Downloaded via UNIV OF FLORIDA on August 6, 2021 at 14:32:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

J_)OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Tuning Supramolecular Polymer Assembly through Stereoelectronic

Interactions

Will R. Henderson, Guancen Liu, Khalil A. Abboud, and Ronald K. Castellano*

Cite This: https://doi.org/10.1021/jacs.1c05522

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: The supramolecular polymerization of 2,11-
dithia[3.3]paracyclophanes through self-complementary intermo-
lecular and transannular amide hydrogen bonding is presented. An
n — m* interaction between the amide hydrogen bonding units
and the central bridging atom results from the single-point
exchange of a carbon atom for a sulfur atom. This orbital donor—
acceptor interaction can be strengthened by oxidizing the sulfide to
a sulfone which acts to shorten the donor--acceptor distance and
increase orbital overlap. Experimental signatures of the increased n
— 7m* interaction include larger isodesmic polymerization
elongation constants in solution, changes in characteristic bond

dt[3.3]pCpTA-S (£)-1 dt[3.3]pCpTA-SO; (£)-2

Tuning assembly with stereoelectronic effects

stretching frequencies, and geometric/structural changes evaluated by X-ray crystallography. The experimental data are supported by
extensive computational investigations of both assembling and nonassembling 2,11-dithia[3.3]paracyclophanes as well as a rationally
designed model system to confirm the role of stereoelectronic effects on supramolecular polymer assembly.

Bl INTRODUCTION

Supramolecular polymers are a class of macromolecules
formed by directional, reversible noncovalent interactions
between monomers that result in polymeric properties in the
bulk and in solution.' ™ To overcome entropically unfavorable
intermolecular association, a thermodynamic driving force
comes in the form of enthalpically favorable hydrogen bonding,
7—7 interactions, metal coordination, or halogen bonding. An
acute thermodynamic balancing act underpins the achievement
of large degrees of polymerization. The ability to tune
supramolecular assembly strength through electronic and
structural changes of the monomer without changing the
overall supramolecular structure is essential for establishing
structure—property relationships that will allow the design of
new functional supramolecular polymers.

Pioneering recent work by Raines,” Weinhold,'" and
Alabugin'' has allowed the rationalization of observable
physical properties such as conformational bias or bond
strength on the basis of stereoelectronic interactions. Over the
last 20 years, it has been appreciated that certain stereo-
electronic interactions, such as the n — 7* interaction, can act
to stabilize the folded states of polypeptides'>~"* and modulate
the reduction potentials of strained disulfide bonds in natural
products.'® Moreover, intramolecular stereoelectronic inter-
actions, as we showed years ago using 1-aza-adamantanetrione
donor—o—acceptor molecules, can serve as a significant driving
force for intermolecular self-assembly.'”~>' Herein, we present
an example of an intramolecular n — 7* interaction which acts
as a secondary effect to alter the assembly strength of an
intermolecularly hydrogen bonded supramolecular polymer.
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Recently, our group introduced the class of supramolecular
polymers based on self-assembly of [n.n]paracyclophanes
([nn]pCps, n = 2, or 3) promoted by transannular and
intermolecular hydrogen bonding.”*~*° The stereochemistry of
these supramolecular assemblies is also of fundamental interest
as all assemblies of [n.n]pCps have been homochiral in the
solid-state due to their fixed planar-chirality at the monomer.””
Two recent examples of heterochiral supramolecular polymers
further demonstrate the fundamental change in assembly
stereochemistry when chirality is established in this way.”>*’
Self-assembling [n.n]pCps with four equivalent amide hydro-
gen bonding units ([n.n]pCpTAs) have been shown to
assemble via an isodesmic (equal-K) mechanism by pathway
selection of the anti-conformer.”* We have shown that a
combination of intermolecular H-bonding, 7—7 distances, and
monomer dynamics is responsible for dictating the self-
complementary association of these molecules with an
elongation constant K, spanning 3 orders of magnitude in
CDCl, (from 20—5000 M) despite the presence of only two
intermolecular amide hydrogen bonds at the interface of two
monomers. The sensitivity of K to subtle structural changes
and the persistent isodesmic assembly mechanism allow a clear
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link between monomer structure and assembly thermody-
namics as the monomer structure does not undergo significant
changes during assembly. This specifically allows us to attribute
changes in K, to changes in monomer electronics, making
[n.n]pCps a useful tool for fundamentally understanding what
drives self-assembly.

Constrained macrocycles such as [n.n]pCps are sensitive to
small changes in structure that lead to large changes in
molecular properties such as strain and conformational
flexibility. To provide a self-assembling [n.n]pCp with
stereoelectronic tunability, the central methylene groups of
previously synthesized [3.3]pCpTA were replaced with a
sulfur to give 2,11-dithia[3.3]paracyclophane tetracarboxamide
(dt[3.3]pCpTA; see Figure 1). It was our hypothesis that
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Figure 1. Previously studied self-assembling [3.3]pCpTA (a) and a
representation of its homochiral assemblies (e.g., tetramers) obtained
from X-ray crystallography shown as space-filling models with side
chains and hydrogen atoms not involved in hydrogen bonding
omitted (b, CCDC 1949727). Examples of stereoelectronically
tunable dt[3.3]pCpTA-S(+)-1 (c) and dt[3.3]pCpTA-SO,(+)-2
(d) presented in this work.

conformational, structural, electronic, and stereoelectronic
aspects of a self-assembling dt[3.3]pCpTA system could be
influenced remotely through the oxidation of the sulfide bridge
(dt[3.3]pCpTA-S, (£)-1) to a sulfone bridge (dt[3.3]-
pCpTA-SO,, (£)-2).>>*" An example of the profound
influence of sulfur oxidation state on Gelinder macrocycle
structure and flexibility was recently studied by Mayor and co-
workers.” In the sulfide bridged dt[3.3]pCpTA-S(+)-1, the
bridging sulfur is engaged in a weak n — 7 interaction with
the proximal amide carbonyls. When the sulfide is oxidized to a
sulfone (dt[3.3]pCpTA-SO,(+)-2), the sulfone oxygen
engages the amide carbonyl in a stronger n — 7™ interaction

while not significantly altering the structure of the dt[3.3]pCp
skeleton. In a comparison of [3.3]pCpTA with no n — z*
interactions to dt[3.3]pCpTA-S with weak n — 7z*
interactions and finally dt[3.3]pCpTA-SO, with strong n —
¥ interactions, the trend in K mirrors the prevalence and
strength of the intramolecular contacts. This, as far as we
know, is the first example of stereoelectronic effects being used
as a secondary feature to tune supramolecular polymer
assembly.

Bl RESULTS AND DISCUSSION

Molecular Modeling. Although dt[3.3]pCps are well-
known to the chemical literature, a detailed study of their strain
energies and conformational dynamics has not been under-
taken in the same way as that for [2.2]pCp and [3.3]-
pCps.” ™7 Alternative studies have been extensively carried
out with [3.3]metacyclophanes carrying heteroatoms in the
bridge, revealing changes in barriers associated with analogous
conformational processes to [3.3]pCps as a function of linker
identity.”®~* Figure 2 summarizes the structural differences of

0=6.4°
[3.3]pCp CCDC 1229531
6.1 kcal/mol calc’d strain enthalpy

g=47°\
dt[3.3]pCp-S CCDC 1144465
1.5 kcal/mol calc’d strain enthalpy

Figure 2. A comparison of the structures from X-ray crystallography,
and strain energies (enthalpies) of dt[3.3]pCp-S (left) and [3.3]pCp
(right).

hydrocarbon [3.3]pCp and sulfur bridged dt[3.3]pCp-S
obtained by X-ray crystallography. A longer C—S bond
compared to C—C bond (1.82 A vs 1.53 A) leads to less
bent aromatic rings (4.7° compared to 6.4°) in dt[3.3]pCp-S
vs [3.3]pCp. The result is a decrease in the strain enthalpy of
dt[3.3]pCp-S calculated using homodesmotic reactions (1.5
kcal mol™!, details in SI) compared to the calculated strain
enthalpy of 6.1 kcal mol™" for [3.3]pCp.>’ It is worth noting
that the calculated strain enthalpy value for [3.3]pCp is
considerably less than the experimentallgr determined strain
energy of 11.7 kcal mol™ for [3.3]pCp.*

An understanding of the influence of bridge oxidation on
dt[3.3]pCp structure and dynamics in the absence of
supramolecular assembly was probed initially so that changes
in dt[3.3]pCpTA assembly could be more confidently ascribed
to electronic effects. Oxidation of the bridge sulfur has been
synthetically achieved but fundamentally unexplored and could
lead to reduced monomer flexibility, changes in overall
dt[3.3]pCp structure, and potential changes in the electronics
of the benzene decks. Attempts to synthesize bridge-oxidized
dt[3.3]pCps led to incredibly insoluble samples that could not
be studied in solution by NMR or other techniques.”’ In fact,
only recently has an X-ray structure of a dt[3.3]pCp-SO,
skeleton been published (with 4 bromine atoms at the
5,8,14,17-positions).48 In place of suitable experimental studies
of insoluble bridge-oxidized dt[3.3]pCps, in-silico studies of
the strain energy and conformational flexibility for dt[3.3]-
pCp-S and dt[3.3]pCp-SO, were performed to dissect changes
in structure and dynamics of dt[3.3]pCps in the absence of
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assembly. The @B97X-D/6-31G level of theory was chosen for
DFT calculations, as this functional has been shown to account
well for dispersive forces that are crucial for reproducing
supramolecular 7—7 interactions.*” Homodesmotic reactions
designed to determine strain enthalpy of dt[3.3]pCps showed
that the strain of dt[3.3]pCps decreases slightly with bridge
oxidation (calc’d strain enthalpy of dt[3.3]pCp-SO, is 0.8 kcal
mol ™).

The main conformational process of [3.3]pCps, the chair/
boat interconversion, has been extensively studied,>***°! while
the equivalent process in dt[3.3]pCps has only been
mentioned as being too fast to measure by '"H NMR at —60
°C.”* The barrier to dt[3.3]pCp-S chair/boat interconversion
(Figure 3) is therefore much lower than that in the

dt[3.3]pCp boat
E,o = 0.1 kcal mol-

dt[3.3]pCp chair
E,y = 0 kcal mol-

Figure 3. Interconversion between chair and boat conformers of
dt[3.3]pCps. DFT calculated relative energies and conformational
barrier at the ®B97X-D/6-31G level of theory.

hydrocarbon variant, where interconversion becomes slow on
the NMR time scale below —15 °C.** Similar substitutions
(ie., S for CH,) in dithia[3.3]metacyclophanes have increased
the conformational flexibility and dynamics compared to their
hydrocarbon analogs.**** The increased dynamics in dt[3.3]-
pCp-S are presumably due to the longer C—S bond (Figure 2)
and the lack of eclipsing interactions in the chair/boat
interconversion transition state. If these eclipsing interactions
lead to a larger chair/boat interconversion barrier, it follows
that the barrier in dt[3.3]pCp-SO, should be larger than that
in dt[3.3]pCp-S as there would be eclipsing interactions with
the sulfone oxygen, although they will be smaller than in
[3.3]pCp due to the longer C—S bond. Calculation of the
ground state chair and boat energies for dt[3.3]pCp-S and
dt[3.3]pCp-SO,, as well as the chair/boat interconversion
transition state energies at 298 K, afford AG* values nearly
identical for dt[3.3]pCp-S (8.6 kcal mol™") and dt[3.3]pCp-
SO, (8.7 keal mol™"), indicating there is likely no significant
change in conformational freedom upon bridge oxidation
(Figures S47—48).

Extensive molecular modeling of dt[3.3]pCpTAs revealed
the potential for n — 7* interactions from the lone-pair of the
bridge sulfide sulfur or the bridge sulfone oxygen to the z*
orbital of the amide carbonyl. Since pioneering studies by
Raines and co-workers,'>"* this interaction is well understood
in the context of proteins and peptides.”'**>** Donation of
electron density from a nonbonding orbital into the 7* orbital
of a C=0 causes elongation of the C=O bond and an increase
in charge localized on the oxygen."” The potential for a
stronger n — 7 interaction, at distances shorter than the sum
of the van der Waals radii (d) and angles (S/O--C=0, 0)

approaching the Biirgi—Dunitz angle (105 =+ 5°),°>°% in (4)-2
compared to (+)-1 allows evaluation of the influence of the n
— 7% interaction on amides involved in transannular
(intramolecular deck-to-deck) and intermolecular hydrogen
bonding. The thermodynamics of supramolecular assembly for
(#)-1 and (&)-2 could report on the consequences of n — 7*
interactions for hydrogen bond directed assembly in such a
constrained system.

Analogous to other [n.n]pCpTA systems, the amides in
dt[3.3]pCpTAs can be arranged in either the syn- (DD---AA
array) or anti- (DA--AD array) conformation, depending on
whether amides are pointed in the same (syn-) or opposite
directions (anti-). As we have reported previously, the
reversibility of [n.n]pCpTA assembly and low barriers to
amide C,—C=0 rotation that allow fast syn-/anti- inter-
conversion results in pathway selection of the anti-conformer
due to the thermodynamic preference for its assembly despite
the energetic similarities between syn- and anti- monomers.

A model system composed of diastereomeric dt[3.3]-
pCpTA-SO sulfoxides was designed to computationally
evaluate differences in n — 7 interactions from the different
bridge substituents (Figure 4). It should be mentioned that

(a) " proximal (b)

."proximal
H " c=0

(Sp)-dt[3.3]pCpTA-SO towards (S,)-dt[3.3]pCpTA-SO away
E.., = 0 kcal mol-" E, = +2.3 kcal mol-!

rel rel

Figure 4. Model system designed to theoretically study differences
between n — ¥ interactions with the bridge sulfoxide oxygen
pointing toward (a) or away (b) and the relative energies of each
isomer. The DFT optimized geometries (wB97X-D/6-31G) featuring
amide carbonyl puckering angles and S/O---C=0 distances in the
toward (c) and away (d) isomers. All calculations were performed in
the chair anti-conformation.

this molecule was briefly pursued synthetically, but due to the
number of possible stereoisomers as well as under- and
overoxidation side-products, the prospect of synthesizing and
purifying a single pure product quickly proved to be daunting.
The model compound dt[3.3]pCpTA-SO can exist with the
bridging sulfoxide pointed toward or away from the adjacent
amides resulting in an n — 7* interaction from the sulfoxide
oxygen in the toward isomer or the sulfoxide sulfur in the away
isomer. By comparing the energies and geometries of the
toward and away isomers of dt[3.3]pCpTA-SO (Figure 4), the
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relative strengths of n — 7* interactions in (£)-1 and (+)-2
will be better understood.

The energy of the toward isomer of dt[3.3]pCpTA-SO is 2.3
kcal mol™ lower than that of the away isomer despite the
proximity of the sulfoxide and amide groups. This energetic
preference is a direct result of the stronger n — 7* interaction
from the bridging sulfoxide oxygen to the nearest amide
carbonyl in the toward isomer (d = 2.70—2.77 A, 0 = 88—96°)
compared to the sulfoxide sulfur in the away isomer (d =
3.15-3.22 A, 0 = 84—100°). Further n — 7* evidence comes
from the comparison of amide puckering (deviation of the
carbonyl atom from the C,,—N—O plane, ®) for amides in the
same molecule. In the toward isomer, the proximal carbonyl
receives nonbonding electron donation from the sulfoxide
oxygen and puckers toward the sulfoxide by 4.3—5.7°. The
other amides which do not receive electron donation maintain
their planarity with ® ~ 0°. The amides in the away isomer
which only receive donation from the sulfoxide sulfur also
maintain relative planarity with ® up to 0.8°. These results
indicate that the strength of the n — 7* interaction in the
sulfone (+)-2 should be considerably stronger than that in the
sulfide (4)-1. Similar computational analyses of (S,)-1 and
(Sp)-2 reveal the presence of stronger n — 7* interactions in
(S,)-2. NBO analysis was performed to confirm orbital overlap
between the nonbonding orbitals of the sulfide or sulfone and
the amide 7* (Figure S), showing that the sulfone in (SP)-Z
results in better orbital overlap when compared to (S,)-1.

Figure 5. Orbital plots of the sulfur nonbonding orbitals and the
amide 7% orbitals in (SP)-I (a) and the sulfone oxygen nonbonding
orbitals and the amide 7* orbitals in (S,)-2 (b) obtained from NBO
analysis.

Energies of dt[3.3]pCpTAs obtained from DFT calculations
reveal a thermodynamic preference for the chair conformers of
both 1 and 2, with the chair anti-conformer of 1 favored by 0.2
kcal mol™" and the chair syn-conformer of 2 favored by 0.6 kcal
mol™" in the gas phase. Optimization of dimers of 1 and 2
reveals a slightly larger interaction energy for the 2 anti-dimer
(—45.9 kcal mol™") compared to the 1 anti-dimer (—44.4 kcal
mol™) indicating potential for stronger supramolecular
assembly of 2. Energies of the syn-dimers for both 1 and 2
were >$ kcal mol™ higher in energy than the anti-conformers,
indicating the thermodynamic preference for anti-assembly,
cor;s‘isggnt with previously studied [n.n]pCpTAs (Figure
6).7""

Synthesis. The synthetic chemistry of dt[3.3]pCps differs
from that of hydrocarbon variants, as dt[3.3]pCps are readily
prepared by macrocyclic coupling of extensively prefunction-
alized 1,4-bis(bromomethyl)benzenes and 1,4-bis-
(thiomethyl)benzenes.’~* Oftentimes, the dt[3.3]pCps
then undergo sulfur extrusion to give the hydrocarbon bridged
[2.2]pCps with precise regiochemical control.*>~”"

Figure 6. DFT optimized geometries of (S,)-1 (a) and (S,)-2 (b)
dimers with intermolecular hydrogen bond (N--O) distances
highlighted.

Retrosynthetic analysis of (#)-1 and (&)-2 led to the
advanced tetra-carboxylic acid intermediate (+)-3a which
could come from hydrolysis of the tetra-ester (+)-4a.
Although dt[3.3]pCps with ester substituents are known in
the literature,">”*~’* an example with decks comprising two
ester units each (for a total of four) was unknown. Synthesis of
(4)-4a necessitated the development of new macrocyclization
chemistry and could be envisioned to come from the known
thiol Sa and its precursor bromide 6, published in previous
work by Staab and co-workers.”> The synthesis of target
dt[3.3]pCpTAs beginning from 6 is depicted in Scheme 1.

Synthesis of Sa beginning from building block 6,”° available
in 4 steps from commercial 2,5-dibromo-p-xylene, proceeded
in the literature through a diazomethane esterification of the
corresponding  1,4-bis(thiomethyl)terephthalic acid.”> As a
safer alternative, we utilized TMSCHN, for the synthesis of
Sa, but to our dismay, the reaction proceeded in poor yields.
Attempts at Fischer esterification in methanol and sulfuric acid
at reflux led to the presumably stable, but unknown to the
literature, bis(thiolactone) which could only be characterized
by 'H NMR, FT-IR, and GC-MS due to its incredibly poor
solubility (see SI). Despite the poor conversion of 6 to Sa,
enough Sa was accessed to attempt synthesis of (+)-4a by 1:1
coupling of Sa and 6. This reaction proceeded well to give a
mixture of the desired $,8,14,17-regioisomer (+)-4a and its
achiral gem- 5,8,15,18-regioisomer 4b in a ca. 5:1 ratio in favor
of (+)-4a. Chemical intuition dictates that (+)-4a should be
the most stable regioisomer due to the minimization of
transannular steric interactions that are present in 4b. The
regiochemistry of (+)-4a and 4b could be further confirmed
experimentally by comparison of chemical shifts and coupling
constants with previously known tetrabromo-dt[3.3]pCps
whose structures were confirmed by X-ray crystallography
(Figure S1 and S2).”°

Although compound (#)-4a was obtained in small
quantities, a route to (+)-4a on larger scale was desired for
synthesis of (£)-1 and (#)-2. Revision of the synthetic route
took advantage of the in situ deprotection of a thioacetate
group of Sb to unveil a masked thiolate followed by
substitution and macrocyclization with one equivalent of 6
to give a mixture of (+)-4a and 4b. The desired regioisomer
(#)-4a could be separated by careful fractional crystallization
from DCM/MeOH but was generally carried forward as a
mixture and separated as the final target (+)-1 through
column chromatography and fractional crystallization. Hydrol-
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Scheme 1. Synthesis of dt[3.3]pCpTA-S (+)-1 and
dt[3.3]pCpTA-SO, (+)-2°

COzMe
W LT e A
YS
COzMe COzMe
25-52%
6 5aY =H, 11% over 3 steps

5b Y = Ac, 95%

94%

N

o 0

dt[3.3]pCpTA-SO,

(¥)-2a R = CgHy3, 75%
(¥)-2b R = Bn, ND

(%)-2¢ R = C3H; [X-ray], 75%

dt[3.3]pCpTA-S

(*)-1a R = CgHy3, 23%
(*)-1b R = Bn [X-ray], 16%
(¥)-1c R = C3H7, 17%

“Reagents: a thiourea, EtOH, reflux then aq. NaHCOj, reflux, then
TMSCHN,, THF, rt; b potassium thioacetate, THF, rt; ¢ 6 and Sa or
5b (1:1 in DCM) slow addition to KOH (2.2 equiv) in 1 L MeOH; d
KOH, THF, EtOH, H,0 (1:1:1); e (COCl),, DMF (cat.), THF, rt; f
RNH, (excess), NEt; (excess), THF, rt; g m-CPBA (10 equiv),
CHCI, tt.

ysis of (+)-4a and mixtures of (+)-4a and 4b to (+)-3a and
mixtures of (+)-3a and 3b proceeded equally well. Attempts to
crystallize tetra-carboxylic acid (+)-3a from a crude mixture of
(+)-3a and 3b by vapor diffusion of water into a DMSO
solution led to crystallization of the minor component 3b
whose structure was confirmed by single crystal X-ray
diffraction (see Supporting Info). Comparison of the 'H
NMR spectra of (+)-3a, 3b, and their mixture confirmed the
structure of (+)-3a and therefore the structure of (+)-4a.
Synthesis of (+)-1 was completed by amide bond formation
through an acyl chloride intermediate formed from (+)-3a and
condensation with the appropriate primary amine. Oxidation
of (+)-1 to (+)-2 could be readily accomplished with excess
m-CPBA.

Compound (4)-1a with R = n-hexyl gave good solubility in
moderately polar CHCI; and nonpolar methylcyclohexane
(MCH). Compound (+)-2a also exhibited good solubility in
CHCI,, but bridge oxidation significantly reduced its solubility
in MCH or CHCIl;/MCH mixtures. Aromatic side chains in
(#)-1b and (#)-2b (R = benzyl) were introduced to allow
single crystal growth for X-ray diffraction. Unfortunately,
compound (+)-2b exhibited very poor solubility in nearly all
common organic solvents and attempts at single crystal growth
were not successful. To circumvent the poor crystallinity of

(4)-2b, the benzyl side chain was exchanged for a n-propyl
side chain in compound (+)-2c¢ to allow for single crystal
growth.

X-ray Crystallography. Single-crystal X-ray diffraction is
crucial for evaluating structural changes expected to report on
the presence and strength of n — 7z* interactions in self-
assembling dt[3.3]pCpTAs.”” Single crystals of (+)-1b were
grown by slow evaporation from an ethanol/ethyl acetate
solution. The unit cell of (+)-1b is composed of 8 molecules
of 1b (4 R, and 4 S,) in the anti-amide conformation.
Significant disorder is present in the sulfur bridge in both
molecules of the asymmetric unit (S,,/S,,53%/47% and S,,/
S,.r 60%/40%) representing a ca. 1:1 combination of chair and
boat conformers.

Analysis of monomeric (R,)-1b from X-ray crystallography
is depicted in Figure 7a. All amides are participating in

Figure 7. ORTEP of (R,)-1b in the boat anti-conformation (a) and
ORTEP of (SP)-2C in the chair syn-conformation (b) from X-ray
crystallography. Average distances (except for C=0O distance in 2c)
shown highlight similar transannular H-bonding distances and
changes in n — 7* interactions in each. Ellipsoids shown at 50%
probability, side chains and hydrogens not involved in hydrogen
bonding omitted for clarity. Atom color code C gray, H white, O red,
N blue, S yellow.

transannular and intermolecular self-complementary hydrogen
bonding (i.e., N—H--O=C, N---O distance 2.75—2.81 A). The
bridge sulfur in 1b is engaged in a weak n — 7 interaction
with the closest amide carbonyl (S--C=0 distance of 3.16—
325 A, S--C=0 angle 82—102°). The S--C=O angles are
expected to occupy a range of values in a dynamic solution
environment that varies with the C,,—C=0 rotation, while the
S--C=0 distances are expected to be restricted as any further
displacement could introduce strain to the cyclophane scaffold.
The amide C=0 pucker (measured as deviation from the C,—
N-O plane toward the nonbonding donor) ranges from 0° in
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amides distal to the sulfide to 3° in amides proximal to the
sulfide, although the bridge disorder means that all amides are
likely receiving a nonequivalent portion of electron donation
from the bridge sulfur atoms. The C=0O bond length ranges
from 1.236—1.242 A and does not seem to be correlated to the
S---C=0 interaction as the shortest and longest C=O bonds are
both proximal to the bridge sulfur.

Unlike the crystal packing in all previous self-assembling
[n.n]pCps, which featured only homochiral assemblies,
heterochiral interactions are present in the crystal structure
of (+)-1b. Hydrogen bonding occurs between alternating pairs
of homochiral dimers (ie, [(R,)-1b],[(S,)-1b],[(R,)-
1b],) to propagate 1-D stacks, with different 77 distances
(centroid---centroid) for homochiral (4.05 A) and heterochiral
(4.33 A) dimers. The enthalpic penalty of the heterochiral
dimerization in the crystal structure of (+)-1b is compensated
for by other intermolecular interactions (Figure 8a) leading to

Figure 8. Hydrogen bond propagation in the crystal structure of
(+)-1b, with 7z (centroid--centroid) and intercolumnar S-S
distances reported (a). Crystal packing of (+)-1b shown as space-
filling model (b). Hydrogen bond propagation in the crystal structure
of (+)-2c through water and DMF molecules (c). Crystal packing of
(+)-2c shown as space-filling model (d). Side chains and hydrogen
atoms not involved in hydrogen bonding omitted for clarity.

the observed unit cell and assembly structure (Figure 8b).
These include a cancellation of monomer dipoles between the
two enantiomers involved in the heterochiral interaction and
an intercolumnar S---S interaction between two monomers
with opposing dipoles. Preliminary DFT calculations of the
anti-conformer of 1 show a pronounced molecular orbital
localization on the bridging sulfur atom with which the C=0
dipoles are aligned (Figure SSS). The polarizability of this
bridge sulfur atom in 1 appears unfavorable due to the
formation of heterochiral dimers with lower interaction
energies which are mitigated by dipole cancellation and S-S

interactions in the crystal packing of (+)-1b. DFT calculations
of the heterochiral dimer observed in 1b reveal a significant 3.5
kcal mol™" mismatch penalty (see Table S14). This mismatch
penalty is large enough to engender homochirality to the
dynamic solution-phase assembly of 1a.”® Worth noting is the
increase in mismatch penalty to 7.5 kcal mol™ calculated for a
heterochiral dimer of 2, showing that bridge oxidation can
change energetic preferences for homochiral vs heterochiral
assembly by altering the polarizability of the bridge sulfur.

Single crystals of (+)-2¢ were grown by cooling a DMF/
H,O solution of (+)-2c over the course of several weeks at
—10 °C. The asymmetric unit of the crystal of (+)-2c is
composed of one enantiomeric molecule of 2¢ along with one
molecule of DMF and four molecules of H,O. As a result of
the polar solvent used for crystal growth, the crystal packing of
(£)-2c is largely dominated by intermolecular hydrogen
bonding to DMF and H,O solvent molecules, with H,O
forming H-bonded bridges between molecules of 2c. Despite
the presence of several hydrogen bond capable solvent
molecules, transannular amide hydrogen bonding is main-
tained (N--O distance 2.75—2.81 A). Interestingly, oxidation
of the bridge sulfur to a sulfone results in a lack of bridge
disorder as (#)-2c in the crystal exists solely in the chair
conformation. Another surprising feature of the X-ray structure
of (£)-2c is the presence of the syn-amide conformation: the
first experimental observation in thus-synthesized self-assem-
bling [n.n]pCps. It is likely that the syn-conformation of
(#)-2c is enabled by its solvation by highly polar solvents
during crystal growth and that syn-/anti- interconversion still
occurs in solution. Analysis of monomeric (R,)-2¢ from X-ray
crystallography is depicted in Figure 7b.

Evidence for the stronger n — #* interaction expected in
(#)-2¢ includes the fact that the S=O--C distance of the
sulfone oxygen to the amide carbonyl (2.78—2.86 A) is
considerably shorter than the S:--C distances in (+)-1b. The
0-+C=0 angle (93—95°) is also reasonably close to the range
expected for an n — ¥ interaction. It is worth restating that
the S=0O--C distances are not expected to vary due to the
rigidity of the cyclophane, whereas the O---C=0 angles would
be dependent on the C,—C=0 rotation which is expected to
be dynamic. The C=0O pucker in (£)-2c is also present, with
deviations from the C,,—~N—O plane varying from 1.8—2.5° for
amides proximal to the sulfone and 1.2° for amides distal to the
sulfone. Perhaps the most convincing crystallographic evidence
of a stronger n — 7* interaction in (&)-2c is the elongation of
the amide C=O bond. In the amides engaged in n — z*
interactions with the sulfone oxygen, the C=0 bond is 0.011 A
longer than in those which are not engaged in n — z*
interactions (1.236 vs 1.247 A). It has been noted that amide
C=0’s which accept n — 7* interactions have an increase in
partial negative charge on the oxygen atom, making them
better H-bond acceptors. This can rationalize the preference
for the proximal amide (better H-bond acceptor) to engage in
intermolecular H-bonding to H,O solvent molecules instead of
transannular H-bonding across a restricted distance in 2c. The
result is an amide C=O which experiences bifurcated H-
bonding to two separate H,O molecules that form a water
bridge to another molecule of opposite configuration (i.e.,
(Ry)-1c2H,0:+(S,)-1¢, O--O distance 2.73—2.85 A, see
Figure 8c). Intermolecular hydrogen bonding to solvent
molecules leads to a vastly different unit cell and assembly
structure for (4)-2c in the crystal (Figure 8d), with no
appreciable 7---7 interactions.
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Solution Studies. Supramolecular assembly of (+)-1a and
(#)-2a was evaluated using solution studies in moderately
polar CHCl; and nonpolar (methyl)cyclohexane. Solutions of
(+)-1a and (#)-2a in CDClI; exhibit simplified "H NMR
spectra as amide rotation and bridge conformational
interconversion are fast on the NMR time scale. The oxidation
state of the sulfur bridge profoundly influences the 'H NMR
chemical shifts of compounds (+)-1a and (+)-2a (Figure 9).

RN
) A
- /i (¥)-1a
Jo N H H;
Nf Ha/Hb HC/Hd He
Wy, J R

T T T T T T T T T T

12 11 10 9 8 7 6 5 4 3
Chemical Shift (ppm)

Figure 9. Changes in the "H NMR spectra (12 mM in CDCl;) of
dt[3.3]pCpTAs upon bridge oxidation of sulfide (+)-1a (top) to
sulfone (+)-2a (bottom).

The benzylic bridge resonances « to the sulfur (H, and H; in
(#)-1a and H, and Hy in (4)-2a) are expectedly shielded in
(#+)-1a compared to (+)-2a at comparable concentrations.
The aromatic C—H resonance (H./H, in (+)-1a and H./H
in (4)-2a) becomes significantly deshielded upon bridge
oxidation moving from § 6.96 ppm in (+)-1a to § 7.54 ppm in
(+)-2a at 12 mM in CDCl,. Interestingly, the opposite trend
of chemical shift change upon oxidation is observed for the N—
H resonance (H,/H, in (+)-1a and H,/H,, in (+)-2a) that
becomes shielded from § 8.07 ppm in (4)-1a to § 7.70 ppm in
(#)-2a under the same conditions. This unusual change in
chemical shift for H,./H,, in (4)-2a is a direct result of the
proximity of the S=O atom and the amide C=O engaged in an
n — m* interaction. The chemical shift of the amide N—H for
dt[3.3]pCpTAs in CDCl; represents a time-average of
transannular, intermolecular, and solvent-exposed environ-
ments. Increasing concentration shifts the equilibrium toward
assembly and allows the determination of association
constants. Assignment of individual resonances from (+)-1a
in the assembled state can be found in Figure 10a. Variable
concentration '"H NMR of (4)-la shows a change in the
amide N—H chemical shift (H,/H,;,) from 7.34 ppm at 0.025
mM to 831 ppm at 24 mM indicating an increase in
intermolecular hydrogen bonding at higher concentrations
(Figure 10b). A shift in the aromatic C—H resonance (H./Hy)
from 7.22 ppm at 0.025 mM to 6.85 ppm at 24 mM indicates
an increase in z-stacking such as that observed in the X-ray
structure of (+)-1b. Consistent with what is observed in other
self-assembling [n.n]pCpTA systems, the data adheres to an
isodesmic mechanism, and offers an elongation constant K of

® raw data
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Figure 10. Chemical shift assignments for (+)-1a in the assembled
state (a) and the variable concentration '"H NMR of (+)-1a from
0.025—24 mM in CDCl; (b). Isodesmic fit of the change in the amide
N—H chemical shift H,/H,, to give K, (c).

109 + 2 M™" (Figure 10c).”*** The value of K, for (+)-1b is
~6-fold higher than that for the analogous [3.3]pCpTA under
identical conditions.”®

An analogous experiment with (+)-2a (peak assignments in
Figure 11a) shows similar trends including deshielding of the
amide N—H (H,/H,/) from 6.91 ppm at 0.025 mM to 7.85
ppm at 24 mM and shielding of the aromatic C—H (H./Hg)
from 7.72 ppm at 0.025 mM to 7.51 ppm at 24 mM (Figure
11b). Fitting the concentration-dependent change in N—H
chemical shift of (+)-2a to an isodesmic model reveals a larger
association constant of 224 + 8 M™* (Figure 11c).

Despite the presence of the syn-conformer in the crystal
structure of (4)-2a, assembly of both (+)-1a and (+)-2a is
expected to proceed through pathway selection and isodesmic
assembly of the lowest energy anti-conformer in solution, likely
resulting in homochiral assemblies due to the large calculated
mismatch penalties.

Electronic transitions that are expected to be altered with
bridge oxidation from (&)-1a to (4)-2a were examined with
UV—vis spectroscopy. Although the insolubility of (+)-2a in
MCH only allowed study in CHCl; where the solvent absorbs
in the same range of the target molecule, time-dependent DFT
calculations reveal an expected change in the absorbance with
bridge oxidation (Figure $22).

The relevant stretching frequencies of the amide bond (i.e.,
C=0 and N—H) can inform on both their supramolecular and
stereoelectronic environment (Figure 12). Supramolecular
assembly is confirmed by concentration-dependent changes
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Figure 11. Chemical shift assignments for (+)-2a in the assembled
state (a) and the variable concentration 'H NMR of (+)-2a from
0.025—24 mM in CDCl; (b). Isodesmic fit of the change in the amide
N—H chemical shift H,/H, to give K, (c).
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Figure 12. Infrared spectra of the N—H region (a) and the C=0
region (b) of (+)-la and (+)-2a 10 mM in CHCIl; and
methylcyclohexane (MCH).

in the infrared spectra of (£)-1a and (+)-2a consistent with
what was observed by 'H NMR. In solutions of CHCI,,
(#)-1a exhibits two N—H stretching frequencies correspond-
ing to a solvent exposed N—H (~3434 cm™') and broad
hydrogen bonded N—H which shifts to lower energy upon an
increase in concentration due to an increase in intermolecular
hydrogen bonding (3263 cm™' at 1 mM, 3243 cm™' at 30
mM). Nonpolar solvents such as methylcyclohexane (MCH)
favor polymeric assemblies of (4)-1a as confirmed by FT-IR,
where (£)-la exhibits only a concentration-independent

hydrogen bonded N—H at 3219 cm™': the same frequency
as the N—H in solid (+)-1a where all N—H’s are engaged in
hydrogen bonding. Infrared spectra of (4)-2a reveal changes
in the amide environment that result from a strong n — 7*
interaction.

The N—H region of (4)-2a in CHCI; features the same
solvated N—H (3434 cm™') and broad concentration-depend-
ent hydrogen bonded N—H. At similar concentrations, the
hydrogen bonded N—H of (+)-2a occurs at higher energy
(3273 cm™ at 1 mM). Increasing concentrations of (+)-2a
result in the hydrogen bonded N—H shifting to lower energies
(3258 cm™" at 30 mM) accompanied by the appearance of a
high energy shoulder at ~3340 cm™', becoming prominent at
higher concentrations (see Figure S15). In solid (+)-2a, the
shoulder is present, meaning it still corresponds to a hydrogen
bonded N—H. Upon closer inspection of the calculated
frequencies of optimized dimers of 1 and 2, the shoulder is a
direct result of the n — 7* interaction. Amides engaged in n —
7 interactions exhibit N—H stretches at higher frequencies
than those that are not engaged in n — 7* interactions (see
Table S4). The infrared spectrum of (+)-2a is direct evidence
for the influence of n — #* interactions on supramolecular
assembly, with distinct N—H stretches for amides engaged in n
— 7* interactions (high energy shoulder) and for amides not
engaged in n — ¥ interactions (low energy absorption).

Stretching frequencies of the amide C=O are expected to be
weakened in the presence of n — 7* interactions, but the C=0
stretches in (4)-1a and (4)-2a occur at roughly the same
energy (1630—1640 cm™'), presumably due to transannular
and intermolecular hydrogen bonding present in both.

Bl CONCLUSIONS

A new set of self-assembling dt[3.3]pCpTAs differing in their
bridge oxidation state has been designed, synthesized, and
characterized. The isodesmic supramolecular polymerization of
dt[3.3]pCpTAs is altered by the presence and strength of a
stereoelectronic interaction between the bridging atom and the
amide hydrogen bonding units. The attractive n — x*
interaction can help to stabilize the assembling conformers
of ()-1 and (#£)-2 and polarize the amide C=0 to make it a
better H-bond acceptor. The result is an increase in the
elongation constant for dt[3.3]pCpTAs compared to that for
their carbocyclophane analog [3.3]pCpTA. A further increase
in elongation constant is observed for the sulfone (+)-2 with
the stronger n — 7™ interaction compared to that for sulfide
(#)-1 with the weaker n — 7* interaction. The impact of the n
— ¥ interaction on amide H-bond donors such as the N—H’s
in (£)-2 was observed in the infrared spectra and computa-
tionally, and although the origin of the changes in N—H
stretching frequency is unclear, study of model compounds is
currently underway. The design principle of tuning supra-
molecular assembly through stereoelectronic effects in
[n.n]pCp systems is expected to be amenable to different
bridging atoms and hydrogen bonding units, and we look
forward to reporting further examples in due course.
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