
this article): Illustration of the self-assembly of two independent
complex units of the (CF5;SO,),NAg complex of p-C, in the crystal
lattice.
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