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ABSTRACT: We introduce a design principle to stabilize helically chiral structures from an achiral tetrasubstituted [2.2]paracyclophane by

integrating it into a macrocycle. The [2.2]paracyclophane introduces a three-dimensional perturbation into a nearly planar macrocyclic oli-

gothiophene. The resulting helical structure is stabilized by two bulky substituents installed on the [2.2]paracyclophane unit. The increased

enantiomerization barrier enabled the separation of both enantiomers. The synthesis of the target helical macrocycle 1 involves a sequence of

halogenation and cross-coupling steps and a high-dilution strategy to close the macrocycle. Substituents tuning the energy of the enantiomeri-

zation process can be introduced in the last steps of the synthesis. The chiral target compound 1 was fully characterized by NMR spectroscopy

and mass spectrometry. The absolute configurations of the isolated enantiomers were assigned by comparing the data of circular dichroism

spectroscopy with TD-DFT calculations. The enantiomerization dynamics was studied by dynamic HPLC, variable temperature 2D exchange

spectroscopy and supported by quantum-chemical calculations.

INTRODUCTION

Helically chiral aromatic molecules,'” besides their esthetic
beauty, often possess interesting chiroptical properties such as in-
tense circular dichroism or spin-selective electron transport.* Apart
from ubiquitous helicenes, [2.2]paracyclophane (PC)"* represents
an interesting building block to form helical structures because
tetrasubstituted PCs, prepared initially by Hopfand co-workers, are
chiral. For instance, Chujo and coworkers demonstrated the synthe-
sis of enantiopure doubly-helical macrocycles and discovered their

9,10

intense chiroptical effects,”'’ which were concluded to arise from the

rigid geometry of the propeller-shaped molecules.

Our interest in “loop-shaped” helically chiral model compounds
arises from their potential physical properties in single-molecule
junctions. To investigate the suitability of the PC synthon, an achiral
PC derivative was recently analyzed in a single-molecule junction
displaying mechanically triggered conductance variations."" As the
next step, we decided to investigate the PC building block as a helic-
ity-inducing subunit in macrocycle 2b (figure 1). We found the hel-
ically chiral molecule to enantiomerize rapidly in solution and there-
fore decided to stabilize the helical chirality by mechanically hinder-
ing the racemization through strategic installation of bulky substitu-
ents.”

Disconnection of a C—C bond between two thiophenes in a planar
oligothiophene macrocycle (figure 1b) and attaching each of the ter-
mini to the pseudo-para-position of the top and the bottom benzene
ring in PC, respectively, introduces a step in the macrocyclic ring,
from which the helicity of the resulting PC macrocycle emanates
(figure 1c,d). The oligothiophene macrocycle 2b (figure 1d) com-

Figure 1. Development of the design of the mechanically stabilized
helical chiral PC-macrocycle 1. Starting from the planar ring (a) rep-
resented by cyclo[ 12]thiophene (b), the introduction of a step results
in a helical chiral object (c) as in the oligothiophene macrocycle 2
comprising a PC subunit (d). Additional decoration of the PC subu-
nit with bulky substituents hinders its enantiomerization by rotation
of the PC subunit as sketched in (e). The concept is realized with the
macrocyclic model compound 1 reported here.

prising a pseudo-para PC step was first assembled sequentially to de-
termine the number of thiophene subunits required to close the
macrocycle.'> Such chiral macrocycles follow an enantiomerization
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process described first by Kurt Mislow as “Euclidean rubber
glove”.""** This means that during the entire enantiomerization pro-
cess the object remains chiral and achiral arrangements can’t be
adopted without breaking a bond. The process resembles the trans-
formation of a right-handed rubber glove into a left-handed one by
turning it inside out. In the case of 2, spontaneous enantiomerization
was observed at room temperature due to rotation of the PC subunit
around the single bonds integrating it into the oligothiophene mac-
rocycle.?

Introduction of bulky rod-like arms with a bis-(para)-pseudo-para
orientation'® to the PC (figure le,f) should gear its free rotation, and
thereby allow the separation of the enantiomers. To estimate the di-
mensions of the target structure 1, the geometry of one enantiomer,
based on the smallest unstrained cyclo[ 12 ]thiophene with one thio-
phene unit replaced by the substituted PC, was optimized by DFT
and is depicted as Fig. S1."7'¢ The calculated distance between the
carboxylic oxygen atoms is ~21 A, while the largest distance between
two sulfur atoms in the macrocycle is ~13.5 A (figure S1). For the
enantiomerization to occur, one of the para-ethynyl methylbenzo-
ates must pass through the ring of the macrocycle, like a thread
through the eye of a needle. We employed a similar strategy in the
synthesis of a molecular turnstyle, where a size mismatch of a push-
pull rod and a conjugated macrocyclic ring was used to stabilize at-
ropisomers through hindered rotation."”
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DISCUSSION

The synthesis (scheme 1) of target macrocycle 1 started from the
literature-known dimethyl 7,13-dibromo[2.2] paracyclophane-
4,16-dicarboxylate and trimethyl(S-(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)thiophen-2-yl)silane (3) which were coupled under
Suzuki-Miyaura conditions.'®” Conversion of the trimethylsilyl-
group of 4 to bromine proceeded in high yield but had to be per-
formed in dimethylformamide at 70 °C since the obtained building
block § was poorly soluble in other common solvents. Subsequently,
S was reacted under Pd-PEPPSI™-IPr catalysis with 3-hexylthio-
phene-2-boronic acid pinacol ester yielding tetrathiophene 6. Suita-
ble crystals for single-crystal X-ray analysis of 6 (Fig. S18) were ob-
tained from a dichloromethane (DCM) ethanol mixture. The me-
thyl esters of 6 were then reduced with diisobutylaluminiumhydride
(DIBAL-H) and subsequently oxidized with Bobitt’s salt to give di-
aldehyde 7. It was necessary to control the amount of DIBAL-H pre-
cisely, because more than four equivalents of the reagent led to com-
plex product mixtures. Halogenation of 7 leads to a poorly soluble
intermediate, which was directly reacted with 3 under Pd-
PEPPSI™.IPr catalysis to give hexathiophene 8. Conversion of the
TMS groups of 8 to the corresponding dibromide yielded 9 in excel-
lent yield. Next, building block 12 was assembled from triisopro-
pyl(thiophene-2-ylethynyl)silane, which was converted to pinacol-
boronic ester 10. Suzuki-Miyaura coupling afforded intermediate

Scheme 1. Synthesis of target compound 1. Reaction conditions: a) 3, Pd(dppf)CL, KsPOs, toluene/H.O 10:1,2 h, 110 °C, 83%; b) NBS, DMF,
70 °C, 18 h, 93%; c) 3-hexylthiophene-2-boronic acid pinacol ester, Pd-PEPPSI™-IPr, K,COj3, toluene/MeOH 1:1, 70 °C, 20 min, 81%; d) 1.
DIBAL-H, THF, 0 °C, 3 h; 2. Bobitt’s salt, silica gel, CH:Cl, rt, 18 h, 79%; e) 1. NBS, CHC;, rt, 18 h; 2. 3, Pd-PEPPSI™-IPr, K»CO3, tolu-
ene/MeOH 1:1, 70 °C, 30 min, 89%; f) NBS, AcOH/CHCL 1:1, rt, 16 h, 99%; g) n-BuLi, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane,
THEF, -78 °C to rt, 18 h, 99%; h) 2-bromo-3-hexylthiophene, Pd-PEPPSI™.IPr, K,COs, toluene/MeOH 1:1, 70 °C, 20 min, 51%; i) n-BuLi, THF,
2-isopropoxy-4,4,5,S-tetramethyl-1,3,2-dioxaborolane, -78 °C to rt, 18 h, 97%; j) Pd-PEPPSI™.IPr, K,CO3, toluene/MeOH 1:1, 70 °C, 30 min,
72%; k) 1. TBAF, THFuq, 16 h; 2. CuCl, Cu(OAc)s, pyridine, 80 °C, 40 h (syringe pump), 85%; 1) Na;S - 9 H,O, DMF/2-methoxyethanol 1:1, 122
°C, 2h, 94%; m) CBrs, PPhs, CH2Cl,, 0 °C, 1 h, 80%; n) 1. LDA, THF, 0 °C to rt; 2. methyl-4-iodobenzoate, Pd(PPhs)4, Cul, THF, diisopropyla-

mine, 55 °C, 2 h, 18%.
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11, which was converted to pinacolboronic ester 12. Another Su-
zuki-Miyaurareaction of 12 and 9 afforded decathiophene 13, which
was first deprotected with tetrabutylammonium fluoride and sub-
jected directly to modified Eglinton coupling conditions. Macrocy-
cle 14 was obtained in excellent yield of 85% and was reacted with
Na;S to give undecathiophene macrocycle 15 that contains all
eleven thiophene units of the target compound 1. The rod-like arms
were installed by treating 15 with the Corey-Fuchs reaction se-

quence,?!!

converting the dialdehyde into the diacetylene, which
was directly subjected to Sonogashira-Hagihara coupling conditions
with 4-iodomethylbenzoate to yield the target molecule 1 that was
purified by recycling gel permeation chromatography in chloroform
after aqueous work-up. Compound 1 showed prolonged stability to
air and light as a solid. It was characterized by 'H, as well as 2D NMR
and UV/Vis spectroscopy, and high-resolution MALDI-TOF spec-
trometry (see the supporting information). Notably, the 'H NMR
spectrum showed two separate resonances of the two methyl esters,
indicating that the enantiomerization is slow on the timescale of the
NMR experiment. The isotopic pattern recorded in the MALDI-
TOF mass spectrometry experiment matched the elemental compo-
sition of 1 ([M]* C104sHosO:S11).

The enantiomers of 1 were separated by HPLC on a chiral station-
ary phase (Chiralpak IG, eluent ethylacetate/n-hexane 1:4, 1.0 mL
min, column oven: T = 18 °C). The isolated fractions of enantio-
mers displayed identical MALDI-TOF mass spectra and mirror im-
ages of their electronic circular dichroism (ECD) spectra with a set
of Cotton effects at 265, 283, 298, 333, 364, 408, 457, and 536 nm
(figure 2a). The Cotton effects are of low intensity compared with
e.g. those observed for doubly-helical PC macrocycles of Chujo and
coworkers,”>** which probably reflects the high flexibility of the PC
unit in the oligothiophene macrocycle. It should be noted that de-
spite all precautions (see experimental section) a partial racemiza-
tion of the samples could occur during the course of the ECD meas-
urements. The absolute configuration of the enantiomers was re-
vealed by simulation of the ECD spectra with TD-DFT calculations
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(see supporting information (SI)) that allowed to assign the (M)-
and the (P)-configuration to the first and the second eluted fraction,
respectively, in the chiral HPLC separation (figure 2b).”***

Reinjection of an initially pure enantiomer of 1 stored at room
temperature (rt) for several minutes already displayed the appear-
ance of the other enantiomer, pointing at racemization at rt in spite
of the length of the rod-like arms which were mounted to hinder the
PC rotation. Thus, the enantiomerization behavior of 1 was investi-
gated by means of dynamic variable temperature (VI) HPLC on a
chiral stationary phase. The elution profiles of 1 in the temperature
range from 293 to 328 K in steps of S K (eluent ethylacetate/n-hex-
ane 2:3) was recorded and analyzed (see SI) with the DCXplorer*
and the dHPLC Y2K**® software packages. We found the half-life of
enantiomerization is only t1,®* = 15.9 + 0.5 min at 298 K with the
activation free energy calculated as AG*sx = 91 kJ mol™ by both
programs. The VI HPLC experiments further allowed for con-
structing an Eyring plot to dissect the free energy barrier into the cor-
responding enthalpy (AH." = 37-42 kJ mol™), and entropy (A4S." <
—160J mol™ K™) contributions. The values determined for AH.* and
AS." are striking because they suggest that the PC rotation is to a
large extent controlled by a vast entropic penalty. Considering the
size of the macrocycle 1 and the length and the stiffness of the methyl
4-ethynylbenzoate arms, the AH." values appear to be intriguingly

b)

2.0 3.0 4.0 5.0 6.0 7.0 8.0

t/ min

Figure 2. a) UV/Vis spectrum (black line) of a DCM solution of 1, experimental (solid lines; recorded at 10 °C in n-hexane/EtOAc 4:1) and
calculated (dashed lines) ECD spectra of (M)-1 (red) and (P)-1 (blue). b) Representative elution profile from the VT HPLC experiment (298 K
column temperature, detected at 409 nm): (M)-1 (red area) and (P)-1 (blue area). The model shows the absolute configuration (the hexyl chains

are replaced with methyl groups for clarity).
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Figure 3. a) Exchange integral against mixing time in the VT EXSY experiment (red: 373 K, blue: 378 K, green: 383 K, orange: 388 K, black: 393
K).b) Eyring plot from data obtained from VT EXSY experiment. Linear fit to the data provides the enthalpy (4H.* = 83 k] mol™*) and the entropy

(A4S =-31] mol K) for the racemization process. The arrows indicate specific geometric changes obtained from calculations (red: PC rotation,

green: arm bending, blue: methoxy or carboxylate rotations).

low. The preexponential factor log(A) = 5 (E. = 45 k] mol™) for en-
antiomerization of 1, which is a unimolecular process, obtained from
Arrhenius analysis suggests that the temperature dependence of the
rate constant obtained from the elution profile analysis may be inac-
curate. Indeed, it has been described previously that the elution pro-
file analysis from dynamic VT HPLC experiments provides accurate
values of activation free energy but tends to overestimate the en-
tropy contribution when compared to alternative methods like dy-
namic ECD, VT NMR spectroscopies, or quantum-chemical calcu-
lations.” Possibly, the heterogenous nature of the HPLC experi-
ment, where equilibria of the analyte with the chiral stationary phase
are involved, results in enthalpy—entropy compensation affecting
the individual activation parameters. As alternative access to these
values, a 1,1,2,2-tetrachloroethane-d; solution of racemic 1 was stud-
ied by VT 2D exchange spectroscopy (EXSY) in a temperature
range of 373-393 K in steps of § K (see figure 3a and SI) to deter-
mine the rate constants. Indeed, in agreement with our expectation,
an enthalpy dominated racemization process was monitored with
AH = 83 k] mol™ and AS.* =31 J mol™ K™ obtained from the cor-
responding Eyring plot (figure 3b). The activation free energy at 298
K however, was with AG*ssx = 92.4 k] mol™ comparable with the
value obtained by the dynamic VT HPLC experiments.

We performed quantum-chemical calculations to get a deeper in-
sight into the enantiomerization mechanism. The size and the flexi-
ble nature of macrocycle 1% coerced us to use a combination of semi-
empirical and DFT calculations (see SI for detailed description) at
the PM6 and B3LYP level of theory, respectively. First, we per-
formed a PM6 relaxed potential energy surface scan (PES scan) for
1 along the dihedral angle o that is defined as the angle between the
planes of the PC benzene rings and those of the two adjacent thio-
phene units to mimic the PC rotation.” Note that clockwise and an-
ticlockwise PC rotations are not equivalent because 11is chiral. In any

unexpectedly, (jii) a rotation of either (a) the methyl carboxylate by
~180° or (b) the methoxy group from its more stable s-cis to s-trans
conformation. The latter processes (iii-a,b) decrease the steric repul-
sion between the methyl carboxylate and the thiophene macrocycle
and are inevitable to complete the full PC turn required for enantio-
merization. All our attempts to find a transition state for the enanti-
omerization of (M)- or (P)-1 failed. We found that the energy range
of the region of the PM6 PES where we observed the arm to success-
fully thread through the macrocycle during the constrained optimi-
zation was ~94—103 kJ mol™ (figures S16 and S17). This energy
range represents, neglecting the heat capacities, the upper boundary
of the activation enthalpy, and it is in far better agreement with the
VT EXSY experimental data than with that obtained from the VT
HPLC. Additional evidence can be obtained by considering the en-
ergy cost of each of the processes (i-iii) separately assuming their ad-
ditivity. This allowed us to use the higher-level B3LYP calculations
(see SIfor details) to obtain the PC rotation profile (figure S12) for
the parent PC macrocycle 2a (figure 1d). Again, an identical dihe-
dral angle o for the two thiophene units was assumed. The calculated
activation energy of ~35 kJ mol™ (at 0 K) for the PC rotation is in
very good agreement with the VI NMR activation free energy de-
termined for 2b (AG*19sx = 38 kJ mol™)."?

Constraining the valence and dihedral angles of the bent acetylene
unit in the para-ethynyl methylbenzoate arm from the PM6 PES
scan while relaxing all other internal coordinates provided (figure
S13b) a penalty of ~26 k] mol™ for process (ii). Finally, rotation (iii-
a) and (iii-b) in para-ethynyl methylbenzoate was computed™>* to
require an activation energy of ~21 and ~28 kJ mol™, respectively.
Addition of the individual contributions (i-iii) provides a semiquan-
titative estimate for the enantiomerization enthalpy of ~82 — 89 kJ
mol™ in very good agreement with our VT EXSY experiments data,
suggesting that the enantiomerization of 1 is predominantly con-

case, we discovered few possible enantiomerization pathways that all trolled by enthalpy.
require (i) a considerable turn of PC from its energy minimum ge-
CONCLUSION

ometry, (ii) bending of the para-ethynyl methylbenzoate arm, and,
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In summary, we designed and synthesized a helically chiral oli-
gothiophene macrocycle, chirality of which emerges from the incor-
porated [2.2]paracyclophane. The fast enantiomerization is pre-
vented by employing bulky rod-like arms on the central [2.2]paracy-
clophane unit that allowed to resolve and characterize the chiropti-
cal properties of individual enantiomers by ECD spectroscopy and
DEFT calculations. The dynamic variable temperature HPLC and 2D
exchange spectroscopy permitted to obtain the activation free en-
ergy for the enantiomerization process, and the latter method the re-
liable values of activation enthalpy and entropy further supported by
quantum-chemical calculations. Our calculations also revealed the
individual internal rotations and structural deformations necessary
for the enantiomerization of the helically chiral macrocycle to occur
and confirmed thereby also that it follows Mislow’s “Euclidian rub-
ber glove” mechanism.

EXPERIMENTAL SECTION

Synthesis and Characterization. Experimental procedures and
characterization data for all new compounds described in this work
are compiled in the supporting information. All commercially avail-
able compounds were purchased from Sigma-Aldrich, Acros, Apollo
Scientific, Alfa Aesar and Fluorochem and used without further pu-
rification. All reactions with reagents that are easily oxidized or hy-
drolyzed were performed under Argon using Schlenk techniques
with anhydrous solvents in glassware, which was dried prior to use.
The NMR experiments were performed at 400, 500 or 600 MHz
proton frequencies. The instruments were equipped with a direct-
observe S mm BBFO smart probe (400 and 600 MHz), an indirect-
detection 5 mm BBI probe (500 MHz), or a five-channel cryogenic
5 mm QCI probe (600 MHz). All probes were equipped with ac-
tively shielded z-gradients (10 A). The chemical shifts are reported
in ppm relative to tetramethylsilane or referenced to residual solvent
peak and the J values are given in Hz (+0.1 Hz). The HPLC separa-
tion of the enantiomers of 1 was performed on an HPLC instrument
equipped with a diode array UV-Vis detector (A = 200 — 600 nm).
The used column for separation on chiral stationary phase was a Chi-
ralpak IG, § pm, 4.6 x 250 mm, Daicel Chemical Industries Ltd. The
samples for CD spectra were eluted in n-hexane/EtOAc 4:1, the VT-
HPLC studies were performed in n-hexane/EtOAc2:1, flowrate 1.0
mL min™. The CD spectra were measured in a precooled 1 cm quartz
glass cuvette directly after chiral HPLC at 283 K. All EXSY NMR
experiments were performed on a Bruker Avance III NMR spec-
trometer operating at 600.13 MHz proton frequency. The instru-
ment was equipped with an indirect 5-mm BBI probe with z-gradi-
ent. The experiments were performed between 373 and 393 K and
the temperature was calibrated using a glycerol standard showing ac-
curacy within +/- 0.2 K. Temperature equilibration was achieved af-
ter 20 min and only then the EXSY experiments were performed.
The mixing times were set to 1000, 500 or 250 ms and the total ex-
periment varied between 68 and 94 min. Manual integration of the
EXSY cross peaks, normalized with the diagonal peaks yielded the
rate constants which were determined applying the initial rate ap-
proximation. Eyring analysis of these rates yielded the enthalpic and
entropic contributions to the activation energy.

DFT Calculations. The Gaussian 09 (release DO1) program
suite was used in all calculations.* The potential energy surface scans
were performed at either semi-empirical PM6 or B3LYP/6-31G(d)

level of theories. The full gas phase geometry optimizations were
done with B3LYP functional and 6-31G(d) basis set, and the char-
acter of the stationary point reached was confirmed by a subsequent
frequency calculation. The zero-point vibrational energy correction
obtained this way was used unscaled. The electronic circular dichro-
ism spectra were obtained at CAM-B3LYP/cc-pVDZ level of theory
calculating the first 75 electronic transitions. The velocity form of
the rotatory strength was used. Empirical vibrational broadening for
the electronic transitions was assumed (0.16 eV) and the position of
the absorption bands was empirically shifted by +20 nm to match
the energy of the first electronic transition. The ECD spectra were
simulated in SpecDis (v1.71).%
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