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Abstract

Control over the folding of oligomers, be it broad induction of a preferred helical

handedness or subtle changes in the orientations of individual functional groups, is im-

portant for applications ranging from molecular recognition to long-range conformational

communication. Here, we report a series of ortho-phenylene hexamers functionalized

with achiral and chiral amides at their termini. NMR spectroscopy, taking advantage of
19F labeling, allows multiple conformers to be detected for each compound. In combina-

tion with CD spectroscopy and DFT calculations, specific geometries corresponding to

each conformer have been identified and quantified. General conclusions about the effect

of sterics and the amide linker on conformational behavior have been drawn, revealing

some similarities and key differences with previously reported imines. A model for twist

sense control has been developed that is supported by computational models.
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1 Introduction

The complex, stereoselective folding of biomacromolecules is necessary for the operation of

many biochemical systems. “Foldamers”, synthetic oligomers that fold into well-defined struc-

tures, have consequently been developed that mimic the hierarchical structure of biomacro-

molecules.1–3 A variety of helical aromatic foldamers have been reported that show unique

structures, properties, and dynamic behavior.4–6 Basic aromatic repeat units are achiral,

and so their folding will not inherently show any preference towards a specific handedness.

However, stereochemical control of their folding is of great importance for their potential

practical applications in asymmetric catalysis7 and molecular recognition.8,9 This can be

achieved for aromatic foldamers by attaching chiral groups either as side chains10–14 or to the

termini.15–26

The ortho-phenylenes are simple aromatic foldamers that fold into helical geometries in

solution driven by arene–arene stacking interactions.27,28 o-Phenylenes offer an attractive

combination of properties that makes them well-suited to the study of folding in solution:

their folding is dynamic, tunable, and described by straightforward models, and there is

a predictable relationship of their NMR properties to their geometries. To control the

handedness of o-phenylene folding, we have previously studied the behavior of o-phenylenes

functionalized with chiral imines at their termini, including the compounds in Chart 1a.29 A

combination of computational chemistry, NMR spectroscopy, and CD spectroscopy yielded

two key conclusions. First, greater chiral induction was observed by attaching chiral groups

ortho to the backbone (as in Chart 1a), where they are closer to the helix and can interact

with it more strongly. Second, chiral induction in this system is highly dependent on broader

conformational behavior. There is a strong coupling between the ability of substituents to

induce a preferred twist sense and their orientational preferences with respect to the helix.

For example, simple chiral groups are “ambidextrous”, inducing a left-handed helix in one

orientation but right handed in another.

The imines in Chart 1a showed that, beyond simply inducing a preferred twist sense in the
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Chart 1: (a) Previously studied imine-functionalized o-phenylenes. (b) Amide-functionalized
o-phenylene hexamers studied here, with labels used for NMR analysis.
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oligomer, there can be a close connection between fine-grained conformational behavior and

chiral induction in o-phenylene systems. Understanding this connection could be of interest

as a way to communicate chiral information over distances through the foldamer.30,31 The

dynamic nature of imines,32 however, complicates such studies, since oligomers asymmetrically

functionalized with different imines would scramble. Moreover, the generality of this behavior

beyond imines is unknown.

Here, we report the behavior of the series of amide-functionalized o-phenylenes in Chart

1b. We focus on amides because of their stability, their structural similarity to the previously

reported imines, their synthetic convenience, and the ready availability of enantiomerically

pure amine starting materials. Attachment at the ortho position allows the amides to reorient

with respect to the o-phenylene helix, giving potentially rich conformational behavior. A

detailed analysis of the conformational behavior of these systems was done using NMR

spectroscopy, CD spectroscopy, and computational methods.

2 Results

2.1 Design and synthesis

We focused on o-phenylene hexamers because they are long enough that the oligomer is in

slow conformational exchange on the NMR time scale33 but short enough that the NMR

spectra should be tractable even for the expected mixtures of conformers. The fluoro groups

were included to help with the NMR analysis, as we have previously shown that 19F NMR

chemical shifts are sensitive to o-phenylene backbone conformations and can be used to detect

and quantify the folding populations of different conformers, complementing 1H and 13C based

spectra.34 The methoxy groups along the backbone were included to ensure solubility; they

were not exchanged late in the synthesis for the acetoxy groups used for the imines (Chart 1a)

because it was not found to be necessary to improve folding. The seven different oligomers

with different amide groups in Chart 1b were synthesized as described in the Supporting
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Information (Scheme S3).

2.2 Conformational analysis

We first briefly summarize the folding behavior of o-phenylenes.27 The folding state of an

o-phenylene [n]-mer is defined by the n − 3 internal torsional angles ϕi along its backbone

(ϕ2–ϕ4 in Figure 1). Each key dihedral can assume one of four values that we name using a

simple system, where A represents ϕi ≈ −55◦, A′ +55◦, B +135◦, and B′ −135◦. Because

every second ring must be nearly parallel, as has been previously discussed,27 only ϕi differing

by roughly 180◦ can coexist within a single molecule. Consequently, the total population

of conformers can be divided into enantiomeric A/B and A′/B′ sets (i.e., the A/A′, B/B′,

A/B′, etc., combinations are not possible within the same molecule). For a perfectly folded

o-phenylene hexamer, all the biaryl torsional angles are in the A or A′ state (ϕ = −55◦ or

+55◦) corresponding to an M (left-handed) helix in the “AAA” state or a P (right-handed)

helix in the “A′A′A′” state. In misfolded conformations, one or more torsional angles are

in the B or B′ states. Misfolding of o-phenylenes tends to occur preferentially at the ends;

thus, the AAB (or A′A′B′) conformers should be the most populated misfolded states of a

hexamer.

As expected, the NMR spectra of the new o-phenylene hexamers in CDCl3 are complex,

with contributions from multiple conformers. Broadened signals were observed close to room

temperature because of intermediate rates of conformational exchange. This is typical of

o-phenylenes; however, even at 278 K, the temperature usually used for our studies, the

signals are still broad, implying that these oligomers undergo some conformational exchange

process distinct from those of previously studied o-phenylenes. NMR spectra were therefore

recorded at 266 K.

Many degrees of conformational freedom must be considered for these o-phenylene hex-

amers, corresponding to rotation about the bonds shown in Figure 1. First, there is the

overall backbone configuration. This corresponds to interconversion between the enantiomeric
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Figure 1: (a) Key dihedral angles determining distinguishable conformations of o-phenylene
hexamer amides. (b) “In-in” and “out-out” orientations of terminal substituents differing in
ϕ1/ϕ5. (c) “N-in” and “N-out” orientations of the amides differing in ϕC .
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A/B and A′/B′ populations described above, which requires simultaneous changes in all of

ϕ2–ϕ4. This process has been studied in detail by Fukushima and Aida.28,35 Second, there

is backbone folding. Changes in individual dihedrals ϕ2–ϕ4 alter the folding state of the

o-phenylene (e.g., perfectly folded AAA vs misfolded AAB). This process has been studied

by us, and logically must be slower than backbone inversion.27 Third, there is the cis vs

trans configuration of the amides. Changes in ϕN are expected to be slow on the NMR time

scale,36–38 but the trans amide is expected to be substantially more stable than cis.39,40 Thus

ϕN is not likely to contribute meaningfully populated alternate conformers since the trans

form should predominate. This is confirmed by DFT studies of model systems described in

the Supporting Information. Fourth, there is the orientation of termini. Changes in ϕ1 or

ϕ5 result in inequivalent conformers with the amide groups overall oriented inward, along

the path of the helix, or outward, toward the side of the helix. There are therefore “in-in”,

“out-out”, and “in-out” configurations likely to be present, shown in Figure 1b. The oligomer

is still “well-folded” in all three cases since the repeat units still describe a helix. In general,

these changes in terminus orientation (ϕ1/ϕ5) are expected to be slow by NMR spectroscopy

so long as there are substituents ortho to the backbone connectivity (i.e., the amides).33,35

The different conformers were distinguishable for our previously studied imines.29

Finally, there is the amide orientation, defined by ϕC , which deserves special comment.

Rotation about this bond will place the nitrogen atom of the amide either inward-facing

(“N-in”) or outward-facing (“N-out”), as shown in Figure 1c. For a typical benzamide this

process would be expected to be fast on the NMR time scale. However, if the whole amide

is oriented inward, folding of the o-phenylene places it directly below the third ring along

the backbone, which should hinder rotation. Calculated potential energy surfaces for model

structures confirm this (see Supporting Information). Similar behavior might also be expected

for the previously studied imines (i.e., Chart 1a), where it was not observed. DFT calculations

show that the imines show a much stronger bias toward the N-out conformation compared to

the amides and consequently this is likely the only meaningfully populated orientation (3.5
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Figure 2: 19F{1H} NMR spectra of o-phenylene hexamers (376 MHz, CDCl3, 266 K).

vs 0.4 kcal/mol at the PCM(CHCl3)/ωB97-XD/cc-pVDZ level), see Supporting Information).

Thus, it seems very likely that amide reorientation via ϕC is the “new” conformational process

that requires these systems to be analyzed at lower temperatures than other o-phenylenes.

Note that we would only expect this to be an issue for inward-pointing amides in well-folded

o-phenylenes, since otherwise the amide is not folded underneath the helix and its rotation

would not be hindered.

The “achiral” (really dynamic racemate) oP6(Me) provides a useful basis for understand-

ing the behavior of the other hexamers. Its 19F{1H} NMR spectrum is shown in Figure 2

(top). The spectrum shows a large signal at −110.4 ppm corresponding to one predominant

conformer with some other smaller signals related to minor conformers. We confirmed that

these smaller signals are not due to impurities using 19F–19F EXSY spectroscopy, which shows

clear cross-peaks with the major signal indicating chemical exchange. The complete proton

assignments of the major conformer could be done using standard 2D NMR experiments

(COSY, 19F–1H COSY, TOCSY, HMBC, and HSQC). Full chemical shift assignments were
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Figure 3: 19F–1H COSY NMR spectrum of oP6(Me) (400 MHz, CDCl3, 266 K).

not possible for the minor conformers as their signals were weak and some key HMBC

correlations were missing. Nevertheless, the 19F–1H COSY spectrum, shown in Figure 3,

could be used to unambiguously assign at least the protons of the terminal rings (H1b, H1c,

and H1e, Chart 1) for every conformer detected in this system. These three protons are

particularly useful for distinguishing different conformers as they undergo large changes in

environment as the geometry changes. These assignments were further confirmed by 1H–1H

EXSY (i.e., via cross peaks between different assigned H1b, H1c, and H1e).

The single 19F signal for the major conformer shows that it has twofold symmetry. The
1H chemical shifts from the rings 2 and 3 (Chart 1) indicate that it is well folded in the

helical AAA/A′A′A′ states, as key protons (notably H2e and H3e) are very shielded (5.92

and 5.91 ppm), consistent with their positioning directly into the shielding zones of nearby

aromatic rings (rings 5 and 6, respectively). Similar behavior has been observed in many

other o-phenylene systems.27

This most-intense signal in the 19F NMR spectrum therefore corresponds to a well-folded

o-phenylene, but what are the overall orientations of the termini (ϕ1/ϕ5) and amides (ϕC/ϕ′
C)?

To better understand these different possible conformers, we optimized different geometries

of model compound oP6′, shown in Figure 4, at the PCM(CHCl3)/ωB97-XD/cc-pVDZ level.

The optimized geometries of the in-in/N-out, in-in/N-in, and out-out conformers suggest
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spatial relationships that can be used to distinguish them spectroscopically.

The evidence indicates that the major conformer of oP6(Me) has the in-in orientation

of the termini and the N-out orientation of the amides, shown in Figure 4 for oP6′. First,

the signals for protons H1e and the methine proton of the isopropyl group (R*) show ROE

cross-peaks with the signals assigned to H2b and H3b, respectively; modeling indicates that

the inward-facing terminus geometry puts these nuclei in close proximity. Second, the 19F

signal for the major conformer is deshielded compared to most others. Inward-facing amides

at the termini put the fluoro groups out of the shielding zone of the stacked ring, and the

opposite is true for outward-facing termini. DFT-predicted 19F isotropic shieldings support

this assignment (Table S8). Third, there is a weak cross-peak in the 19F–1H COSY between

the fluorine peak of the major conformer and one of the OCH3 peaks. This indicates an

outward-facing fluoro group (and thus inward-facing amide) that is close to one of the OCH3

groups (e.g., F from ring 1 is close to OCH3 on ring 3), perhaps giving a weak F–H hydrogen

bond. Similar behavior has been found to give coupling in other folded systems.41 Fourth, the
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signal for the N–H proton shows an ROE cross-peak with that of proton H1b. This suggests

that the amide group is oriented N-out to put these protons in close proximity (2.4 Å for

N-out vs 4.3 Å for N-in in the model). Fifth, the N–H proton is more shielded for the major

conformer than it is for the minor conformers (identified in the EXSY). The amide N-out

conformer puts this proton into the center of the shielding zone of ring 3 (for the N–H on

ring 1), whereas if it is N-in it is no longer well-aligned with this ring, consistent with DFT

predictions of the shieldings (Table S8).

The minor signal at −109.9 ppm in the 19F spectrum can then be assigned to the in-

in/N-in conformer. Proton H1e from this conformer shows an ROE cross-peak with H2b

showing that the termini are overall still inward-facing. The N-in orientation of the amide

can be determined by the process of elimination, but is supported by the changes in chemical

shifts for protons H1b, H1c, and H1e and the fluorines. All are deshielded compared to their

counterparts in the major (N-out) conformer. This is especially pronounced for proton H1b,

which would be in the deshielding zone of the carbonyl group for the N-in conformer but

not N-out. The effect on the chemical shifts of H1c, H1e, and the fluorine is likely due to

increased electron-withdrawing power of the amide group in the N-in conformer. DFT models

predict it to be less-twisted with respect to the ring in this orientation and thus more-strongly

conjugated (33◦ vs 45◦ for oP6′).

The 19F signal in the more-shielded region (at −111.9 ppm) is assigned to the out-out

conformer. The proton H1e related to this conformer shows the ROE cross-peak with H3b,

consistent with the out-out geometry, which puts H1e and H3b in close proximity. In this

case we cannot distinguish different amide orientations, which is reasonable as rotation about

ϕC ought not to be hindered by the folded oligomeric backbone when the amide is facing

outward (or because the population of one conformer is low and cannot be detected). The

downfield 19F signal at −108.9 ppm corresponds to the misfolded (AAB) geometry. This

is very clear from the F–H COSY spectrum: this peak shows cross-peak with an aromatic

proton (H1e) at about 4.7 ppm (Figure 3). This extreme shielding is a signature of the AAB
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conformer found in other o-phenylene systems.33 The corresponding signal for the other end

of the AAB conformer is not obvious for oP6(Me), but from the other oligomers (see below)

it appears to be broadened around −110 to −111 ppm. The two other signals with equal

intensities (at −109.8 and −112.6 ppm) must be from the in-out conformers on the basis

of their symmetry. The overall populations of the different conformers for oP6(Me) were

obtained by deconvolution of the 19F{1H} NMR spectrum and are given in Table 1.

The 19F{1H} NMR spectrum of (R)-oP6(iPr) (Figure 2) is similar to that of oP6(Me)

but with doubling of the major peaks, indicating distinguishable diastereomeric twist senses

because of the chirality centers. The 19F–1H COSY spectrum was especially important for

making assignments. The two cross-peaks for proton H1e of the in-in/N-out conformer are

<6.0 ppm, the same as oP6(Me). Similarly, the peak assigned to the in-in/N-in form gives

cross-peaks closer to 6.2 ppm, and that for misfolded one was observed around 4.6 ppm.

Splitting of the main peaks suggests a low de of (16 ± 7)% for the in-in/N-out form while

the in-in/N-in form and misfolded form appear to have higher (but still modest) de’s of (30

± 6)% and (36 ± 6)%, respectively. The proportion of outward-facing amines is smaller than

in the achiral oligomer, but the proportions of minor misfolded and in-in/N-in conformers

have increased for oP6(iPr).

The 19F{1H} spectra of the other o-phenylene hexamers with different chiral amide groups

are shown in Figure 2. Deconvolution of the 19F{1H} NMR spectra allowed us to extract

the relative populations and diastereomeric excesses of different conformations present for

these compounds (see Table 1). For oP6(tBu), it is clear that the populations of both

misfolded and in-in/N-in conformers have increased significantly; however, we were unable to

definitively quantify the populations because of additional overlapping signals, likely because

of the now-significantly populated misfolded conformers.

The helical twist sense of the chiral oligomers was further investigated by CD spectroscopy

carried out in chloroform at room temperature. All of the chiral hexamers show significant

CD bands, as shown in Figure 5. We were particularly interested in the compounds with
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Compound Overall twist sense Conformer Population (%) de (%)
oP6(Me) n.a. in-in/N-out 40 ± 5 n.a.

in-in/N-in 10 ± 1 n.a.
in-out 19 ± 2 n.a.
out-out 18 ± 2 n.a.
misfolded 2.9 ± 0.3 n.a.

(R)-oP6(iPr) P in-in/N-out 41 ± 3 16 ± 7
in-in/N-in 24 ± 2 30 ± 6
in-out 10.2 ± 0.8 n.d.
out-out 3.7 ± 0.4 n.d.
misfolded 13.2 ± 1.1 36 ± 6

(R)-oP6(Cy) P in-in/N-out 49 ± 4 60 ± 5
in-in/N-in 21 ± 2 15 ± 7
out-out 3.9 ± 0.4 n.d.
misfolded 10.2 ± 0.8 38 ± 6

(S)-oP6(Ph) M in-in/N-out 73 ± 8 82 ± 2
in-in/N-in 10 ± 1 29 ± 6
out-out 0.67 ± 0.08 n.d.
misfolded 2.2 ± 0.2 6 ± 7

(R)-oP6(tBu) P in-in/N-out n.d. >90
in-in/N-in n.d. (high) 53 ± 5
misfolded n.d. (high) 40 ± 6

(S)-oP6(Bo) M in-in/N-out 53 ± 5 32 ± 6
in-in/N-in 35 ± 3 54 ± 5
misfolded 11 ± 1 63 ± 4

Table 1: Twist sense control in o-phenylene hexamers. Errors calculated assuming a 10%
uncertainty on integration.
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Figure 5: Experimental CD spectra of o-phenylene hexamers (CHCl3).
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the saturated chiral groups (oP6(tBu), oP6(iPr), oP6(Cy), oP6(Bo)) because absorption

≥230 nm should be centered on the o-phenylene moiety and the resulting CD signals should

thus reflect the twist sense of the o-phenylene backbone. The CD spectra of (R)- and (S)-

oP6(tBu), (R)-oP6(iPr), and (S)-oP6(Bo) have nearly identical shapes, with key Cotton

effects at approximately 257 and 295 nm. (R)-oP6(Cy) shows a slightly different CD spectrum

with Cotton effects at approximately 250 and 270 nm. The CD spectrum of (S)-oP6(Ph) has

a shoulder at around 238 nm. This peak is because of the excitation of the chiral group itself

(determined by comparison with the CD spectrum of N -(1-phenylethyl)benzamide, Figure

S2), but the peak at 250 nm is linked to the o-phenylene backbone. The intensities of the

CD bands of these hexamers roughly correlate with the de’s expected from the deconvolution

of the 19F NMR signals.

To assign the absolute configurations of the o-phenylene backbones, we predicted CD

spectra for model compound oP6′ using TD-DFT at the PCM(CHCl3)/CAM-B3LYP/6-

311+G(2d,2p)//PCM(CHCl3)/wB97-XD/cc-pVDZ level. The predicted CD spectra match

the shapes of the experimental CD spectra, particularly for oP6(iPr), oP6(Cy), oP6(tBu),

and oP6(Bo). The Cotton effect around 250–260 nm can be used to determine the absolute

twist sense in these systems. A positive Cotton effect around 250–260 nm is associated

with the M twist sense of the helix. The overall absolute twist senses of these o-phenylene

hexamers with different chiral amide groups were assigned on this basis and are compiled in

Table 1.

3 Discussion

While the CD and NMR spectroscopy experiments were carried out a different temperatures,

and so the conformational distributions should not be identical, some conclusions can be

drawn about chiral induction and conformational effects for this series of compounds using

the data in Table 1. First, the amide-functionalized o-phenylenes have a stronger preference
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for inward-facing termini compared to the previous imine-functionalized o-phenylenes (Chart

1a), which gave mixtures of both in-in and out-out conformers.29 This may suggest a more-

attractive stacking interaction between the amides and the third benzene ring up the oligomer

than the imines. Second, the populations of the out-out conformers in the amide series

decrease with an increase in the bulkiness of the chiral group, such that it is not detected for

oP6(tBu) and oP6(Bo). In the outward-facing conformers, the amide group is placed closer

to the helix and increasing the bulkiness of chiral groups appears to result in additional steric

clashes with the o-phenylene backbone. This result is consistent with previous work that

has shown a preference for inward-facing substituents at o-phenylene termini.35 Third, the

bulkiness of chiral groups generally increases misfolding and the proportion of N-in conformers,

likely simply because of steric effects. Fourth, oP6(Ph) shows both the highest proportion of

the in-in/N-out conformer and the highest de for this conformer. The reason for this is not

immediately obvious, although it does suggest that there may be some repulsive interaction

between the phenyl group and the o-phenylene exterior that contributes to efficient chiral

induction.

While the overall conformational picture in Table 1 is complicated, we note that for the

structurally simpler oP6(iPr), oP6(tBu), oP6(Cy), and oP6(Ph), for which the absolute

configuration corresponds to the simple arrangement of groups of different steric demand, the

R configuration of the chirality center consistently gives the P configuration of the helix (and

S gives M ) in the (usually dominant) in-in/N-out conformer. This is the case for oP6(Ph),

which is the best performing of the oligomers in the sense of most-efficient chiral induction.

The trend matches the results of the previously reported imines and lends itself to a simple

model, shown in Figure 6a, that is possible because of the detailed conformational analysis

of these o-phenylenes. There is a strong preference for the proton attached to the chirality

centers (the small group) to be antiperiplanar to the amide hydrogen. This behavior is

consistent with that of amides used to establish the absolute configurations of chiral amines

by NMR spectroscopy42 and is confirmed in the present systems by DFT calculations (see
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Figure 6: (a) Model describing chiral induction for inward-oriented, N-out o-phenylene amides
(S = small, M = medium, L = large). (b) Optimized geometries of a simple analogue of
(R)-oP6(Ph) according to the model (PCM(CHCl3)/ωB97X-D/cc-pVDZ).

Supporting Information). This constraint is sufficient to orient the chirality center with

respect to the helix in the in-in/N-out state. The R configuration of the chirality center is

then favorable for the P configuration of the helix because it orients the large group away

from the o-phenylene. With the M helix a steric clash between the large group and the helix

is unavoidable. Application of this model to a simple analogue of (R)-oP6(Ph) using DFT

calculations is shown in Figure 6b. While the P helix is a good match to the configuration of

the chirality center, the M helix is directed toward the phenyl group, introducing small, but

meaningful, strain.

The results here show that a reasonably small change in functional group structure,

imine to amide, can have a substantial effect on the conformational behavior of foldamer

systems, affecting broad conformational behavior (e.g., prevalence inward- vs outward-facing
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termini via ϕ1/ϕ5) and introducing new variability (amide orientation via ϕC). These changes

can nevertheless be understood using simple models for folding in polyphenylene systems.

The results also highlight the detailed information on conformational behavior that can be

obtained for sterically congested polyphenylenes by NMR spectroscopy, and in particular the

usefulness of 19F labeling.

3.1 Conclusion

In summary, we have investigated the conformational behavior of o-phenylenes with amide

groups attached at their termini. A detailed picture of conformer distributions has been

obtained by a combination of NMR spectroscopy, CD spectroscopy, and computational

methods. For the o-phenylene amides studied here, the termini prefer to be oriented

inward. Conformers differing in the orientation of the amide can be distinguished, with

the N-out orientation favored, particularly for amides that are less sterically demanding.

The configurations of the terminal amide groups has been effectively transmitted to the

o-phenylene backbone, leading to the preferential one-handed helicity. Chiral induction is

particularly effective from the phenyl-substituted amide oP6(Ph) and can be predicted using

a simple model based on sterics.
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