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Conjugated, shape-persistent macrocycles based on [3 + 3] Schiff-base condensation are of interest
for supramolecular materials. In an effort to develop new discotic liquid crystals based on these
compounds, a series of macrocycles with peripheral alkoxy groups of varying length have been
prepared. The synthesis and mechanism of formation have been probed by isolation of oligomeric
intermediates. A single-crystal X-ray diffraction study of one macrocycle revealed a nonplanar,
strongly hydrogen-bonded structure. To our surprise, even with very long substituents, the
macrocycles were not liquid crystalline. This has been rationalized by ab initio calculations that
indicate the macrocycles are undergoing rotation of the dihydroxydiiminobenzene rings that may
not allow a stable discotic liquid crystalline phase. These results provide new insight into the
formation and properties of these large macrocycles and may provide guidance to developing stable

liquid crystalline materials in the future.

Introduction

Macrocycles have played a pivotal role in the develop-
ment of supramolecular chemistry.! In particular, mac-
rocycles capable of coordinating to metals and ions, such
as crown ethers,? cryptands,® and cyclodextrins,* are
important for the investigation of supramolecular inter-
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actions.? These substances have also been used for
various applications, such as nanoreaction chambers,®
solubilizing agents for membrane transport,” phase-
transfer reagents,® and in the development of chemical
sensors.’

Rigid macrocycles of nanoscopic dimensions may serve
as the basis for creating new porous materials.!%!! Metal-
containing macrocycles that are assembled by metal—
ligand interactions, and depend on them for the stability
of the final product, are well-known.!?"4 On the other
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CHART 1. Phenyleneethynylene and Schiff-Base
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hand, large rigid organic macrocycles containing only
covalent bonds are still few in number.1%15 These are
exemplified by phenyleneethynylene macrocycles (e.g., 1),
which have been studied for their ability to organize into
assemblies (Chart 1).1%1> Moreover, these macrocycles
may form the basis of tubular liquid crystals.'®

We identified rigid, conjugated macrocycles that could
bind multiple transition metals as useful targets. These
compounds may function as ligands for the development
of new size- and shape-selective catalysts or for develop-
ing new coordination materials. Most routes to large
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organic macrocycles involve many steps, templation, or
high dilution and are not easily scaled up. However,
Schiff-base chemistry offers an excellent route to syn-
thesizing large, covalently bonded structures. The reac-
tion is reversible, allowing the controlled preparation of
thermodynamically stable products. Numerous research-
ers have used Schiff-base condensation as the ring-closing
step to synthesize macrocycles, often in high yield.1”~19

With the goal of developing conjugated macrocycles
that could coordinate to multiple metals and be easily
prepared, we identified macrocycle 2 as an attractive
target. Preliminary studies of a related macrocycle 3
prepared using a Ba?" template were reported by Rein-
houdt et al.?’ Akine et al. prepared macrocycle 2 in a two
week synthesis and studied its structure by X-ray crys-
tallography.?! Unfortunately, these macrocycles are nearly
insoluble in organic solvents (e.g., CHCl;, MeOH, and
MeCN). Soluble analogues of such macrocycles should
exhibit interesting electrochemical, photochemical, and
sensing properties. In 2003, we reported a synthesis for
soluble, conjugated macrocycle 6e and demonstrated that
it assembles into novel supramolecular architectures
upon coordination with small cations.??

Conjugated macrocycle 2 is anti-aromatic, possessing
48 m-electrons. Anti-aromatic compounds possessing 4n
m-electrons in a conjugated ring (e.g., cyclobutadiene) are
generally unstable or highly reactive. They typically
undergo distortions from planarity to break the conjuga-
tion and render the molecule more stable; for example,
cyclooctatetraene has a boat conformation. In the case
of macrocycle 1, which also possesses 48 w-electrons, the
molecule is not anti-aromatic since the conjugation is
broken by the m-phenylene linkages. Thus, this molecule
is flat since any other conformation would invoke strain.
However, in the case of macrocycle 2, twisting is a
possible mechanism to break conjugation without strain.

Here, we report our studies on the synthesis, charac-
terization, and computations of soluble conjugated Schiff-
base macrocycles, as well as the isolation of some
fragments and byproducts that give insight into the
mechanism of macrocycle formation. We also report the
structure of a conjugated macrocycle that is organized
in a tubular arrangement in the crystalline state.

Discussion

Synthesis and Characterization. The condensation
of aldehydes with amines is a route to imines, functional
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SCHEME 1. Synthesis of Soluble Conjugated
Macrocycles 6a—1
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groups with carbon—nitrogen double bonds. By increasing
the functionality of the precursors, one can obtain
polymers, oligomers, or macrocycles. We have developed
a convenient procedure to synthesize conjugated Schiff-
base macrocycles 6a—k, with peripheral alkoxy groups,
Scheme 1. To modify the solubility of the macrocycles,
dialkoxyphenylenediamine precursors 5a—k with alkyl
chains of varying length have been employed. Macrocycle
61 with methoxy substituents could not be purified due
to its insolubility.

The reaction of diol 4 with diamines 5 afforded red,
fibrous or microcrystalline products 6 in moderate to high
yield (typically 50—80% for 6a—h; lower for longer
chains). Mass spectra (ESI-MS) of the macrocycles all
show the expected protonated products and Nat com-
plexes. In addition, peaks corresponding to [6; + Na]*
and [6; + Nay]?T were often observed. These arise from
ion-induced aggregation of the macrocycles in solution.??
The IR spectra for 6a—k confirm single imine functional-
ity with a C=N stretch (1610 cm™!) and show no aldehyde
C=0 absorption from starting material 4 (1660 cm™1).
The 'H NMR spectra of 6a—k (Figure 1) are consistent
with the expected D3, symmetry of the macrocycle with
one imine (0 = 8.5 ppm) and two singlet aromatic
resonances (0 = 6.6, 6.9 ppm). On the basis of 2D NMR
experiments (HMQC, HMBC), the aromatic resonances
are assigned to protons situated on the catechol portion
of the macrocycle (6.9 ppm) and on the phenylenediamine
portion (6.6 ppm). These are each shifted from the
resonances observed for starting materials 4 and 5 found
at 7.23 and 6.36 ppm, respectively. The phenolic OH
resonance is observed at 13.3 ppm, where the significant
downfield shift arises from strong hydrogen-bonding to
the nearby imine. The 3C NMR spectra of 6a—k are also
consistent for a macrocyclic structure with a single imine
resonance found between 161 and 163 ppm.

It is noteworthy that the reaction between compound
4 and phenylenediamines with shorter substituents (e.g.,
5a—f) proceed much more rapidly than the reaction with
longer diamines (e.g., 5g—k). Whereas the reaction to
form macrocycle 6e typically requires only 1—3 h, the
reaction to form macrocycle 6k requires 12+ h to go to
completion. This difference in reactivity may be due to
aggregation of the phenylenediamines in the reaction
solvent (1:1 CHCls/MeCN).

The macrocycles appear to bind strongly to small
molecules, such as small cations (e.g., NH;", Na™)?2 and
water. 'H NMR spectra of the macrocycles show broad
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water resonances between 1.9 and 2.5 ppm in CDCl;. The
significant downfield shift from 1.5 ppm, the usual
chemical shift of water in CDCls, is indicative of hydrogen
bonding. These results suggest that macrocycles 6 may
form supramolecular complexes with small, polar mol-
ecules, and this is currently under investigation.

These compounds are intensely colored, analogous to
porphyrins and phthalocyanines, but are not lumines-
cent. In the solid state, they appear deep red to brown
in color and they absorb very strongly in the UV—vis
region of the spectrum with peaks centerd at ca. 400 nm
(e ~ 8 x 10* mol L' em™1), as shown in Figure 1. This
intense transition is primarily attributed to the z—x*
transition of the conjugated ring.

Crystals of macrocycle 6a were obtained from DMF,
and the single-crystal X-ray diffraction (Figure 2) con-
firms that the structure is a macrocycle. Moreover, the
macrocycle is nonplanar, as in the case of the related
structure reported by Akine.?! The molecule is triangular
in shape, with the apexes defined by the three diethy-
loxyphenylenediimine moieties. There are six hydroxyl
groups within the molecule that are strongly hydrogen
bonded to the adjacent imines, with average intramo-
lecular O---N distances of 2.60(4) A. Two sides of the
macrocycle are twisted along the C—N---N—C axis?? such
that the catechol groups are twisted out of the plane of
the macrocycle in opposite directions. The third side?3 is
nearly planar, with the catechol group only twisted
slightly out of the plane. Intermolecular z-stacking is
apparent between the flat sides of the macrocycles in the
solid-state, with nearest intermolecular separations of
3.59 A along the stacking axis. The macrocycles are
arranged in layers and stacked in a way that reveals a
porous structure when viewed normal to the (100) axis,
as shown in Figure 2¢ (the pores contain DMF solvent
molecules). Other examples of porous crystalline struc-
tures based on shape-persistent macrocycles are known.!

Self-Assembly. The macrocycle synthesis is remark-
ably efficient, and the [3 + 3] macrocycle is the major
product obtained. As the preparation of macrocycles
6a—k depends on the assembly of six different compo-
nents (three of the diformyl species, 4, and three phe-
nylenediamine species, 5), it likely occurs stepwise
through several intermediates. The previously published
report of macrocycle 2 indicated observations of a 2:2
condensation product, formed from the reaction of two
diformyl moieties and two phenylenediamine molecules,
as well as a postulated oligomeric compound composed
of three molecules of each of the starting materials but
where ring-closing condensation has not occurred.?!
Although these are sensible intermediates of the con-
densation process, we have not observed either of these
intermediates during our studies of related macrocycles
possessing alkoxy substituents (6).

We were, however, able to isolate other small frag-
ments of these macrocycles through variation of the
reaction conditions. The difficulty encountered trying to
isolate the fragments is that they tend to decompose or
condense to afford macrocycles during attempts to purify

(23) From the crystallographic data found in the Supporting Infor-
mation, the two sides of the macrocycle twisted along the C—N-+N—C
axis are more specifically C20—N4---N5—C29 and C34—N6--N1-C1,
and the third side that is nearly planar can be defined by C6—N2---
N3-C15.
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FIGURE 1. (a) 'H NMR spectrum (300 MHz, CDCl3) of 6e; (b) UV—vis spectrum of 6e (ca. 4.0 x 107 M in CH:Cly).

FIGURE 2. Molecular structure of macrocycle 6a as determined by single-crystal X-ray diffraction with thermal ellipsoids at
50% probability. Solvent molecules are removed for clarity. Red = oxygen, blue = nitrogen. (a) View from the top of the macrocycle
showing strong intramolecular hydrogen bonding. (b) View of macrocycle 6a from the side showing the nonplanarity of the
macrocycle (ethyloxy groups and hydrogen atoms are removed for clarity). (¢c) View of the packing diagram for macrocycle 6a
normal to the (100) axis, revealing the stacking pattern forming pores.

them by recrystallization or column chromatography.
Thus, it has been necessary to find conditions where the
fragments are obtained in the highest possible purity
directly from the reaction. When using longer alkoxy
chains (10 or more carbon atoms) and keeping the
reaction temperature between 0 and 25 °C, the major
product observed is the 1:1 condensation product 7.24 The
'H NMR spectrum of 7j (R = C14Hyg, prepared using 5j)
shows both a formyl and an imine peak (9.93 and 8.54
ppm, respectively) with the two phenolic protons shifted
downfield due to hydrogen-bonding with the imine ni-
trogen and the formyl group (13.70 and 10.90 ppm,
respectively).?* Most distinctive is the aromatic region of
the spectrum with two doublets for the phenolic ring and
two singlets for the diaminobenzene ring. The IR spec-
trum for compound 7j is similar to that of macrocycles 6
with the addition of an aldehyde C=O stretch at 1686

(24) Gallant, A. J.; Patrick, B. O.; MacLachlan, M. J. J. Org. Chem.
2004, 69, 8739—8744.

cm™! and amine N—H stretches at 3390 and 3315 cm™L.
The UV—vis spectrum of this compound contains three
major peaks (304, 338, and 413 nm) and a broad shoulder
(~460 nm) with an overall shape quite different from that
for macrocycles 6.

RO RO OR
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SCHEME 2.
Macrocycle 6
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By performing this condensation reaction at room
temperature and adjusting the stoichiometry appropri-
ately a 1:2 condensation product (8) is obtained. The ESI-
MS indicates that when diamine 5e was employed, pure
product 8e was obtained, and the 'H NMR spectrum
shows three singlets in the aromatic region rather than
the two observed for the macrocycle. The IR spectrum
shows both a C=N (1611 em™) stretch and N—H stretches
(3376, 3303, 3169 cm™1), with no evidence of any aldehyde
C=0 stretches. The UV—vis spectrum of 8e is similar to
that of 7j at lower wavelengths (306 and 346 nm) but is
red shifted at higher wavelengths (468 nm) and different
from that of macrocycle 6.

To prove that compounds 7 and 8 are intermediate
species in macrocycle formation, both were shown inde-
pendently to form macrocycle 6 (Scheme 2). Compound
7j was heated in CHCIl; forming macrocycle 6j as the
major product (ca. 70% by 'H NMR), with a mixture of
byproducts including compound 10. When compound 8e
was heated in CHCl; with 1 equiv of 4, macrocycle 6e
was produced (ca. 90% by '"H NMR). The fact that 8 reacts
in the presence of 4 to give macrocycle 6 indicates that
the reaction conditions allow for the hydrolysis of an
imine bond in 8.

Compound 9, formed by the reaction of diamine 5 with
2 equiv of compound 4, is an intermediate that might be
expected to form during the condensation. This species,
however, has proven very difficult to isolate. Only
through reaction of excess diol 4 (4—5 equiv) with
diamine 5j were we able to obtain this product (with an
impurity of 4), as verified by ESI-MS. The 'H NMR
spectrum shows resonances attributed to an aldehyde,
an imine, and three aromatic protons (two doublets and
a singlet). In addition, the OCH; groups appear as a well-
defined triplet, indicative of a symmetrical environment
for the phenylenediamine moiety.

The isolation of compounds 7—9 in the reactions of 4
with 5 suggests that the macrocycles are assembled
stepwise. Small oligomers form and eventually reach the
correct length to cyclize into the [3 + 3] macrocycle. These
isolated oligomeric compounds are also of interest as
precursors to preparing unsymmetrically substituted
macrocycles that incorporate two different phenylenedi-
amine molecules. Such macrocycles may be assembled if
the rates of condensation and hydrolysis of the imines

Reaction of Intermediates To Form
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are significantly different, or if the hydrolysis of the
fragments is prevented by chelation to a metal. This may
enable preparation of amphiphilic macrocycles for as-
sembly in Langmuir—Blodgett films or of alkanethiol-
functionalized macrocycles for assembly on gold surfaces.

It is noteworthy that the [3 + 3] condensation product
is the only species isolated without any observation of
larger macrocycles or oligomers. Macrocycles 6 could be
prepared in CHCl3;, CHCl3/MeCN, or toluene, indicating
that the solvent is likely not templating the macrocycle
formation. Akine et al. proposed that the driving force
for the formation of 2 was the insolubility of the macro-
cycle.?! To prove that this is not the case for macrocycles
6 with alkoxy substituents, compounds 4 and 5e were
reacted in CHCI; under dilute enough conditions that the
product did not precipitate. Upon rapid solvent removal,
TH NMR spectroscopy of the mixture indicated that
macrocycle 6e was the major species in solution. In the
case of macrocycle 2, crystallization may indeed be a
driving force since the product is much less soluble than
macrocycles 6 and crystallizes more easily.

In theory, the condensation of compounds 4 and 5 in a
1:1 ratio could form a [3 + 3] macrocycle, larger macro-
cycles, or linear (helical) oligomers and polymers. We
believe that the obtained [3 + 3] macrocycle is thermo-
dynamically favored as it minimizes strain and maxi-
mizes intramolecular hydrogen bonding. Experimentally,
the [3 + 3] macrocycle is a strongly favored product and
remains the major product even when trying to hinder
macrocycle formation by the addition of a full equivalent
of salicylaldehyde as a capping species to the preparation.
Also, no evidence for tautomerism has been observed in
any of the macrocycles 6a—k or the fragments 7—9.

Reactivity. The reactivity of the macrocycle itself is
difficult to probe due to the presence of many functional
groups (ether, imine, alcohol), but intermediates and
byproducts in the condensation can provide insight into
its reactivity. Phenylenediamines are known to undergo
various reactions with benzaldehyde, including reactions
to form benzimidazoles and benzimidazolines.?> In the
formation of macrocycles 6, the reaction generally pro-
ceeds smoothly to the final product. This is quite surpris-
ing since a wide variety of side reactions is possible.

We have observed that under certain conditions (50 °C,
acid catalyst) the major product in the synthesis of
macrocycle 6e is not the fully conjugated macrocycle, but
instead monoreduced macrocycle 10e.2* In addition, this
compound can often be isolated as a minor byproduct in
the synthesis of 6e. We have proposed that monoreduced
macrocycle 10e is formed by the reduction of macrocycle
6e with a benzimidazoline intermediate generated in situ
from the 1:1 condensation product 7 producing a highly
fluorescent benzimidazole.2* In our previous report, we
observed benzimidazole in the reaction mixture by ESI-
MS and were able to isolate and characterize a small
quantity of the benzimidazole 11e. Formation of benz-
imidazoline is a likely process during the reaction. Thus,
monoreduction of the macrocycle may be favored to break
the anti-aromaticity of the ring.

During our attempts to prepare 9 with hexyloxy
substituents (i.e., 9e), a byproduct was isolated in low
yield. The MS of the new product shows the expected

(25) Smith, J. G.; Ho, 1. Tetrahedron Lett. 1971, 3541—3544.
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mass for a 2:1 diol/diamine species (i.e., 9e), but the 'H
NMR spectrum shows two aldehyde groups, two OCHg
groups, no imine, and several aromatic peaks. The
characterization data are consistent with benzimidazole
12. Compound 12 may be derived from the 2:1 condensa-
tion product 9, through a cyclization followed by simul-
taneous oxidation and reduction. Alternatively, the oxi-
dation/reduction process may occur stepwise.?* It is
noteworthy that the reaction of benzaldehyde with phe-
nylenediamine leads to the formation of benzimidazoles
without isolation of the diimine. In our case, the hydroxyl
groups stabilize the imine and reduce its tendency to
cyclize.
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Liquid Crystallinity. Since the macrocycles, as drawn
in Scheme 1, appear to possess Ds, symmetry similar to
triphenylene mesogens, we anticipated that they would
form discotic liquid crystals. Macrocycles with long alkoxy
chains (e.g., 6g—k) were prepared and investigated by
differential scanning calorimetry (DSC) and polarizing
optical microscopy (POM). Melting transitions were
observed for 6g—k, but no transition to a liquid crystal-
line phase was detected by either DSC or POM.

The addition of different groups (e.g., poly(alkoxy)-
benzene derivatives) to the periphery of the macrocycles
may be necessary to further suppress the melting points
and yield liquid crystalline phases. On the other hand,
our inability to observe liquid crystallinity in macrocycles
6a—k may be linked to the ring structure of the core.
Macrocycle 1 and triphenylenes are both planar and
readily form discotic liquid crystalline phases. Macrocycle
6, which is anti-aromatic, may distort in a way that
breaks the symmetry in the molecule and inhibits the
generation of a liquid crystalline phase.

Calculations. The experimental NMR spectra of the
macrocycles 6 show an average symmetry that corre-
sponds to a planar macrocycle (D3, symmetry) in solution.
A low-temperature 'H NMR experiment indicated that
this symmetry is retained to below —85 °C. In the solid-
state, however, the macrocycles appear to have a distor-
tion in which the catechol moieties are all oriented out
of the plane. To obtain a better understanding of their
conformations and dynamics, we have undertaken a
computational study of the macrocycles. As a model, ab

JOC Article

initio computations were performed on macrocycle 61 with
peripheral methoxy substituents. Geometry optimiza-
tions and frequency calculations were performed in
B3LYP/6-31G(d,p), after a preliminary geometry optimi-
zation in HFS/STO-3G and B3LYP/4-31G. UV—vis spec-
tra were computed in CIS(D), TD, and ZINDO. No
symmetry constraints were applied unless indicated.

Preliminary calculations starting with a near-planar
conformation indicated that the macrocycle has two
stable conformations, neither of which is flat (Figure 3).
In the first conformation (A), the molecule has ap-
proximately C; symmetry, with the phenylenediimine
groups coplanar and all of the catechol moieties oriented
out of the plane, but with two up and one down.26 The
other conformation (B) has C3, symmetry and lies only
1.6 kcal/mol above the C; isomer. Again, the OH groups
of the catechol moieties are oriented out of the plane, but
are all on the same side of the macrocycle. The planar
configuration (D3, symmetry) of the macrocycle (forced
with constraints) has an energy that is ca. 14.4 kcal/mol
above the C, isomer A.

The absence of planarity in the macrocycle for confor-
mations A and B is consistent with the solid-state
structure obtained for 6a. It is not surprising that this
macrocycle would be nonplanar, since it is anti-aromatic,
possessing 48 electrons in the closed 7-system of the large
macrocycle. As a result of this anti-aromaticity, the
macrocycle adopts a nonplanar conformation that retains
the planarity and aromaticity of the substituted benzene
components that make up the macrocycle.

In solution, the macrocycles appear to have Dj;, sym-
metry, indicating that the calculated structures must
interconvert on the NMR time scale. The macrocycle has
three easy rotation axes passing through the catechol
moieties between imine carbon atoms, Figure 4. One
possibility for interconversion between isomers A and B
is via the rotation of one catechol group while the others
remain stationary. To evaluate the energy profile for such
a rotation, we performed a relaxed rotation calculation
using DFT. Starting with the C3, isomer B, a catechol
moiety was rotated about one of the easy axes of rotation
shown in Figure 4. The dihedral angles of the two Ph—N
bonds (i.e., C—C—N=C) along the same side of the
triangle were fixed in 10° intervals, and the structure
was permitted to relax to the nearest local minimum
energy for each position with this constraint. Figure 5
shows the relative calculated energy for the minimized
structures as a function of dihedral angle. Most notably,
there are four local minima, including two that we had
not encountered before. The rotation scan revealed two
local minima in which one catechol is directed away from
the center of the macrocycle. Figure 3 shows the macro-
cycle in each of these two new conformations (C and D).

Overall, the calculated values of the bond lengths and
angles for the conformations agree well with those
deduced from the X-ray diffraction study of macrocycle
6a. Table 1 provides a comparison of the bond lengths
measured and computed for the macrocycles. Typically,
the bond lengths are within 0.1 A.

For the macrocycles to interconvert between the local
energy minima, they must surmount a barrier of only

(26) In every stable conformation of the macrocycle, the phenylene-
diimine rings are coplanar, and we refer to these as the “plane of the
macrocycle”, recognizing that the macrocycle is not truly planar.
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FIGURE 3. Computed low energy conformations A—D for macrocycle 6l. Views of the structures are shown from the top and

side of the macrocycle, with hydrogen atoms omitted for clarity.

FIGURE 4. Three easy rotation axes for macrocycle 2.

ca. 5 kcal/mol. At room temperature, the conformations
may readily interconvert without actually passing through
a flat conformation. Any catechol moiety may move to
the other side of the macrocycle either by allowing the
hydroxyl groups to pass through the center of the ring,
or alternatively to rotate outside of the ring (i.e., the
aromatic protons moving through the center). The latter
motion, where the hydroxyl groups rotate outside of the
center of the macrocycle, has a lower energy barrier.
These calculations are consistent with our observation
that the conformations cannot be “frozen out” at —85 °C.
Although the macrocycles appear in solution to have Ds),

7942 J. Org. Chem., Vol. 70, No. 20, 2005
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FIGURE 5. Relaxed scan of rotation computed for macrocycle
61. The angle of rotation corresponds to the dihedral angle of
the C—C—N=C bond. A dihedral angle of 0° indicates that the
catechol undergoing rotation in 10° intervals is oriented toward
the center of the macrocycle; for a dihedral angle of 180°, the
catechol is oriented away from the center of the macro-
cycle.

symmetry, they are in fact rapidly interconverting be-
tween the local energy minima and never have Dsg,
symmetry.
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TABLE 1. Comparison of Selected Bond Lengths and Angles for the Macrocycles

measured for 6a computed for 61 computed for 61 computed for 61
bond (SCXRD) (conformation A) (conformation C) (D3}, conformation)
C-N (1§) 1.415(6) 1.403 1.400 1.408
C=N (A) 1.284(6) 1.294 1.295 1.300
C-OH @A) 1.354(4) 1.334 1.336 1.327
HOC=CQH (A) 1.402(4) 1.424 1.422 1.424
C—CN (A) 1.454(8) 1.448 1.449 1.446
HO-C—-COH (deg) 117.7(4) 1174 1174 117.4
C=N-C (deg) 121(1) 121.6 122.3 122.7
N—-C—-CCOH (deg) 122(1) 122.0 122.3 123.0
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FIGURE 6. Computed low energy conformations E—J for macrocycle 6l. Views of the structures are shown from the top and side

of the macrocycle, with hydrogen atoms omitted for clarity.

After discovering that the lowest energy conformations
of the macrocycle may involve the orientation of the
hydroxyl moieties away from the center of the ring, we
searched for local minima starting with conformations
where one, two, or three of the catechol moieties are
oriented with their hydroxyl groups away from the center
of the ring. We started with different possible orienta-
tions of the catechols (e.g., one with all of the catechol
moieties oriented up and away from the center of the
ring) and allowed the system to relax without constraints.
Six new local minima were identified, and the respective
conformations are illustrated in Figure 6.

All of the conformations are higher in energy than
conformation C. The conformation where two catechols
are oriented away from the center (one up, one down)
with the third oriented toward the center (I) is closely

related to conformation D and is only slightly higher in
energy than conformation C. Conformation E, in which
all three catechols are oriented with the hydroxyl groups
oriented slightly away from center, but on the same side
of the macrocycle, has C3, symmetry and is much higher
in energy than conformation C. Conformation F is similar
to conformation C, but with one of the catechol moieties
rotated by ~180°. This leads to a high energy conforma-
tion (9.9 kcal/mol above C). Table 2 summarizes the
energies and symmetries of all of the conformations
observed.

The computed structure C is not necessarily the global
minimum structure. We have not searched for all possible
conformations of the macrocycle. We have searched
enough possibilities, though, to suggest that this is likely
close in energy and geometry to the global minimum.
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TABLE 2. Calculated Energies of the Conformations
A—dJ for Macrocycle 61 Relative to Conformation C

approximate approximate
conform. energy® symmetry conform. energy® symmetry
A 0.5 C; F 9.9 C;
B 2.1 Csy G 8.9 C;
C 0.0 Cs H 6.3 Cs
D 2.6 Cs I 0.4 Cq
E 17.2 Csy J 2.3 Cy

@ kcal/mol.

TABLE 3. Measured and Calculated Values for the 13C
and 'H NMR Chemical Shifts of Selected Atoms

measured® measured® caled® calecd? caled®

atom (ppm) (ppm) (ppm) (ppm) (ppm)
C=N 161 165 176.1 156.5 151.6
C—-OH 151 151 163.7 150.5 151.1
C—-C=N 121 120 125.6 117.6 116.6
C—H (catechol) 121 121 125.0 1159 1155
C—-N 135 143 151.2 141.0 1379
H-0O 13.2 13.5 13.9 13.4 13.7
H-C (OH ring) 7.0 7.3 7.2 6.8 8.0
H—-C=N 8.5 9.1 9.2 8.5 9.2

@ Measured from macrocycle 6e in CDCl;. ® Measured from 2
in DMF-d7 (ref 21). ¢ Computed for conformation A of macrocycle
2 in HF/6-3114+G(2d,p). ¢ Computed for conformation A of mac-
rocycle 2 in b3lyp/6-31g(d,p). ¢ Computed for the flat conformation
of macrocycle 2 in b3lyp/6-31g(d,p). All values are relative to TMS.

In the crystalline state, the conformation of macrocycle
6a most closely resembles the calculated structure A with
approximately C; symmetry. This agrees with our cal-
culations that this conformation should be a stable
conformation. The influences of crystal packing, inter-
molecular interactions (e.g., z-stacking), and solvent
likely affect the relative stability of this conformation
over the calculated minimum of conformation C.

Properties. Properties (NMR, IR, UV—vis) of the
macrocycle were computed for comparison with experi-
mental values and to evaluate the computed models of
the macrocycle. 'H and *C NMR chemical shifts were
calculated on the flattened structure (Ds;) and conforma-
tions A—TI of macrocycle 2 without alkoxy substituents
using two methods with different basis sets. The macro-
cycle without alkoxy substituents was selected as it offers
a close resemblance to the macrocycles of interest with
the benefit of reduced computational demand. Calculated
and measured *C and '"H NMR chemical shifts of selected
atoms in the macrocycle are tabulated in Table 3.

The computed NMR chemical shifts are in reasonably
good agreement with the measured values. As well, the
chemical shifts for the different conformations analyzed
are quite consistent with one another, particularly for
the 13C shifts. It is clear that the BSLYP method with a
smaller basis set gave better agreement with the experi-
mental values than HF methods with a large basis set.
Differences between the calculated and measured values
may be a result of solvent interactions, particularly in
the case of hydrogen-bonding atoms, and the truncation
of the peripheral alkoxy substituents to protons. More-
over, the real molecule is sampling a variety of conforma-
tions, not just the fixed conformations assumed for the
purpose of the NMR calculation.

To examine the electronic properties of the conjugated
macrocycle, the semiempirical ZINDO method was em-
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ployed. Starting with the geometry-optimized flat con-
formation of macrocycle 2, the electron densities of the
ground state and the first excited state were computed.
Figure 7 shows the pictures of the highest occupied
molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO); each of these is doubly degener-
ate. The lowest energy excitation from the ZINDO
calculation is mostly HOMO to LUMO in nature, but
there is additional mixing of other transitions. The
calculated UV—visible spectrum for 2 shows a maximum
at ca. 405 nm. This is in close agreement with the
experimental spectra, Figure 1, which have maxima at
ca. 402—404 nm for macrocycles 6.

The electron density difference between the ground
state and the first excited state was computed, Figure 8.
This arises from the difference between the HOMO and
the LUMO. Notably, the arrangement of the s-electrons
in the aromatic structure changes significantly. From a
chemical standpoint, the ground state has a benzenoid
structure, while the first excited state has a quinoidal
structure, which is a high-energy resonance structure for
the macrocycle. This is illustrated in Figure 9.

IR and Raman spectra of the macrocycles were also
computed using B3LYP/6-31G(d,p). Overall, the calcu-
lated IR spectrum for 2 was similar to the experimental
spectra of the macrocycles. An intense peak calculated
at ca. 1622 cm™! corresponds to a vibration that is mostly
C=N stretching (coupled with significant O—H and C—H
stretching). This agrees well with the measured C=N
stretching mode of ~1610 ¢cm™! for macrocycles 6.

Macrocycle Twisting. In all of the minimized con-
formations, a characteristic dihedral twist along the Ph-N
bond is observed. It seems the nature of the dihedral
twist is dictated by 7-electron delocalization rather than
electrostatic effects of repulsion between hydroxyl groups.
N-Methyleneaniline was chosen as a representative
fragment of the macrocycle for calculation. It is surprising
that a similar twist could be found even in this simple
model compound depicted in Figure 10.

The nonplanarity of the macrocycle might be due in
part to the anti-aromatic character of the macrocycle, but
there is another significant component as deduced by
computation. The dihedral angle between the imine and
benzene ring (C—C—N=C) in N-methyleneaniline (Figure
10) is 38°. A detailed electronic structure analysis has
been performed on conformations of stilbene-like species,
(4-X-Ph)—CH=N-Ar (Ar = 2-pyridyl, X = —Cl, —NOs,,
—N(Me)y; Ar = 2-pyrimidyl, X = —NO,).?” Using a novel
fragmented molecular orbital basis set method, the
authors concluded that the driving force for the out-of-
plane twist in systems of this type is the interplay
between the o-orbital interaction and the quantum
mechanical resonance energy of the m-system, which is
destabilizing in this case. It is likely that similar interac-
tions are responsible for the nonplanarity of the conju-
gated macrocycles in this study. However, we cannot rule
out the possibility that repulsive interactions of the
hydroxyl groups in the interior of the macrocycle and
steric interactions between the imine H and C—H of the
phenylenediimine contribute to the destabilization of the
flat conformation of the macrocycle.

(27) Yu, Z-H.; Li, L.-T.; Fu, W.; Li, L.-P. J. Phys. Chem. A 1998,
102, 2016—2028.
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FIGURE 7. (a) Degenerate LUMOs of macrocycle 2 in the flat conformation (Ds;) calculated by ZINDO. (b) Degenerate HOMOs

of macrocycle 2 in the flat conformation calculated by ZINDO.

FIGURE 8. Difference electron density map between the
ground state and first excited state of flattened macrocycle 2
as determined by ZINDO.

Summary

We have described the convenient synthesis and char-
acterization of disc-shaped, soluble macrocycles possess-
ing peripheral alkoxy chains. The macrocycles are formed
from the Schiff-base condensation of a substituted phe-
nylenediamine with 1,2-dihydroxy-3,6-diformylbenzene.
Several oligomeric intermediates in the reaction, includ-
ing 1:1, 2:1, and 1:2 condensation products, have been
isolated, providing evidence that the macrocycles are
formed in a stepwise manner. Moreover, a single-crystal
X-ray diffraction study of 6a indicated that the macro-
cycle was nonplanar and organized into a tubular struc-
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FIGURE 9. Ground state and first excited state of the
flattened macrocycles may be represented as resonance struc-
tures of one another.
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FIGURE 10. Dihedral twisting in N-methyleneaniline shown
from the top (a) and side (b). The dihedral angle Dc-c-n=c) is
about 38°. This model compound represents a small component
of the macrocycle.

9

ture in the solid state. Density functional theory has been
used to compute the properties of the macrocycles and
to understand the interconversion of the various confor-
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mations available to the macrocycle. These macrocycles
are promising candidates for developing new supramo-
lecular structures and for multinuclear coordination
chemistry.
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