
FULL PAPER

DOI: 10.1002/ejoc.201300087

Tropos, Nevertheless Conformationally Stable Biphenyl Derivatives

Gebhard Haberhauer,*[a] Christina Tepper,[a] Christoph Wölper,[a] and Dieter Bläser[a]

Keywords: Chirality / Atropisomerism / CD spectroscopy / Conformation analysis / Molecular modeling / Biaryls /
Macrocycles

Biphenyl derivatives with small substituents in the ortho and
ortho� positions are called tropos. Due to the low rotation bar-
rier around the C–C bond connecting the two phenyl units,
the isolation of only one conformer is not possible; thus they
are conformationally unstable. Using DFT calculations, we
were able to show that using a suitable peptidic bridging
unit, biphenyl systems can become conformationally stable.
This stabilization should be independent of the type of sub-

Introduction

Biphenyls and their congeners (biaryls) are elemental build-
ing blocks in asymmetric synthesis, asymmetric catalysis
and chiral supramolecular chemistry.[1–3] The intrinsic chi-
rality in these systems results from the fact that co-
planarity of the two phenyl or aryl rings leads to repulsive
interactions between the substituents in the ortho and ortho�
positions, and is thus avoided. Depending on the dynamic
behavior, the biphenyls are divided into tropos and atropos
systems.[4] If the two enantiomers can be isolated at 300 K,
they are called atropos. This isomerism caused by blocking
the internal rotation around a single bond is named atrop-
isomerism. If the interconversion via planar conformation
is too fast to isolate chiral axial enantiomers, the system is
called tropos. Oki has discussed the borderline between
tropos and atropos in more detail.[5] The minimum require-

Scheme 1. Atropos (1) and tropos (2 and 3) biaryl systems.
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stituent in the ortho and ortho� positions. Some of the pro-
posed biphenyl derivatives were successfully synthesized
and studied in solution and solid state. The recorded VT-
NMR, 2D-NMR and CD spectra show that all biphenyl deriv-
atives exhibit the P conformation. The preference for the P
conformation is confirmed by the structure of a biphenyl de-
rivative in solid state.

ment for atropos biphenyls is a rotation barrier of more
than ca. 93 kJmol–1. If such a high or even higher rotation
barrier is present, the isolation of enantiomers at 300 K is
possible.

A very important example of atropos biaryls is the com-
pound BINOL (1; Scheme 1) and its derivatives which
found wide application in enantioselective synthesis and ca-
talysis.[1,2,6] Furthermore, due to their clearly defined chiral
structure, they are widely used as chiral building blocks in
supramolecular chemistry.[3] The enormous advantage in
the use of atropos biaryls is the fact that they do not race-
mize. The disadvantage of atropos biaryl systems is their
rigid structure; the dihedral angle θ around the chiral axis
is usually around 90°. This is due to the fact that atropos
biaryl systems normally carry four substituents in the ortho
positions to the carbon atoms connecting the two aryl rings.
If the size or the number of ortho substituents is reduced,

the whole system becomes more flexible and dihedral angles
θ smaller than 70° are observed (see for example 2 in
Scheme 1).[7] However, this modification also leads to a de-
crease of the rotation barrier, and thus the system becomes
tropos, and racemization is observed. So, if a tropos ligand
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should be used in chiral catalysis, it must be combined with
a second element showing permanent chirality.[8]

One way out of this dilemma is the introduction of a
chiral bridge in the meta positions to the carbon atoms con-
necting the two aryl rings,[9] as depicted in compound 3 in
Scheme 1. This bridge has to comply with two require-
ments: on one hand it must be flexible enough to allow the
system to adopt a conformation with a dihedral angle of
about 60°, and on the other hand it must be rigid enough
to adopt only one conformation in solution. In the case of
compound 3, the P conformation is depicted.[10]

There are several attempts reported in the literature to
stabilize one isomer of ortho disubstituted biphenyls by in-
troduction of an additional chiral unit. To our best knowl-
edge, these attempts were only successful for large substitu-
ents or within supramolecular structures,[11] but failed for
smaller ones like hydroxy groups.[12] Herein we describe a
strategy to control the axial chirality in tropos biphenyl sys-
tems which is independent of the nature of the ortho substit-
uents.

Results and Discussion

Concept and Calculations

In order to test which chiral bridge best fulfills the
requirements, ab initio calculations for three different chiral
bridges (A–C) and for five different biphenyl units (a–e)
were performed (Figure 1).[13] System C is a modification
of BINOL in which the carbon atoms in the meta positions
are used as connection units between chiral bridge and bi-
phenyl unit. The bridges A and B are peptidic macro-
cycles[14] and differ only in the methyl groups at the imid-
azole rings; the configuration at all stereogenic carbon
atoms is the same. Despite the large number of single and
amide bonds in the scaffold, imidazole-containing cyclo-
peptides are rigid and adopt only a single conformation in
solution.[15] Therefore they have been already successfully
used for chirality induction in C2- and C3-symmetric sys-
tems, as chiral receptors, and in chiral molecular devices.[16]

Hence, we expected that these imidazole-containing
peptides would fulfill the above-mentioned requirements.
All geometries of the P and M isomers of 4–6 were com-

Figure 1. The biphenyl systems 4–6 consist of a biphenyl unit exhibiting a substituent R in the ortho and ortho� positions and a chiral
bridge (A–C) in the meta positions.
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pletely optimized using the B3LYP/6-31G* level of theory.
In Table 1 the calculated energy differences between the P
and M isomers of 4–6 are listed.

Table 1. Energy difference, ΔE in kJ mol–1, between the P and M
isomers of 4–6 and the dihedral angles θCR–C–C–CR [°] of the lower-
energy conformer calculated using B3LYP/6-31G*.

R 4 5 6
ΔE θ ΔE θ ΔE θ

a H 8.1 +40 –10.9 –61 0.1 +41
b OH 13.5 +51 –15.3 –51 5.0 +50
c OMe 16.4 +63 –15.2 –61 4.3 +63
d Me 23.5 +70 –13.3 –67 3.8 +69
e Br 28.4 +71 –9.6 –70 4.8 +71

A comparison between the three bridges A–C reveals
that in all systems an energetic discrimination between the
diasteromeric isomers M and P exists. However, for the bi-
naphthyl derivatives 6 (bridge C) the calculated differences
are small. For example, for 6a (R = H), almost no prefer-
ence for one conformation is found (ΔE = 0.1 kJ mol–1). For
the bridges A and B, the energetic discrimination is pro-
nounced for all studied substituents. However, the bridges
A and B show different trends. In the case of bridge A, the
P isomer is the energetically more stable one, and stabiliza-
tion of the P conformation increases with increasing size of
the substituent. For example, compound 4a, with H in the
ortho and ortho� positions, shows the smallest energy differ-
ence, (ΔE = 8.1 kJ mol–1) and 4e, which has bromine sub-
stituents in the ortho and ortho� positions shows the highest
energetic discrimination (ΔE = 28.4 kJmol–1). In contrast,
for bridge B, the energetic difference between the conform-
ers decreases with increasing size of the substituent, and in
all cases, the M conformers are the more stable ones. An
explanation for this behavior is the interaction between the
methyl group at the imidazole ring (bridge A) and the bi-
phenyl unit. In the case of the M conformers the phenyl
ring points toward the methyl group, leading to steric repul-
sion. With increasing size of the substituents, the dihedral
angle between the phenyl rings increases and the phenyl
units are pushed even further to the methyl group. Thus,
the energetic preference for the P conformers rises. Without
a methyl group (bridge B), the M conformers are preferred.
As expected, the calculated dihedral angles θCR–C–C–CR of
the tetherd biphenyl compounds are distinctly smaller than
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Figure 2. Formula of 4c and molecular structures of the isomers (P)-4c and (M)-4c calculated by using B3LYP/6-31G*. Most of the
hydrogen atoms were omitted for clarity.

those found in the corresponding tetra-ortho-substituted
atropos biaryls, which often display angles of 90° or
higher.[17]

The geometry-optimized isomers of 4c are depicted in
Figure 2. In both cases, the peptidic scaffold exhibits a
bowl-like and slightly twisted form. The imidazole units lie
on opposite sides and the four isopropyl groups all point
the same direction. The dihedral angle θCR–C–C–CR is 63°
for the P isomer, and for the M isomer a dihedral angle of
–53° is found.

Besides the dihedral angle θCR–C–C–CR, the conformers
differ in the relative distance between the protons of the
biphenyl units (e.g. H2 and H3) and the protons of the pep-
tidic scaffold (see Figure 2). For example, in the P con-
former, the proton H2 is almost equidistant from the benz-
ylic protons H1a and H1b. In the M isomer, the proton H2

Scheme 2. Preparation of the biphenyl derivatives 4a–c and 4f. Reaction conditions: i) NBS, AIBN, CCl4, Δ, 40 %; ii) 9, Cs2CO3, CH3CN,
Δ, 26%; iii) In, Pd(AcO)2, LiCl, DMF, Δ, 68%; iv) NBS, AIBN, CCl4, Δ, 89 %; v) 9, Cs2CO3, CH3CN, Δ, 7%; vi) BBr3, DCM, 99%; vii)
Boc2O, DMAP, NEt3, DCM, 47%, viii) NBS, AIBN, CCl4, Δ, 66 %; ix) 9, Cs2CO3, CH3CN, Δ, 74%; x) TFA, DCM, 48%.
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points toward the methyl group of the imidazole. Therefore,
the distance between H2 and H1b is much smaller than that
between H2 and H1a.

Because of this encouraging calculation result, we de-
cided to synthesize selected compounds of the most promis-
ing type 4 (bridge A) and to check if conformational control
in this tropos systems is possible.

Synthesis

The syntheses of compounds 4a–c and 4f are illustrated
in Scheme 2. The synthesis of 4a starts with dibromination
of 3,3�-dimethylbiphenyl (7a) using the procedure of Wohl
and Ziegler.[18] The subsequent reaction of the dibromide 8a
with the macrocyclic peptide 9 led to the desired biphenyl



G. Haberhauer, C. Tepper, C. Wölper, D. BläserFULL PAPER
derivative 4a. The preparation of the biphenyls 4b,c and 4f
followed the same principle. In the first step, dimethoxybi-
phenyl 7c was synthesized starting from the iodide 10 via an
indium-catalyzed biaryl coupling reaction.[19] A subsequent
twofold bromination with NBS and reaction with macro-
cycle 9 under basic condition gave the dimethoxybiphenyl
derivative 4c. Unfortunately, a direct transformation of the
dimethoxybiphenyl 4c into the dihydroxybiphenyl 4b using
BBr3 in dichloromethane proved to be unsuccessful. In or-
der to obtain the desired dihydroxybiphenyl 4b, the meth-
oxy group in 7c was replaced by an OBoc group in two
steps leading to biphenyl 7f. An NBS bromination and
treatment of the resulting dibromide with macrocycle 9 in
acetonitrile under basic conditions gave the biphenyl 4f
which was transformed into the desired dihydroxybiphenyl
4b by trifluoroacetic acid in dichloromethane. In sum, we
could synthesize the biphenyls 4a–c and 4f in a few steps
and,with the exception of 4c, with moderate to good yields.
Thus, considering that the chiral bridge 9 is prepared in one
step from a commercially available compound, the biphenol
derivative 4b was synthesized in only six steps in an overall
yield of 7%.

Solid State Structure

We were able to obtain crystals suitable for X-ray struc-
ture analysis of biphenyl derivative 4a. It crystallized as a
hydrate in the Sohnke space group P21 with two indepen-
dent molecules in the asymmetric unit (see Figure 3). In
both cases, the biphenyl unit exhibited the P conformation.
The dihedral angles θCH–C–C–CH were +22.4(3) and
+36.1(3)°, respectively. This difference is probably due to
interactions of different strength of the aromatic units in
solid state. A comparison of the solid state structures with
the calculated structure of (P)-4a showed that the method
B3LYP/6-31G* was indeed suitable for reproducing the
binding situation, the conformation and the spatial struc-
ture (see also Table 2). Like in the calculated structure, the
solid state molecules showed a peptidic scaffold which fea-
tured a bowl-like and slightly twisted conformation and in
which the imidazole units lay on opposite sides. This struc-
ture type was also found in other imidazole-containing cy-
clic peptides.[20]

Figure 3. Molecular structure of 4a in the solid state; both mole-
cules of 4a in the unit cell are depicted. All hydrogen atoms and
some solvent molecules have been omitted for clarity.
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NMR Experiments

In the NMR spectra of 4a–c and 4f, only single sets of
signals were found. There could be two explanations for
this observation: either 4a–c and 4f undergo a rapid change
of conformation (epimerization), or they exist only in a sin-
gle conformation. In the case of the biphenyl 4a, which fea-
tures only hydrogen atoms in the ortho and ortho� positions,
the rotation barrier could be so low that the appearance of
two sets of signals in the NMR spectrum would be unexpec-
ted. Different behavior is expected for the disubstituted bi-
phenyls 4b–c and 4f. Similar ortho,ortho�-disubstituted
tropos biphenyls with a bridge in meta position, as well as
trisubstitued tropos biphenyls without a bridge show two
sets of signals in the NMR spectrum,[7,12] one for each dia-
stereomer. In order to rule out a fast conformational
change in solution, VT-NMR experiments for 4a–c were
performed, and 2D-NMR spectra of 4a–c and 4f were re-
corded. They show that no molecular conformational
changes occur between –50 and +50 °C. Furthermore, the
data obtained from the NOESY spectra were used to deter-
mine the conformation of the biphenyl units in 4a–c and 4f.
Important criteria for the discrimination between the P and
the M conformers are the distances H2–H4 and H3–H4 (for
numbering of the protons see Figure 2). In the M con-
former, the proton H2 points toward the methyl group at-
tached at the imidazole (H4), and thus H2 and H3 should
be almost equidistant from the methyl group of the imid-
azole. In the P isomer, the phenyl rings are tilted in such a
way that the distance between the proton H3 and the pro-
tons of the methyl group (H4) is smaller than that between
proton H2 and the methyl group (H4). A comparison be-
tween the calculated values and the values obtained from
the NOESY data makes obvious that the distance H3–H4
is distinctly smaller than H2–H4 (see Table 2). Although
the distances obtained by NOESY experiments need to be
handled with some care, there is evidence that only the P
conformer is present in solution. Similar behavior is found

Table 2. Atomic distances [Å] obtained from NMR spectroscopic
experiments, X-ray data and ab initio calculations (B3LYP/6-31G*)
for 4a. The numbering of the protons in 4a is equivalent to that in
4c (see Figure 2).

Atomic distance [Å], determined by
NMR calculation using B3LYP/6-31G* X-ray[a]

4a (M)-4a (P)-4a (P)-4a

H2–H5 2.33[b] 2.48 2.48 2.33
H1a–H2 2.96 3.32 2.76 2.67
H1b–H2 2.83 2.33 2.64 2.57
H1a–H3 3.24 2.97 3.52 3.45
H1b–H3 3.50 3.78 3.58 3.44
H2–H4 4.18 3.30 4.23 3.98
H3–H4 2.68 3.27 2.71 2.80
H1a–H4 4.18 4.07 4.04 3.86
H1b–H4 2.66 2.75 2.67 2.62

[a] Mean values were used. [b] In the case of the NOESY spectra,
the distance between the protons H2 and H5 was used as the refer-
ence distance for calibration.
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for the biphenyls 4b,c and 4f, which means that in all cases
the P conformation is adopted in solution.

CD Spectroscopic Investigations

To confirm the results from the NMR experiments, CD
spectroscopic measurements were performed.[13] For this
purpose, the CD spectra of 4a–c and 4f in acetonitrile as
solvent were recorded. The CD spectra of 4a and 4c are
depicted in Figure 4 (a), and the CD spectra of 4b and 4f
are shown in the Supporting Information Additionally, the
CD spectra of (P)-4a, (P)-4c, (M)-4a and (M)-4c were simu-
lated with the time-dependent density functional theory

Figure 4. a) Experimentally determined spectra of 4a (blue: c =
1.0�10–5 m in CH3CN) and 4c (red: c = 2.5�10–4 m in CH3CN).
b) TD-DFT-B3LYP/6-31G* simulated CD spectra of (P)-4a (blue)
and (M)-4a (green). c) TD-DFT-B3LYP/6-31G* simulated CD
spectra of (P)-4c (red) and (M)-4c (black).
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(TD-DFT) with B3LYP as the functional and by employing
the 6-31G* basis set.

The TD-DFT calculations were performed at the opti-
mized geometries of (P)-4a, (P)-4c, (M)-4a and (M)-4c, and
the simulated CD spectra of the conformers are depicted in
parts b and c of Figure 4. In order to determine the confor-
mations of the biphenyl units on the basis of the CD spec-
tra, all transitions which are characteristic for the biphenyl
unit were examined. If the dihedral angle between the
phenyl units in biphenyl is unequal to 90°, there is a conju-
gation between the phenyl units and thus the HOMO and
LUMO of biphenyl are not degenerate.[21] A schematic rep-
resentation of the π MOs of a biphenyl unit exhibiting con-
jugation between the phenyl units is depicted in Figure 5. It
can be assumed that the first absorption band of biphenyl
is approximately the electronic transition from φ6 to φ7.

Figure 5. Schematic representation of the π MOs of a biphenyl unit
exhibiting conjugation between the phenyl units.

In compounds 4, the biphenyl units are connected to the
peptidic scaffold by methylene groups. Thus, one can expect
that the electronic transition from orbital φ6 to φ7 is mini-
mally influenced by the peptidic scaffold. Energy, oscillator
strength and rotatory strength are mainly dependent on the
substituents of the biphenyl and the size and sign (plus or
minus) of the dihedral angle. From the latter, the conforma-
tion (P or M) of the biphenyl can be determined. Therefore,
we searched in the simulated CD spectra for those bands
which correlate to the electronic transition from φ6 to φ7 of
a biphenyl unit and compared them to the experimentally
measured ones.
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In the case of 4c, the biphenyl orbital φ6 is energetically

raised by conjugation with the nonbonded electron pairs of
the methoxy groups and represents the HOMO–1 of (M)-
4c and the HOMO of (P)-4c (illustrations of these orbitals
are depicted in the Supporting Information). According to
the DFT calculations, the biphenyl orbital φ7 corresponds
to the LUMO of (M)-4c and to the LUMO of (P)-4c. The
electronic transition from the HOMO of (P)-4c [HOMO–1
of (M)-4c] to LUMO is the lowest-energy transition, and is
found at 279.3 nm for (P)-4c and at 272.1 nm for (M)-4c.
The calculated rotatory strength is in both cases relatively
small. For (P)-4c, the calculated value amounts to
–12.4 �10–40 erg-esu-cm/Gauss, and accordingly, a weak
negative Cotton effect is found at 280 nm (Figure 4, c). For
(M)-4c, a value of +14.1 �10–40 erg-esu-cm/Gauss is calcu-
lated, which leads to a positive Cotton effect in the simu-
lated spectrum (Figure 4, c). In the experimentally obtained
spectrum, a small but negative Cotton effect is observed at
280 nm. Thus, according to the CD spectrum, the biphenyl
4c adopts the P conformation in solution.

In biphenyl 4a, the biphenyl orbitals φ6 and φ7 correlate
to the HOMO–4 and LUMO, respectively, of 4a (see Sup-
porting Information). The electronic transition from φ6 to
φ7 is no longer the lowest-energy one. In the case of (M)-
4a, the calculated value amounts to 256.7 nm and exhibits
a rotatory strength of medium size (+43.9 �10–40 erg-esu-
cm/Gauss). In the spectral region around 257 nm, further
bands were found, and some of them show negative rota-
tory strengths. This leads to a negative Cotton effect at
250 nm in the simulated spectrum that is smaller than the
one found at about 220 nm (Figure 4, c). For the P isomer,
the electronic transition from the biphenyl orbital φ6 to the
biphenyl orbital φ7 is found at a calculated value of
252.0 nm. The rotatory strength of this transition is
strongly negative (–198.9 �10–40 erg-esu-cm/Gauss) and
dominates the area around 250 nm. Accordingly, in the sim-
ulated spectrum of (P)-4a, the negative Cotton effect at
252 nm is distinctly more pronounced than the one at
220 nm. The measured spectrum shows exactly the same
pattern: a strong negative Cotton effect at 252 nm caused
by the electronic transition from the biphenyl orbital φ6 to
the biphenyl orbital φ7. Once again, the CD spectrum con-
firms that the biphenyl 4a adopts the P conformation in
solution.

Conclusions

In sum, using DFT calculations, we were able to propose
a biphenyl system having small substituents in the ortho and
ortho� positions which should be tropos and conformation-
ally stable. After successful syntheses, the tropos biphenyl
derivatives were investigated using VT-NMR, 2D-NMR
and CD spectroscopy. We were able to prove that all the
biphenyl derivatives adopted the P conformation indepen-
dently of the size of the substituents in the ortho and ortho�
positions. The calculated and measured dihedral angles
were distinctly smaller than those of the corresponding con-
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formationally stable atropos systems. This concept should
allow us to develop a series of chiral ligands which are con-
formational stable and exhibit small bite angles.

Experimental Section
General Remarks: All chemicals were reagent grade and were used
as purchased. Reactions were monitored by TLC analysis with sil-
ica gel 60 F254 thin-layer plates. Flash chromatography was carried
out on silica gel 60 (230–400 mesh). 1H and 13C NMR spectra were
measured with Bruker Avance DMX 300 and Avance DRX 500
spectrometers. All chemical shifts (δ) are given in ppm relative to
TMS. The spectra were referenced to deuterated solvents indicated
in brackets in the analytical data. HRMS spectra were recorded
with a Bruker BioTOF III Instrument. UV/Vis absorption spectra
were obtained with Jasco J-815 and V-550 spectrophotometers. CD
absorption spectra were recorded with a Jasco J-815 spectropho-
tometer.

Biphenyl System 4a: The imidazole macrocycle 9 (27 mg,
0.048 mmol), the dibromide 8a (16 mg, 0.048 mmol) and cesium
carbonate (130 mg, 0.400 mmol) were dissolved in acetonitrile
(35 mL) under argon. The reaction mixture was placed in a 90 °C
oil bath and was stirred for two hours. After cooling to room temp.,
the solution was poured into an ethyl acetate/water mixture. The
organic phase was separated, dried with magnesium sulfate, and the
solvent was removed in vacuo. The residue was purified by column
chromatography over silica gel (DCM/AcOEt, 75:25). The product
was obtained as a colorless solid (9.0 mg, 26%). Single crystals suit-
able for X-ray diffraction were obtained by crystallization from ace-
tonitrile at room temperature. 1H NMR (500 MHz, CDCl3): δ =
7.45–7.42 (m, 2 H, HPh), 7.39 (d, 3JH,H = 7.7 Hz, 2 H, HPh), 7.36
(d, 3JH,H = 9.8 Hz, 2 H, NH), 7.21 (d, 3JH,H = 7.9 Hz, 2 H, HPh),
6.98 (d, 3JN,H = 5.0 Hz, 2 H, NH), 5.62 (s, 2 H, HPh), 5.34 (d, 2JH,H

= 18.0 Hz, 2 H, CH2-Ph), 5.00 (d, 2JH,H = 18.0 Hz, 2 H, CH2-Ph),
4.85 [dd, 3JH,H = 4.9, 5.4 Hz, 2 H, NH-CH-CH(CH3)2], 4.38 (dd,
3JH,H = 8.5, 9.8 Hz, 2 H, NH-CH-CO), 2.64–2.58 [m, 2 H,
CH(CH3)2], 2.26–2.19 [m, 2 H, CH(CH3)2], 2.21 (s, 6 H, imidazole-
CH3), 1.23 (d, 3JH,H = 6.8 Hz, 6 H, CH-CH3), 1.20 (d, 3JH,H =
6.8 Hz, 6 H, CH-CH3), 0.89 (d, 3JH,H = 7.1 Hz, 6 H, CH-CH3),
0.87 (d, 3JHH = 7.3 Hz, 6 H, CH-CH3) ppm. 13C NMR: (125 MHz,
CDCl3): δ = 171.6 (q; C=O), 163.7 (q; C=O), 144.9 (q;
CimidazoleCH), 141.6 (q; CPh), 135.3 (q; CimidazoleCH3), 135.0 (q;
CPh), 129.8 (q; CimidazoleCO), 129.5 (t; CPh), 127.4 (t; CPh), 125.1
(t; CPh), 120.8 (t; CPh), 61.1 (t; COCHNH), 51.7 (t; imid-
azoleCHNH), 46.9 (s; CH2Ph), 32.4 [t; imidazoleCHCH(CH3)2],
30.5 [t; COCHCH(CH3)2], 19.7 [p; COCHCH(CH3)2], 19.6 [p;
COCHCH(CH3)2], 18.8 [p; imidazoleCHCH(CH3)2], 17.1 [p; imid-
azoleCHCH(CH3)2], 10.3 (p; imidazoleCH3) ppm. IR (ATR): ν̃ =
2961, 2925, 2873, 1664, 1592, 1500, 1466, 1388, 1339, 1254, 1221,
1197, 1107, 893, 780, 398 cm–1. UV/Vis (CH3CN): λmax (log ε) =
244 (3.65) nm. CD (CH3CN): λ (Δε mol–1 dm3 cm–1) = 252 (–89.9),
237 (–18.4), 223 (–46.3), 203 (+196.7) nm. HRMS (ESI): calcd. for
C42H54N8O4 [M + H]+ 735.4341; found 735.4363; calcd. for [M +
Na]+ 757.4160; found 757.4177.

Biphenyl System 4c: The imidazole macrocycle 9 (60 mg,
0.108 mmol), the dibromide 8c (112 mg, 0.280 mmol) and cesium
carbonate (333 mg, 1.022 mmol) were dissolved in acetonitrile
(60 mL) under argon. The reaction mixture was placed in a 90 °C
oil bath and was stirred for two hours. After cooling to room tem-
perature, the solution was poured into an ethyl acetate/water mix-
ture. The organic phase was separated, dried with magnesium sulf-
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ate and the solvent was removed in vacuo. The residue was purified
by column chromatography over silica gel (DCM/AcOEt, 75:25)
and subsequently by HPLC. The product was obtained as a color-
less solid (6 mg, 7%). 1H NMR (500 MHz, CDCl3): δ = 7.34 (d,
3JN,H = 10.1 Hz, 2 H, NH), 7.17 (dd, 3JH,H = 8.4, 4JH,H = 2.5 Hz,
2 H, HPh), 6.94 (d, 3JH,H = 8.4 Hz, 2 H, HPh), 6.86 (d, 3JN,H =
5.2 Hz, 2 H, NH), 5.35 (d, 4JH,H = 2.2 Hz, 2 H, HPh), 5.17 (d, 2JH,H

= 17.2 Hz, 2 H, CH2-Ph), 5.00 (d, 2JH,H = 17.2 Hz, 2 H, CH2-Ph),
4.74 [dd, 3JH,H = 5.0, 3JH,H = 4.4 Hz, 2 H, NH-CH-CH(CH3)2],
4.40 (dd, 3JH,H = 9.9, 3JH,H = 8.5 Hz, 2 H, NH-CH-CO), 3.74 (s,
6 H, OCH3), 2.65–2.59 [m, 2 H, CH(CH3)2], 2.39 (s, 6 H, imid-
azole-CH3), 2.24–2.18 [m, 2 H, CH(CH3)2], 1.20 (d, 3JH,H = 6.5 Hz,
6 H, CH-CH3), 1.17 (d, 3JH,H = 6.9 Hz, 6 H, CH-CH3), 0.88 (d,
3JH,H = 6.6 Hz, 6 H, CH-CH3), 0.84 (d, 3JH,H = 6.8 Hz, 6 H, CH-
CH3) ppm. 13C NMR: (125 MHz, CDCl3): δ = 171.4 (q; C=O),
163.6 (q; C=O), 157.1 (q; CPhOCH3), 144.7 (q; CimidazoleCH), 135.2
(q; CimidazoleCH3), 129.5 (q; CimidazoleCO), 128.5 (q; CPhPh), 126.6
(t; CPh), 126.3 (q; CHCPhCHCH), 124.7 (t; CCPhC), 111.9 (t; CPh),
60.6 (t; COCHNH), 55.9 (p; OCH3), 51.7 (t; imidazoleCHNH),
46.1 (s; CH2Ph), 32.1 [t; imidazoleCHCH(CH3)2], 30.6 [t;
COCHCH(CH3)2], 19.6 [p; COCHCH(CH3)2], 19.4 [p;
COCHCH(CH3)2], 18.71 [p; imidazoleCHCH(CH3)2], 17.1 [p;
imidazoleCHCH(CH3)2], 10.0 (p; imidazoleCH3) ppm. IR (ATR):
ν̃ = 3373, 2962, 2930, 2873, 1666, 1591, 1500, 1462, 1420, 1388,
1343, 1246, 1189, 1133, 1087, 1026, 956, 889, 809, 751 cm–1. UV/
Vis (CH3CN): λmax (log ε) = 285 (3.39), 249 (3.87), 215 (4.15), 194
(4.29) nm. CD (DCM): λ (Δε mol–1 dm3 cm–1) = 274 (–0.6), 253
(–7.6), 242 (–2.9), 225 (–16.0), 209 (+18.3) nm. HRMS (ESI): calcd.
for C44H58N8O6 [M + H]+ 795.4551; found 795.4592; calc. for [M
+ Na]+ 817.4372; found 817.4422.

Biphenyl System 4f: The imidazole macrocycle 9 (17 mg,
0.031 mmol), the dibromide 8f (24 mg, 0.042 mmol) and cesium
carbonate (99 mg, 0.304 mmol) were dissolved in acetonitrile
(60 mL) under argon. The reaction mixture was placed in a 90 °C
oil bath and was stirred for four hours. After cooling to room tem-
perature, the solution was poured into an ethyl acetate/water mix-
ture. The organic phase was separated, dried with magnesium sulf-
ate, and the solvent was removed in vacuo. The residue was purified
by column chromatography over silica gel (DCM/AcOEt/MeOH,
75:25:5) and subsequently by HPLC. The product was obtained as
a colorless solid (22 mg, 74%). 1H NMR (500 MHz, CDCl3): δ =
7.34 (d, 3JN,H = 9.9 Hz, 2 H, NH), 7.25 (d, 3JH,H = 8.0 Hz, 2 H,
HPh), 7.21 (dd, 3JH,H = 8.3, 4JH,H = 2.0 Hz, 2 H, HPh), 6.89 (d,
3JH,H = 5.4 Hz, 2 H, NH), 5.51 (d, 4JH,H = 1.9 Hz, 2 H, HPh), 5.24
(d, 2JH,H = 17.5 Hz, 2 H, CH2-Ph), 5.01 (d, 2JH,H = 17.8 Hz, 2 H,
CH2-Ph), 4.78–4.77 [m, 2 H, NH-CH-CH(CH3)2], 4.42–4.38 (m, 2
H, NH-CH-CO), 2.67–2.61 [m, 2 H, CH(CH3)2], 2.38 (s, 6 H, imid-
azole-CH3), 2.25–2.18 [m, 2 H, CH(CH3)2], 1.33 [s, 18 H, PhO-
(CO)OC(CH3)3], 1.20 (d, 3JH,H = 6.8 Hz, 6 H, CH-CH3), 1.18 (d,
3JH,H = 6.8 Hz, 6 H, CH-CH3), 0.88 (d, 3JH,H = 6.9 Hz, 6 H, CH-
CH3), 0.85 (d, 3JHH = 6.9 Hz, 6 H, CH-CH3) ppm. 13C NMR:
(125 MHz, CDCl3): δ = 171.62 (q; C=O), 163.43 (q; C=O), 150.36
[q; O(C=O)O], 148.03 (q; CPh), 144.61 (q; CimidazoleCH), 135.11 (q;
CimidazoleCH3), 132.39 (q; CPhPh), 131.26 (q; CPhCH2), 129.75 (q;
CimidazoleCO), 126.12 (t; CPh), 125.58 (t; CPh), 123.31 (t; CPh), 82.85
[q; C(CH3)3], 60.72 (t; COCHNH), 51.84 (t; imidazoleCHNH),
46.1 (s; CH2Ph), 32.14 [t; imidazoleCHCH(CH3)2], 30.57 [t;
COCHCH(CH3)2], 27.43 [p; PhO(CO)OC(CH3)3], 19.65 [p;
COCHCH(CH3)2], 19.51 [p; COCHCH(CH3)2], 18.84 [p; imid-
azoleCHCH(CH3)2], 17.05 [p; imidazoleCHCH(CH3)2], 9.79 (p;
imidazoleCH3) ppm. IR (ATR): ν̃ = 3357, 2963, 2929, 2873, 1759,
1666, 1593, 1501, 1462, 1423, 1390, 1370, 1344, 1276, 1250, 1218,
1147, 1051, 945, 891, 811, 776, 737 cm–1. UV/Vis (CH3CN): λmax
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(log ε) = 240 (3.31) nm. CD (DCM): λ (Δε mol–1 dm3 cm–1) = 251
(–36.0), 237 (–7.3), 220 (–82.3), 203 (+124.8) nm. HRMS (ESI):
calcd. for C52H70N8O10 [M + H]+ 967.5288; found 967.5288; calc.
for [M + Na]+ 989.5107; found 989.510; calcd for [2M + Na]+

1957.0328; found 1957.0356.

Biphenyl System 4b: The biphenyl system 4f (18 mg, 0.019 mmol)
was dissolved in dichloromethane (10 mL), and trifluoroacetic acid
(0.1 mL, 1.307 mmol) was added. The solution was stirred for two
days at room temperature, and afterwards poured into a dichloro-
methane/water mixture. The organic layer was separated, dried with
magnesium sulfate and the solvent was removed in vacuo. The resi-
due was purified by column chromatography over silica gel (DCM/
AcOEt/MeOH, 75:25:3) and subsequently by HPLC. The product
was obtained as a colorless solid (7 mg, 48%). 1H NMR (500 MHz,
[D4]MeOD): δ = 7.19 (dd, 3JH,H = 8.2, 4JH,H = 2.4 Hz, 2 H, HPh),
6.87 (d, 3JH,H = 8.4 Hz, 2 H, HPh), 5.44 (d, 4JH,H = 2.0 Hz, 2 H,
HPh), 5.30 (d, 2JH,H = 17.8 Hz, 2 H, CH2-Ph), 5.11 (d, 2JH,H =
17.3 Hz, 2 H, CH2-Ph), 4.85–4.84 [m, 2 H, NH-CH-CH(CH3)2],
4.19 (d, 3JH,H = 11.2 Hz, 2 H, NH-CH-CO), 2.34–2.24 [m, 4 H,
CH(CH3)2], 2.32 (s, 6 H, imidazole-CH3), 1.20 (d, 3JH,H = 6.5 Hz,
6 H, CH-CH3), 1.14 (d, 3JH,H = 6.6 Hz, 6 H, CH-CH3), 0.95 (d,
3JH,H = 6.9 Hz, 6 H, CH-CH3), 0.9 (d, 3JH,H = 6.9 Hz, 6 H, CH-
CH3) ppm. 13C NMR (125 MHz, [D4]MeOD): δ = 174.50 (q;
C=O), 166.60 (q; C=O), 155.53 (q; CPh-OH), 146.61 (q;
CimidazoleCH), 137.00 (q; CimidazoleCH3), 130.58 (q; CimidazoleCO),
128.22 (q; CPhCH2), 128.02 (t; CPh), 127.86 (q; CPhPhenyl), 126.35
(t; CPh), 118.01 (t; CPh), 63.65 (t; COCHNH), 52.81 (t; imid-
azoleCHNH), 47.33 (s; CH2Ph), 35.43 [t; CHCH(CH3)2], 31.32 [t;
CHCH(CH3)2], 21.20 [p; CH(CH3)2], 20.08 [p; CH(CH3)2], 18.96
[p; CH(CH3)2], 18.75 [p; CH(CH3)2], 10.30 (p; imidazoleCH3) ppm.
IR (ATR): ν̃ = 3353, 2962, 2927, 1656, 1591, 1499, 1463, 1421,
1388, 1372, 1342, 1261, 1239, 1136, 1115, 1027, 995, 944, 892, 812,
780, 722 cm–1. UV/Vis (CH3CN): λmax (log ε) = 337 (1.85),
288 (2.58), 245 (3.31), 217 (3.51) nm. CD (DCM): λ
(Δε mol–1 dm3 cm–1) = 284 (–4.5), 273 (–3.3), 251 (–32.7), 240
(–19.0), 225 (–57.0), 209 (+88.3) nm. HRMS (ESI): calcd. for
C42H54N8O6 [M + H]+ 767.4238; found 767.4238; calcd. for [M +
Na]+ 789.4059; found 789.4061.

Crystal Structure Analysis of 4a: The crystal was mounted on nylon
loops in inert oil. Data were collected with a Bruker AXS D8
Kappa diffractometer with an APEX2 detector (monochromated
Mo-Kα radiation, λ = 0.71073 Å) at 100 K. The structures were
solved by direct methods (SHELXS-97)[22] and refined anisotropi-
cally by full-matrix least-squares on F2 (SHELXL-97).[23] Absorp-
tion corrections were performed semiempirically from equivalent
reflections on the basis of multiple scans (Bruker AXS APEX2).
Hydrogen atoms were refined using a riding model or rigid methyl
groups. Hydrogen atom positions of OH and NH groups were
taken from a Fourier difference map and refined freely with an
isotropic displacement parameter constrained to 1.2 and 1.5 fold
of the Uij of the corresponding N and O atom, respectively. OH
bond lengths and H–O–H bond angles of the water molecules were
restrained to be equal (SADI). The absolute structure parameter
� (Flack parameter[24]) was ambiguous due to the lack of heavy
atoms. Consequently, the absolute structure was assigned by refer-
ence to a known configuration of a chiral centre that did not
change during the syntheses. A selection of crystallographic param-
eters for compound 4a are found in Table 3.

CCDC-905893 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Table 3. Crystal structure data for compound 4a.

Formula C42H54N8O4·2(H2O)
Mr 770.96
Crystal size [mm3] 0.38�0.32�0.22
T [K] 100(1)
Crystal system monoclinic
Space group P21

a [Å] 10.3904(3)
b [Å] 22.7835(7)
c [Å] 17.9678(5)
β [°] 98.8910(10)
V [Å3] 4202.4(2)
Z 4
Dcalc [g cm–3] 1.219
μ(Mo-Kα) [mm–1] 0.083
Transmissions 0.75/0.57
F(000) [e] 1656
hkl ranges –13� h� 12, –22� k� 29, –22� l� 23
2θmax [°] 27.18
Reflections collected 80462
Independent reflections 15010
Rint 0.0363
Refined parameters 1073
R(F) [F � 4σ(F)][a] 0.0411
wR(F2) (all data)[a] 0.0986
x (Flack) 0.4(6)
GoF (F2)[b] 1.028
Δρfin (max./min.) [eÅ–3] 0.924/–0.258

[a] R(F) = Σ ||Fo| – |Fc||/Σ|Fo|; wR(F2) = [Σ{w(Fo
2 – Fc

2)2}/
Σ{w(Fo

2)2}]0.5; w–1 = σ2(Fo
2) + (aP)2 + bP with P = [Fo

2 + 2Fc
2]/

3, a and b are constants chosen by the program. [b] GoF =
[Σ{w(Fo

2 – Fc
2)2}/(n – p)]0.5 with n data and p parameters.

Supporting Information (see footnote on the first page of this arti-
cle): Copies of the 1H NMR and 13C NMR spectra for key interme-
diates and final products. Synthesis of the compounds 7b–c, 7f, 8c
and 8f and sections from the NOESY spectra of 4a–c and 4f. CD
spectra of 4b and 4f, illustration of key orbitals of 4a and 4c.
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