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Transannular Hydrogen Bonding
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Abstract: [2.2]paracyclophane (pCp), unlike many rw-building
blocks, has been virtually unexplored in supramolecular
constructs. Reported here is the synthesis and characterization
of the first pCp derivatives capable of programmed self-
assembly into extended cofacial m-stacks in solution and the
solid state. The design employs transannular (intramolecular)
hydrogen bonds (H-bonds), hitherto unstudied in pCps,
between pseudo-ortho-positioned amides of a pCp-4,7,12,15-
tetracarboxamide (pCpTA) to preorganize the molecules for
intermolecular H-bonding with m-stacked neighbors. X-ray
crystallography confirms the formation of homochiral, one-
dimensional pCpTA stacks helically laced with two H-bond
strands. The chiral sense is dictated by the planar chirality (R,
or S,) of the pCpTA monomers. A combination of NMR, IR,
and UV/Vis studies confirms the formation of the first
supramolecular pCp polymers in solution.

[2.2] P aracyclophane (pCp; Figure 1a) has enticed aca-
demic and commercial curiosity for over half a century.!! The
rigid connectivity and positioning of its “bent and battered
benzene rings”? are the basis for through-space (trans-
annular —rt) and through-bond [o(bridge)-m(deck)] inter-
actions® which strongly perturb the chemical, optical, and
electronic properties of the molecule. The synthetic chemistry
of pCp is quite mature and allows functional groups to be
precisely positioned on the rings and bridges®*l—two
common ring substitution patterns are shown in Figure 1b.
Synthetic organic chemists continue to use the planar chirality
associated with appropriately functionalized pCps in ligand
and catalyst design to great effect,” while work by the groups
of Bazan,® Chujo,”’ Collard,®™ and others” has beautifully
evaluated the consequences of through-space conjugation on
the properties of covalent m-conjugated oligomers and
polymers featuring embedded pCps. Indeed, the pCp building
block remains attractive for organic optoelectronic applica-
tions ranging from nonlinear optics''” to photovoltaics.!
The prospect of delocalized electronic states emerging for
extended m-stacked cyclophanes dates back to the seminal
work of the groups of Chow,[' Misumi,* and Staab," whose
tediously prepared multitiered structures (e.g., Figure 1c)
showed, for example, longer wavelength absorption and

[*] D.E. Fagnani, M. ). Meese Jr., Dr. K. A. Abboud,
Prof. Dr. R. K. Castellano
Department of Chemistry, University of Florida
P.O. Box 117200, Gainesville, FL 32611 (USA)
E-mail: castellano@chem.ufl.edu

& Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under http://dx.doi.org/10.
1002/anie.201605286.

Angew. Chem. Int. Ed. 2016, 55, 1—7

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

emission maxima upon increasing the number of intervening
benzene rings. The single-molecule conductance of such
constructs has only recently been measured."™ Covalent
systems which enforce much looser interactions between pCp
rings*¢8<% nonetheless show evidence for delocalized
“phane” states through m-stacking. It therefore comes as
a surprise that unlike many m-conjugated molecules for which
robust self-assembly recipes have been established! to
encourage their predictable and even chiral one-dimensional
(1D) supramolecular ordering in solution and the solid state,
pCps have hardly been studied in this regard.['”)

Reported here is the first self-assembly strategy to
promote the stacking of [2.2]paracyclophanes to produce
1D supramolecular architectures. The design relies on judi-
ciously installed transannular hydrogen-bonding (H-bonding)
interactions—hitherto unstudied in this class of molecules—
which predispose the chiral monomers for stereospecific,
noncovalent polymerization. Assembly formation has been
confirmed in the solid state through single-crystal X-ray
analysis, and in solution by NMR, UV/Vis, and IR spectros-
copy. Despite only two hydrogen bonds connecting adjacent
pCps, the association strength in nonpolar organic solvents
(e.g., cyclohexane) is sufficiently high for viscous solutions to
result at millimolar concentrations. The overall design should
be adaptable to a variety of cyclophane frameworks and
promote their exploration in new functional contexts.

Our pCp self-assembly design borrows conceptually from
benzene-1,3,5-tricarboxamides (BTAs), molecules which reli-
ably form 1D assemblies through threefold H-bonding
between the tilted amides of adjacent m-stacked monomers
(Figure 1d). The BTA assembly paradigm has found numer-
ous applications across the materials and biomedical scien-
ces, 8 and is sufficiently robust for classroom experiments.'”)
One approach to porting the motif to [2.2]paracyclophane
employs pCp-4,7,12,15-tetracarboxamide (pCpTA). The sub-
stitution pattern together with the pCp bridged structure
demand formation of intramolecular N—H--O=C hydrogen
bonds between pseudo-ortho-disposed amides. Reminiscent
of the work of Nuckolls and co-workers with persubstituted
(crowded) BTAs,™ the pCp monomer becomes preorganized
for intermolecular H-bonding with two m-stacked neighbors.
Gas-phase calculations (DFT M06-2X/6-31 4+ G*)P! of a rep-
resentative monomer (Figure 1e), where R =CH,, identify
two C,-symmetric low-energy conformations, anti and syn,
which differ with respect to their H-bonding (i.e., amide
carbonyl) directionality and energy (the former is more stable
by 0.2 kcalmol ™). The amide torsion angles (defined by the
C=0 and pCp aryl planes), ¢—¢,, are similar between the
isomers (¢, & ¢3~35°; ¢~ ¢p,~—154°) and support good
linearity and optimized distances (N-+C=0 ~2.9 A) between
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Figure 1. m-Stacked [2.2]paracyclophanes (pCps). a) Top, structure of
[2.2]paracyclophane (pCp) and its standard carbon numbering.
Bottom, X-ray crystal structure (data at 15 K) of pCp with transannular
distances and benzene ring deformation indicated.?” b) Familiar
names of two pCp substitution patterns; planar chirality is indicated
(). ) A sixfold layered cyclophane. See Ref. [13b]. d) The design of
pCps capable of self-assembly through hydrogen bonding: Intramolec-
ular (transannular) hydrogen bonds (dotted black lines) in a pCp-
4,7,12,15-tetracarboxamide (pCpTA) predispose the molecule for self-
complementary association with a stacked neighbor. The design draws
inspiration from the benzene-1,3,5-tricarboxamide (BTA) assembly
motif. Monomer configuration (i.e., R, for pCpTA) and conformation
(i-e., anti for pCpTA) are representative. Dashed colored lines depict
the double and triple helical hydrogen-bond lacing for the pCpTAs and
BTAs, respectively. e) Gas-phase, geometry-minimized structures
(M06-2X/6-31 4 G*) of (R,)-anti and (R,)-syn pCpTA monomers where
R=CH;. Some hydrogen atoms have been removed for clarity. Geo-
metric parameters: N-..C=0 =2.93 A; ¢, =35.8° ¢, =—152°;
$;=33.9°; ¢, =—155°. Calculated molecular dipole moments are
shown in Debye units (D). f) Compounds prepared and studied in this
work.

the H-bond donors and acceptors. Computational comparison
of the pCpTA conformations to those of pCp-4-monocarbox-
amide, pCp-4,12-dicarboxamide, and pCp-4,16-dicarbox-
amide models (see Figure S2 in the Supporting Information)
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further shows that the estimated intramolecular H-bond
energy (ca. 8 kcalmol ") more than compensates for a slightly
unfavorable amide positioning in the H-bonded arrangement
(which costs ca. 1 kcalmol ™).

Upon pCpTA monomer self-assembly, as shown schemati-
cally (Figure 1d), two (as opposed to three for the BTAs)
strands of H-bonds will helically “lace up” a 1D supramolec-
ular structure, evocative of both polypeptides and duplex
DNA. Unlike the BTA system, for which the monomer is
inherently achiral and assembly stereocontrol can only be
achieved through remote chiral induction (e.g., the introduc-
tion of chiral side chains), the helical sense of pCpTA
assembly is dictated by the planar chirality of the monomers
(R, or S,). One consequence is that pCpTA linear assembly is
homochiral,* that is, each member of a propagating 1D stack
must share the same absolute stereochemistry. The system
joins just a handful of others whereby chiral self-sorting in
supramolecular polymerization is realized in the absence of
chiral carbon centers.” A final distinction between the
pCpTAs and BTAs worth noting is related to their assembly
polarity. While the latter boasts a permanent assembly
macrodipole (which amplifies upon assembly growth) regard-
less of amide directionality, only the syn conformation of
pCpTA (with its amides pointed in the stacking direction) is
expected to behave similarly. The anti conformation, while
polar as a monomer, should lead to effectively nonpolar
nanorods upon 1D noncovalent polymerization. It is interest-
ing to consider if the reduction in dipole which accompanies
assembly can drive pCpTA self-association in a nonpolar
solvent.

The synthesis of (+)-1 (Figure 1f; see Scheme S1) pro-
gressing through intermediates 2-5 began from commercially
available pCp, which was tetrabrominated in the manner
reported by Reich and Cram,” converted into its tetraacid
through lithium-halogen exchange followed by quenching
with CO,, as reported by Rozenberg and co-workers for the
synthesis of pCp mono- and diacids,” and finally converted
into the aliphatic amide derivatives (+)-1a and (+)-1b using
standard chemistry. The hexyl version affords particularly
good solubility in organic solvents. A similar synthetic
approach was used to prepare monoamide (4)-6b, which is
useful as a comparator molecule to report on the hydrogen-
bonding properties of (+)-1.

Slow evaporation of an ethanol solution of (+)-la
produced needle-like crystals of sufficient quality for single-
crystal X-ray diffraction. The data (Figure 2), after extensive
refinement (due to primarily side-chain disorder), unambig-
uously confirms the intended pCpTA assembly design. Three
configurationally equivalent [i.e., (R,)-1a,,,; or (S,)-1a,,] but
crystallographically independent pCpTA molecules consti-
tute the asymmetric unit. The trimer stacks derived from (S,)-
1a,,; and (R,)-la,, are shown in Figure2a. Revealed
experimentally is an average intramolecular (transannular)
H-bond (N--C=0) distance of 2.81 A, nearly identical to the
average intermolecular H-bond distance of 2.77 A. Accom-
panying the well-optimized H-bonding distances are average
amide torsion angles (¢;~—38°; ¢,~—141°) which are
reasonably consistent with those predicted from DFT calcu-
lations. While the average intramolecular distance between
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Figure 2. X-ray crystal structure of pCp-4,7,12,15-tetracarboxamide (+£)-
1a.P4 a) Unit cell containing each enantiomorphic asymmetric unit.
The two helical H-bond laces are denoted with differently colored
dashed lines. Centroid-to-centroid benzene distances and H-bonding
distances are shown. b) pCp packing. Side view of extended pCp
stacks. c) Packing diagram showing multiple (S;)-1a,,; (light blue) and
(Rp)-1a,,; (dark gray) stacks from a top-down view. Atom color code:
blue N, gray C, red O, and white H. In b,c) atoms participating in H-
bonding are shown as spheres for clarity. Alkyl chains and disorder
have also been omitted for clarity.

aryl ring centroids (3.1 A) is fixed and consequently short, the
intermolecular centroid-to-centroid distances are on-average
larger, 3.8 A (the closest intermolecular C,,y+-C,,y distance is
3.4 A). The increased distance reflects some monomer-to-
monomer wobbling along the 1D chain, presumably a result
of the molecules’ negotiating favorable H-bonding interac-
tions and unfavorable repulsions between the distorted
aromatic ring surfaces. As testament to the latter, a search
of the Cambridge Crystallographic Database reveals just
eight structures (out of ca. 500 possibilities) with close (<
4.0 A) and mostly slip-stacked intermolecular pCp m-surfaces
(see Figure S10). Even so, dynamic solution environments
likely support transiently close (and more typical) wt-stacking
distances for assembled pCpTAs.

While the anti conformation of the pCpTA monomer is
perhaps slightly favored, its selection in the crystal is probably
governed by longer range interactions which also dictate the
columnar packing arrangement. The helical sense of the
antiparallel H-bonding laces between the homochiral stacks,
[(R,)-1a,,], or [(S,)-1a,,],, are naturally opposite as dictated
by monomer planar chirality. The [(R,)-1a,,], and [(S,)-
1a,,], stacks closely pack as shown in Figure 2¢ (the alkyl
side chains have been removed for clarity). Interesting to note
is that while the interface between the individual columns is
filled with alkyl side chains, the interface associated with the
shortest intercolumnar distance (10 vs. 12 A) involves amides
pointing in the same and not opposite directions.

"H NMR data acquired for soluble (+)-1b in CDCl; from
0.1-30 mm (Figure 3) shows concentration-dependent chem-
ical shift changes consistent with the self-assembly shown by
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Figure 3. Solution-phase self-assembly of (£)-1b reported by variable-
concentration '"H NMR spectroscopy (0.1-30x107*m in CDCl, at
25°C). Top left: molecular structure of (£)-1b with protons labeled.
Top right: nonlinear curve fitting of concentration-dependent NH
chemical shift data (CDCl;) fit to an isodesmic model.

X-ray crystallography. Specifically, upon increasing the con-
centration, the amide NH resonance [which, assuming the anti
conformation, represents the weighted average of three NH
environments: solvent exposed (H"), intramolecularly H-
bonded (H), and intermolecularly H-bonded (H®)] shifts
downfield (to ca. 8.1 ppm; A ca. 0.6 ppm), and the time-
averaged aromatic pCp protons (H® and H¢) shift upfield (to
ca. 0=6.6ppm; AS ca. 0.3 ppm). Smaller, but equally
informative upfield shifts are observed for the diastereotopic
methylene protons (H™) on the bridges. Given that significant
monomer conformational changes are not expected upon
assembly, the upfield C—H shifts presumably arise from the
ring current effect induced by m-stacking. The downfield shift
of the amide proton is diagnostic of H-bonded assembly, and
nonlinear curve fitting of the concentration-dependent data
to an isodesmic (equal-K)® self-assembly model provides
K, =63+5M" (similar values are obtained from the other
protons; see the Supporting Information). The results con-
trast with those of (£)-6b, which shows an upfield (0=
5.5 ppm in CDCl;) and concentration invariant (from 0.1-
30 mm) amide NH resonance.

Further evidence for self-association by H-bonding comes
through complementary FT-IR analysis (Figure 4a and Fig-
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Figure 4. Solution-phase self-assembly of (+)-1b versus non-assem-
bling pCp-4-monocarboxamide comparator (+)-6b. [a] IR spectrum of
the N—H stretch region (3550-3050 cm™') of (£)-1b (solid lines) and
(4)-6b (dashed lines) in the solid state (black lines), at 30x 107 ™ in
chloroform (red lines), and at 30x 107> M in cyclohexane (abbreviated
cyhex; blue lines). N—H stretch energies are provided in the text.

[b] Graphical representation of DOSY data obtained for (+)-1b at
variable concentrations and temperatures in CDCl;, thus indicating

a decrease in the diffusion coefficient and increase of hydrodynamic
radius relative to a TMS standard upon aggregation. c) Temperature-
dependent absorption spectra (corrected for temperature-dependent
solvent density changes) of ()-1b (40x107°m in MCH) collected
with a constant cooling rate of 1°C per minute. Arrows indicate the
direction of decreasing temperature.

ures S11-S15). In the solid state, a predominant and broad N—
H stretch is observed for (£)-6b at 3276 cm ™' (associated with
intermolecular H-bonding), while two broad N—H stretches
[ascribable to weaker, intermolecular (3215 cm™') and stron-
ger, intramolecular (3052 cm™') H-bonding] are found for
(£)-1b. At 30 mMm in CHCI;, (£)-6b shows only a sharp,
solvent-exposed N—H stretch (3442 cm™'), a resonance also
found for (£)-1b (3437 cm™'). Two additional broad N—H
stretches are observed for (£)-1b (3257 and 3068 cm™), thus
mirroring the solid-state behavior and consistent with H-bond
association at these concentrations.

The equilibrium constant for (+)-1b is relatively small in
chloroform, but reasonable given the number of intermono-
mer H-bonding interactions, and a bit larger than some
BTAs?? (K=15+5m7"). Indeed, DOSY NMR measure-
ments in CDCl; (Figure 4b) could be used to verify supra-
molecular growth through translational diffusion coefficients
(D) obtained at various concentrations and temperatures. For
(£)-1b at 25°C, D (10" m*s™") decreases from 6.7 40.1 at
1 mM, to 5.5£0.1 at 15 mmM, to 5.1 0.1 at 30 mm. The latter
value expectedly decreases further (to 2.7 +0.1) upon low-
ering the temperature to —10°C. The trends, consistent with
pCp self-assembly, are alternatively expressed through esti-
mated hydrodynamic volumes relative to a non-aggregating
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internal reference tetramethylsilane (TMS).®®! The changes
observed in relative volume, V;,/Vyys upon variation of
concentration and temperature [36 +2 (1 mm, 25°C), 5042
(15 mm, 25°C), 56+2 (30mmMm, 25°C), 112+9 (30 mMm,
—10°C)], are consistent with pCp self-association and the
trends discussed above.

A dramatic change in solution behavior is observed when
(£)-1b is dissolved in a less-polar hydrocarbon solvent (e.g.,
cyclohexane or methylcyclohexane). Even at mM concentra-
tions, the solutions are considerably viscous (see the movie in
the Supporting Information), a hallmark macroscopic prop-
erty of H-bonded supramolecular polymers®®!, thus suggest-
ing a significant boost in association strength. While this is
expected from the standpoint of H-bonding, it must also mean
that the pCp m-stacking is, at the very least, accommodated
under these conditions. The solution spectroscopic data is
consistent with the macroscopic result. '"H NMR analysis in
[Dy,]cyclohexane, for example, shows concentration invariant
chemical shifts for (+)-1b between 0.1-1.0 mM. The result
confirms a persistent aggregated state at even this level of
dilution, further evidenced by slow monomer exchange on the
NMR timescale which affords two broad and downfield
(01, =9.6 ppm; Oy =8.8 ppm) NH resonances. Meanwhile,
the amide NH resonance of (£)-6b remains upfield (0 =
52 ppm, 30 mMm in [Dj,|cyclohexane; see Figures S24 and
S25). FT-IR data in cyclohexane is fully consistent with the
"H NMR data, thus showing exclusively two H-bonded N—H
stretches for (+)-1b and one solvent-exposed N—H stretch for
(£)-6b (Figure 4a). Worth noting, while the N—H stretch of
(£)-1b  associated with intramolecular = H-bonding
(3063 cm™!) in cyclohexane is comparable to chloroform
(3068 cm™), the intermolecularly H-bonded NH shows
a stretch at lower energy (3222 cm™!) consistent with stronger
H-bonding in this solvent.

Finally, the larger K, value (> 10*M™', estimated from the
'H NMR dilution data) provides the opportunity to evaluate
assembly by UV/Vis spectroscopy, which can report on both
inter- and intramolecular pCp electronic interactions. Quite
preliminary frontier MO analysis of [(R,)-1a,,], in the gas
phase (DFT MO06-2X/6-31 + G*) shows that through-space
(intermonomer) orbital delocalization could accompany
dimerization (see Figure S6). Absorption spectra of (£)-1b
(40 um) recorded at various temperatures (15-90°C) in
methylcyclohexane (MCH) show a hypsochromic shift of
the higher energy (4,,,, =208 nm at 90°C; 204 nm at 15°C)
transition and bathochromic shift of the lower energy (4,,.x =
280 nm at 90°C; 287 nm at 15°C) transition, with clean
isosbestic points, upon cooling (aggregation; Figure 4c). The
former absorption presumably originates from a m—m*
transition involving H-aggregated benzene decks,”” while
the latter cyclophane band reports on the distance between
and the deformation of the pCp benzene rings,*!) deformation
which occurs upon assembly. A bathochromic shift and
attenuated intensity of the cyclophane band has been
reported as paracyclophane decks are positioned closer in
space.’?! A similar trend of the cyclophane band is observed
for (+)-1b (40 um) when comparing chloroform (4, =
283 nm) and methylcyclohexane (=287 nm) spectra,
where the latter solvent is able to support stronger hydrogen
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bonds (see Figure S27). As further evidence that the temper-
ature-dependent absorption energy changes are induced by
self-assembly, no hypso- or bathochromic shifts are observed
for either (+)-6b in methylcyclohexane (see Figure S30) or
for (+)-1b in ethanol (see Figure S31), a solvent which
effectively competes for hydrogen bonds. The temperature-
dependent spectral changes of the high-energy band, which
report on the degree of polymerization, do not cleanly fit an
equal-K model (see Figure $32),%®°! thus suggesting a more
complex relationship between the absorption changes and
assembly mechanism. The high-energy band and cyclophane
band for (£)-1b maintain the same absorption maxima (1 =
207 nm and 287 nm, respectively) and obey Beer’s law (see
Figures S28 and S29) in methylcyclohexane across a broad
concentration range (2.5-120 um). Taken together with the
'"H NMR dilution data for (£)-1b in [D;,]cyclohexane, this
data indicates that the concentration range remains above
what is required to observe concentration-dependent aggre-
gation behavior. In other words the solvated species remain in
largely aggregated form within this range at 25°C. Forth-
coming studies will probe the assembly characteristics more
deeply through additional spectroscopic measurements.

We have introduced the first pCps, specifically pCp-
4,7,12,15-tetracarboxamides (pCpTAs), capable of spontane-
ous organization into well-defined supramolecular assem-
blies. The 1D arrangements are homochiral, with each column
comprising monomers sharing the same planar-chiral config-
uration, and helically laced-up by two strands of anti-parallel
hydrogen bonds. A single-crystal X-ray structure has con-
firmed the supramolecular arrangement in the solid state and
NMR, IR, and UV/Vis spectroscopic measurements have
shown its persistence in solution. The molecular design is the
first to feature cooperative transannular (intramolecular) and
intermolecular H-bonds along a propagating stack of aro-
matic molecules. Early indications are that this new assembly
paradigm is robust and should accommodate monomer-level
structural tailoring for specific applications in materials
science and organic optoelectronics. Spectroscopic studies
are underway to elucidate supramolecular polymerization
mechanism details and explore possible long-range, through-
space charge/energy transport. Results along these lines will
be reported in due course.
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. Laced up: [2.2]Paracyclophane (pCp)

derivatives are capable of programmed
self-assembly into extended cofacial -
stacks in solution and in the solid state.
The one-dimensional arrangements are
homochiral and helically laced-up by

a combination of transannular (intra-
molecular) and intermolecular hydrogen
bonds. pCpTA=pCp-4,7,12,15-tetra-
carboxamide.

D. E. Fagnani, M. J. Meese, K. A. Abboud,
R. K. Castellano* —— 1IEN-HENN

Homochiral [2.2]Paracyclophane Self-
Assembly Promoted by Transannular
Hydrogen Bonding

(Sp)-pCPTA [(Sp)-pCPTA],
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