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/Abstract: Various recent computational studies initiated this
systematic re-investigation of substituent effects on aromatic
edge-to-face interactions. Five series of Troger base derived
molecular torsion balances (MTBs), initially introduced by
Wilcox and co-workers, showing an aromatic edge-to-face
interaction in the folded, but not in the unfolded form, were
synthesized. A fluorine atom or a trifluoromethyl group was
introduced onto the edge ring in ortho-, meta-, and para-po-
sitions to the C—H group interacting with the face compo-
nent. The substituents on the face component were varied
from electron-donating to electron-withdrawing. Extensive
X-ray crystallographic data allowed for a discussion on the
conformational behavior of the torsional balances in the
solid state. While most systems adopt the folded conforma-
tion, some were found to form supramolecular intercalative
dimers, lacking the intramolecular edge-to-face interaction,
which is compensated by the gain of aromatic m-stacking in-

N

teractions between four aryl rings of the two molecular com-
ponents. This dimerization does not take place in solution.
The folding free enthalpy AGg,, of all torsion balances was
determined by 'H NMR measurements by using 10 mm solu-
tions of samples in CDCl; and CiD;. Only the AG,y values of
balances bearing an edge-ring substituent in ortho-position
to the interacting C—H show a steep linear correlation with
the Hammett parameter (0,,) Of the face-component sub-
stituent. Thermodynamic analysis using van't Hoff plots re-
vealed that the interaction is enthalpy-driven. The AGgq
values of the balances, in addition to partial charge calcula-
tions, suggest that increasing the polarization of the inter-
acting C—H group makes a favorable contribution to the
edge-to-face interaction. The largest contribution, however,
seems to originate from local direct interactions between
the substituent in ortho-position to the edge-ring C—H and
the substituted face ring.

/

Introduction

Noncovalent aromatic-aromatic interactions are pivotal in nu-
merous chemical and biological processes.” These interactions
play a key role in host-guest chemistry,” supramolecular self-
assembly,”® stereoselective reactions,”” chemoselective cataly-
sis,” or protein-ligand complexation® and influence the struc-
ture of biomolecules.”” There are three major structural motifs
for aryl-aryl interactions: parallel-eclipsed, parallel-displaced,
and edge-to-face (Figure 1). It is accepted that substituents
affect the aryl-aryl interactions, but the exact nature of sub-
stituent effects remains a topic under investigation, both in
theoretical and experimental studies.”

In the 1990s, Wilcox and co-workers introduced the Troger
base derived molecular torsion balance to investigate aromatic
edge-to-face interactions.” This system features, in its folded
state, an interaction between rings A and D (Figure 2), while
the interaction is absent in the unfolded form. Atropisomerism
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Figure 1. Aryl-aryl ring interaction motifs.

around the biaryl bond is slow on the 'H NMR timescale, and
the ratio of the folded versus the unfolded conformation is
conveniently determined by integration of the signals of the
methyl group at C3, yielding the folding free enthalpy AG,4 as
a measure for the aromatic interaction. The Pittsburgh group
studied substituent effects in CDCl; by using an unsubstituted
phenyl ester edge ring and varying the face substituent in
para-position to the aniline N atom. A correlation between the
driving force for folding and the Hammett parameter (0,,e,) of
the face substituent was not observed. Together with investi-
gations on aliphatic edge moieties, this finding led the authors
to the suggestion that dispersion, rather than C—H--m-type
electrostatic interactions between edge and face rings, contrib-
utes to the preference of the torsion balance for the folded
state.>d
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Figure 2. Schematic representation of the equilibrium between the folded (right) and un-
folded (left) atropisomers of the Troger base derived molecular torsion balance. The func-
tional groups examined in this study as well as the numbering system used, are shown.

With sets of new Troger base derived molecular torsion bal-
ances, we have previously quantified the weak attractive or-
thogonal dipolar interaction between organofluorine and
amide groups” and extended these investigations to the en-
ergetics of dipolar interactions between orthogonal amide
groups."

During the course of our investigations on orthogonal dipo-
lar interactions involving organofluorine, we noticed a signifi-
cant substituent effect on the edge-to-face interaction in tor-
sion balances bearing a 4-(trifluoromethyl)phenyl ester as the
edge component and various electron-withdrawing (EWG) or
electron-donating groups (EDG) on the face component in
para-position to the anilino N atom."® The folding free enthal-
py in C,Dg showed a steep linear correlation with the Hammett
parameter (0,,) Of the respective substituents on the face
ring, with the AG,y values becoming more negative with in-
creasing electron-donating potency. We explained this finding
with a substantial electrostatic C—H--;,. interaction providing
the driving force for folding."® These results were in stark con-
trast to the work by Wilcox and co-workers described
above.”™ The different results between the two studies were
initially explained by Cockroft and Hunter by differences in sol-
vation effects in C,Ds and CDCl,."™ A re-measurement of both
sets of torsion balances in both solvents confirmed all earlier
results and showed similar folding behavior in the two sol-
vents.' A steep linear free enthalpy relationship (LFER) was
observed for the torsion balances with an edge-trifluoromethyl
group in both C¢Ds and CDCl;. No such relationship was
indeed observed for the unsubstituted phenyl ester as edge
component. Clearly, the additional CF; substituent in ortho-po-
sition to the interacting edge-C—H made all the difference. This
finding suggested the importance of re-investigating substitu-
ent effects on the aromatic edge-to-face interaction in a com-
prehensive experimental study.

Additional interest in such an experimental investigation
comes from recent computational studies on aryl-aryl interac-
tions by Wheeler and Houk," Sherrill,™ and others.'® These
studies suggested that the earlier, purely electrostatics-based
Hunter-Sanders model"” is not sufficient and does not ade-
quately describe aromatic interactions. Theoretical work by
Wheeler and Houk on substituted benzene dimers indicated
that all substituents, both electron-donating and electron-ac-
cepting, stabilize the parallel-eclipsed and parallel-displaced
benzene dimers."*" They concluded that through-space in-
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ductive and field effects overwhelm the m-polariza-
tion effects. Sherrill and co-workers reported that
direct interactions® between substituents and the
opposing m-system are, at least partly, responsible for
substituent effects in parallel-eclipsed benzene
dimers and not the change of the m-electron density
in the rings."*®¢¢ For the aromatic edge-to-face inter-
action, theoretical studies mostly agree that a stabiliz-
ing effect is achieved by the introduction of an elec-
tron-withdrawing group on the edge ring, or the in-
troduction of an electron-donating group on the face
ring.l"*®'521%] |n the majority of these computational
studies, the functional group is placed in the para-
position of the edge C—H which interacts with the face-ring
(Figure 3a). A theoretical investigation by Wheeler and Houk,
on the other hand, places the edge-ring functional group in
such a way that a direct interaction between this group and
the m-system of the face ring is possible, similar to the situa-
tion in the Tréger base derived torsion balances investigated
so far (Figure 3b, ¢)."

8 b) )
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Figure 3. Edge-to-face interaction motifs used in theoretical investigations. X
denotes any substituent.

Insight into the nature of aromatic edge-to-face interactions
using torsional balances can be further complicated by the
fact that local dipolar interactions between the dipoles of the
edge and the face ring in the folded state could also affect the
folding equilibrium. In a computational study, we recently
demonstrated the importance of dipole orientation for the in-
termolecular interaction between heteroarenes stacking on
peptide bonds: an antiparallel alignment of the dipoles is ener-
getically favorable, while parallel alignment is unfavorable. In
their studies utilizing molecular zippers,”” Hunter and co-work-
ers already alerted to the possible energetic contribution re-
sulting from interactions between the edge- and face-ring di-
poles. 20t

For this re-investigation into the nature of aromatic edge-to-
face interactions, we synthesized 25 new molecular torsion bal-
ances and investigated their folding equilibria. Based on these
data, we analyze the energetic contributions of 1) the electro-
static interaction between edge-ring C—H and the face-ring -
system, 2) direct interaction of edge-ring substituents with the
substituted face ring, and 3) the interaction between the local
dipoles of substituted edge and face rings. Additionally, nu-
merous crystal structures are presented that illustrate a rather
remarkable flexibility of the Tréger base scaffold.?"
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Results and Discussion

Synthesis and solid-state structures of molecular torsion bal-
ances

The synthesis of torsion balances (£)-1 to (£)-25 (Table 1) es-
sentially followed the protocols reported earlier.” Synthetic
procedures and complete compound characterization are

Table 1. Folding free enthalpies AGg,q for fluorinated and trifluoromethy-
lated molecular torsion balances.

5

RI— .
PNZZ
RS
R R? AGiyq [k mol~"]®!
CeDs cDCl,

(+)-1 4"-F NH, —0.160 —3.48 —2.01
(£)-2 4"-F H 0.000 —2.66 —1.78
(+)-3 4"-F OH 0.121 —2.81 —1.85
(+)-4 4"-F | 0.352 —2.22 —1.27
(+)-5 4"-F NO, 0.710 —0.52 +0.01
(+)-6 3"-F NH, —0.160 —-1.14 —0.30
(+)-7 3"-F H 0.000 —1.04 —0.34
(+)-8 3"-F OH 0.121 —1.01 —0.73
(+)-9 3"-F | 0.352 —1.05 —0.48
(+)-10 3"-F NO, 0.710 —0.60 —0.63
(+)-11 2"-F NH, —0.160 —1.75 —0.64
(+)-12 2"-F H 0.000 —1.24 —0.69
(£+)-13 2"-F OH 0.121 —1.62 —1.08
(+)-14 2"-F | 0.352 —-1.77 —0.84
(+)-15 2"-F NO, 0.710 —-1.23 —1.05
(£)-26 4"-CF, NH, ~0.160 —3.91 —2.65
(&)-27" 4"-CF, H 0.000 —347 —2.41
(£)-289 4"-CF, OH 0.121 —3.46 231
(4)-29" 4"-CF, | 0.352 —1.52 —0.61
(#)-30 4"-CF, NO, 0.710 —0.19 +047
(+)-16 3"-CF, NH, —0.160 —1.00 —-0.23
(+)-17 3"-CF, H 0.000 —-0.34 —-0.1
(+)-18 3"-CF, OH 0.121 —0.67 —0.38
(+)-19 3"-CF, | 0.352 —0.49 —-0.23
(+)-20 3"-CF, NO, 0.710 —0.58 +0.41
(4)-21 2"-CF, NH, —0.160 —1.38 —-0.20
(4+)-22 2"-CF, H 0.000 —0.89 —-0.32
(4+)-23 2"-CF, OH 0.121 —-1.23 —0.63
(£)-24 2"-CF, | 0.352 —1.45 —0.82
(£)-25 2"-CF, NO, 0.710 ~1.26 —0.73
[a] Hammett parameters based on the ionization of substituted benzoic
acids.” [b] Determined by integration of the line-fitted (100% Lorentz
functions) '"H NMR spectra of 10 mm solutions at 298 K. Uncertainty
+0.12 kJmol ™. [c] AGy,q values previously reported.% '3

given in the Supporting Information.”” Additionally, data for
the already described systems (+)-26 to (+)-30 are included in
Table 110213

Crystals of several molecular torsion balances suitable for X-
ray analysis were obtained by vapor diffusion of n-pentane
into solutions of the compounds in CH,Cl,. All Troger base de-
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rived torsion balances crystallized until today adopted the
folded form, clearly illustrating a favorable edge-to-face inter-
action in the solid state.”™'®' |n this study, we observed the
first examples of supramolecular dimers in which the edge-to-
face interaction is absent.

Torsion balances (+)-1 (4”-F/NH,) (the first substituent is the
edge substituent labeled with respect to the ester linker in po-
sition 1” and the second is the face-substituent in para-posi-
tion to the anilino N-atom) and (£)-4 (4"-F/l) crystallize in the
folded state, depicting a classic edge-to-face interaction (Sup-
porting Information). The distance between the centroid of
ring D and the calculated plane of ring A for (£)-4 is approxi-
mately 4.9 A, which is similar to previously reported molecular
torsion balances.®™'®' The crystal structure of (£)-5 (4”-F/
NO,) also shows a favorable edge-to-face interaction between
rings A and D, while maintaining an interatomic distance be-
tween fluorine and nitro group that is larger than the sum of
the van der Waals radii (observed d(F--N) 3.34 A; sum of van
der Waals radii 3.02 A; Figure 4, top).??

Figure 4. Top: ORTEP plot of a symmetry independent molecule of (+)-5 (4"-
F/NO,). Atomic displacement parameters obtained at 100 K drawn at the
50% probability level. Arbitrary numbering. Bottom: The superimposed crys-
tal structures of (£)-5 (gray) and (+)-30 (green) (CCDC-239177).'% Magenta
dotted lines indicate the distance between the centroid of ring D and the
calculated plane of ring A. Black dotted lines indicate the closest F--N con-
tact.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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When the crystal structures of
(£)-5 (4”-F/NO,) and the previ-
ously reported balance (+)-30
(4"-CF3/NO,) (CCDC code:
239177)"% are superimposed, it
becomes apparent that the
“hinge” angle (angle between
the calculated planes of rings A
and B) of the Troger base scaf-
fold is quite variable (Figure 4,
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bottom), as previously also re- c)
ported by Wilcox and co-work- Interaction  Parameter (+)-10 ()-15 (+)-25
ers.” By changing from a hinge d 350 A 371A 355 A @
angle of 116° in (£)-30 to 97° 1 i "i‘jA 1'21A 1'ZfA PSS 4
a s y
for (£)-5, the interatomic dis- d 34T A 330 A 351 A )a
tance between (the closest) fluo- 2 r 1.88 A 1.77A 1.70A @?
rine and the nitro N atom be- a 2 16° LA
CFs— NO, d(F-N) = . 287 A

comes similar in both balances
(3.34 A for (£)-5 and 3.36 A for
(£)-30). This becomes possible,
since ring D in (+)-5 moves sub-
stantially closer to ring A and is
no longer fully perpendicular to
this ring. In (£)-5, ring D is twist-
ed by approximately 20° relative to its position in (£)-30. As
a result of these conformational adjustments, the distance be-
tween the calculated centroid of ring D and the calculated
plane of ring A changes from 4.98 A ((4)-30) to 4.45 A ((&)-5)
(Figure 4, bottom). All symmetry-independent molecules of
(£)-5 show smaller inter-ring distances, as compared to (+)-30
(Supporting Information).

The crystal structures of (£)-10 (3”-F/NO,), (£)-15 (2”-F/NO,),
and (4)-25 (2”-CF;/NO,) do not show an edge-to-face interac-
tion, as supramolecular dimers form in the solid state (Figure 5
and the Supporting Information). In these dimers, the balances
lose the intramolecular edge-to-face interaction, but gain three

Figure 5. ORTEP plots of (+)-10 (3"-F/NO,) and (+)-15 (2"-F/NO,), left and right, respectively. Atomic displacement
parameters obtained at 100 K drawn at the 50% probability level. Arbitrary numbering. For (+£)-10, the fluoro-
phenyl ring is disordered and has been refined over two positions. For (+)-15, the carboxylic group and the fluo-
rine are disordered and have been refined over two positions. Gray dotted lines indicate the distance between

the calculated centroid of ring D and the calculated plane of ring A.

Chem. Eur. J. 2014, 20, 1-10 www.chemeurj.org

Figure 6. Dimerized structures of a) (£)-10 (3”-F/NO,) and b) (£)-25 (2"-CF;/NO,), and c) the parameters of the
parallel-displaced stacking interactions. Atomic displacement parameters of fluorine at 100 K drawn at 50% proba-
bility. Only the major conformer for (+)-10 is shown for clarity. The angle a is the angle between the calculated
planes of the interacting rings. Black dotted lines illustrate the favorable interactions in the dimerized structures.
Gray dotted lines indicate the closest F--N contact.

intermolecular parallel-displaced aromatic interactions, as
shown in Figure 6 (for the dimerized structure of (£)-15 see
the Supporting Information).

The extent of additional stabilization achieved by dimeriza-
tion, is best illustrated by (4)-25 (2”-CF;/NO,). The dimer
causes a fluorine atom and the nitro group to come into a pre-
sumably destabilizing contact (observed d(F-N) 2.87 A; sum of
van der Waals radii 3.02 A),*” which is overcome by the stabili-
zation from the parallel-displaced stacking interactions (Fig-
ure 6b). Interestingly, the isomeric molecular torsion balance
(£)-20 (3”-CF3/NO,) crystallizes as a monomer in the “normal”
folded fashion (Supporting Information). Also, the crystal struc-
tures of previously reported tor-
sional balances (+)-26 (4"-CF,/
NH,), (£)-27 (4”-CF3/H), and (&4)-
31 (4”-CFy/Br) all show the
folded atropisomer, with an in-
tramolecular edge-to-face inter-
action (Supporting Information).

Overall, this extensive X-ray
analysis confirms a substantial
flexibility in the Troger base scaf-
fold of the torsional balances,
which in the folded form leads
to variation in the hinge angle
between its two aromatic
rings A and B. Rotation around
the bonds connecting the ester
carboxyl to ringC and edge
ring D results in a molecular
tweezer-type geometry and the
formation of an intercalative
supramolecular  dimer  with

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a triple parallel-shifted aromatic m-stack, a hitherto unobserved
motif for stable crystal packing of Troger base-derived torsional
balances.

Folding equilibrium constants determined by 'H NMR spec-
troscopy

In order to determine the folding equilibrium, the 'H NMR
spectra of each molecular torsion balance were measured as
10 mm solutions in CDCl; and C¢Dy at 298 K. Prior to integra-
tion, the C3-methyl group signals were line-fitted to a 100%
Lorentz function. Additional details on folding free enthalpy
extraction and error analysis can be found in the Supporting
Information. The folding free enthalpies (AGg,y) are summar-
ized in Table 1.

To exclude the presence of supramolecular dimers in solu-
tion, the folding equilibrium of (+)-10 was measured in CDCl;
as a function of concentration (Figure S7 in the Supporting In-
formation). The equilibrium is essentially independent of con-
centration (between 0.5 and 100.0 mwm), which, along with 'H-
F HOESY experiments (Supporting Information), indicates no
dimerization in solution at the concentration used for this
study (10 mm). We also conducted a molecular dynamics (MD)
simulation (Figure S19 in the Supporting Information) for the
fluorine series of balances, which suggests that the edge
ring D is fully rotatable independent of the position of the F
substituent. The barrier for the rotation around the ester bond
to ring D was calculated for model systems 2"’-, 3'-, and 4"-flu-
orophenyl acetate at the wB97XD/6-311G+ + (2d,p) level of
theory.®! While the rotational barriers for 3”- and 4”-substitut-
ed derivatives were below 10 kJmol™', the barrier for the 2"-
substituted compound was calculated as 47 kimol™" (Fig-
ure S20 in the Supporting Information), which is in agreement
with the rather unhindered rotation seen in the MD study.

To analyze the substituent effects, the folding free enthalpies
were plotted against the Hammett parameter (0,,,) of the re-
spective face substituent (Figures 7 and 8). The folding free en-
thalpy of the 4”-F series (+)-1 to (4+)-5 shows a steep linear
correlation with the Hammett parameter, with AGg,4 values be-
coming more negative upon moving to electron-donating sub-
stituents (Figure 7), which was also reported for the 4"-CF,
MTB series.'®'3 At the time, this correlation was contributed
to an edge-to-face interaction strongly modulated by electro-
static contribution from the C—H-m. contact. The folding
equilibria of 2”-F and 3”-F torsion balances ((+)-6 to (+)-15)
are nearly independent of the face-ring substituent (Figure 7).
All balances, however, that contain a hydrogen or iodine atom
on the face-ring, show AGg,4 values in C,D4; which are different
than expected. As predicted by theoretical work by Wheeler
and Houk," this is probably due to the small, for hydrogen,
and large, for iodine, dispersion contribution to the edge-to-
face interaction. The folding in the 2"-F series is consistently
more favorable compared to the 3”-F series. The same trend is
observed for the trifluoromethylated series (2”- and 3"-CF,).
The reasons for this are, as yet, unclear. The desolvation model
postulated by Hunter and Cockroft™? cannot explain the afore-
mentioned results, as all molecular torsion balances now con-
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Figure 7. Folding free enthalpies AG;,4 of molecular torsion balances (+)-
1 to (£)-15 in C,Dg (top) and CDCl; (bottom) at 298 K plotted against the re-
spective Hammett parameter (0,,.,) of substituent R

tain a polarizing fluorine or a trifluoromethyl group on the
edge-ring. Recently, Cockroft and co-workers have examined
the desolvation of substituents.”” Although desolvation could
be involved in the modulation of the folding free enthalpy
within a series (e.g., ((£)-1 to (£)-5), this approach is inade-
quate to describe the differences between the 2”-, 3”-, and 4"-
substituted series, as they contain identical substituents.

The folding equilibrium in the 4"-CF; series is affected to
a greater extent by the nature of the face substituent than in
the 4”-F series (Figure 8). Upon changing from (£)-30 (4"-CFy/
NO,) to (£)-26 (4"-CFs/NH,), the AGy,4 value in deuterated ben-
zene changes by —3.72 kimol™', whereas moving from (£)-5
(4"-F/NO,) to (£)-1 (4”-F/NH,), the free enthalpy difference
amounts to —2.96 kimol™". As aryl-bound fluorine exerts
a stronger polarization effect than an aryl-bound trifluorometh-
yl group on hydrogens ortho to the substituent (see below),
polarization alone is not enough to explain these folding data.
A stronger direct interaction between the CF; group and the
face-ring m-system, which adds to the polarization effect, could
explain these results.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Folding free enthalpies AG;,4 of molecular torsion balances (+)-16
to (+)-30 in C4D; (top) and CDCl; (bottom) at 298 K plotted against the re-
spective Hammett parameter (0,,.,,) of substituent R%. The data for the 4"-
CF, series have been taken from previous publications.'®'! The data point
for (£)-29 (4”-CF3/1) has been shifted slightly from o,,.., =0.352 to 0.345, to
avoid complete overlap with the data point for (+)-24 (2"-CF;/1).

Calculated dipoles and partial charges

We estimated the partial charges of the hydrogen atoms in the
F- and CF;-substituted edge ring D of the torsion balances by
performing calculations at the MP2/aug-cc-pVDZ//wB97XD/6-
311G+ +(2d,p) level of theory®?! for the respective constitu-
tionally isomeric fluorophenyl and trifluoromethylphenyl ace-
tates (Supporting Information) as model systems for the edge-
part of the molecular torsion balances. Using the ESP grid-
based method (CHELPG),”® we obtained a good correlation
between calculated and experimental dipole moments (Sup-
porting Information), which had previously been reported
using other theoretical methods.”” Figure 9a depicts the cal-
culated point charges for 5”-H (for partial charges of all edge-
ring hydrogens, see Table S11 in the Supporting Information).
In both the F- and CF;-edge series, the extent of polarization
is as expected. The positive partial charge on 5'-H is the high-
est for 4”-substituted arenes, while the 2”- and 3"-substituted
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Figure 9. a) Calculated ESP (CHELPG) partial charges and the corresponding
dipole moments of trifluoromethylated and fluorinated phenyl acetates as
model systems for the edge-component. The dihedral angles (¢) C2"”-C1"-O-
C(0) and C1"-0-C(0)-C1 were restricted to —117.3° and 174.4°, respectively.
b) Calculated dipoles of 4-substituted (from top: NH,, H, OH, I, NO,) N,N-di-
methylanilines as model systems for the face-component in the torsional
balances. Level of theory MP2/aug-cc-pVDZ//wB97XD/6-311G + + (2d,p), for
all structures except for the iodinated model system, where the MP2/
LANL2DZ//wB97XD/LANL2DZ level of theory was used. Two arrows indicate
the dipole of the hydroxy-containing model system after a 180° rotation of
the hydroxy moiety. During optimization, parameters were restricted to
mimic the Tréger base backbone. ¥ (C8-C10a’-N11')=175.8°, ¥ (C6a’-C10a’-
N11)=121.3°, ¥(C10a’-N11-C13')=110.2°, X(C10a’-N11"-C12')=113.4°,
@(C6a’-C10a’-N11"-C13')=—15.3°, and ¢(C6a’-C10a’-N11"-C12') =105.5°.
Values were averaged from crystal structures in this manuscript showing an
edge-to-face interaction. c) Indicates the numbering system of the edge-
and face-components.

derivatives show similar partial charges (Figure 9a). The calcu-
lated partial charges, however, do not explain, why the correla-
tion of AGgy values with the Hammett parameter is steeper in
the 4”-CF; than in the 4"-F series. Clearly, the polarization of
5”-H, which interacts with the face ring, is not the only contrib-
utor to the modulation of the folding free enthalpies by the
substituents on the face ring.

Two possible explanations can be offered. Firstly, there is
a local direct interaction between the edge-substituent at posi-
tion 4” and the face-component m-system, which is larger for
the more spacious 4”-CF; group than for fluorine. Secondly,
a substantial part of the substituent effect is due to interaction
between the local dipoles of the interacting rings (Figure 93,
b)."” The local dipole moments for models of the edge ring
and the face ring (4-substituted N,N-dimethylanilines) were cal-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

culated at the MP2/aug-cc-pVDZ//wB97xd/6-311G+ + (2d,p)
level of theory, except for the iodinated compound, for which
MP2/LANL2DZ//wB97xd/LANL2DZ was used (Figure 9b). To get
a closer approximation of the dipoles in the molecular torsion
balances, several restraints were applied during optimization
(Figure 9). The model calculations suggest that in the substitut-
ed torsion balances with 4”-F- or 4"-CF;-substituents at the
edge ring, the interacting dipoles are aligned in an unfavora-
ble, nearly parallel fashion for the NO,-substituted face ring,
whereas they become increasingly orthogonal and therefore
more favorable when the face-ring is donor-substituted, in par-
ticular in the NH, case. However, the fact that there is relatively
little change in the folding free enthalpy for the 2”- and 3"-
substituted torsion balances despite strongly different local
dipole-dipole interactions suggests that dipolar interactions
alone are not sufficient to explain the substituent effect. At
this point, our joint experimental/computational analysis
points to larger contributions to the substituent effects in aro-
matic edge-to-face interactions from local direct substituent in-
teractions and minor contributions from both the electrostatic
interactions between the polarized 5”-H atom and the substi-
tuted face ring, and from local dipole-dipole interactions.

Thermodynamic analysis by variable-temperature NMR (VT-
NMR) measurements

All F-substituted molecular torsion balances ((+)-1 to (£)-15)
were subjected to variable-temperature NMR (VT-NMR) studies,
followed by van't Hoff plot analysis, in order to extract the en-
thalpic (AH) and entropic term (—TAS) for the folding process
(Figure 10). For further details on the VT-NMR experiments and
van't Hoff plots, see the Supporting Information.

As expected, the folding enthalpy for the 4’-fluorinated
series (()-1 to (£)-5) becomes more favorable as the electron
density of the face-ring is increased (Figure 10, left). As the de-
grees of freedom are reduced upon folding, the entropic term
becomes increasingly unfavorable. The overall result is a small
gain in AGg,4 as the electron density of ring A is increased. In
the 4”-edge-ring substituted series, the enthalpic gain is small-

5 NH H OH | NO NH H
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—TAS,

fold

E [kJ mol]
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er when the face ring is unsubstituted ((£)-2), than for both
the amino- and hydroxy-substituted systems (£)-1 and (£)-3.
This could be due to the dispersion interactions mentioned
earlier, or indicative of a direct interaction between fluorine
and the substituents on ring A. The thermodynamic quantities
of 3”- and 2"-edge-ring fluorinated torsion balances do not
change with the nature (EWG or EDG) of the face-substituent.
These results further support the fact that the dominant factor
in the substituent effect seen for the 4"-F series is the local
direct interaction between the edge substituent and the sub-
stituted face component.

Conclusion

We have synthesized 25 new molecular torsion balances and
examined their folding equilibrium in the ambitious attempt to
provide an experimental study on the nature of substituent ef-
fects on edge-to-face interactions, which have been addressed
in broad, recent computational analysis. We first investigated
in detail the structural properties of the balances in the solid
state and in the majority of the crystal structures observed
a preference for the folded conformation. Conformational flexi-
bility is visible in the Tréger base component, which can adopt
hinge angles between its two aromatic rings varying from 97
to 116° in agreement with previous findings by the Wilcox
group.?” Furthermore, some solid-state structures also reveal
different conformations of the carboxylated edge ring, shaping
a cleft for intercalative supramolecular dimer formation. This
dimerization however, is not observed in solution.

Folding analysis by 'H NMR spectroscopy clearly revealed
that only balances bearing a 4”-edge-ring substituent show
a steep linear correlation with the Hammett parameter of the
face substituent. No such modulation of the driving force for
folding by face substituents was observed in the 2”- and 3"-
edge-substituted systems. Also, folding in the 2"-substituted
series is consistently preferred over the folding in the 3"-sub-
stituted series. These conclusions were further supported by
VT-NMR studies, followed by van’t Hoff analysis. To explain
these experimental results, theoretical calculations at a high

OH | NO NH, H OH | NO,

DN

Figure 10. Thermodynamic quantities from VT-NMR of molecular torsion balances (+)-1 to (+)-5 (left), (£)-6 to (£)-10 (middle), and (£)-11 to (£)-15 (right).

Black = AHgyq; gray = — TAS; checkered = AGgy.
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level of theory were carried out on model systems for the
edge- and face rings in the balances and based on the com-
bined experimental/computational data, we draw the follow-
ing conclusions.

1) The electrostatic component resulting from the edge C—
H-m. interaction is apparent in the comparison be-
tween the folding free enthalpies of the 4’-substituted
series versus the 2”- and 3"-series, but does not seem the
major contributor to the driving force for folding.

2) A major part of AGg,q presumably originates from direct
interactions of the 4”-F and 4-CF; on the edge ring with
the enhanced m-electron density of the face component
upon changing its substituent from NO, to NH,. This is in
agreement with recent computational predictions.l'*"
ce-h,15b-f]

3) The interaction of the local dipoles of the edge- and face-
ring dipoles can be further invoked to explain the steep
linear correlation in the 4”-substituted edge-ring series,
but the fact that the folding in the 2”- and 3"-F or the
corresponding CF; series is largely independent of the
face substituent, casts doubt on the importance of this
local dipole-dipole interaction.

The folding equilibria of the described torsion balances sug-
gest that the modulation by the face substituent most
likely stems from local direct interactions between the 4"-
substituent and the face component s-system and its
substituent.
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Direct interactions dominate: The im-
portance of local direct interactions in
the edge-to-face interaction was exam-
ined with a large library of Troger base
derived molecular torsion balances.
Modulation of the folding free enthalpy
is only observed when edge-ring sub-
stituents are capable of directly interact-
ing with the face-ring & system (see
figure). Experimental results and theo-
retical calculations indicate that local
direct interactions make the largest con-
tribution to substituent effects in the
edge-to-face aromatic interactions.
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