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Abstract: A pair of molecular tweezers
(syn-4) that consists of quinoline and
pyrazine units fused to a bicyclic
framework is presented. The tweezers
were synthesised both as a racemic
mixture (rac-4) and an enantiomeri-
cally pure form ((R,R,R,R)-4) starting
from either racemic or enantiomeri-
cally pure bicyclo[3.3.1]nonane-2,6-
dione (3). Homochiral dimers were ob-
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Introduction

Since the 1960s extensive research efforts have been invest-
ed in the field of host—guest chemistry aiming for the selec-
tive binding of various substrates, using synthetic recep-
tors.!! One type of synthetic receptor that has emerged as a
prominent host compound, due to its molecular properties
and for synthetic reasons, is molecular tweezers. The term
molecular tweezers first appeared in 1978 in a report by
Chen and Whitlock™ and the first preorganised pair of mo-
lecular tweezers was described by Zimmerman and Vanzyl
in 1987.51 The concept has been presented since then as an
important type of synthetic receptor.™”

According to Chen and Whitlock, molecular tweezers are
typically composed of two parallel or near parallel aromatic
arms connected by a tether, thus creating a concave binding
pocket between the aromatic arms. Another molecular re-
ceptor with similar features is the molecular cleft. Molecular
clefts are sometimes considered to be a more general class
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served in the solid state for rac-4. The
self-association of both rac-4 and
(R,R,R,R)-4 was studied in solution. A
self-association
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CDCl, was estimated by 'H NMR spec-
troscopic dilution titration experiments
in both cases, following several proton
resonances. For this purpose, a general
normalisation model for the accurate
determination of association constants
from multiple datasets was developed.
In contrast to the solid state, no diaste-
reomeric discrimination was observed
for rac-4 in solution.

constant in

supramolecular

of receptor, of which the molecular tweezers are a sub-
group.'*! However, to make a distinction might seem to be
a little superfluous because the recognition event occurs in a
more or less shallow cleft for both types of receptors. Molec-
ular tweezers can in principle be divided into three groups:
semirigid,’*™¥ conformationally labile,>*?! and conforma-
tionally controlled by hydrogen bonds or metal chela-
tion.?"?! The interaction that mediates the recognition pro-
cess can, in addition to London dispersion forces, be based
on hydrogen-bonding,*!! charge-transfer," ion—m,®*! g—m,1
electrostatic,® and coupled interactions.!

Most common are molecular tweezers with high symme-
try, but there are some chiral examples. The source of chiral-
ity has been derived from biologically active building blocks,
such as usnic acid or bile acids,??! from auxiliary chiral
groups'® or chirogenic centres part of the backbone of the
tweezers.*?¥ Examples of the latter belong to the family
of semirigid tweezers and are based on the bis-Troger's base
1 and the bis-Kagan's ether analogues 2 (Scheme 1). Both
systems have been synthesised as racemates, and derivatives
of 1 and 2 have been isolated as enantiomerically pure
forms by chromatography.®!-3

An attractive approach is to use an optically pure building
block in the synthesis of an enantiomerically pure pair of
tweezers, thus avoiding separation of enantiomers and dia-
steromers at the end. Such a building block is bicyclo-
[3.3.1]nonane-2,6-dione (3), which can be effectively re-
solved on a semilarge scale by kinetic resolution with
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Scheme 1. Racemic molecular tweezers syn-1 and syn-2 based on the bis-Troger’s base and bis-Kagan's ether, respectively. The corresponding diasterom-

ers anti-1 and anti-2 are also shown.

baker’s yeast, according to a procedure developed by the
authors.’ Within the field of supramolecular chemistry, 3
has been used to introduce chirality into crown ethers,?**!
as a backbone in self-complimentary hydrogen-bonding cleft
molecules,”*"! and has served as lattice-inclusion hosts.[’®3]
During the course of our investigations into the develop-
ment of various supramolecular architectures, we herein
report on the synthesis of an enantiomerically pure pair of
molecular tweezers ((R,R,R,R)-4) from the enantiopure
bicyclo[3.3.1]nonane framework containing a pyrazine
tether and quinoline arms (Scheme 2) and their self-aggre-
gating properties in solution. We also report on the self-ag-
gregation of the racemic pair of tweezers rac-4 in solution
and in the solid state.

(RR.R.R)-4 ﬂ
o) p o)
=] o
o) N
(S,5)-3 (R,S)-5

Scheme 2. Retrosynthesis of the pair of molecular tweezers (R,R,R,R)-4
by utilising (S,S)-3 as the starting material.
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Results and Discussion

Design and retrosynthesis: The pair of tweezers 4 is based
on the bicyclo[3.3.1]nonane skeleton and is C, symmetric
with an angle between the two appending aromatic function-
alities of nearly 90° (as depicted in the X-ray structure; see
Figure 1). Merging two bicyclo[3.3.1]nonane moieties sets
the appropriate structural features necessary for molecular
tweezers. The bicycles are rather rigid, therefore giving the
tweezers a preorganised conformation for guests of suitable
dimensions, a favourable characteristic for a synthetic recep-
tor as described by Zimmerman et al.*! The inflexibility of
4 is expected to be similar to that of 1 and 2 and should
hence be classified as semirigid (see above).

Pyrazine was chosen as a tether for two reasons: it allows
a convergent synthesis of (R,R,R,R)-4 from (R,S)-5
(Scheme 2) and provides a distance of approximately 7 A
between the arms in the tweezers, which is an optimum dis-
tance for hosting aromatic guests by m—m stacking.”! The a-
aminoketone necessary for the pyrazine condensation could,
in principle, be derived from ketone (R,S)-5, which in turn
could be synthesised from (S,5)-3 by utilising a Friedldnder
protocol. The choice of quinoline for the aromatic arms was
attractive because there is a variety of commercially avail-
able ortho-aminobenzaldehydes and ketone compounds,
which render the introduction of complementarity for spe-
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cific guests feasible. Because the synthesis of optically pure
bicyclo[3.3.1]nonane-2,6-dione is straightforward, the tweez-
ers can be synthesised in an enantiomerically pure form on
a large scale. In addition, the formation of isomers that do
not have the structural characteristics of molecular tweezers,
a problem common for tweezers based on the Troger base
and Kagan ether, is avoided (see Scheme 1 for examples).

Synthesis: For convenience, initial synthetic attempts to-
wards 4 were performed on rac-3, but final yields for the
enantiomerically pure synthesis agreed with the yields ob-
tained from the racemic synthesis. Herein, we describe the
enantiopure synthesis. Monoprotection of enantiopure dione
(5,5)-3, which yields (S,5)-6, was achieved by diprotection
followed by mono-transacetalisation with acetone in 92 %
yield (Scheme 3). In the next step, the Friedlinder con-

AN e

(S.5)-3

ethylene glycol

oD
>99%

p-TsOH, benzene
o-aminobenzaldehyde
<, toluene, MeOH, NaOMe
(s S)-6

>99%

>99% (R,S)-5

Scheme 3. High-yielding synthesis of ketone (R,S)-5. p-TsOH = para-tol-
uenesulfonic acid.

acetone
p- TsOH 92%

densation between (S,S)-6 and ortho-aminobenzaldehyde!”!

did not work under the standard conditions (i.e., using aque-
ous NaOH in methanol, previously successful for other
bicyclo[3.3.1]nonane systems), due to low solubility.[*’] How-
ever, by using a 1:1 mixture of toluene and methanol, which
turned out to provide the solubility needed, with sodium
methoxide or fert-butoxide as the base, ketal (R,S)-7 was ob-
tained in >99% yield. Standard acidic hydrolysis of ketal
(R,S)-7 yielded ketone (R,S)-5 in excellent yield.

Initial efforts to synthesise the intermediate required for
the pyrazine condensation focussed on the synthesis of the
racemic a-hydroxyimino derivative 8, which upon subse-
quent reduction should give o-aminoketone derivative 9.
Surprisingly, no product was detected when standard proce-
dures were applied that used sodium nitrite and acidic con-
ditions. By turning to basic conditions and alkylnitrites as ni-
troso donors, a ring-opening reaction took place, leading to
the formation of ester oxime 10 (identified by NMR spec-
troscopic and mass spectrometric analysis), as exemplified
with isoamylnitrite in Scheme 4. This ring-opening process
has been observed by others for the bicyclo[3.3.1]nonane
system and has been referred to as a Beckmann fragmenta-
tion."¥) However, this reaction is formally not a fragmenta-
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Scheme 4. Attempted synthesis of a-aminoketone 9 by using racemic ma-
terial.

tion and could more accurately be denoted as a retro aza-
Dieckmann condensation. The ring strain of the bicyclic
structure together with the nucleophilicity of the so-formed
isoamyl alkoxide explains this outcome.

In an alternative approach, ketone (R,S)-5 was brominat-
ed to give (R,R)-exo-11 as the major product (Scheme 5; rel-
ative stereochemistry verified by X-ray diffraction analysis;
see Figure S5 in the Supporting Information). Unexpectedly,

(R.s)5__ B2 TFA & 0 NaN;
"> "CHCH, 90% Sy g, DMF, 66%
(RR)-exo-11
(R iy Hy EtOAc HOAc (cat) \N NH;

18 19 20 21 o 1
17, 19 Ny 20,
- m
12°N1T 9 N7 g
12 1110
(RRR.R)-4
16%

Scheme 5. Synthesis of the tweezers (R,R,R,R)-4 from ketone (R,S)-5.
TFA =trifluoroacetic acid.

the treatment of (R,R)-exo-11 with sodium azide gave the
enaminoketone (R,R)-12 in yields that ranged from quanti-
tative on a small scale to moderate on a larger scale. By sur-
veying the literature, it appeared that under basic conditions
the formation of enaminoketone compounds by direct loss
of molecular nitrogen is rather common,*’ but continuation
of the synthesis towards a pyrazine condensation was still
possible. Reduction of (R,R)-12 followed by the pyrazine
condensation in one pot gave the desired tweezers
(R,R,R,R)-4 in 16 % yield.

By performing the reduction/condensation on rac-12, only
one set of resonances for 4 was detected in the crude prod-
uct by NMR spectroscopy. This finding implies that the con-
densation is diastereoselective, thus exclusively forming rac-
4 (syn-4) or anti-4 (Scheme 6); the latter is achiral, in con-
trast to anti-1 shown in Scheme 1. As evident from X-ray
diffraction analysis (see below), only rac-4 was formed, the
cause for which is unclear. However, it is reasonable to

Chem. Eur. J. 2010, 16, 3994 —4002


www.chemeurj.org

Chiral and Racemic Molecular Tweezers

= 0o Z O
| P/C, Ha(g) o
N NH,  “EtOAc, HOAC (cat) N NH,
rac-12 rac-13
rac4 (syn-4)
10%
+
se@)eive
anti-4

0%

Scheme 6. Selective formation of rac-4 (syn-4) from rac-12.

assume that coordination of the so-formed a-aminoketone
rac-13 to a palladium centre mediates the condensation,
thus meaning that the selectivity observed might be due to a
surface effect. Another possibility is autocatalysis: when one
molecule of rac-4 is formed it acts as a template by m—xn
stacking one molecule of rac-12 or rac-13 into the cavity and
on the outside. Such a process is supported by the dimerisa-
tion of rac-4, observed both in the solid state and solution
(see below).

X-ray diffraction analysis: Single crystals of rac-4 suitable
for X-ray diffraction analysis were grown from a 1:1 mixture
of CH,Cl, and heptane. As evident from the space group
(i.e., P2,/n) the crystals are racemic as well. Three individual
crystals were analysed, all with the same space group, thus
indicating that the bulk of the crystals is described by the re-
ported crystal structure. The tweezers form discrete homo-
chiral dimers in which the individual monomers are not re-
lated by symmetry, thus constituting the asymmetric unit in
the unit cell (A and B; Figure 1). Consequently, the two
pairs of tweezers that constitute the dimer have different
conformations in the solid state. The near-to-perpendicular
interpenetration of the two tweezer units is favoured by co-
operative m—m stacking, which is quite commonly seen in
similar systems.'""! The reason for the conformational prefer-
ences is not evident from these weak nondirectional inter-
dimer interactions. Possibly, the presence of dichlorome-
thane in the crystal structure imposes a conformational devi-
ance to avoid steric congestion, thus obtaining more effi-
cient close packing. The main planes through the pair of
tweezers have an interplanar angle of 68° (plane (C-63, C-
68, C-70, C-46)/(C-7, C-54, C-74, C-40)). The arms of the
tweezers do not completely overlap and the torsional distor-
tions are 71° (centroid (C-19, C-25, C-27, C-37, C-42, C-58),
C-65, C-24, centroid (C-15, C-20, C-47, C-52, C-66, C-72))
and 59° (centroid (C-32, C-34, C-43, C-61, C-62, C-71), C-
55, C-60, centroid (C-14, C-23, C-38, C-41, C-59, C-64)), re-
spectively. The distances between the centroids of the tips of
the pair of tweezers are 8.1 and 9.2 A (A and B), respective-
ly (see Figure S6 in the Supporting Information for the
measurements and numbering of atoms in the X-ray struc-
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Figure 1. DIAMONDM! representation of the X-ray data of rac-4. Two
symmetrically independent molecules with the same sense of chirality
(i.e., R,R,R,R) in the displayed case are associated as a dimer. Solvent
molecules (CH,Cl,) and most of the hydrogen atoms are omitted for
clarity.

ture). The small, but still significant, difference in the geom-
etry adopted by the two pairs of tweezers clearly shows that
they do have a degree of flexibility, and hence the ability to
adapt the size of the cavity to a possible guest. The homo-
chiral dimers stack along the a axis, in which the 2, screw
axis generates homochiral columns and the dimers are
packed by m—m stacking with 4 A between the aromatic
planes. Columns with alternating chirality then build up the
complete 3D structure (Figure 2). In between the columns
are dichloromethane molecules weakly hydrogen bonded to
the quinoline nitrogen atoms. There are many examples of
centrosymmetric enantiomer distribution in the solid state
of various cleft compounds in which the packing is com-
posed of propagating molecules with alternating handedness.
However, there are also examples of significant enantiomer
separation in the unit cells of similar cleft compounds.””!
The packing preferences of rac-4 with respect to the chirali-
ty distribution in specific regions with a uniform sense of
chirality cannot be easily explained from the presented crys-
tal structure alone. Structures from X-ray diffraction studies
of similar systems and/or from different solvents are needed
to make reliable statements, something that is beyond the
scope of the present report.

Self-aggregation in solution: The X-ray crystal structure
shows that the tweezers rac-4 form homochiral dimers in
the solid state. Thus, if present, homochiral dimerisation was
expected to be the major type of aggregation for rac-4 in so-
lution as well. The three possible types of aggregation are
homochiral, heterochiral, and a mixture of the two. The con-
centration dependence of the 'HNMR spectrum of rac-4
(see Figure S3 in the Supporting Information) confirmed

www.chemeurj.org — 3997


www.chemeurj.org

CHEMISTRY

K. Wirnmark et al.

A EUROPEAN JOURNAL

Figure 2. DIAMOND! representation of the X-ray data of rac-4. The formation of homochiral columns of
rac-4 in the solid state. Columns of a R,R,R,R sense of chirality above and S,S,S,S below. Propagation along

the crystallographic a axis.

that the self-aggregation process also took place in CHCI,.
Because only one set of resonances was observed for each
proton, the exchange was fast on the NMR timescale. Fur-
thermore, repeating the titration with (R,R,R,R)-4 gave the
same collection of spectra (Figure 3), which indicated the
same type of aggregation in the two cases. In addition, high-
resolution mass spectrometry (ESI) strongly supports that
the mode of aggregation is a dimerisation, as indicated by
the dimer being the only higher aggregate observed (see
Figure S16 in the Supporting Information).

In an attempt to verify the presence of potential homochi-
ral fidelity of the dimerisation in solution as observed in the
solid state, "H NMR spectra of rac-4 in CDCl, were collect-

ed in the range from 273K
down to 233 K (see Figure S15
in the Supporting Information).
By decreasing the rate of di-
merisation so that the individu-
al species could be detected, it
would directly show if diaste-
reomeric  (e.g., heterochiral
dimers) aggregates were pres-
ent. However, only line broad-
ening was observed (see Fig-
ure S15 in the Supporting Infor-
mation).

In the NMR spectroscopic ti-
tration experiment, the reso-
nance of H-6(17) (Figure1)
moves downfield as much as
1.58 ppm upon dilution of
(R,R,R,R)-4 (49.8-32mm) in CDCl; (see Tablel and
Figure 3), which is in agreement with the intertwined mode
of aggregation shown in the solid state. This proton is direct-
ed towards the pyrazine moiety and is also embedded by the
aromatic arms of the tweezers and therefore does experi-
ence anisotropic effects more than the other protons. This
behaviour means that the mode of aggregation is consistent
with that as determined by X-ray diffraction analysis. This
mode of aggregation is further supported by observation of
an intermolecular NOE correlation between H-5(16) and H-
2(13) (see Figure 1 for structure and numbering; see Figure
S13.1 and S13.2 in the Supporting Information). Each atom
has a chemically and magnetically identical atom generated
by an internal C, axis within
the monomeric pair of tweezers.

However, when the pair of
32 mM A tweezers (R,R,R,R)-4 aggre-
5.1mM gates as a dimer, each pair of
6.4 mM atoms lose their symmetry
—————————— equivalence. This behaviour
77 mh means that the observed chemi-
0.6 mM cal shift in the '"H NMR spectra
129 for a specific proton resonance
is composed of the chemical
17.8 mM shifts of the monomeric and di-
3.2 mM meric species, of which the
latter is the arithmetic mean of
28.9mM J“k the two resonances that arise
33.2mM /\ from the dimeric complex (see
4 - N Figure 1), each weighted against
I A the molar fraction of the corre-
40.8 mM sponding species (see the Sup-
44.9 mM i J(\ porting Information). The ob-
" - served shift can directly be used
498 mM ____ in a common dimerisation
| Hean model™®! (see the Supporting

6.0 5.5

o/ppm

Figure 3. Part of the 'H NMR (400 MHz, CDCL,) spectra of (R,R,R,R)-4 at different concentrations.
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Information) to obtain an esti-
mate of the association constant
KWRRR: - Dilution titration ex-

dim
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Table 1. Comparison of Ad,.y, Kim, and RSS for the resonances H-6(17),
H-5(16), H-3(14), and H-2(13) obtained from (R,R,R,R)-4.1!

Resonance H-6(17) H-5(16) H-3(14) H-2(13)
Ab,ay 1.58 078 0.19 023

K [M7Y] 35411 26411 25+7 33410
RSS 70x1073 18x1073 0.92x1073 1.4x1073
RSS,..., 28x107°  30x107°  25x10° 27%10°3
R 0.98 0.97 0.98 0.98
mean K'FRRRR [y 1) 30450

[a] Estimations of K\<**®> are given at a 95% confidence interval.

[b] See the Supporting Information for the calculation of the mean value
of Kim-

periments with (R,R,R,R)-4, only using data from the proton
that showed the largest Ad,,,, value (i.e., H-6(17)) estimated
K\[®RR:2 6 be 35+11m ! (see Table 1 and Table S1.1 in the
Supporting Information). In total, the four resonances H-
6(17), H-5(16), H-3(14) and H-2(13) were used. When the
dimerisation model was fitted to each of the proton resonan-
ces individually through minimisation of the residual sum of
squares [RSS; defined in Eq. (1)] between 0., and Ogeq
values, the estimated K\***®> values obtained differed be-
tween the datasets (Table 1). The quality of the fit is shown
in Figure S2 and Table S1.1-1.4 in the Supporting Informa-
tion.

RSS = Z (6obs - 6calcd)2 (1)

Most frequently in the literature, association constants are
estimated from data collected for one resonance only. How-
ever, the estimation of association constants based on data
collected for multiple resonances will of course give a more
accurate estimate of the association constant. The problem
arises of how to treat the different datasets to obtain a cor-
rect value of one single association constant. One obvious
way is to take the arithmetic mean of the association con-
stant estimated from the regression analysis of each individ-
ual dataset. However, in our case, fitting the dimerisation
model to each dataset from the four resonances gives values
of RSS that are larger the larger Ad,,, value for that titra-
tion (Table 1). This outcome might mean that the estimated
value of K\\**®" for each proton resonance has a different
error, thus meaning that the estimated K\ *<*"” should be
calculated by employing weighting of the individually esti-
mated values of Kfime RR: that involve, for example, Ad,,.
Such weighting, proportional to Ad,,,, has been employed
by Hunter et al. to obtain a truer average value of the asso-
ciation constant.**¥ However, care must be exercised be-
cause the normalised (relative) value of RSS [i.e., RSS,;m;
defined in Eq. (2)] is actually almost the same for the data-
sets (Table 1); therefore, an arithmetic mean could be used,
and thus no weighting is necessary for our datasets.

_ RSS 2)

RSS
o (A 6max )2

One issue that arises is how to estimate whether the
values of RSS, ., are similar enough to allow the use of an
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arithmetic mean instead of a weighted mean. One way to
answer this question is to see how well the theoretical rela-
tionship between RSS and Ad,,., [Eq.(2)] fits to the ob-
served data. This fitting can be performed conveniently by
using a plot of log (RSS) versus log (Ad,,.,) of Equation (2)
(see the Supporting Information). If a good linear fit is ob-
tained, the RSS,,, value of all the datasets are the same
and can thus be considered to have the same relative error.
In our case, a good quality of the fit is obtained, which
means that the four datasets have the same relative error
(expressed as RSS,.,) and the arithmetic mean of KéﬁfRR)z
obtained by using (R,R,R,R)-4 was calculated to be 30+
Sm! at a 95% confidence interval (Table 1). However,
global regression analyses are always preferred because the
more variables that are fitted simultaneously, the more cor-
rect the fit is. By performing such a fitting of the dimerisa-
tion model to our four datasets, the value of K\ "> ob-
tained with (R,R,R,R)-4 is estimated to be 34+3m ' at a
95% confidence interval (R*=0.99; see Table S4 in the Sup-
porting Information). However, a global fit should not be
based on the sum of RSS for each dataset because these da-
tasets are of different scales (magnitudes) and would thus
overestimate the data with the largest value of RSS. Instead
the four datasets must be normalised to a common scale for
reasons stated above (see the Supporting Information). The
value of K'F¥*®2 obtained with (R,R,R,R)-4 was estimated
to be 30+£3m~' (R*=0.98; see Table S7 in the Supporting
Information) at a 95% confidence interval. In our case, it is
shown that the value of K\F*®2 (30+3m™") from the global
fitting with a normalised dataset is, as expected, in accord-
ance with the arithmetic mean of the estimated value of
KRRRR: from the individual regression analysis (304+5m"),
but deviates from the estimated value of K\\<*®* from the
global fitting with non-normalised data (34+3m™").

It might seem a little meaningless to correct the estimated
value of K{**®: by a few units for a system with such a
weak self-association as this system and also because the
four datasets are from the same data collection, thus mean-
ing that many types of errors are the same in the four data-
sets. On the other hand, the methodology for normalised
global fits presented herein is an accurate way of handling
multiple datasets and applies to other host-guest systems
with higher association constants in which a correction
might be more significant.

The dimerisation model can also be used to estimate the
value of K, for rac-4. The model is only valid if there is a
total presence or absence of homochiral fidelity. When fit-
ting the dimerisation model to the '"H NMR spectroscopic
dilution titration data for rac-4, which assumes total homo-
chiral fidelity, the so-estimated value of KéffRR)z from a
global fit of the normalised data was 56+1m' (R*=0.99;
see Table S8 in the Supporting Information) at a 95% confi-
dence interval. This value is approximately twice the esti-
mated value of Kﬁ?mz obtained with (R,R,R,R)-4 (30+
3m7!; see above). This discrepancy strongly indicates the ab-
sence of homochiral fidelity of rac-4 in CDCl;. This conclu-
sion is further supported by the fact that when globally fit-
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ting the dimerisation model to the titration data for rac-4,
assuming a total absence of homochiral fidelity, K{***% was
estimated to be 28+ 1M with normalised chemical data.
This leads to KERRRSSSS =564+ 1m" at a 95% confidence in-
terval (R?=0.99; see Table S9 in the Supporting Informa-
tion) because in this case KXRRRSSSS — 2 g (RRRR)> _ 5 ¢ ($555: [s1]
As seen, the estimated value of K{*<**> obtained with rac-4
is almost the same as with (R,R,R,R)-4, thus there is no dif-
ference between the two systems, which means that rac-4
shows no measurable homochiral fidelity. Hence, our system
does not exhibit the self-sorting properties observed for
some chiral cleft molecules® in CDCl;. A comparison be-
tween the fitting of the dimerisation data for (R,R,R,R)-4
and rac-4, assuming a total absence of homochiral fidelity,
based on the individual fits, is seen in Figure S2 (see also Ta-

bles S1.1-1.4 and S3.1-3.4 in the Supporting Information).

Conclusion

In summary, we have presented the synthesis of a pyrazine-
tethered pair of molecular tweezers in racemic and enantio-
merically pure forms. The synthesis of an enantiomerically
pure pair of tweezers (R,R,R,R)-4 starts from enantiomeri-
cally pure building blocks. This case is the first time molecu-
lar tweezers have been produced in enantiomerically pure
form directly by synthesis, neither using materials from the
chiral pool nor appending chiral auxiliaries. Interestingly, in
the racemic synthesis only one out of two possible diastereo-
mers was formed. In the final condensation reaction, the
tweezers rac-4 were exclusively formed. Homochiral fidelity
is observed in the aggregation of rac-4 in the solid state, but
not in CDCl;. To understand the aggregation of the tweez-
ers, it should be realised that we are dealing with weak in-
termolecular interactions. Thus, a more or less statistical dis-
tribution of homo and hetero dimers in solution is what one
would expect, which also leads to the dimerisation mode in
the solid state being governed by packing forces that lead to
the preference for homochiral columns. The estimated value
of Kﬁfnf RR2 obtained with (R,R,R,R)-4 and rac-4 is 30+ 3 and
28 1M, respectively, in CDCl;. The value of KEXRRRSSSS wag
estimated to be 56+1m"' in CDCl,. All the values are at a
95 % confidence interval. Self-association in similar systems,
as observed by Kldrner et al., which are also governed by
cooperative m— stacking interactions, was shown to give di-
merisation constants on the same order of magnitude.'Y] We
have also demonstrated that normalised data should be used
for nonlinear regression analysis involving multiple datasets,
and the need for various weighting factors for different data-
sets can be judged from the deviation from the linear rela-
tionship between log (RSS) and log (Ad,,,,). Presently, an in-
vestigation of the host characteristics of the pair of tweezers
towards various guests is underway and the results will be
presented in due course.
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Experimental Section

General: All the chemicals were used as received from commercial sup-
pliers. All the moisture-sensitive reactions were carried out in an atmos-
phere of dry nitrogen and using oven-dried glassware. Both racemic and
enantiomerically pure bicyclo[3.3.1]nonane-2,6-dione were synthesised in
accordance with previous reports.® The reaction yields are representa-
tive for both enantiomerically pure and racemic products. Column chro-
matography was performed on Matrex (25-70 um) silica gel. The diame-
ter and height of the columns are given as (dxh). TLC analyses
(Merck 60 F,s, sheets) and the plates were visualised by impregnation
with Seebach spot visualisation media or under UV light (A1=254 or
366 nm). Melting points were recorded on an Electrothermal TA9000
Series Digital Melting-Point apparatus and are uncorrected. Optical rota-
tions were measured on a Perkin-Elmer 341 polarimeter at 20°C. The 'H
and PC NMR spectra were recorded at room temperature on a Bruker
DRA400 spectrometer. The spectra were recorded in CDCI; and the resid-
ual solvent signals (0=7.27 and 77.16 ppm, respectively) were used as
references. The assignment of (R,R,R,R)-4 was accomplished by coupling
constants, integrals, and 2D correlation experiments. Enantiomeric excess
was determined with a Perkin—Elmer Autosystem XL gas chromatograph
on an Alpha DEX 120 fused silica capillary column (30 m x0.25 mm x
0.25 um film thickness). Elemental analyses were performed by A. Kolbe
of the Mikroanalytisches Laboratorium (Germany).
(+)-(18,55)-6,6-Ethylenedioxybicyclo[3.3.1]nonane-2-one ((5.5)-6):14]
(18,58)-Bicyclo[3.3.1]nonane-2,6-dione  (30.0 g, 197 mmol), ethylene
glycol (44 mL, 0.78 mol), and TsOH (1.1 g, 5.8 mmol) were dissolved in
benzene (0.5 L) in a 1-L round-bottom flask equipped with a Dean—Stark
apparatus. The reaction mixture was heated to reflux until the calculated
amount of water (0.39 mmol, 7.1 mL) had been collected (typically over-
night). After concentration in vacuo, acetone (340 mL) was added and
the reaction mixture was stirred at 14 °C with monitoring by TLC analysis
(heptane/EtOAc 7:3, R; (3)=0.26, R; (6)=0.41, R; (diprotected)=0.56).
The reaction was quenched after 4.5 h by adding aqueous NaOH solution
(1M, ~15mL) until pH 7-8 was reached. The reaction mixture was con-
centrated in vacuo and dissolved in diethyl ether. The solution was
washed twice with saturated NaHCO;, dried over Na,SO,, and concen-
trated in vacuo to give the crude product. Purification by flash chroma-
tography (heptane/EtOAc 8:2, 10x20 cm) yielded (S,S)-6 as a colourless
oil (35.6¢g, 181 mmol, 92%); [a]p’=+42 (c=0,017 in CHCL;). All the
other spectroscopic data are in accordance with ref. [42].
(+)-(8R,125)-9,9-Ethylenedioxy-8,12-methanocycloocta[ 5,4-b]quinoline
((R.S)-7): ortho-Aminobenzaldehyde (4.7 g, 38 mmol) and (S.,5)-6 (5.0 g,
26 mmol) were dissolved in methanol (HPLC grade) and freshly distilled
toluene (1:1, 1404140 mL). Sodium methoxide (3.5 g, 64 mmol) was dis-
solved in methanol (HPLC grade; 140 mL) and added dropwise to the re-
action mixture over 30 min at 0°C. The reaction mixture was stirred at
room temperature for 48 h and concentrated in vacuo. Saturated NH,Cl
aqueous solution (500 mL) was added to the obtained solid, and the reac-
tion mixture was extracted with ethyl acetate (4x200 mL). The combined
organic phases were washed with brine (2x200 mL), dried over Na,SO,,
and concentrated in vacuo to give a brown solid crude. Purification by
flash chromatography on celite (petroleum ether/EtOAc 6:4, 10x 15 cm,
R;=0.18) followed by duplicate recrystallization in ethyl acetate yielded
(R,S)-7 as pale-yellow crystals (6.6 g, 24 mmol, 92%). M.p. (rac) 124.0-
124.7°C; m.p. (ee >99%) 128.0-128.5°C; [a]p*=+109 (c=0.013 in
CHCl;); 'HNMR (400 MHz, CD,Cl,): 6=7.91 (apparent d, 1H J=
8.40 Hz), 7.83 (s, 1H), 7.71 (apparent d, 1H J=8.00 Hz), 7.58 (ddd, 1H
J=1.20, 7.00, 8.50 Hz), 7.42 (ddd, 1H J=1.20, 7.20, 8.60 Hz), 3.91-4.01
(m, 4H), 3.18-3.23 (m, 2H), 3.11 (ddd, 1H J=1.20, 7.00, 18.20 Hz), 2.26-
2.31 (m, 1H), 2.18-2.20 (m, 1H), 1.95-2.07 (m, 2H), 1.79-1.84 (m, 1H,),
146 (ddt, 1H J=2.00, 4.00, 14.00Hz), 1.18 ppm (dt, 1H J=5.20,
14.00 Hz); "CNMR (100 MHz, CDCL): 6=162.3, 147.1, 138.6, 130.7,
128.8, 128.6, 127.8, 127.3, 125.8, 111.0, 64.9, 64.7, 37.4, 36.7, 31.5, 30.0,
29.1, 28.8 ppm; IR (KBr): #=1491 (m), 1618 (w), 2872 (m), 2917 (m)
2942 cm™' (m); elemental analysis (%) calcd for C;sH,NO,-1/6H,0: C
76.03, H 6.85, N 4.93; found: C 76.28, H 7.15, N 4.83; HRMS (ESI): m/z:
caled for C;gH,NO,: 282.1494 [M +H™]; found: 282.1495.
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(+)-(8R,125)-8,12-Methano-9-oxo-cycloocta[ 5,4-b]quinoline ((R,S)-5):
(R,S)-7 (8.90 g, 31.6 mmol) was dissolved in a mixture of glacial acetic
acid (165 mL) and water (49 mL). Concentrated HCI (ca. 180 drops) was
added and the reaction mixture was stirred at 70°C for 3 h. The reaction
mixture was cooled on an ice bath and was slowly added to a cold, satu-
rated Na,CO; aqueous solution (ca. 600 mL). The reaction mixture was
extracted with diethyl ether (4x200 mL) and the combined organic
phases were dried over Na,SO, and concentrated in vacuo to yield a
pale-yellow solid crude product, which was evaporated onto silica and
purified by flash chromatography (EtOAc/heptane 1:1, 7x 6 cm) to afford
(R,S)-5 as a white solid (7.45 g, >99%). M.p. (rac) 98.2-98.8°C; m.p. (ee
>99%) 107.8-108.0°C; [a]p™=+334.9 (¢=0.0129 in CHCl;); '"H NMR
(400 MHz, CDCl;): 6=8.06 (apparent d, 1H J=28.80 Hz), 7.92 (s, 1H),
7.76 (apparent d, 1H J=8.00 Hz), 7.69 (ddd, 1H J=1.60, 7.00, 8.40 Hz),
7.51 (ddd, 1H 1.20, 6.80, 8.00 Hz), 3.56 (bs, 1H), 3.39 (ddd, 1H J=1.20,
6.80, 17.70 Hz), 3.02-3.08 (m, 2H), 2.31-2.37 (m, 4H), 2.18-2.26 (m, 1H),
1.91-2.01 ppm (m, 1H); *C NMR (100 MHz, CDCl;): §=213.56, 160.21,
147.26, 135.40, 129.27, 128.74, 128.33, 127.64, 127.19, 126.34, 44.75, 37.02,
36.59, 33.90, 31.95, 31.51 ppm; IR (KBr): #=1490 (m), 1718 (s), 2933 (s),
3049 cm™' (w); elemental analysis (%) calcd for C,¢H;sNO: C 80.98, H
6.37, N 5.90; found: C 80.68, H 6.52, N 5.81; HRMS (ESI): m/z: calcd for
C,H;(NO: 238.1232 [M + H*]; found: 238.1223.
(+)-(8R,108,12R)-8,12-Methano-10-bromo-9-oxo-cycloocta[ 5,4-b]quino-
line ((R,R)-exo-11): A solution of bromine (159 uL, 3.10 mmol) in CHCl;
(9.3 mL) was added dropwise to a solution of (R,S)-5 (0.78 g, 3.3 mmol)
in CHCl; (9.3 mL) and trifluoroacetic acid (9.3 mL) at 0°C. The reaction
mixture was stirred at room temperature for 3 h and quenched by the ad-
dition of saturated aqueous NaHCO;. The mixture was extracted with
EtOAc and the combined organic phases were dried over Na,SO, and
concentrated in vacuo. The crude product was evaporated onto celite and
purified by flash chromatography (petroleum ether/EtOAc 1:1) followed
by recrystallization from CHCI; to afford (R,R)-exo-11 (0.81 g, 2.6 mmol,
78%). M.p.170.2-170.9°C; [a]p=+2053 (c=0.0142 in CHCL);
"HNMR (400 MHz, CDCly): 6=8.07 (d, 1H J=8.40 Hz), 7.95 (s, 1H),
7.77 (d, 1H J=8.40 Hz), 7.71 (ddd, 1H J=1.20, 7.00, 8.50 Hz), 7.54 (ddd,
1H J=1.20, 6.80, 8.00 Hz), 430 (dd, 1H J=6.80, 13.20 Hz), 3.60 (bs,
1H), 3.37-3.46 (m, 2H), 3.07-3.13 (m, 1H), 2.96 (tdt, 1H J=3.20, 6.80,
6.40 Hz), 2.57 (dt, 1H J=3.80, 13.00 Hz), 2.38-2.46 ppm (m, 2H);
BCNMR (100 MHz, CDCly): §=203.24, 158.52, 147.16, 136.04, 129.77,
128.65, 127.74, 127.24, 127.15, 126.79, 51.81, 46.29, 45.22, 39.53, 31.79,
31.07 ppm; IR (KBr): #=1720, 1492 cm™'; elemental analysis (%) calcd
for C;¢H;,BrNO-1/20CHClI;: C 59.84, H 4.40, N 4.35; found: C 60.09, H
4.76, N 4.27; HRMS (ESI): m/z: caled for C;¢H;sNOBr: 316.0337 [M+
H]*; found: 316.0336.
(8R,12R)-10-Amino-8,12-methano-9-oxo-cycloocta[5,4-b]quinoline
((R,R)-12): Sodium azide (216 mg, 3.32 mmol) was added to a solution of
(R,R)-ex0-11 (1.00 g, 3.16 mmol) in anhydrous DMF (120 mL). The reac-
tion mixture, which turned yellow after approximately 2 min, was stirred
for 25 min (100% conversion according to mass spectrometry) before
water (100 mL) was added. The reaction mixture was extracted with
EtOAc (4x200 mL), and the combined organic phases were washed with
water (5x350 mL), dried over Na,SO,, and concentrated onto celite. The
celite was loaded on a pad of silica and the intermediate enaminoketone
(R,R)-12 was eluted with EtOAc (522 mg). The enaminoketone turned
out to be rather unstable and thus was not rigorously characterised.
'"H NMR (400 MHz, CDCL;): 6=7.95 (d, 1H J=8.80 Hz), 7.77 (s, 1H),
7.64 (d, 1H J=8.80 Hz), 7.58-7.63 (m, 1H), 7.40-7.44 (m, 1H), 6.21 (dd,
1H J=1.60, 7.60 Hz), 3.81-3.85 (m, 1H), 3.56 (bs, 2H), 3.29-3.36 (m,
1H), 3.03-3.09 (m, 2H), 2.68-2.73 (m, 1H), 2.27-2.32 ppm (m, 1H);
BCNMR (100 MHz, CDCLy): 6=197.54, 159.57, 146.25 138.96, 137.10,
129.10, 128.31, 127.78, 127.04, 126.88, 126.00, 121.49, 40.31, 38.43, 31.09,
30.45 ppm.
(+)-(8R,11R,19R,22R)-8,22:11,19-Dimethanodiquinolino[2,3-e:3',2'-

¢ Ipyrazino[2,3-a:6,5-a’ldicyclooctane ((R,R,R,R)-4): EtOAc (130 mL),
previously purged with nitrogen, was added to a mixture of Pd/C (10%,
522 mg) and (R,R)-12 (522 mg, 2.09 mmol). The reaction mixture was
purged with nitrogen for 10 min and hydrogen for 10 min before HOAc
(1.3 mL) was added. The reaction mixture was allowed to stir under hy-
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drogen for 3.5 h and under nitrogen overnight. The mixture was filtered
through a pad of celite, and the filtrate was reduced to approximately
50 mL in vacuo, washed with saturated aqueous NaHCO;, and concen-
trated in vacuo. The product was purified in a first step by flash chroma-
tography (5x10 cm; less polar by-products were eluted with CH,Cl, con-
taining 3% MeOH and the product was eluted with 6% MeOH). The
concentrated fractions containing (R,R,R,R)-4 were dissolved in the
smallest possible amount of CH,Cl, followed by the addition of twice the
amount of EtOAc. The solution was concentrated in vacuo until precipi-
tation occurred. The suspension was kept in a fridge overnight to com-
plete the precipitation. The product was collected by filtration with a Pas-
teur pipette clogged with cotton wool. The product was washed with
EtOAc, eluted with CH,Cl,, and concentrated in vacuo to yield
(R,R,R,R)-4 (160 mg, 0.343 mmol, 16%). M.p. 302°C (decomp); [a]p* =
+614.7 (¢=0.0083 in CHCl;); '"H NMR (400 MHz, CDCl;, 51.2 mm): 6=
7.66 (d, 2H J=8.40 Hz, H-2(13)), 7.33 (ddd, 2H J=1.60, 6.80, 8.50 Hz,
H-3(14)), 7.00 (ddd, 2H J=1.20, 7.20, 8.00 Hz, H-4(15)), 6.42 (d, 2H J=
8.40 Hz, H-5(16)), 5.34 (s, 2H; H-6(17)), 3.46 (bs, 2H; H-11(22), 3.41-
3.46 (m, 2H; H-10(21)-ex0), 3.33 (bs, 2H; H-8(19)), 3.21-3.26 (m, 2H;
H-10(21)-endo), 2.64-2.73 (m, 4H; H-7(18)), 2.20-2.24 (m, 2H; H-
23(24)), 2.05-2.08 ppm (m, 2H; H-23(24)); *C NMR (100 MHz, CDCl,):
0=160.25 (C-11'(22)), 153.69 (C-8'(19")), 148.96 (C-9'(20")), 146.25 (C-1"-
(12')), 135.56 (C-6(17)), 128.47 (C-3(14)), 127.62 (C-2(13)), 126.40 (C-5'-
(16') or (C-6'(19")), 126.35 C-5'(16') or (C-6'(19')), 126.30 (C-5(16)),
125.32 (C-4(15), 40.81 (C-10(21)), 36.59 (C-7(18)), 36.14 (C-11(22)), 34.57
(C-8(19)), 28.25 ppm (C-23(24)); IR (KBr): #=2938 (s), 1626, 1600 (m),
1492 cm™'; elemental analysis (%) caled for Cy,H,N,2.5H,0: C 77.39, H
5.95, N 11.28; found: C 77.02, H 5.98, N 11.23; HRMS (ESI): m/z: calcd
for Cy,H,gNy: 467.2236 [M +H*]; found: 467.2248.

'"HNMR spectroscopic dilution titration experiments (for racemic and
enantiomerically pure 4): A sample of known concentration (typically
49 mm) was prepared in CDCl; (400 uL) and a '"H NMR spectra was re-
corded. CDCl; (typically 100-300 uL) was sequentially added to the solu-
tion. A 'H NMR spectrum was recorded after each addition.

Crystallography: Crystals of rac-4 were obtained by dissolving rac-4 in
the minimum amount of CH,Cl,, an equal amount of heptane was added,
and the mixture was allowed to stand at room temperature. The intensity
datasets for rac-4 were collected at 150 K with a MARCCD system using
 scans and synchrotron radiation at MAXLAB II (Lund, Sweden; 1=
0.90700 A)."3 The CCD data were extracted and integrated by using an
X-ray data streamer (XDS).”¥ The structure was solved by direct meth-
ods and refined by full-matrix least-squares calculations on F by using
SHELXL 97.55 The non-hydrogen atoms were refined with anisotropic
displacement parameters. All the hydrogen atoms were constrained to
parent sites by using a riding model. The use of synchrotron radiation
with a high wavelength gave a sin @/4 value that was too low, but the
crystals scattered too weakly to rectify this. CCDC-746931 contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif

Crystal data and collection and refinement details: C;,H,,N,-0.5CH,Cl,,
M,=509.03, monoclinic, a=14.270(3), b=18.070(4), c=20.260(4) A, f=
110.04(3)°, V=4908.0(17) A3, space group P2,/n (no. 14), Z=8, u=
0.186 mm ™!, peeq=1.378 gem >, §=1.95-29.28°, 83853 reflections mea-
sured, 6372 unique (R;, =0.0409), which were used in all the calculations.
The final wR(F’)=0.1063, S=1.108 (all data), R(F)=0.0410 (I>2a(I)).
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