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ABSTRACT: The ortho-phenylenes are a simple class of foldamers, with the
formation of helices driven by offset aromatic stacking interactions parallel to
the helical axis. For the majority of reported o-phenylene oligomers, the
perfectly folded conformer comprises perhaps 50—75% of the total
population. Given the hundreds or thousands of possible conformers for
even short oligomers, this distribution represents a substantial bias toward
the folded state. However, “next-generation” o-phenylenes with better folding
properties are needed if these structures are to be exploited as functional
units within more complex architectures. Here, we report several new series
of o-phenylene oligomers, varying both the nature and orientation of the
substituents on every repeat unit. The conformational behavior was probed
using a combination of NMR spectroscopy, DFT calculations, and X-ray
crystallography. We find that increasing the electron-withdrawing character

~Z

Z
Z
7,

~
;:.
Z

of the substituents gives oligomers with substantially improved folding properties. With moderately electron-withdrawing groups
(acetoxy), we observe >90% of the perfectly folded conformer, and stronger electron withdrawing groups (triflate, cyano) give
oligomers for which misfolded states are undetectable by NMR. The folding of these oligomers is only weakly solvent-dependent.
General guidelines for the assessment of o-phenylene folding by NMR and UV—vis spectroscopy are also discussed.

B INTRODUCTION

Although largely (but not entirely'™*) ignored until 2010,
ortho-phenylenes have recently been shown to fold into well-
defined helices in solution, with offset stacking between every
third arene repeat unit.”~'" They are a simple, fundamental
type of polyphenylene,"* a class which now includes functional
polymers,">~" helical oligomers and polymers,'*™*® macro-
cycles,"” ™ and dendrimers.** Understanding the folding of o-
phenylenes is therefore important not only for their own
development as foldamers*>™>” but also as models for the
conformational behavior of other sterically congested poly-
phenylenes.***° They are also beginning to be used in a variety
of applications. For example, Fukushima and Aida have
proposed that their folding could be exploited in chiroptical
memory elements’ and have demonstrated their use as
alignment layers for discotic liquid crystals.'’ The limited
conjugation along the o-phenylene backbone has also been used
in the design of blue phosphorescent materials for LED
applications.®® Further, Ito and Nozaki have recently
demonstrated a potentially transformative route to poly(o-
arylenes) through the polymerization of aryne equivalents,**
which could enable new applications of o-arylenes as helical
polymers.*?

Most of the o-phenylenes investigated so far are probably
best described as “well-folded” in solution: while the ideal
helical conformer is generally the most populated, a substantial
fraction of the population is misfolded (about 25—50%),
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especially at the chain ends. Because for relatively long o-
phenylene oligomers there are hundreds or thousands of
possible backbone conformations, this behavior represents a
substantial bias toward folding. Clearly, however, future
exploitation of o-phenylenes will require structures with
improved folding behavior. To this end, Fukushima and Aida
recently reported a series of o-phenylene oligomers that exhibit
a much higher proportion of perfect folding because of a steric
effect of terminal substituents.* Remarkably, this effect is
strongly solvent-dependent, with excellent folding in acetoni-
trile but a broad distribution of other conformers in other
solvents (chloroform, toluene, DMF, and DMSO), as observed
by NMR spectroscopy. To the best of our knowledge, the
specific mechanism of this solvent-dependence has not yet been
determined. Regardless, the improved folding of these
compounds was shown to significantly impact their basic
properties, specifically their UV—vis absorption and electro-
chemical behavior. There is, however, still no general design
strategy for o-phenylenes that fold perfectly (or near-perfectly)
under a variety of conditions.

We recently reported a simple model to explain the folding
behavior of o-phenylenes.” Briefly, the relative stability of o-
phenylene conformers obeys two simple rules: (1) a specific
sequence of biaryl torsional angles is prohibited because of
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steric strain (so-called “ABA” sequences; see below), and (2)
conformer stability is otherwise a simple function of the
number of (offset) aromatic stacking interactions possible for
the geometry. In essence, the folding of o-phenylenes can be
understood by analogy with a-helices, with aromatic stacking
interactions in place of hydrogen bonding. We found that, for
the parent (unsubstituted) o-phenylene, these interactions each
account for about AG® = —0.5 kcal/mol. This model can be
used for semiquantitative predictions of oligomer folding
propensities. For example, unsubstituted poly(o-phenylene)
ought not to be particularly well-folded, consistent with the
experimental behavior of short oligomers.® However, relatively
small increases in the strength of the arene—arene interactions
(to AG® = —1 to —2 kcal/mol) are predicted to substantially
improve the folding behavior.

One approach to enhance the folding of o-phenylenes would
be to supplement arene—arene stacking with additional
interactions along the helix (e.g, H-bonding). However, an
attractive strategy would be to control the conformational
behavior through substituent effects on the aromatic stacking
interactions themselves. Here, we report the synthesis of several
new series of substituted o-phenylene oligomers with two
different substitution patterns, oP"(X),* and oP"(X),?, shown
in Chart 1. These oligomers are conveniently prepared through

Chart 1

oP1(X),A
X =H, OMe, OAc, OTf, CN
r="%(n-4)

oPn(X),8

a divergent, postoligomerization modification strategy. We find
that the substituents (X) have a substantial effect on the folding
properties of the oligomers. By increasing their electron-
withdrawing character, it is possible to achieve near-perfect
folding (as judged by NMR) through the strengthening of
aromatic stacking. Importantly, good folding is observed in a
variety of different solvents, and this behavior is observed for
substituents (e.g., simple esters) that will provide convenient
points of attachment for future applications requiring
functionalization of the oligomers. This design strategy should
also be readily applied to the control of the folding behavior of
other classes of polyphenylenes.

B RESULTS AND DISCUSSION

Oligomer Design. A long-term goal of this project (and for
foldamers more generally*’) is to incorporate abiotic foldamer
subunits, with their well-defined secondary structures, into
more complex, functional, three-dimensional architectures. o-
Phenylenes should be well-suited to this challenge because of
their structural simplicity, their simple folding mechanism, and
the wide array of synthetic methods developed for the
functionalization of arenes. Implicit in this goal is the need to
control the location of functionality on the exterior of the o-

phenylene helix. Thus, as part of this study we wished to
evaluate not only how the nature of the substituents affects the
folding behavior but also their position. For the isomeric
oP"(X),* and oP"(X), series, the substituents are oriented
very differently when the oligomers are folded into stacked
helices. As shown in Figure 1, in the A-series the substituents

oP12(X); 27 oP12(X);,B

Figure 1. Substituent alignment in oP'*(X);,* and oP'*(X),,® when
perfectly folded. The spheres represent substituent (X) positions and
are colored according to particular stacks of repeat units. The
hydrogen atoms have been removed for clarity.

will assume a zig—zag pattern, with two characteristic distances
of roughly 3.4 and 5.3 A between them.** Alternatively, in the
B-series, the substituents will assume a directly eclipsed, stacked
orientation with a constant spacing of 3.6 A. In both cases, the
substituents on adjacent rings are in very close proximity, which
is known to have a substantial impact on substituent effects in
aromatic stacking interactions.>”

Synthesis. The synthesis of the oP"(OMe),* series has
already been reported.” The new oP"(OMe),” series required a
slight modification of the original synthetic approach through a
new 9,10-boroxarophenanthrene monomer 3 (Scheme 1).

Scheme 1. Synthesis of Key Monomer 3 *

OMe
OMe B(OH), O
OH Br\©\ &» Br o
| OMe O
1 2 OMe
OMe OMe

o, O : g
—> OTHP —(= > o

86% i

OMe OMe

3
“Reagents and conditions: (a) Pd(PPh;),, K,CO5(aq), toluene/EtOH,
A; (b) dihydropyran, PPTS, CH,Cl,; (c) (i) "BuLi, THF, —70 °C, (ii)
B(OPr),, (iii) HCl(aq).

These monomers are conveniently used in monodisperse o-
phenylene synthesis, as Suzuki coupling unmasks a hydroxyl
group which can be used for further coupling steps following
triflation (this strategy is based on Manabe’s polyphenylene
synthesis®®). As shown in Scheme 1, compound 3 was
synthesized by Suzuki coupling of known 2-iodo-5-methox-
yphenol 1*7 and 2-bromo-5-methoxyphenylboronic acid 2**
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followed by protection of the hydroxyl group with THP,
metal—halogen exchange, and boronation. Cyclization to 3
occurred spontaneously on hydrolysis of the THP group and
boronate ester.

The oligomer synthesis of the oP"(OMe),” series is shown
in Scheme 2. Briefly, monomer 3 was coupled with 3-

Scheme 2. Synthesis of Oligomers oP"(OMe),” ¢
OMe

c
3 B.OTf: R = = 4 B
67% oP3(OMe);B-OTf: R=Tf, r=0 W oP4(OMe),'

(2 steps) dl

oP3(OMe);B-OH: R=H, r=0
o[,

oP5(0OMe)sB-OH: R=H, r=1
b[
c
5, B-OTf: R = = » OPS B
74% oP5(0Me)sB-OTf: R="Tf, r=1 B oP§(OMe)g'

(2 steps) dl

oP7(OMe);,B-OH: R=H, r=2
b E

oP7(OMe),B-OTf: R=Tf, r=2 ——» oP&(OMe)B
72% 85%
(2 steps)

“Reagents and conditions: (a) 3-iodoanisole, Pd(OAc), SPhos,
K;PO,, THF/H,0, A; (b) Tf,0, pyridine, CH,Cl,; (c) 4-methoxy-
phenylboronic acid, Pd(OAc),, SPhos, K,PO,, THF/H,0, A; (d) 3,
Pd(OAc),, SPhos, K;PO,, THE/H,0, A.

iodoanisole. The resulting hydroxyl-terminated oligomer
oP*(OMe);®-OH was then triflated to give oP*(OMe);®-
OTH{. This intermediate could then be capped by coupling to 4-
methoxyphenylboronic acid, or oligomer growth could be
continued by coupling to an additional equivalent of 3. In
principle, this sequence could be repeated indefinitely to
prepare higher oligomers; for this study we chose to stop at the
octamer oP®(OMe),".

With both sets of methoxy-substituted oligomers in hand, we
then proceeded to develop conditions for their refunctionaliza-
tion. This postoligomerization modification highlights one of
the more useful aspects of the o-phenylene backbone: because
it is structurally very simple, it is largely inert to a wide variety
of conditions that can be used for substituent functional group
interconversion.” As shown in Scheme 3, deprotection of the
methoxy groups with BBr; gave oligomers oP"(OH), in good
yields. These hydroxyl-substituted compounds gave broadened,
complex NMR spectra, presumably because of the added effect
of hydrogen bonding on their conformational distributions.
They were therefore carried through to the next steps without
complete characterization. Esterification of oP"(OH), was
accomplished with acetic anhydride to afford oP"(OAc), in
good yields. Similarly, triflation was accomplished with triflic
anhydride to give oligomers oP"(OTf),. These triflated
oligomers obviously have significant potential for further
functionalization through transition-metal-catalyzed coupling
reactions. An exploration of such derivatives is beyond the
scope of this study. However, the triflates did provide a

Scheme 3. Refunctionalization of Methoxy-Substituted o-
Phenylenes ¢

oP4(OMe);A: r=0
oP§(OMe)gA: r=1
oP8(OMe)gA: r=2
oP10(OMe);oA: r=3
oP4(OMe)4B: r=0
oP§(OMe)gB: r=1
oP8(OMe)gB: r=2

|

OP4(OH)4A: r=0
oPS(OH)gA: r=1
OoP8(OH)gA: r=2 b
oP10(OH),pA: r=3 —
oP4(OH)4B: r=0

oPS(OH)gB: r=1

OP8(OH)gB: r=2

]
oP4(OTf)4A: r=0 (83%)
oP8(OTf)gA: r= 1 (74%)
oP8(OTf)gA: r =2 (55%) d
oP19(0Tf)y9A: r =3 (58%) ?
oP4(OTf)4B: r=0 (85%)
oP6(OTf)gB: r=1(58%)

oP4(OAc)4A: r=0 (83%)
oPS(OAC)gA: r=1(78%)
oP8(0OAc)gA: r = 2 (60%)
OP10(OAC);0A: =3 (60%)
oP4(OAC);4B: r=0 (80%)
oPS(OAC)gB: r=1 (65%)
oP8(0OAC)gB: r= 2 (50%)

OP4(CN),A: r=0 (83%)
OPS(CN)gA: r=1 (82%)

“Reagents and conditions: (a) BBry, CH,Cl,, —78 °C to rt; (b) Ac,0,
NEt,, CH,Cl,, 40 °C; (c) Tf,O, pyridine, CH,Cl, 0 °C to rt; (d)
Zn(CN),, Pd(PPh,),, DME, 120 °C.

convenient platform for cyanation with Zn(CN), and catalytic
Pd(PPh;), to give oP"(CN),* (n = 4, 6). Unfortunately,
attempts to cyanate oP®(OTf)" gave intractable mixtures from
which oP*(CN)¢® could not be adequately purified. Cyanation
of the higher oligomers was attempted, but poor solubility
precluded the isolation and purification of the products.

X-ray-quality crystals were obtained for four of the
oligomers: oP°(OMe)s® (CH,Cl,/hexanes), oP*(OTf)s*
(CH,Cl,/hexanes), oP'®(OAc),,* (CH,Cl,/hexanes), and
oP'°(0Tf),,* (CH,Cl,/hexanes/ethanol), with the resulting
structures shown in Figure 2. In three of the four cases, the
compounds crystallize as racemates (Pl space group).
Compound oP*(OTf)s* crystallizes as a conglomerate
(P2,2,2,). Although there is some disorder in the orientation
of the side chains (particularly for oP**(OTf) o), in all cases
the o-phenylene backbones are folded into helical, stacked
conformations (“A,_;” conformations, as discussed below).
While these solid-state structures do not unambiguously
establish the solution-phase folding behavior of the compounds
(e.g,, because of crystal packing forces),”” they do confirm that
these oligomers are able to fold well despite the presence of
sterically demanding substituents (acetoxy and especially
triflate). To the best of our knowledge, the decamers reported
here are the longest o-phenylenes characterized crystallo-
graphically to this point (Fukushima and Aida have previously
reported the crystal structure of an octamer,® and there are now
many examples of hexamers®>*'?).

Conformational Analysis of oP%(X)s. We have discussed
the conformational behavior of the o-phenylenes in detail
previously.”” Briefly, the backbone conformation of an o-
phenylene is dictated by the biaryl dihedral angles ¢, as shown
in Figure 3. For a typical o-phenylene, each @, can assume one
of four values: @; ® + 55° or +£130°. However, rotation about
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Figure 2. Solid-state structures of oP®(OMe)s®, oP3(OTf)",
oP"°(0Ac),,*, and oP'(OTf),,"* For clarity, the hydrogen atoms
have been omitted and the side chains are depicted in gray. One of the
OTf groups in oP'°(OTf),,* is disordered; only one possible
orientation is shown here.
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Figure 3. (a) Backbone dihedral angles controlling the folding of an o-
phenylene. (b) Representative conformers for oP3(H)s.

the various bonds is coupled: within a single (short) molecule,
only two ¢; values can coexist, either —55°/+130° (A/B) or
+55°/—130° (A’/B’), giving two conformational populations
that are enantiomeric. Specific folding states can be described
using a simple binary notation (i.e., ABA... or A'B’A"...). The
AA..A (A,_;) conformers represent the perfectly folded helical
states with offset aromatic stacking. This state typically
predominates for simple o-phenylenes; the solid-state structures

in Figure 2 are all A,_; conformers. Misfolding is typically
manifested as B states localized at the ends of the oligomer
strand (@, or ¢@,_,), for reasons that we have discussed
previously.” In other words, the AA...B state is the second-most
populated conformational state for typical o-phenylene
oligomers, which can therefore be thought of as helices with
“frayed ends”. The other extreme, the BB..B (B,_;) con-
formers, are extended helices without aromatic stacking. These
conformers have been demonstrated for some architectures
related to o-phenylenes, in particular many examples of
sterically hindered poly(2,3-quinoxalines).*>*'

An important feature of the o-phenylenes is that the
interconversion between these different backbone conformers
is slow on the NMR time scale (for oligomers longer than the
pentamer). Thus, a typical NMR spectrum of an o-phenylene
oligomer is comprised of contributions from various conforma-
tional states. While this phenomenon greatly complicates
routine characterization, it also provides an important means to
quantify the folding state of the oligomer. It is possible to assign
the 'H chemical shifts of the different conformations using
standard two-dimensional NMR techniques. In general, these
chemical shifts are highly sensitive to the oligomer’s geometry
because different conformers orient protons differently with
respect to the shielding zones of nearby aromatic rings,
resulting in changes of up to Ad & 2 ppm. These chemical shift
changes are readily predicted using DFT calculations;” thus,
specific backbone geometries can be assigned to the
experimental data. The relative populations of different
conformers can then be determined by integration (or
deconvolution of overlapping peaks).

We began by focusing on the behavior of the substituted o-
phenylene hexamers in chloroform-d at 268 K.** For each
oligomer, complete sets of 'H and C chemical shifts were
obtained for the most prominent conformer from COSY,
HMQC, and HMBC spectra. This major conformer was always
2-fold symmetric. In all cases, the smaller signals in the spectra,
when observed, were confirmed to arise from minor conforma-
tional states (as opposed to impurities) using EXSY (ie.,
NOESY) spectroscopy, which gave clear cross-peaks that were
in phase with the diagonal (indicating chemical exchange as
opposed to through-space interactions). The EXSY spectrum of
oP%(OMe)® is shown in Figure 4 as a representative example.

Assigning the experimental data to specific folding states
requires computational geometries that can be used for
comparison. Unfortunately, these new oligomers are much
more structurally complex than those we have previously
examined: the methoxy, acetoxy, and especially triflate
substituents can assume many possible orientations, which
have a significant effect on the chemical shifts of nearby
protons. It was not possible to separately optimize every
possible conformation. Instead, we generated a library of
substituent orientations using the MMFF molecular mechanics
method, optimized the best 200 candidates using the PM?7
semiempirical method,” and then carried out single-point
PCM/B97-D/TZV(2d,2p) calculations.** The lowest-energy
conformer was chosen for full optimization (see the Supporting
Information). While this strategy is unlikely to provide the
exact global energy minimum, it provides geometries of
sufficient quality for NMR prediction. Thus, the AAA, AAB,
and BBB backbone geometries were optimized for all of the
hexamers. 'H isotropic shieldings were calculated for each of
the geometries at the PCM/WP04/6-31G(d) level,** which has
been shown to provide high-quality NMR predictions for a
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Figure 4. EXSY spectrum (500 MHz, 268 K, CDCl;) of oP%(OMe)E.

variety of organic molecules*® and which has worked well for o-
phenylenes in the past.*” The experimental chemical shift
assignments were then compared to the computational data. In
all cases, the perfectly folded AAA geometries provide the best
match to the experimental data, with RMS errors <0.2S ppm. In
some cases, the errors are slightly higher than the thresholds we
have previously used for o-phenylenes (~0.15 ppm). However,
the protons exhibiting the largest deviations from the
experimental chemical shifts are typically located close to the
substituents (e.g., in the deshielding zone of an acetate group).
Thus, these poorer matches likely result from our inability to
fully account for the substituent orientations. The quality of the
matches was analyzed statistically (see Supporting Informa-
tion); for all of the hexamers, the AAA geometries are the best
matches to the major conformer observed experimentally with a
high degree of confidence (p < 0.016).

The 'H NMR spectrum of the previously reported
oP®(OMe)* at 268 K, shown in Figure 5 (top), is typical of
the o-phenylenes we (and others) have examined to this point.
The occurrence of minor conformational states is readily
apparent from the small signals in the spectrum. As discussed
above, it is straightforward to determine the fraction of
molecules that are “perfectly folded” (ie., in the AAA state)
by integration. The most prominent set of signals can be
assigned to the AAA conformer (67% of the population for
oP®(OMe)*); however, there are also significant minor signals
arising from the AAB (24%) and BAB (9%) conformers.
Similar behavior is observed for the parent oligomer oP%(H)g
(49:42:9 AAA:AAB:BAB). In contrast, many of the new
compounds exhibit substantially improved folding behavior.
Oligomer oP°(CN)¢* exhibits no evidence of any minor
conformers at all, as shown in Figure S (bottom). In principle,
the simplified '"H NMR spectrum could also indicate a
transition to rapid conformational exchange. This explanation
is unlikely, however, given the excellent match to the DFT
calculations for the perfectly folded conformer. We also
observed further slowing of biaryl bond rotation for one of
the oligomers (oP%(OTf)"), as discussed below.

oP5(OMe)gA

0oP8(CN)gA

[ ' I ' [

ppm 7 6
Figure 5. 'H NMR spectra (500 MHz, 268 K, CDCl;) of
representative o-phenylene hexamers oI’S(OMe)sA and oPé(CN)éA

(aromatic regions). The peaks labeled * are the '*C isotopic side bands
from residual CHCI,.

The AAA conformer populations for all eight o-phenylene
hexamers are compiled in Table 1, along with AG®gy values

Table 1. AAA Conformer Populations for the o-Phenylene
Hexamers at 268 K and Associated AG°, 4 and AE,,, Values”

compound O %AAA  AG°y (kcal/mol)®  AE,, (kcal/mol)

oP°(H), 0.00 49% +0.02 + 0.08 -2.1
oP’(OMe)*  0.12 67% —0.38 + 0.08 -2.6
oP°(0Ac)* 0.39 93% —1.38 + 0.08 —4.4
oP(OTf)* 0.56 94% —1.47 + 0.08 —4.8
oP’(CN)A 056  >96% <—1.69 + 0.08 -33
oP’(OMe)®  0.12 89% —1.11 + 0.08 -3.0
oP%(OAc)® 0.39 81% —0.77 + 0.08 —4.5
oP°(OTf)® 0.56 88% —1.06 + 0.08 -32

“Errors calculated assuming =+10% errors on the 'H NMR
integrations.

—

corresponding to the reaction [all unfolded conformers] =
AAA."™® Clearly, both the nature and position of the substituents
have significant effects on the folding of the oligomers. Indeed,
most of the new o-phenylenes reported here have dramatically
improved folding propensities compared to those previously
reported, with >90% of the population in the AAA geometry.
In general terms, improved folding is observed with
increasingly electron-withdrawing substituents. This is partic-
ularly evident in the oP%(X)¢* series, where the substituents are
slightly offset in the folded conformation (Figure 1). A plot of
AG°g4 against the Hammett constant® ¢, is shown in Figure
6. Because we can only establish an upper bound for its value,
the folding energy of oP®(CN)* is shown on the plot but was
excluded from linear regression. A good, statistically significant
correlation is observed for the remaining data, with r = —0.97
(p = 0.03). The quality of the correlation with o,, is typical of
systems designed to quantify arene—arene interactions,
including molecular torsion balances and related systems.>’~>*
It is also consistent with the behavior we previously observed
for singly substituted o-phenylenes.9 This result, therefore,
strongly implies that it is the effect of the substituents on the
aromatic stacking interactions that ultimately controls the

folding propensity.
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Figure 6. AG®; plotted against o,, for the oP%(X)4* series. The point
for oPS(CN)¢* represents the upper limit on AG°gy and is not
included in the regression.

Conversely, no significant correlation is observed between o,
and AG°4 for the oP%(X),® series, as shown in the Supporting
Information. For this series, the substituents are eclipsed when
folded (Figure 1). Recent work by Wheeler on the cofacial
stacking of substituted arenes has shown that substituent—
substituent effects dominate the energies of arene dimers when
the substituents are in close proximity.>> Similar results for
parallel-displaced stacks suggests that the correlation between
dimerization energy and electron-withdrawing power of the
substituents breaks down for stacks analogous to oP"(X),B%
From comparison of the isomeric A- and B-series o-phenylene
hexamers, it is likely that a combination of steric effects and
electrostatic repulsion act to decrease the folding ability of the
acetoxy- and triflate-substituted compounds. Interestingly,
however, the interactions between directly stacked substituents
are not always unfavorable, as oP(OMe),” exhibits improved
folding properties compared to oP*(OMe),".

Some additional insight into the substituent effects can be
obtained through DFT calculations at the PCM/B97-D/
TZV(2d,2p) level. In previous work, we showed that similar
calculations effectively model the effect of substituents on the
folding of terminally substituted o-phenylene hexamers.”
However, the increased complexity of the substituents used
here precludes direct analysis of the hexamers themselves
because of the thousands of possible substituent orientations
for the acetoxy- and triflate-substituted oligomers: unfortu-
nately, changes in substituent orientations give changes in the
calculated energy that are comparable to the energy differences
between the backbone conformers themselves.

To simplify the system, we instead considered the energy
differences AE, between the A and B conformers of tetramers
oP*(X),, shown in Figure 7. While this is obviously a gross
structural simplification, this model system allows us to probe
substituent effects on the stacking interactions while also
capturing the conformational constraints imposed by the o-
phenylene structure. As there are only two substituents per
structure, it was possible to explicitly optimize all possible>*
starting side-chain conformations for both backbone geo-
metries. For the oP*(X),® series, the meta-substituted ring can
be oriented in two different directions; only the orientation that
directly corresponds to folding within a longer o-phenylene was
considered (i.e., with the substituent pointed away from the
helical path; see Figure 7). The AE,, values are the energy
differences between the most-stable substituent conformations
that were identified for the A and B conformers and are
included in Table 1.

16671

aXa TN
X
o
25 (XX
A B

Figure 7. Conformational energy difference considered for model
compounds oP*(X),, with the optimized geometries of oP*(OMe),"
shown as a representative example. The orientations of the meta-
substituted ring in the two states have been chosen such that they
represent the orientations when buried within a longer oligomer.

The experimental AG°,q show a reasonable correlation with
AE,,, as shown in the Supporting Information, with one
notable exception: the folding energy of oP®(CN)g* is
significantly underestimated. The calculations are also better
at predicting the folding of the A-series hexamers than the B-
series. Nevertheless, the calculated energies on the oP*(X),
model systems are in agreement with the experimental behavior
in several key ways: First, the calculations correctly predict that
all substituents give improved folding relative to the parent
oP°(H),. Second, with the exception of the oP%(CN)¢", the
calculated energies are broadly consistent with the observation
that increased electron-withdrawing power (as measured
through 6,,) gives better folding. Third, for the methoxy- and
triflate-substituted oligomers, the DFT calculations correctly
predict the effect of switching from the A-series to the B-series
substitution patterns. Notably, this effect occurs in opposite
directions in these two cases, with better folding in
oP%(OMe)® vs oP®(OMe)s* but worsened folding for
oP%(OTf)® vs oP°(OTf) A For the acetate-substituted
oligomers, the model system predicts essentially the same
folding energy regardless of the position of the substituent.
While the prediction is wrong, the discrepancy is small
considering the simplification of the model system and its
treatment of the substituents as static groups.

Broadly speaking, the calculations on oP*(X), are consistent
with the behavior we observe experimentally and parallel
previous work on arene stacking in o-phenylenes,” supporting
the idea that it is a substituent’s effect on aromatic stacking
interactions that is ultimately responsible for differences in
folding. However, as a predictive tool, this model system is not
substantially better than simply referring to o, values.

Further support for the enhancement of stacking interactions
with electron-withdrawing substituents comes from the
variable-temperature "H NMR of oP*(OTf)* in chloroform-
d. While running the experiments at 268 K, we observed a slight
broadening of two signals, associated with the protons on the
(para-substituted) terminal rings, that was not found for any of
the other hexamers. Upon further cooling, these two signals
continue to broaden and then separate into two signals each, as
shown in Figure 8 (unfortunately, the signals do not then
sharpen above the freezing point of chloroform-d). The other
signals are essentially unchanged over this same temperature
range. We interpret this behavior as slowing rotation about the
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Figure 8. Low-temperature 'H NMR of oP*(OTf)s* (CDCl,;, 300
MHz). Rotation about ¢; (or @) is indicated on the structure.

terminal biaryl bonds with decreasing temperature (¢,/@s,
Figure 3a), implying that the triflate groups, among the best in
terms of folding enhancement, substantially increase the
strength of the stacking interactions between these terminal
rings and the rest of the oligomer. This result also confirms that
the spectral simplification observed for the triflate- and cyano-
substituted oligomers does not result from a switch to rapid
conformational exchange.

Longer Oligomers. The folding properties of oP*(H)s,
oP%(OMe)s*, and oP'°(OMe),,* have already been re-
ported.>® The new oligomers oP®(OMe)s®, oP*(OAc)y?,
oP'°(0Ac),,*, oP*(0Ac)s®, oP*(OTf)s"* and oP'(OTf),,*
were studied by NMR spectroscopy using the same approach as
that for the hexamers. In each case, the 'H and 3C chemical
shifts for the most prominent conformer were extracted from
2D NMR spectra. Minor signals (when observable) were
confirmed to arise from other conformational states by the
observation of cross-peaks in the EXSY spectra. It was not
possible to explicitly assign these minor signals, as they were
typically too weak (see below).

To confirm that for each oligomer the major species in
solution is the perfectly folded helix, geometries of the AA..A,
AA..B, and BB...B conformers were obtained at the B3LYP/6-
31G(d) level, with the substituents oriented according to an
MMFF conformational search for the AA..A conformer. This
level of theory does not accurately capture the energetics of o-
phenylene folding; however, we have previously shown that the
backbone %eometries are adequate for comparison with the
NMR data.” As for the hexamers, the AA...A geometries are the
best matches to the experimental NMR data in all cases. These
matches can be made with a high degree of statistical
confidence for most of the new oligomers (p < 0.02). The
acetate substituents again have a strong, orientation-dependent

effect on the chemical shifts which is difficult to capture in a
single geometry. The RMS errors are relatively large (>0.2
ppm) for oP!(OAc)s* and oP'°(OAc),,*, and the statistical
confidence that the perfectly folded conformer is the best
match is weaker (p > 0.09). Nevertheless, given the reasonable
RMS errors, the parallels with the other oligomers, and that the
A, geometry is observed in the solid state for oP'°(OAc) ", we
conclude that these acetate-substituted oligomers are also
predominantly in the AA..A state.

On inspection of the 'H NMR spectra, it is immediately
apparent that the folding of these new oligomers is dramatically
improved compared to other examples in the literature, as
shown in Figure 9 for oP'°(OAc),,* and oP'°(OTf),,*

oP19(OAc),A

_J

oP10(0Tf);o”

y

ppm 7.0 6.5 6.0 5.5

Figure 9. Representative '"H NMR spectra (500 MHz, CDCL,, rt) of
longer o-phenylene oligomers oP'°(OAc),,* and oP'°(OTf),*
(aromatic region).

(compare to the spectrum of oP%(OMe)s® in Figure $3).
Indeed, for the longer triflate-substituted oligomers,
oP%(OTf)* and oP'°(OTf),,*, there is no indication of
minor conformational states at all. Unfortunately, the folding of
the new octamers and decamers is much more difficult to
quantify than that of the hexamers (Table 1). Essentially, they
fold too well: the signals from the minor conformational states
are too weak, and without specific assignments we cannot
definitively determine the population distribution by integra-
tion. This problem is exacerbated in the less-symmetrical B-
series oligomers. However, it is clear that the substituent effects
observed for the hexamers hold in these more complex systems:
The folding of oP*(OMe);® is about 2-fold better than that of
oP?(OMe)*. Both oP®(OAc)s* and oP'°(OAc),,* exhibit
>90% of the perfectly folded AA..A conformer at equilibrium,
whereas the folding of oP%(OAc)s® is noticeably worse.
Likewise, oP%(OTf)s* and oP'°(OTf),,* exhibit essentially
perfect folding, with no indication of minor conformational
states at all. Compared to oP'*(OMe),,", for which only about
50% of the population is in the A, state, all of the acetoxy- and
triflate-substituted oligomers give substantially improved
folding.

As mentioned in the introduction, Fukushima and Aida
recently reported oligomers of general structure oP"(FA),
shown in Chart 2, which show much improved folding when
dissolved in acetonitrile, but not other solvents, because of a
steric effect at the oligomer ends.'” While not explicitly
reported, the folding of these o-phenylenes appears to be
comparable to that of the oP"(OAc),* series in chloroform-d
(i.e,, the NMR spectra are dominated by peaks associated with
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Chart 2
H3CO X
HaC0 O 'O OCH3
H3CO OCH,8
n-2
H3CO X
oPn(FA)
X = CHg, Br, CO,Bn

the major conformer, but contributions from minor conforma-
tional states are observable). Thus, the strategy reported here—
improved folding through enhancement of aromatic stacking
interactions—gives oligomers that show even better folding
than the previous best case of oP"(FA) in acetonitrile
(oP"(OTf),* and oP*(CN)* in chloroform). Of course, the
two strategies are not mutually exclusive. In principle, it would
be straightforward to incorporate both bulky terminal
substituents and moderately electron-withdrawing groups
onto an o-phenylene oligomer. Control of stacking interactions
should, however, scale better for use in longer oligomers and
polymers.

Because of the remarkable solvent dependence of the folding
of oP"(FA), we wished to investigate the effect of solvent on
the folding of our new oligomers. The NMR spectra of
oP'°(0Ac),,* in various solvents (benzene-d,, chloroform-d,
acetone-dy, and acetonitrile-d;) are shown in Figure 10. The

b L

CDCl,

oP19(0Ac)p”

I

(CD3),CO

CD4CN

ppm 7.0 6.5 6.0 5.5

Figure 10. 'H NMR spectra of oP'(OAc),,* in benzene-d;,
chloroform-d, acetone-dg, and acetonitrile-d; (500 MHz, rt).

oligomer folds well in all of the solvents examined, with near-
perfect folding in benzene and chloroform. The worst folding is
observed in acetonitrile, although the A, conformer still makes
up ~75% of the total population. We also examined the
solvent-dependence of the folding of oP®(CN)s* (see
Supporting Information). As in chloroform-d, we were unable
to detect minor conformers in either acetone-d4 or acetonitrile-
ds.

Taken together, the behavior of these two oligomers suggests
that the improved folding we observe because of substituent
effects is largely insensitive to solvent. It is noteworthy that the
trend observed for oP'°(OAc),,*—weaker folding in more
polar solvents—is the opposite of what has been reported for

related systems based on aromatic stacking interactions. For
example, Iverson has shown that stacking of a 1,5-dialkoxy-
naphthalene and a naphthalene dimide (both homo- and
heterodimers), analogs of the structural units used in
aedamers,*® is strengthened by increasing solvent polarity
because of the hydrophobic effect (ie., desolvation of the
aromatic faces on dimerization).”® There are several key
differences between this system and ours, however: Iverson
observed the strongest effect for the formation of donor/
acceptor heterodimers; the o-phenylenes considered here are
analogous to homodimers. Acetonitrile, the most polar solvent
considered in our study, is also not nearly as polar as many of
the solvents they considered (water and methanol—water
mixtures). It is also not clear that the solvation of an o-
phenylene should be strongly dependent on its folding state,
especially in comparison to Iverson’s intermolecular systems.
For the specific case of oP'®(OAc);,", the total solvent effect
on folding is sufficiently weak (AAG® £ +0.7 kcal/mol for
acetonitrile vs chloroform) that it is possible it arises not from a
direct effect on aromatic stacking, but rather from changes in
other factors such as solvation.

Rapid Assessment of o-Phenylene Conformation.
Despite its utility, the DFT/NMR method we use to
characterize the folding states of o-phenylenes is admittedly
time-consuming and challenging to apply to oligomers much
longer than the [12]-mer. With a library of long, well-folded o-
phenylenes in hand, it was possible to derive some empirical
guidelines for judging the folding states of o-phenylene
oligomers and polymers. In principle, it should be possible to
apply these observations to other arene-rich architectures.

Looking at the overall set of '"H NMR spectra of oP"(X),*
and oP"(X),B, it is clear that the chemical shifts follow the same
general trends regardless of the nature of the substituents and
the particular substitution pattern, particularly at the upfield
end of the aromatic region of the spectrum. In Figure 11, the
backbone structure of oP'°(OAc),,* (from the crystal
structure) is depicted with the aromatic protons colored
according to their observed chemical shifts. As would be
expected, the most shielded protons are those that are held
close to the face of a nearby stacked ring. Protons in otherwise
similar chemical environments show dramatically different
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Figure 11. Experimental (solution) 'H chemical shifts for
oP"°(0Ac),,*, drawn on its solid-state structure: The arrows highlight
two protons in analogous positions but with very different chemical
shifts. The circle highlights the proton that would be affected most if
the end were misfolded. The acetate groups have been removed for

clarity.
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chemical shifts (A6 > 1 ppm) depending on their position
within the helix. For example, the protons indicated by the
arrows in Figure 11 would be expected to have similar chemical
shifts, within ~0.3 ppm, on the basis of empirical substituent
effects (one is meta, and the other ortho to an acetoxy group).”’”
However, folding leads to a difference of 1.33 ppm, as one
(bottom) is located directly beneath an aromatic ring in the
folded structure. The circled proton in Figure 11 is a
particularly sensitive reporter of the molecular conformation.
Defects in o-phenylene folding tend to be localized at the
oligomer ends’ (as in the AB conformer). Should this occur,
this proton is moved entirely out of the shielding zone of any
arene. Consequently, the chemical shift difference for this
proton between the AA..A and AA..B conformers is on the
order of 1.3 ppm.

A second measure of the folding quality comes from UV—vis
spectra as a function of length. Fukushima and Aida have
previously proposed that minimal shifts in UV—vis absorbance
with increasing length are an indicator of good folding in the o-
phenylenes.'® Thus, we were interested in the UV—vis spectra
of our new homologous series of well-folded oligomers
oP"(0Ac),* and oP"(OTf),” and especially how they would
compare with those of poorly folded oP”(H), and
oP"(OMe),*. As shown in Figure 12, for both the acetoxy-

oPn(OAc) A oPn(OTf),A
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Figure 12. Normalized UV—vis spectra of oP"(OAc),* and
oP"(OTH),* in CH,Cl,.

and triflate-substituted oligomers, the (normalized) UV—vis
spectra of the oligomers longer than the tetramer are essentially
superimposable, with only a broad absorbance tapering off
around 300 nm. Even at the extreme red edge of the spectra
there are variations of only <3 nm from # = 4 to 10. This
behavior contrasts with that of oP"(OMe),”, for which a
change of >8 nm was observed;> however, for the parent series
oP"(H),, the change is similar (~3 nm). While this is obviously
a small effect, it does suggest that small shifts in UV absorbance
may be a useful indicator of good folding behavior in long o-
phenylene oligomers and polymers when other data, such as
NMR assignments, are difficult to obtain. However, this
measure should be used cautiously, as the parent series also
exhibits small changes in its UV—vis spectra® despite being the
most poorly folded of the oligomers considered here.

B CONCLUSIONS

In summary, we have synthesized and characterized several new
series of o-phenylene oligomers, incorporating increasingly
electron-withdrawing substituents and varying the substitution
pattern. In general, the use of even moderately electron-
withdrawing substituents (i.e., acetoxy) gives substantially

improved folding properties through the enhancement of
intramolecular arene—arene stacking interactions. These effects
can be modeled, to some extent, with PCM/B97-D/TZV-
(2d,2p) calculations on small (tetramer) model compounds but
are most easily rationalized using Hammett o, substituent
constants. Oligomers up to the decamers have been
investigated, with triflate functionalization giving essentially
“perfect” folding in chloroform-d. The high-quality folding in
these oligomers appears to be only weakly solvent-dependent.
The principles developed here should be applicable to the
design of other structurally congested polyphenylenes with
well-defined three-dimensional structures.

B EXPERIMENTAL SECTION

Unless otherwise noted, all starting materials, reagents, and solvents
were purchased from commercial sources and used without further
purification. Anhydrous tetrahydrofuran was obtained by distillation
from sodium/benzophenone. Anhydrous dichloromethane was
obtained by distillation from calcium hydride. NMR spectra were
measured for chloroform-d, acetone-dg, benzene-dy, or acetonitrile-d;
solutions using Bruker Avance 300 or 500 MHz NMR spectrometers.
Temperature readings for low-temperature experiments (268 K) were
calibrated using a 4% methanol in methanol-d, reference standard.
Chemical shifts are reported in § (ppm) relative to tetramethylsilane,
with the residual solvent protons used as internal standards. UV—vis
spectroscopy was performed using spectrometric-grade dichloro-
methane used without further purification. MMFF calculations were
performed using Spartan ‘08,°® PM7 calculations using
MOPAC2012,% and DFT calculations using Gaussian 09.° Further
details, including synthetic procedures, are included in the Supporting
Information.

B ASSOCIATED CONTENT

© Supporting Information

Supplemental figures referred to in the text; NMR assignments
and computational data (energies, geometries, GIAO calcu-
lations) for all new o-phenylene oligomers; crystal data for
oP%(OMe)5, oP3(OTH)A oP(0Ac),s", and oP°(OTI),,"
experimental procedures; NMR spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.
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