(D BEILSTEIN JOURNAL OF ORCANIC CHEMISTRY

Chemical templates

Edited by Sigurd Hoger




Imprint

Beilstein Journal of Organic Chemistry
www.bjoc.org

ISSN 1860-5397

Email: journals-support@beilstein-institut.de

The Beilstein Journal of Organic Chemistry is
published by the Beilstein-Institut zur Férderung
der Chemischen Wissenschaften.

Beilstein-Institut zur Férderung der
Chemischen Wissenschaften
Trakehner Stral3e 7-9

60487 Frankfurt am Main
Germany

www.beilstein-institut.de

The copyright to this document as a whole,
which is published in the Beilstein Journal of
Organic Chemistry, is held by the Beilstein-
Institut zur Férderung der Chemischen
Wissenschaften. The copyright to the individual
articles in this document is held by the respective
authors, subject to a Creative Commons
Attribution license.



(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Chemical templates

Sigurd Hoger

Editorial

Address:

Kekulé-Institut fir Organische Chemie und Biochemie, Rheinische
Friedrich-Wilhelms-Universitat Bonn, Gerhard-Domagk-Str. 1,
53121 Bonn, Germany

Email:
Sigurd Hoger - hoeger@uni-bonn.de

Keywords:
template

When a single object is created from its constituents, a step-by-
step assembly strategy is a modus operandi which allows the
control of success and sometimes even an error correction after
each sequential step. Moreover, it guarantees the uniqueness of
the fabricated object. However, the fabrication of several iden-
tical objects by assembly or by shaping its constituents is much
more effective if a mold or template can be used. All this holds
true for the macroscopic as well as for the microscopic world.

A chemical template controls a reaction in such a way that from
a multitude of possible products a specific one is preferentially
or even exclusively formed. The template can influence the
reaction in a stoichiometric or a catalytic way, it can be reused

or remain in the product as an integral part.

Template effects in chemistry are commonly associated with the
formation of (macro)cycles, or covalent bond formation in
general. However, chemical templates can also exert a variety
of other effects. They can influence the formation of non-cova-
lent bonds or they can control the positioning of objects in one,
two or three dimensions. For example, a functionalized linear
template strand leads to the generation of a complementary
functionalized product strand. A two-dimensional template,
often a planar substrate with a specific structure and compos-

ition, determines the respective pattern formation on its surface.
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And three-dimensional templates are a unique and versatile tool
for providing well-designed volume structures, often decorated
with useful functionality. Not surprisingly, the annual publica-
tion activity of scientific articles in the chemical community
containing the concept “template” has doubled within the last

decade and is expected to increase further.

Remarkable breakthroughs in synthetic, spectroscopic and
microscopic as well as theoretical methods facilitate a closer
investigation and more detailed understanding of template
effects in all areas of chemistry. It will also lead to the identifi-
cation of new template effects and new methodologies for the
adaptation of existing binding motifs into functional chemical
matrices. The articles in this Thematic Series represent a snap-
shot of the current activities in template-directed reactions. This
selection from a broad variety of different fields of chemistry
will hopefully be inspiring for the reader, thus leading to new
exciting discoveries in template chemistry and attract new audi-

ence to this field.

Sigurd Hoger

Bonn, June 2014
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The readily available ex-chiral-pool building block (—)-isosteviol was combined with the C3-symmetric platforms hexahydroxytri-

phenylene and hexaaminotriptycene providing large and rigid molecular architectures. Because of the persistent cavities these scaf-

folds are very potent supramolecular affinity materials for head space analysis by quartz crystal microbalances. The scaffolds serve

in particular as templates for tracing air-borne arenes at low concentration. The affinities of the synthesized materials towards

different air-borne arenes were determined by 200 MHz quartz crystal microbalances.

Introduction

Divalent building blocks with a well-defined geometry play a
significant role in the construction of highly potent supra-
molecular structures [1-5]. The rigid nature of such architec-
tures limits the degrees of freedom and guarantees a good preor-
ganization [1,2,6-10]. Particular interest was given to
Cs-symmetric structures, serving e.g. as templates in asym-

metric catalysis or molecular recognition [11-14].

A specific but potent subclass of such C3-symmetric architec-
tures is represented by triphenylene ketals [15]. They have
found significant application as receptors and chemical sensors

in the detection of aromatic compounds [16-20]. Thus, the first

artificial receptor for caffeine had been established [21,22]. The
introduction of chiral information onto a supramolecular entity
gave rise for enantiofacial differentiation of a single substrate
[23,24]. Due to the concave arrangement of both functional
groups, exhibiting a distance of the two carbonyl carbon atoms
of about 7 A, naturally occurring diterpene (—)-isosteviol 1 [25]
came into focus as building block for the construction of such
receptor geometries (Figure 1) [26].

(—)-Isosteviol 1 can be easily obtained on large scale by acidic

treatment of stevioside [27,28]. This stevioside is a commer-

cially available natural sweetener which is isolated from stevia
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Figure 1: Unique structural features of (-)-isosteviol.

rebaudiana by alcoholic extraction [29,30]. In addition to their
cytotoxic activities [31-34], compounds based on (—)-isosteviol
have found application in various fields of synthetic chemistry
[35], including the construction of tweezer-like supramolecular
transporters for amino acids [36], chiral organocatalysts in aldol
reactions [37], or the complex formation with aromatic com-
pounds [38,39], Within in a nine-step synthesis triphenylene
ketals based on (—)-isosteviol were prepared [40]. Receptor
structures 2 equipped with amino or sulfonylamido functionali-
ties were obtained (Figure 2).

R R
/ |
-NH HN

all-syn-2a: R=H
all-syn-2b: R = SO,Me

Figure 2: Triphenylene ketal based on (-)-isosteviol.

In addition to triphenylene ketals, triptycene-based structures
also exhibit the geometrical requirements for the formation of
C3-symmetric architectures with extended cavities. Due to their
structural features, triptycenes have found widespread applica-
tion in organic synthesis: Ranging from polymer sciences [41],
materials for gas storage [42-50], (organo)catalysis [51,52],
molecular machinery [53,54] and supramolecular host—guest
chemistry [55,56]. With an angle of 120° between its aromatic
moieties, it exhibits a rigid geometry with a defined alignment
of functional groups (Figure 3, left). Next to classical conver-
gent—concave structures, architectures with a divergent—concave
arrangement of functionalities can be obtained upon installation

of building blocks with a linear geometry (Figure 3, right).

Beilstein J. Org. Chem. 2013, 9, 2821-2833.
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Figure 3: Structural features of triptycene derivatives.

Here, the functionalization of (—)-isosteviol-based triphenylene
ketal all-syn-2a as well as the combination of (—)-isosteviol
with the triptycene platform is reported. The application of
these novel architectures as supramolecular affinity materials
was studied.

The investigations of these possible affinity materials were
carried out with 200 MHz high fundamental frequency quartz
crystal microbalances (HFF-QCMs) via gravimetric sensing of
the adsorbed analytes. The advantage of HFF-QCMs is the low
detection limit and the fast, highly reproducible and easy to
apply electro spray protocol for the coating of such devices [57-
59]. Almost all organic materials which show at least a certain
solubility in tetrahydrofuran or other volatile organic solvents
allow application of this versatile coating protocol. For such
studies only small amounts of affinity material in the sub
mg-range are required.

The frequency shifts of the coated QCMs were determined for
different analyte concentrations. Subsequently, the constants of
the Langmuir isotherm are obtained by fitting the frequency
shifts over concentration. The affinity of an affinity material to
an analyte is calculated by multiplication of these constants.
Details about the experimental setup and the determination of

the affinities are given in Supporting Information File 1.

Results and Discussion

Triphenylene ketals

The high hydrogen bonding donor capability of sulfonamides
made this class of functional groups highly attractive for supra-
molecular affinity materials [60]. The installation of larger

substituents at the sulfonyl moiety should provide suitable prop-
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erties for the processing on the quartz crystal microbalances.
Based on the reported triamine all-syn-2a [40], 2a was brought
to reaction with para-toluenesulfonyl chloride in order to equip
the receptor scaffold with sulfonamide binding sites
(Scheme 1).

p-TsCl
pyridine

25°C,7d
32%

all-syn-2a

all-syn-3

Scheme 1: Functionalization of triphenylene ketal 2a.

The reaction proceeds with a moderate yield of 32% under very
mild reaction conditions. The high steric demand in vicinity of
the amino functions requires these prolonged reaction times.
Unfortunately, more drastic reaction conditions lead to degrad-

ation of the substrate.

Triptycenes

Recently, the synthesis of hexaammoniumtriptycene hexachlo-
ride 4 (Figure 4) was reported by Mastalerz et al. [61]. Further,
(—)-isosteviol and its esters can be converted into the corres-
ponding 1,2-diketones Sa—c via Riley oxidation [62-66]. The
linkage of the two building blocks by condensation reaction of
the keto with the amino functionalities presents a promising
route for the construction of novel (—)-isosteviol-based
C3-symmetric scaffolds.

NH, AcOH

NH»

Scheme 2: Quinoxalines based on diketone 5b.

reflux, 4 h

Beilstein J. Org. Chem. 2013, 9, 2821-2833.

NH5Cl

NH;Cl

Figure 4: Hexaammoniumtriptycene hexachloride 4 and 15-oxo-
derivatives 5a—c of (—)-isosteviol.

For the elaboration of optimal condensation conditions to form
quinoxalines and to obtain model compounds representing
subunits for the triptycene architectures o-phenylenediamines
were employed (Scheme 2). It turned out that Sb forms the
corresponding quinoxaline derivatives 6 and 7 in acceptable
yields of 41% and 60%, respectively, when refluxing in glacial
acetic acid.

The established reaction conditions failed on the C3-symmetric
platform due to the poor solubility of the starting materials.
Switching to a protocol with sodium acetate as additional base
and operation in a sealed tube provided a satisfactory yield of 8
(Scheme 3) [61]. By molecular modelling the structural features
can be visualized (Figure 5). A relatively closed C3-symmetric
cleft is formed by all-syn-8 (Figure 5a), whereas the less
symmetric anti,anti,syn-8 (Figure 5b) provides an open side to
access the concave regime.

As anticipated, two stereoisomers are formed in this conden-
sation reaction of 5b with 4. After separation via column chro-
matography, these products were identified as the all-syn- and
anti,anti,syn-isomers of the desired product 8, which were
obtained in a total yield of 59%. Due to very similar polarity of
both isomers, the separation turned out to be tedious. Thus, pure
anti,anti,syn-8 and all-syn-8 were isolated in yields of only 25%
and 3%, respectively, with the remaining 31% as mixture of
isomers. In order to facilitate the separation of isomers the ester
moiety of (—)-isosteviol was converted into nitrobenzylic esters.

COMe

6 R=H,41%
7 R = Me, 60%
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4
NaOAc, THF

sealed tube
100 °C, 16 h
59%

Scheme 3: Condensation of 5b with hexaammoniumtriptycene hexachloride.

a)

Beilstein J. Org. Chem. 2013, 9, 2821-2833.

all-syn-8
anti,anti,syn-8

Figure 5: Molecular modelling structures (Spartan ‘08 V1.0.0) of (a) all-syn-8 and (b) anti,anti,syn-8.

The highly polar nitro groups at the periphery of the resulting
triptycene isomers should provide the desired difference in
polarity. Another feature of the employment of benzyl deriva-
tives is the facile cleavage under reductive conditions repre-
senting a versatile precursor for further modifications. Starting
from (—)-isosteviol 1, there are two ways of obtaining the diketo
building blocks 10 and 11, bearing a dinitrobenzylic (DNB) and
a p-nitrobenzylic (PNB) ester moiety, respectively (Scheme 4).

Following path A, (—)-isosteviol can be oxidized under Riley
conditions (Table 1, reaction conditions a: selenium dioxide/
xylene) [62,63] to give the corresponding diketone 9 [66].
Subsequent esterification with 3,5-dinitrobenzylic chloride
under basic conditions (Table 1, reaction conditions b for
R = DNB) [67] proceeds with a yield of 57% and leads to the
formation of 10 with an overall yield of 46%. Alternatively,

protection of the carboxylic acid function of (—)-isosteviol can
be carried out first (path B), yielding dinitrobenzyl ester 12.
Subsequent Riley-oxidation renders the desired product 10 in an
overall yield of 48%. Since path A and path B both proceed
with almost identical yields, either pathway is suitable for the
preparation of such protected 1,2-diketones. Apart from
applying 3,5-dinitrobenzyl chloride in the reaction sequence,
the conversion of the carboxylic acids 1 and 9 with
4-nitrobenzyl (PNB) chloride was carried out (Scheme 4).
Again, both paths A and B lead to the formation of the desired
PNB protected diketone 11. Esterification was achieved by
reaction with 4-nitrobenzyl chloride and cesium carbonate in
DMF (Table 1, reaction conditions b for R = PNB) [68]. Both
sequences A and B proceed with similar overall yields as well,
rendering 11 in 54% and 57%, respectively. Upon employing
4-nitrobenzyl chloride, both reaction paths result in slightly
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o)
}LOR
o)
¥
0=,
10 (R = DNB)
11 (R = PNB)
o)
Aor
a

12 (R = DNB)

13 (R = PNB)

Scheme 4: Synthesis of nitrobenzylic ester derivatives 10 and 11, starting from (-)-isosteviol 1.

Table 1: Oxidation and esterification sequence of 1.

R= Reaction conditions

a: SeOy, xylenes, 145 °C, 2d
NO,

"L‘L DNB

PNB a: SeOy, xylenes, 145 °C, 2d
}{\©\N02
higher yields than the analogous reactions with 3,5-dini-
trobenzyl chloride. Diketones 10 and 11 were then brought to
condensation with hexaammoniumtriptycene hexachloride 4,
following the protocol mentioned above (Scheme 5). Reaction
of the 3,5-dinitrobenzyl ester 10 with 4 renders the corres-
ponding triptycene structure 14 as a mixture of isomers in a
good total yield of 86%. However, the impact of the nitro
groups at the periphery of the molecule on the polarity of the
isomers was far less than anticipated. After twofold column
chromatography, the anti,anti,syn-isomer was isolated in a yield

of 48% while the all-syn-isomer was obtained in 17% yield,
again leaving the rest as a mixture of isomers.

Reaction of 4-nitrobenzyl ester 11 with 4 leads to the formation

of the corresponding triptycenes anti,anti,syn-15 and all-syn-15

b: 3,5-dinitrobenzyl chloride, NEt3, DMF, 25 °C, 16 h

b: 4-nitrobenzyl chloride, Cso,COg3, DMF, 25 °C, 5 h

Yield Overall yielda + b
9: 80% Path A: 46%

10: 78%

12: 61% Path B: 48%

10: 57%

9: 80% Path A: 54%

11: 74%

13: 77% Path B: 57%

11: 68%

in an excellent total yield of 95%. Separation of the isomers
results in the isolation of 34% of the anti,anti,syn-isomer and
12% of the all-syn-isomer, leaving the remaining 49% as a mix-

ture of isomers.

The benzyl ester moiety of all-syn-15 was subsequently cleaved
by hydrogenolysis using standard conditions (Scheme 6) [69].
The tricarboxylic acid all-syn-16 was isolated in almost quanti-
tative yield. In this protocol the heterogeneous catalyst did not
affect the quinoxaline moieties by over-reduction.

With this versatile precursor all-syn-16 in hands and the need
for organic materials with pronounced cavities as potent affinity
materials we envisioned the synthesis of a capsule-type archi-

tecture. Therefore, all-syn-16 was O-alkylated by treatment with
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sealed tube
100 °C, 16 h

10 (R=DNB -

NO; )

NO,

11 (R=PNB h\@\ )
NO

2

Beilstein J. Org. Chem. 2013, 9, 2821-2833.

anti,anti,syn

14 (R = DNB, 86%)

15 (R = PNB, 95%)

Scheme 5: Condensation of the nitrobenzyl esters 10 and 11 with hexaammoniumtriptycene hexachloride 4.

all-syn-15

Pd/C, H,
THF
25°C,3d
94%

Scheme 6: Hydrogenolysis to tricarboxylic acid all-syn-16.

5-bromo-1-pentene using standard conditions [70] to yield the
corresponding triptycene derivative all-syn-17 (Scheme 7).
Alkylation proceeded with a moderate yield of 31%. Equipped
with three terminal alkenes all-syn-17 seems to be a suitable
precursor for subsequent olefin metathesis to form a capsule-
like structure.

The structure of all-syn-17 was confirmed via X-ray analysis of
a suitable single crystal. The molecular structure clearly reveals
the spatial arrangement of the terminal alkene moieties. The
side view of all-syn-17 (Figure 6b) unequivocally shows the
cavity which is formed, its size ranging approximately to the

quinoxaline-nitrogen atoms of the triptycene core which exhibit

all-syn-16

5-bromo-1-pentene
K,CO5 TBAI, DMF
3h,25°C, 31%

all-syn-17

Scheme 7: Alkylation of all-syn-16 renders terminal alkene all-syn-17.

a mutual distance of 8.1 A, 8.8 A and 8.9 A, whereas the
carboxylic carbon atoms exhibit a distance of about 12 A. The
cavity of all-syn-17 is “roofed” by the alkyl chains of the (—)-
isosteviol units (Figure 6a), whose terminal carbon atoms show
a mutual distance in the range of 4.2-5.2 A.

Since the introduction of nitrobenzyl esters as protecting groups
for the (—)-isosteviol carboxylic acid moiety obviously does not
have an enhanced effect on the polarity of the two isomers and,
as a consequence, the chromatographic separation procedure
does not correlate with the nature of the ester substituent, the
detour via protecting groups in the synthesis of alkylated
triptycene 17 was subsequently avoided. Therefore, alkylated
diketone 18 was synthesized, starting from (—)-isosteviol
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~COzH H

SeO,, xylene
145°C,2d

80%

Scheme 8: Alkylation of (-)-isosteviol diketone 9 with 5-bromo-1-pentene.

(Scheme 8). Since alkenes are known to participate in Riley
oxidations as well, rendering allylic alcohols, there is only one
route to 18. After Riley oxidation of 1, alkylation was carried
out under the same reaction conditions as before, providing the
desired product in a yield of 85% [70].

18 was then brought to reaction with hexaammoniumtriptycene
hexachloride 4 (Scheme 9). The corresponding all-syn- and
anti,anti,syn-isomers of 17 were obtained in an overall yield of
67%.

After twofold column chromatography, complete separation of
the isomers was achieved. The anti,anti,syn-derivative was
isolated in a yield of 44% whereas the all-syn-derivative was
obtained in 23% yield. The molecular structure of all-syn-17
depicted in Figure 6 provides the rationale for the ameliorated
separation of the isomers. The protection of one side with
alkenyl esters blocks the access of the quinoxaline moieties
from one side. The all-syn derivatives will show a better inter-
action with the stationary phase. The combination of entire
isomer separation and shortcut in the reaction sequence (three
steps instead of five, starting from (—)-isosteviol) makes this a
highly attractive route for the construction of the desired

COH

5-bromo-1-pentene
K,COj3, TBAI, DMF

Beilstein J. Org. Chem. 2013, 9, 2821-2833.

4h,25°C
85%

18

4

NaOAC, THF
sealed tube
100 °C, 16 h
67%

all-syn-17
anti,anti,syn-17

Scheme 9: Direct synthesis of alkylated triptycene 17 by conden-
sation of 18 with hexaammoniumtriptycene hexachloride 4.

triptycene derivatives. All-syn-17 was then brought to reaction
in an olefin metathesis (Scheme 10), employing the 2°d genera-

tion Grubbs catalyst in refluxing dichloromethane.
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all-syn-17

Scheme 10: Olefin metathesis of all-syn-17.

Even after prolonged reaction times, complete conversion of
the starting material could not be achieved. However, the
formation of a sole product was observed. Upon chromato-
graphic separation, the product was obtained, exhibiting a mole-
cular weight corresponding to the cage-like structure 19. Com-
parison of according sections from the carbon NMR spectra of
starting material and product shows that the signal which corre-
sponds to the terminal carbon atom in the starting material
(Figure 7, grey) is not existent in the product spectrum. Further-
more, a new set of signals (Figure 7, green) can be seen in the
product spectrum which show typical shifts of 1,2-disubstituted

alkenes.

Since the obtained analytical data strongly indicate the exis-
tence of cage compound 19, molecular modelling calculations
(Figure 8, MacroModel 9.3.5) indicate a “collapsed” structure
in which the triptycene units are twisted by 60° and approaching
each other, prohibiting the formation of significant voids for

intercalation of analytes.

Beilstein J. Org. Chem. 2013, 9, 2821-2833.

Grubbs Il
CH,Cl,

reflux, 34 d N\
approx. 33%

Results of the gravimetric measurements

with HFF-QCMs

Triphenylene ketal 3 and the triptycene derivatives 8, 14, 15,
17, 19 and the model compound 7 were subjected to QCM
measurements in order to evaluate their properties to serve as
affinity materials in the tracing of volatile aromatic compounds.
For this purpose, a collection of chemically related aromatic
analytes were screened. The analytes range from benzene to
pseudocumene, exhibiting similar electronic properties but
differing in their size. This allows a probing of cavity size of the
individual affinity materials.

Triptycene based material anti,anti,syn-8 shows the highest
affinity towards aromatic analytes, which can be rationalized
with a more facile access of the analyte to the void created by
the anti,anti,syn-isomer (Figure 9).

This remarkable effect can already be observed when plotting

the primary data (Figure 10).
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il all-syn-17 / J

p~—1
f-——
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139 138 137 136 135 134 133
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m

T T T

118 117 116 115 114

Figure 7: Extracts of the '3C NMR spectra of starting material and product.

Figure 8: Molecular modelling structure (MacroModel 9.3.5) of collapsed 19, (a) top view; (b) side view.
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I a/l-syn-3
[ anti,anti,syn-8
24 anti,anti,syn-17
XA all-syn-8
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Figure 9: Screening of aromatic analytes with affinity materials 3, 7, 8, 17 and 19.
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Figure 10: Primary data of anti,anti,syn-8 and a [3 + 2] cage compound (increasing pseudocumene concentrations and recovery times between each
step, for details see Supporting Information File 1).

2830



For comparison, we included the primary data of an organic
cage compound (for structure see Supporting Information
File 1) which was published recently [71]. At small concentra-
tions which are relevant for tracing, anti,anti,syn-8 is creating
unusual large signals which indicates a high affinity of
the material for this analyte. For high concentrations, other
materials like the [3 + 2] cage compound get ahead in means of
signal depth, indicating more places for adsorption on/in
the film. This behavior of anti,anti,syn-8 is exclusively
observed for the aromatic analytes. Our triptycene-based cage
compound 19 exhibits only moderate affinities, which
is in accordance with the calculated collapsed structure
(Figure 8).

For protic analytes, anti,anti,syn-8 is comparable or even infe-
rior to other triptycene based materials (Figure 11). Therefore,
anti,anti,syn-8 is a very promising substance for the application
as affinity material in a sensor array for the tracing of air-borne
aromatic compounds at high dilution. Besides anti,anti,syn-8,
the triphenylene based architecture all-syn-3 also exhibits excel-
lent affinities towards the aromatic analytes as well as very infe-

rior affinities to protic analytes (Figure 11).

The affinities of triptycene derivatives with different protecting
groups on the carboxylic acid function to protic analytes were
then compared (Figure 11). While the adsorption of aromatic
analytes is dominated by the cavity size, the nature of the
protection group dominates the adsorption of the protic analytes

Beilstein J. Org. Chem. 2013, 9, 2821-2833.

via hydrogen bonding [72]. A clear dependency on the number
of nitro groups in the molecule, ascending from 8 with no nitro
group to 14 with six nitro groups per molecule, is observed,
indicating a strong influence of hydrogen bonding interactions
between analyte and affinity material.

Conclusion

Architectures based on triptycenes and (—)-isosteviol create
molecular voids which can accommodate guest molecules.
These molecular templates are the basis for powerful affinity
materials of quartz crystal microbalances (QCM). In particular,
the combination of 15-oxoisosteviol methyl ester with hexa-
aminotriptycene provides upon condensation reaction the statis-
tically prone anti,anti,syn-derivative which shows unique prop-
erties as affinity material in QCM studies with aromatic
analytes. Although this affinity material exhibits moderate
performance at high analyte concentrations unusual strong
signals are found at low concentrations of the analytes. This
powerful and unique performance in the low ppm range is an
essential prerequisite for latter tracing applications, e.g. gravi-
metric sensing. This superior property is attributed to well
accessible molecular voids. As soon as such structures are
allowed to collapse the outstanding affinity is not observed
anymore.

Experimental
For preparation and characterization of the compounds, see

Supporting Information File 1.
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Two new 9,9’-spirobifluorene-based bis(4-pyridines) were synthesised in enantiopure and one also in racemic form. These ligands

act as concave templates and form metallosupramolecular [(dppp)>M,L,] thombi with cis-protected [(dppp)Pd]2+ and [(dppp)Pt]2+

ions. The self-assembly process of the racemic ligand preferably occurs in a narcissistic self-recognising manner. Hence, a mixture
of all three possible stereoisomers [(dppp)2Ma {(R)-L}2](OTH)4, [(dppp)aM2{($)-L}2](OTh)4, and [(dppp)2Ma {(R)-L} {(S)-
L}](OTf)4 was obtained in an approximate 1.5:1.5:1 ratio which corresponds to an amplification of the homochiral assemblies by a

factor of approximately three as evidenced by NMR spectroscopy and mass spectrometry. The racemic homochiral assemblies

could also be characterised by single crystal X-ray diffraction.

Introduction

Concave templates are versatile tools to achieve self-sorting
behaviour in the self-assembly of defined aggregates from
multicomponent mixtures in a social self-discrimination or a
narcissistic self-recognition manner [1-3]. Usually, geometrical
size and shape complementarity are employed to ensure such

self-sorting. However, these factors do not account in self-

sorting processes where enantiomers are involved whose shape
and size does not vary but only their relative spatial orientation.
Hence, chiral self-sorting is a truly challenging task and high-
fidelity chiral self-sorting processes have been observed in a
rather limited number of examples for the formation of stereo-

chemically defined metallosupramolecular aggregates from
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racemic ligands in a self-recognising [4-18] or a self-discrimi-

nating manner [19-27].

As part of our ongoing programme to develop general guide-
lines for the diastereoselective self-assembly of metallo-
supramolecular aggregates, we have recently started a system-
atic study on the influence of rigid concave building blocks on
the outcome of the self-assembly of bis(pyridine) ligands into
dinuclear metallosupramolecular rhombi upon coordination to
cis-protected [(dppp)Pd(OT1),] or [(dppp)Pt(OT1),] (dppp =
1,3-bis(diphenylphosphino)propane) complexes [27,28]. So far
we have studied templates based on the Troger’s base [27] and
the 2,2’-dihydroxybinaphthyl (BINOL) [28] scaffold and identi-
fied the bend angle of these V-shaped compounds to be a crit-
ical factor for the degree of self-sorting that can be achieved
[9,15-18,25-28].

The 9,9’-spirobifluorene scaffold is another very interesting
concave structure that offers the possibility to orient functional
groups in a defined manner [29]. Hence, we were wondering
how V-shaped bis(pyridine) ligands based on this chiral
skeleton would behave upon coordination to [(dppp)Pd(OTf),]
or [(dppp)Pt(OTH);] in order to learn more about the underlying
principles of chiral self-sorting in metallosupramolecular chem-
istry.

Results and Discussion
Synthesis

The synthesis of the spirobifluorene-based templates is shown
in Scheme 1. It started from 2-aminobiphenyl following the
established procedures of J. M. Tour [30], M. Gomberg [31],
and V. Prelog [32,33] leading to (rac)-2,2’-dihydroxy-9,9’-
spirobifluorene ((rac)-1) in six consecutive steps. This sequence
involved a Sandmeyer-like iodination, followed by a Grignard
reaction with fluorenone to furnish the corresponding tertiary
alcohol. This alcohol was subjected to an acid-mediated con-
densation to give the 9,9’-spirobifluorene. Friedel-Crafts acyla-
tion with acetyl chloride gave rise to the racemic 2,2’-diketone
which was transformed to the racemic diester in a
Baeyer—Villiger oxidation. Saponification of the ester functions
then afforded (rac)-1. One part of the racemic material was
transformed into the corresponding racemic ditriflate (rac)-2
which was reacted with a 4-pyridylboronic acid ester in a
Suzuki cross-coupling to afford the desired racemic bis(pyri-
dine) ligand (rac)-3. (Please note that (rac)-3 has been prepared
before, however, on a different way [34].)

The other part of the racemic diol (rac)-1 was resolved via
clathrate formation with (R,R)-2,3-dimethoxy-N,N,N',N'-tetra-
cyclohexylsuccindiamide to obtain enantiomerically pure (R)-1

and (S)-1 [35,36] which were subsequently converted into the
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optically pure ditriflates (R)-2 and (S)-2. (R)-2 was then
subjected to a two-fold Suzuki reaction to obtain the enan-
tiomerically pure bis(pyridine) ligand (R)-3. (Please note, that
the conditions used to elaborate the enantiomerically pure 9,9°-
spirobifluorene derivatives were demonstrated not to affect the
optical purity of these compounds in our previous work (see

[35D).)

(S)-1, however, was reacted in a nickel-catalysed Kumada
cross-coupling reaction to furnish 2,2’-dimethylated spirobi-
fluorene (S)-4 which was then brominated twice to afford tetra-
functionalised spirobifluorene (S)-5. Finally, (S)-5 could be
transformed into the second bis(pyridine) ligand (S)-6 in a two-
fold Suzuki reaction.

Metal coordination

After the successful synthesis we mixed solutions of ligands 3
and 6 and [(dppp)Pd(OTY),] or [(dppp)Pt(OTf);] and charac-
terised the resulting complexes by 'H, 3'P, 'H 2D-DOSY
NMR, ESI-MS, and single crystal X-ray diffraction to investi-
gate if the desired rhomboid complexes are formed and whether
we can observe any degree of self-sorting in the self-assembly
processes of the racemic samples.

The ESI-MS spectra recorded from the complex solutions
showed the successful formation of the expected dinuclear
[(dppp)aM>(L),] aggregates with different numbers of counter
ions both from the enantiomerically pure (R)-3 and the racemic
ligand (rac)-3 and the enantiomerically pure template (S)-6, and
hence, proved the selectivity of the self-assembly processes in
terms of aggregate stoichiometry (Figure 1 and Supporting
Information File 1). (Please note, that we investigated our
complexes in a number of different solvents (acetone, acetoni-
trile, mixtures of dichloromethane and acetonitrile) and in all
cases we observed the expected dinuclear [(dppp),Ma(L)2]-
complexes as the dominating species.)

Next we measured 'H NMR spectra of the aggregates and the
free ligands. All complexes of the enantiomerically pure ligands
gave rise to NMR spectra with sharp but significantly shifted
signals compared to the ones of the free ligands, which supports
the formation of discrete metallosupramolecular species
(Figure 2b,c). This could be further confirmed by 2D 'H DOSY
NMR spectra (see Supporting Information File 1) of the aggre-
gates as well as of the free ligands. In all cases the relative size
of the aggregates was a little more than twice as large as that of
the respective concave template. (Please note, that we could
only determine relative sizes or ratios of sizes from the DOSY
experiments because the spectra were recorded in a 3:1 mixture
of dichloromethane and acetonitrile of unknown viscosity

which does not allowed us to calculate hydrodynamic radii.)
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Figure 1: ESI mass spectrum (positive mode) of an 1:1 mixture of (R)-3 and [(dppp)Pd(OTf)] in acetone.
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Figure 2: "H NMR spectra (500.1 MHz, in CD2Clo/CD3CN 3:1 at 298 K) of a) a 1:1 mixture of [Pd(dppp)]OTf, and (rac)-3, b) a 1:1 mixture of
[Pd(dppp)]IOTf, and (R)-3, and c) (R)-3.

Therefore, these NMR-spectroscopic results nicely comple- Comparison of the 'H NMR spectra of the homochiral
ment the results from mass spectrometry with regard to the complexes of (R)-3 with the spectra of the complexes obtained

assemblies’ composition. from the racemic ligand (rac)-3 then allowed us to obtain infor-
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mation about the stereoselectivity of the self-assembly
processes (Figure 2a,b). In principle, three stereoisomers of
the dinuclear metallosupramolecular rhombi can form from
racemic ligands upon coordination to [(dppp)Pd(OTf),] or
[(dppp)Pt(OTf);] — a racemic mixture of two enantiomeric
homochiral assemblies and an achiral heterochiral complex.
These are expected to form in a 1:1:2 ratio if the assembly
would occur in a completely non-selective purely statistical
manner. Any deviation from this ratio would either mean an
amplification of the racemic homochiral assemblies in the sense
of self-recognition or an amplification of the heterochiral
assembly in the sense of self-discrimination.

Analysis of the 'H NMR spectra provides versatile information:
first, the self-assembly is not completely diastereoselective,
since a number of additional signals are visible in the spectrum
of the aggregates obtained from (rac)-3. Second, the self-
assembly does not happen in a completely statistical fashion but
rather proceeds with a preference for forming homochiral

Beilstein J. Org. Chem. 2014, 10, 432—-441.

complexes for both palladium (Figure 2a,b) and platinum ions
since the intensity of the signals of the homochiral assemblies is
larger than expected from statistics. However, both diastereo-
mers were found to give very similar NMR spectra resulting in
strong signal overlap. Hence, we wanted to obtain further proof
by recording 3!P NMR spectra in which signal overlap should
be considerably less problematic due to the much broader spec-
tral width.

As shown in Figure 3 the 3!P NMR spectra indeed confirm the
conclusions drawn from the "H NMR spectra. Two individual
peaks for the two diastereomers can be detected when (rac)-3 is
employed for complexation and the intensities of the signals of
the racemic homochiral diastereomer are approximately three
times as large as those of the signals of the heterochiral one in
both cases — the palladium and the platinum complexes and
independent of the solvents we used. This corresponds to an
amplification of the homochiral stereoisomers via self-recogni-
tion by a factor of approximately three.

a)
{[(dppp)oPdx{(R)-3}](OTH).}*"
{[(dppp)oPd{(R)-3}](OTH) "
+ enantiomer \
relative peak intensity approx 3:1 {[(dppp),Pd-{(R)-3} {(S)-3HOTN:F
I 8.I8 876 8.I4 cSl[ppn;] 872
c) relative peak intensity
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Figure 3: 3P NMR spectra of a) a 1:1 mixture of [Pd(dppp)]OTf, and (R)-3, b) a 1:1 mixture of [Pd(dppp)]OTf, and (rac)-3 (both recorded at
162.0 MHz in CD,Cl/CD3CN 3:1 at 293 K), and c) of a 1:1 mixture of [Pt(dppp)]OTf, and (rac)-3 (202.5 MHz, in CD,Cl, at 298 K).
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Although these NMR spectra already provide a very good proof
for the stereoselectivity of the self-assembly process we wanted
to get additional independent evidence by another analytical
method. Standard mass spectrometry, however, cannot distin-
guish between different stereoisomers. In order to employ this
technique for this purpose, we therefore used a 1:1 mixture of
ligands (R)-3 and (5)-6 as a pseudo-racemate in which the two
methyl groups of 6 in the outer periphery of the ligand structure
serve as a kind of mass label. These labels then allowed us to
identify the three possible different complexes due to their
different number of methyl groups, and hence, different m/z
values. Equimolar amounts of the enantiomerically pure ligands
(R)-3 and (S5)-6 and two equivalents of the respective metal
corner were mixed. The ESI mass spectrum of the diluted solu-
tion (Figure 4) nicely corroborates the results obtained by the
NMR experiments as it shows the presence of ions derived
from all three complexes [(dppp)aM2{(R)-3},](0OTf)4,
[(dppp)2M2 {(R)-3} {(5)-6}1(OTf)4, and [(dppp)aM{(S)-
6},](OTf)y. Furthermore the peak ratios of the signals of these
ions differ from the statistically expected 1:2:1 ratio. Although
these peak ratios suggest a slightly lower amplification of the
homochiral assemblies by a factor of only two to three, this still
reinforces our analysis — especially, if one takes into account
that mass labelling in the periphery might cause differences in
the ESI response factors that can cause slight deviations in the
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relative quantification of different components compared to the
ratios obtained by other techniques, e.g. NMR spectroscopy, as
we have recently reported [28].

Finally, we were able to grow single crystals of the dinuclear
palladium complexes derived from the racemic ligands from a
3:1 mixture of dichloromethane and acetonitrile using ethyl
acetate as anti-solvent and characterise them by X-ray diffrac-
tion. Interestingly, we only obtained single crystals of the
racemic mixture of homochiral complexes although the solu-
tion obviously contains both diastereomers. Figure 5 shows
both of the homochiral complexes {[(dppp)>Pd;{(R)-3},](OTf)4
and {[(dppp)2Pd>{(S)-3},](OTf)4 as they were found in the
crystal structure. Again, this indicates the preferred formation of
the homochiral complexes in the sense of a self-recognition
because in most of the cases where both the achiral heterochiral
and the chiral homochiral assemblies are present in solution the
heterochiral aggregates tend to crystallise more readily. (The
reason for the usually preferred crystallization of the achiral
assembly (compared to the corresponding diastereomeric
homochiral assembly) is not yet completely clear. It might be
due to the fact that nature often tries to achieve the highest
possible symmetry in crystalline matter. There is also some evi-
dence that in most cases the achiral assemblies can pack more
efficiently in the solid state than the chiral ones.) Hence, selec-
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Figure 4: ES| mass spectrum (positive mode) of an 1:1:2 mixture of (R)-3, (S)-6, and [(dppp)Pt(OTf),] in acetonitrile.
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Figure 5: Single crystal X-ray structure analysis of [(dppp)2Pd2{(R)-3}2][(dppp)2Pd2{(S)-3}2](OTf)s obtained from a 1:1 mixture of (rac)-3 and
[(dppp)Pd(OTf),]. (Counterions and solvent molecules within the crystal packing, and hydrogen atoms are omitted, colour code: petrol — palladium,

grey — carbon, blue — nitrogen, orange — phosphorous).

tive crystallisation of the homochiral aggregate can be inter-
preted as another hint for its thermodynamic more favourable
formation. It is important to note, however, that dissolving the
crystals again very quickly led to a mixture of homo- and
heterochiral assemblies in the same ratio as observed before.

Conclusion

In summary, we were able to synthesise dissymmetric bis(4-
pyridyl) ligands (R)- and (rac)-3 based on the 9,9'-spirobi-
fluorene scaffold in racemic and optically pure form and a
closely related mass-labelled dimethylated derivative (S)-6.
These ligands self-assemble into dinuclear metallosupramolec-
ular [(dppp)2M»(L),](OTf)4 rhombi upon coordination to
[(dppp)Pt(OT1),] or [(dppp)Pd(OTT),], respectively. Interest-
ingly, these self-assembly processes proceed with significant
diastereoselective self-sorting via preferred narcissistic self-
recognition amplifying the formation of the homochiral assem-
blies by a factor of approximately three. Together with the
results obtained for further bis(pyridine) ligands derived from
other rigid scaffolds such as Troger's bases or 2,2'-dihydroxy-
1,1'-binaphthyls this suggests that the bend angle of the
V-shaped ligands seems to be a crucial general factor that has to
be adjusted carefully to obtain (high-fidelity) self-sorting.
Angles of more than 105° cause an unfavourable preorganisa-
tion of the ligands’ structure thus leading to non-selective self-
assembly processes whereas smaller angles of about 90-105°

lead to chiral self-sorting. The current study of the ligands 3 and

6 provides further evidence that angles at the lower end of this

range do lead to a preferred self-recognition.

Experimental

Reactions under inert gas atmosphere were performed under
argon using standard Schlenk techniques and oven-dried glass-
ware prior to use. Thin-layer chromatography was performed on
aluminum TLC plates silica gel 60F,54 from Merck. Detection
was carried out under UV light (254 and 366 nm). Products
were purified by column chromatography on silica gel 60
(70-230 mesh) from Merck. The 'H and 13C NMR spectra were
recorded on a Bruker Avance 500 spectrometer at 298 K, at
500.1 and 125.8 MHz, or a Bruker AM 400 at 293 K, at
400.1 MHz and 100.6 MHz, respectively. 3!P NMR spectra
were recorded at 293 K at 162.0 MHz or at 298 K at
202.0 MHz. The 'H NMR chemical shifts are reported on the &
scale (ppm) relative to residual non-deuterated solvent as the
internal standard. The '3C NMR chemical shifts are reported on
the & scale (ppm) relative to deuterated solvent as the internal
standard. 3'P NMR chemical shifts are reported on the & scale
(ppm) relative to 85% H3POy as the external standard. Signals
were assigned on the basis of 'H, 13C, HMQC, and HMBC
NMR experiments (for the numbering of the individual nuclei
see Supporting Information). Mass spectra were recorded at a
microOTOF-Q or an Apex IV FT-ICR from Bruker. Most
solvents were dried, distilled, and stored under argon according

to standard procedures. 4-Pyridylboronic acid pinacol ester and
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2-aminobiphenyl were used as received from commercial
sources. 2-lodobiphenyl [30], 9,9'-spirobifluorene [31], (rac)-
2,2'-diacetyl-9,9'-spirobifluorene [32], (rac)-2,2'-diacetoxy-9,9'-
spirobifluorene [33], (rac)-, (S)-, and (R)-2,2'-dihydroxy-9,9'-
spirobifluorene {(rac)-, (S)-, and (R)-1} [33,36], (rac)-, (S)-,
and (R)-2,2'-bis(trifluoromethylsulfonyloxy)-9,9'-spirobi-
fluorene {(rac)-, (S)-, and (R)-2} [36], (S)-2,2'-dimethyl-9,9'-
spirobifluorene {(S)-4} [36], (5)-2,2'-dibromo-7,7'-dimethyl-
9,9'-spirobifluorene {(S)-5} [36], and (dppp)M(OTf), M =
Pd, Ptll) [37,38] were prepared according to literature known
procedures.

(R)-2,2’-Bis(4-pyridyl)-9,9’-spirobifluorene ((R)-3): (R)-2
(339 mg, 0.55 mmol), K3POy4 (476 mg, 2.24 mmol), 4-pyridyl-
boronic acid pinacol ester (551 mg, 2.69 mmol), [Pd(dppf)Cl,]
(25 mg, 0.031 mmol), and dppf (22 mg, 0.040 mmol) were
added to a round-bottomed flask. Dry THF (10 mL) was added
and the mixture was heated to 65 °C and stirred overnight
resulting in a brown solution. After that the reaction mixture
was cooled to rt and quenched with a sat. solution of NaHCOj3.
The aqueous phase was extracted three times with dichloro-
methane and the collected organic phase was washed with water
and brine and dried with MgSOy. The solvent was removed in
vacuo. The crude product was purified by column chromato-
graphy on silica gel using MeOH/ethyl acetate (1:1) as eluent.
The solvents were evaporated and the residue extracted with di-
chloromethane to get rid of previously dissolved silica gel.
After evaporation of the dichloromethane the product was
obtained as a brown oil (262 mg, 100%). "H NMR (500.1 MHz,
CDC13) 4 8.50 (d, J15’16 =54 Hz, 4H, H-16), 7.97 (d, J3,4 =79
Hz, 2H, H-4), 7.91 (d, J5 6 = 7.5 Hz, 2H, H-5), 7.68 (dd, J3 4 =
7.9 HZ, J] 3= 1.0 HZ, 2H, H-3), 7.41 (dd, ']5,6 =175 HZ, J6,7 =
7.3 Hz, 2H, H-6), 7.33 (d, Ji5,16 = 5.4 Hz, 4H, H-15), 7.15 (dd,
Je,7 =13 Hz, J7 3 = 71.5 Hz, 2H, H-7), 7.00 (s, 2H, H-1), 6.77
(d, J; 8 = 7.5 Hz, 2H, H-8) ppm; '°C NMR (125.8 MHz,
CDCl3) 6 150.0 (C-16), 149.4 (C-10), 148.9 (C-13), 148.0
(C-14), 142.9 (C-11), 140.9 (C-12), 137.8 (C-2), 128.6 (C-7),
128.2 (C-6), 127.1 (C-3), 124.2 (C-8), 122.5 (C-1), 121.5
(C-14), 120.8 (C-4), 120.5 (C-5), 66.0 (C-9) ppm; HRMS-ESI
(m/z): [M + H]" caled for [C35Hp3N,]%, 471.1856; found,
471.1861; [a]p2> +280.7° (¢ 0.385, CHCIy).

(5)-2,2'-Bis(4-pyridyl)-7,7'-dimethyl-9,9'-spirobifluorene
((S)-6): CsF (602 mg, 3.96 mmol) was dried under vacuum.
After flushing with argon (S)-5 (300 mg, 0.60 mmol), 4-pyridyl-
boronic acid pinacol ester (148 mg, 0.72 mmol), and
[Pd(P#-Bus),] (15 mg, S mol %) were added and the reaction
flask was evacuated twice. Next dry THF (10 mL) was added
and the reaction was heated to 65 °C overnight. After that the
reaction mixture was cooled to rt and diluted with dichloro-

methane. The organic phase was washed with a saturated solu-
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tion of Na,COj3 and the aqueous phase was repeatedly extracted
with dichloromethane. The collected organic phases were
washed with a diluted hydrochloric acid (5%) and the resulting
aqueous phase was extracted thoroughly with CH,Cl,. The
aqueous phase was brought to pH 14 with 2 N NaOH and
extracted thoroughly with CH,Cl,. The collected organic
phases were washed with water and brine and subsequently
dried with MgSQOy. The solvents were removed in vacuo. The
crude product was purified by column chromatography on silica
gel using petrol ether/ethyl acetate/triethylamine (5:1:1) as
eluent resulting in a yellow solid (207 mg, 69%). 'H NMR
(500.1 MHz, CDCl3) 6 8.50 (d, J15,16 = 5.6 Hz, 4H, H-16), 7.91
(d, J34 =179 Hz, 2H, H-4), 7.78 (d, Js 5 = 7.8 Hz, 2H, H-6),
7.67 (dd, J3 4 = 7.9 Hz, J1 3 = 1.6 Hz, 2H, H-3), 7.33 (m, 4H,
H-15),7.22 (d, Js ¢ = 7.8 Hz, 2H, H-6), 6.99-6.98 (d, J; 3= 1.6
Hz, 2H, H-1), 6.56 (s, 2H, H-8), 2.23 (s, 6H, H-17) ppm; !3C
NMR (125.8 MHz, CDCl3) & 149.7 (C-16)*, 149.5 (C-10)*,
149.2 (C-13), 147.9 (C-14), 143.0 (C-11), 138.6 (C-7), 138.2
(C-12), 137.1 (C-2), 129.0 (C-6), 126.9 (C-3), 124.7 (C-8),
122.4 (C-1), 121.3 (C-15), 120.3 (C-5)*, 120.2 (C-4)*, 65.7
(C-9), 24.8 (C-17) ppm (* signal assignment might be inter-
changed); HRMS-ESI (m/z): [M + H]" caled for [C37Hp7N,]",
499.2169; found, 499.2160. [a]p>* —128.1° (¢ 0.39, CHCl3).

Preparation and characterisation of the metal complexes:
Approximately 10 umol of a ligand and an equimolar amount of
[(dppp)Pt(OTf),] or [(dppp)Pd(OTI),], respectively, were
dissolved in 0.6 mL of CD,Cl, and 0.2 mL of CD3CN. The
resulting solution was characterised by NMR. For the ESI-MS
studies ca. 10 pmol of a ligand and an equimolar amount of
[(dppp)Pt(OTt),] or [(dppp)Pd(OTS),], respectively, were
dissolved in 1 mL of solvent (acetone, acetonitrile, mixtures of
dichloromethane and acetonitrile). An aliquot of this solution
was then diluted with the same solvent to give 1 mL of a
300 pmolar solution of the complex.

[(dppp)2Pd;{(R)-3}21(OTf)4: 'H NMR (500 MHz, CD;CN/
CD2C12 121) 5 8.48 (d, J15,16 =58 HZ, 4H, H-16), 7.94 (d, J5,6
=7.7 Hz, 2H, H-5), 7.92 (d, J3 4 = 8.0 Hz, 2H, H-4), 7.53-7.46
(m, 8H, H-dppp), 7.44 (dd, J5 ¢ = 7.7 Hz, Js 7 = 7.7 Hz, 2H,
H-6), 7.41 (dd, J3 4 = 8.1 Hz, J; 3 = 1.5 Hz, 2H, H-3), 7.36 (dd,
J="1.5Hz, J="1.5 Hz, 2H, H-dppp), 7.24 (dd, J = 7.4 Hz, 4H,
H-dppp), 7.21-7.14 (m, 6H, H-7, H-dppp), 7.09 (dd, J = 7.3 Hz,
J=1.3 Hz, 2H, H-dppp), 6.90 (s, 6H, H15), 6.69 (dd, J;8=7.5
Hz, 2H, H-8), 6.52 (d, J1 3 = 1.5 Hz, 2H, H-1), 3.10-3.00 (m,
4H, H-dppp), 2.23-2.06 (m, 2H, H-dppp); '3C NMR (125.8
MHz, CD3CN/CD,Cl, 1:1) 8 150.1, 149.9, 149.5, 148.4, 144.1,
140.8, 134.8, 133.1, 132.9, 132.3, 132.0, 129.4, 129.1, 128.5,
127.1, 125.9, 125.4, 125.4, 125.0, 123.9, 123.3, 122.4, 122.1,
121.3,121.2, 119.9, 65.7, 21.4, 17.5; MS (ESI, positive mode,
acetone) m/z: 667.0 {(dppp)Pd(OTf)}*, 709.2
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{[(dppp)2Pd2 {(R)-3},1(OTN}3", 1138.2 {[(dppp),Pd2{(R)-
3},1(0TH),}%*, 1567.6 {[(dppp)aPds{(R)-3}4](0T)s}3*, 2426.4
{[(dppp)2Pd2{(R)-3},](OTf)3}" and {[(dppp)4Pd4{(R)-
3}41(0TH6} %"

[(dppp)2Pd;{(S)-6},1(OTH)4: 'H NMR (500.1 MHz, CD3CN/
CD2C12 121) 6 8.47 (d, J15,16 =55 HZ, 4H, H-16), 7.86 (d, J3j4
=7.9 Hz, 2H, H-4), 7.82 (d, J5 6 = 7.9 Hz, 2H, H-5), 7.54-7.45
(m, 9H, H-dppp), 7.39 (dd, J34 = 7.9 Hz, J; 3 = 1.6 Hz, 2H,
H-3), 7.36 (d, J= 7.5 Hz, 2H, H-dppp), 7.28-7.21 (m, 6H, H-6,
H-dppp), 7.16 (dd, J = 7.1 Hz, J = 7.1 Hz, 4H, H-dppp), 7.08
(dd, J = 7.3 Hz, J = 7.3 Hz, 2H, H-dppp), 6.89 (s, 3H, H-15),
6.52 (s, 2H, H-8), 6.49 (d, J; 3 =1.6 Hz, 2H, H-1), 3.09-3.01
(m, 4H, H-dppp), 2.19 (s, 6H, H-17); 13C NMR (125.8 MHz,
CD3;CN/CD,Cl, 1:1) 8 150.1, 149.9, 149.6, 148.8, 144.3, 139.4,
138.1, 134.2, 133.2, 133.0, 132.3, 131.9, 129.4, 126.0, 125.9,
125.5, 125.4, 125.0, 124.5, 123.3, 122.4, 122.1, 120.9, 119.9,
65.4,21.5,21.1, 17.5; MS (ESI, positive mode, acetone) m/z:
667.0 {(dppp)Pd(OTH)}*, 1166.3 {[(dppp)2Pds{(S)-
61,](0Th),} %, 2482.5 {[(dppp)2Pd2{(S)-6},](OTH)3} " and
{[(dppp)4Pd4 {(S)-6}4](OTh)e}*.

Crystal structure determination: Data for the X-ray crystallo-
graphic analysis of [(dppp)2Pda {(R)-3}21[(dppp)2Pd2 {(S)-
3}1,](OTf)g derived from (rac)-3 and [(dppp)Pd(OTT),] were
collected on a SuperNova Dual Source diffractometer equipped
with an Atlas detector using mirror monochromated Mo K,
radiation (A = 0.71073 A). CrysAlisPro software [39] was used
for data measurement and processing as well as to apply the
numerical absorption correction. The structures were solved by
direct methods (SIR97 [40]) and refined by full-matrix least
squares on F2 (SHELXL-2013 [41]). All non-hydrogen atoms
were refined anisotropically. The SQUEEZE routine of
PLATON [42] was used to calculate the contributions of the
disordered solvent regions to the structure factors in the form of
FAB files which were then used in refinement in SHELXL-
2013. The hydrogen atoms at carbon were placed in calculated
positions and refined isotropically using a riding model.
Selected data: Crystal dimensions 0.63 x 0.29 x 0.25 mm?3,
colourless prism, Cy44H28F12N4O20P4Pd»Sy, M = 2927.42,
monoclinic, space group C 2/c (no. 15), a = 18.8830(5), b =
23.7387(5), ¢ = 35.9013(8) A, a = 90, B = 101.585(2), y = 90°,
V=157652(6) A3, Z=4,p=1233 gem ™3, p=0.395 mm!,
F(000) = 6016, 27330 reflections (20,x = 50.50°) measured
(14210 unique, Rj,; = 0.0193, completeness = 99.4%), R (I >
20(1)) = 0.0505, wR, (all data) = 0.1399. GOF = 1.061 for 942
parameters and 669 restraints, largest diff. peak and hole
1.548/-0.653 ¢ A3.

CCDC-971933 contains the supplementary data for this struc-
ture. These data can be obtained free of charge via http://

Beilstein J. Org. Chem. 2014, 10, 432—-441.

www.ccdc.cam.ac.uk/data request/cif, or by emailing

data request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK, fax: +44 1223 336033.

Supporting Information

Supporting Information File 1

NMR and ESI mass spectra of ligands 3 and 6 and their
metal complexes.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-10-40-S1.pdf]
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Herein, we present three new 2,2’°-bipyridines that carry two B-cyclodextrin moieties in different substitution patterns. When co-

ordinated by zinc(II) or copper(I) ions (or their complexes), these compounds undergo conformational changes and switch between

“open” and “closed” forms and thereby bringing together or separating the cyclodextrin moieties from each other.

Introduction

In biological systems, recognition events play a major role to
guarantee the selectivity of essential processes. Multivalent
[1,2] and cooperative binding [3-5] are two of the major
concepts to ensure and control the efficiency in those events and
the associated complex biochemical cascades following. In
order to regulate several of their metabolical functions, a
process named “allosteric regulation” is used by enzymes and
proteins [6], which stands for cooperative effects in the binding
of more than one substrate to different sites of a receptor.
After binding of the first substrate (the effector), the receptor
changes its conformation, and by this enhancing (positive
allosteric cooperativity) or hampering (negative allosteric coop-
erativity) the binding of another substrate at a second binding

site.

This powerful regulatory concept has become quite interesting
in supramolecular chemistry, and the development of artificial
receptor systems which can be controlled by allosteric effects
comes out of it [7-14].

2,2’-Bipyridines have been demonstrated to be excellent artifi-
cial allosteric centres due to their well-known ability to switch
between syn- and anti-conformations as an answer to an
external stimulus [15]. This switching process can be controlled
either by adding or removing suitable transition metal ions or
their complexes [16] or by adjusting the pH value [17-19]. The
latter, however, is not as secure as using metal ions because of
three possible protonation states (not protonated: anti, proto-

nated once: syn, protonated twice: anti) instead of two states

814
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using metal ions (not coordinated: anti, coordinated: syn) and
was not used in our work for this reason.

Some time ago we developed a series of 2,2’-bipyridine-based
allosteric analogues [20-22] of the well-known resorcinarene-
based hemicarcerands [23,24]. However, these possess only
rather shallow binding sites that bind non-polar substrates via
dispersive interactions. Hence, we wanted to take this approach
one step further by using B-cyclodextrins as another class of
macrocyclic compounds that are very well-known for their
excellent recognition properties towards non-polar substrates
[25]. Depending on the substitution pattern for the central 2,2’-
bipyridines, three conceptually different types of allosteric
receptors can be obtained: 4,4’- or 6,6’-substitution, both
leading to positive allosteric receptors, meaning that they adopt
an open anti-conformation in the free state where the two
cyclodextrins cannot interact with a substrate in a cooperative
fashion (off-state) but change their conformation to a closed
syn-conformation (on-state) upon binding of a suitable tran-
sition metal ion or complex as an effector. This is shown
schematically for a 4,4’-substituted bipyridine-based receptor in
Scheme 1.

However, these two scenarios differ in the fact that the effector
is bound close to the substrate in case of a 6,6’-substitution
whereas it is bound in a remote place in case of a 4,4’-substitu-
tion. In contrast, a 4,6’-substitution leads to a negative allosteric
system which adopts the closed on-state in the absence of the
effector and changes its conformation to the open off-state upon
binding of it. In this article we present the synthesis of three
new cyclodextrin-functionalised 2,2’-bipyridines 1-3 differing
in the bipyridine’s substitution pattern (Scheme 2) and their

metal complexes.

Results and Discussion
Synthesis

The synthesis of 1-3 requires the three different 2,2°-

bipyridines that carry isothiocyanate functions and a monoami-

"off-state"
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nated B-cyclodextrin that could be coupled with each other via

two-fold nucleophilic addition.

Symmetrically 4,4’- and 6,6’-disubstituted 2,2’-bipyridines
were prepared starting from commercially available 4-amino-2-
chloropyridine (4) and 2-amino-6-bromopyridine (5), respect-
ively. After protection of the amino functions as 2,5-
dimethylpyrroles, pyridines 6 and 7 were transformed into the
corresponding 2,2’-bipyridines 8 and 9 via a nickel-catalysed
homo-coupling reaction in excellent yields [26]. The non-
symmetric 4,6’-disubstituted bipyridine 10 was obtained in
good yield from a Negishi cross-coupling of 6 and 7 [27].
Cleavage of the pyrrole protecting groups of 8-10 with hydrox-
ylamine provided the corresponding diamines 11-13 [26] in
satisfying to excellent yields which were finally reacted with
thiophosgene to give rise to the desired diisothiocyanates 14-16
(Scheme 3) [28].

B-Cyclodextrin (17) was monotosylated by the reaction with
tosyl chloride to give 18 in moderate yield [29]. Nucleophilic
substitution of the sulfonate against an azide then furnished 19
[30] which could by peracetylated into 20 [31] using acetic acid
anhydride both in decent yields. Staudinger reduction of the
azide group of 20 then afforded the desired monoaminated
cyclodextrin 21 (Scheme 4).

Finally, nucleophilic addition of 21 to the diisothiocyanato-2,2’-
bipyridines 14-16 was found to proceed smoothly in dry
dichloromethane at room temperature to furnish the desired
bis(cyclodextrin)-functionalised 2,2’-bipyridines 1, 2, and 3 in
very good yields of 92, 93, and 86% yield, respectively
(Scheme 5).

Metal coordination — effector binding

With our three cyclodextrin-functionalised bipyridines in hands,
we then examined their coordination behaviour towards
different transition metal ions (or their complexes) to see

whether these could act as effectors. In our previous work,

substrate
binding
site

"on-state"

Scheme 1: Off- (open) and on- (closed) states of a ditopic positive allosteric receptor based on a 4,4’-functionalised 2,2’-bipyridine.
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Scheme 2: Bis(B-cyclodextrin)-functionalised 2,2’-bipyridines 1-3.

silver(I) and copper(]) salts as well as pentacarbonylrhenium(I)
chloride proved to be good effectors for our allosteric receptors
[20-22]. Hence, we also started with these here. Unfortunately,
silver(I) ions turned out to be not effective in this case.
Although, they seem to form complexes with compounds 1-3,
we did not observe any of the characteristic shifts of the signals
assigned to the protons of the bipyridine moiety that would indi-
cate successful binding of the silver(I) ions to the nitrogen

AcO

atoms. Thus, we conclude that the soft silver(I) ions rather bind
to one of the sulfur atoms of the thiourea groups. This, however,
does not cause the necessary conformational change of the
bipyridine structure to potentially affect the binding of another
substrate.

Rhenium(I), on the other hand, obviously prefers coordination

to nitrogen compared to sulfur as we could demonstrate by
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Scheme 3: Synthesis of diisothiocyanato-2,2’-bipyridines 14-16.

coordinating 4,4’-dithioisocyanato-2,2’-bipyridine (14) to it.
Figure 1 shows the molecular structure of this [(CO)3Re(14)C1]
complex obtained by X-ray diffraction analysis.

Unfortunately, we were neither able to coordinate rhenium(l) to
our bipyridines 1-3 nor did we succeed to prepare the rhenium
complex [(CO)3Re(1)Cl1] by using [(CO)3Re(14)Cl] and
reacting it with aminocyclodextrin 21.

Next, we tried copper(]) ions as effectors. Copper(l) ions indeed
form complexes very fast. However, the complexes of 1 and 3

are obviously prone to rapid oxidation to copper(Il) species.

These are paramagnetic complexes which cannot be analysed
by NMR spectroscopy. Since this technique would be our
preferred analytical tool to study the host—guest chemistry of
these systems in the future, however, we did not investigate
these further. Interestingly, the copper(I) complexes of 2 were
much less sensitive to oxidation. This might be a consequence
of the steric crowding caused by the 6,6’-disubstitution of the
bipyridine which was found to give well-defined 1:1 [Cu(2)]"
complexes in this case (Figure 2).

We then turned our attention to zinc(Il) ions. These proved to

be capable to act as effectors in the desired manner. We
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observed sharp signals in the NMR when we mixed the
Zn(BF,4); and ligands 1 (Figure 3) and 3 in a 1:2 ratio.

However, in the latter case, the expected [Zn(3);] or [Zn(3)]
complexes could not be identified by mass spectrometry.
Hence, we hesitate to claim that zinc(II) ions are reliable effec-

tors for ligand 3. In the case of 1, however, we were able to find

signals corresponding to the expected well defined [Zn(1),]
complexes which, together with the NMR data, proof that
zinc(II) ions are suitable to act as an effector for 1.

Changing the substitution pattern to 6,6 like in ligand 2,

however, makes it impossible to form a 1:2 complex due to the

steric crowding around the metal binding site. In this case we
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42832
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Figure 1: X-ray crystal structure analysis of [(CO)3Re(14)Cl] (colour
code: petrol: rhenium, grey: carbon, red: oxygen, blue: nitrogen,
yellow: sulfur, white: hydrogen).

Figure 2: MALDI mass spectrum (sample prepared from a 1:1 mixture
of CuPFg and 2 in benzene/acetonitrile (1:1) using DCTB (trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile) as matrix).

again observed only a 1:1 complex which probably coordinates
solvent molecules to saturate the metal ion’s coordination
sphere as we did already in the case of copper(l) ions
(Figure 4). Thus, copper(I) and zinc(Il) ions can both act as
effectors for 2.
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Figure 3: Aromatic region of the TH NMR spectra (400.1 MHz, 293 K,
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a) J‘ J)At\_j
b)
120 116 112 108 104 100 96 92 838 84 80 76 7.2

[Ppm]

Figure 4: Aromatic region of the "H NMR spectra (400.1 MHz, 293 K, benzene-dg/acetonitrile-d3 1:1) of a) 2 and b) [Zn(2)](OTf). Arrows indicate

coordination-induced shifts of the individual signals.

In order to investigate the metal complexes’ host—guest chem-
istry at a later stage in a quantitative manner, however, a 1:2
metal-to-ligand stoichiometry like in the [Zn(1),]-complexes is
not very easy to study because one has to deal with a very
complicated equilibrium between 1:2:2, 1:2:1, 1:2:0 and even
more complicated metal-to-ligand-to-substrate assemblies
which would be very difficult to handle. Thus, we wanted to
restrict our systems to a 1:1 stoichiometry of metal-to-ligand
complexes also with ligands 1 and 3. This can be achieved by
blocking parts of the coordination sphere of a metal ion by a

kinetically and thermodynamically stable binding ligand. In this

way one can make sure that just one single other chelating
ligand like a 2,2’-bipyridine can be bound to this metal com-
plex fragment. Sterically hindered 1,10-phenanthrolines and
their copper(I) complexes have been proven to be perfectly
suited for this purpose [21,32-35]. Thus, we chose to prepare
2,9-bis[2,6-dimethoxyphenyl]-1,10-phenanthroline (22) as such
a sterically congested ligand (Scheme 6) [36].

22 was synthesised starting from 1,10-phenanthroline via N,N'-

dialkylation to dibromide 23 in very good yield [37]. Oxidation
of 23 with potassium hexacyanoferrate then afforded diamide
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24 in moderate yield [38]. Its subsequent chlorination with a
mixture of phosphorous pentachloride and phosphoryl chloride
furnished dichloride 25 in quantitative yield [38]. Finally, two-
fold Suzuki cross-coupling of 25 with 2,6-dimethoxyphenyl-
boronic acid (26) derived from 1,3-dimethoxybenzene via lithi-
ation and borylation [39] afforded 22 in very good yield [40-
42].

22 forms the 1:1 complex [Cu(22)([H3CCN),]BF4 upon coordi-
nation to copper(l) ions. Zinc(Il) ions were found to form
the dimeric complex [Zn(22),](OTf), with an excess of 22
if no other ligand is available, as described before (Figure 5)
[43].

Beilstein J. Org. Chem. 2014, 10, 814-824.

Unfortunately, the strategy to prepare 1:1 complexes [Zn(22)]*"
and [Cu(22)]" first and then let them react with 3 did not result
in the formation of the desired heteroleptic complexes. Obvi-
ously, the complex fragments are just too large to fit into the
sterically congested metal binding site of 3. Hence, we have to
conclude that, unfortunately, we have not succeeded in finding
a suitable effector for this ligand yet.

Mixing of preformed complexes [Zn(22)]*" and [Cu(22)]* with
1 in a 1:1 ratio, however, afforded the desired heteroleptic
complexes [Cu(22)(1)]PF¢, and [Zn(22)(1)](OTf), as evi-
denced by MALDI mass spectrometry and NMR spectroscopy

(Figure 6 and Figure 7).

Figure 5: X-ray crystal structure analysis of [Cu(H3CCN)»(22)]BF4 and [Zn(22),](OTf), (counterions are omitted, colour code: orange: copper, petrol:

zinc, grey: carbon, red: oxygen, blue: nitrogen, white: hydrogen).
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Figure 6: Aromatic region of the 'TH NMR spectra (400.1 MHz, 293 K, benzene-dg/acetonitrile-d3 1:1) of a) 1, b) [Zn(22)(1)](OTf), and c) 22. Arrows

indicate signal shifts upon formation of the heteroleptic complex.
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Figure 7: MALDI-TOF mass spectrum (sample prepared from of a
1:1:1 mixture of CuPFg, 22, and 1 in benzene/acetonitrile (1:1) using
DCTB as matrix).

Hence, zinc(II) ions or their complexes with a single, sterically
demanding phenanthroline ligand like 22 as well as a similar
[Cu(22)]* complex were all found to be good effectors for
ligand 1 forming either 1:2 or 1:1 effector:ligand complexes.

Conclusion

We have synthesised three new p-cyclodextrin-functionalised
2,2’-bipyridines and their complexation behaviour towards
several metal salts or their complexes was investigated. Among
those (pentacarbonyl)rhenium chloride and silver(I) ions proved
to be ineffective to cause the desired long-range con-
formational changes. Unfortunately, we have also not yet
succeeded in finding a suitable metal ion or a complex frag-
ment that can efficiently bind to 4,6'-disubstituted bipyridine 3,
and hence, act as an effector to cause switching from the closed

"on"-state to the open "off"-state. The sterically crowded 6,6'-

disubtituted bipyridine 2, however, readily formed 1:1
complexes with both zinc(Il) and copper(l) ions, and hence, can
be switched between a closed "on"-state to an open "off"-state.
Zinc(II) ions do also form the expected dimeric complexes with
4,4'-disubstituted bipyridine 1. However, such a 1:2
effector—bipyridine ratio could lead to a difficult-to-handle
host—guest chemistry when it comes to binding of additional
guest molecules due to very complicated equilibria between
1:2:2, 1:2:1, 1:2:0 and even more complicated metal-to-ligand-
to-substrate assemblies. Zinc(II) or copper(I) phenanthroline
complexes with sterically very demanding phenanthrolines were
found to be effective to achieve a 1:1 effector—receptor stoi-
chiometry. This makes these ligands promising candidates that
could act as potential allosteric receptors whose recognition
behaviour can be largely influenced by those effectors. We are
currently evaluating the host—guest chemistry of these com-
pounds and their metal complexes which will be reported in

near future.

Supporting Information

Experimental data of all new compounds, NMR and ESI
mass spectra of compounds 1-3, 14, 21, and 22 and their
metal complexes.

Supporting Information File 1
Experimental data, NMR and ESI mass spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-10-77-S1.pdf]
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Two new 9,9’-spirobifluorene-derived crown ethers were prepared and used to recognise constitutionally isomeric amino acid

derivatives. The performance of the receptors was evaluated by ESI-mass spectrometry using the isomer labelled guest method

(ILGM). This method revealed the preferred binding of L-norleucine and L-leucine compared to L-isoleucine for both receptors.

Furthermore, non-covalent isotope effects demonstrate the relevance of dispersive interactions for the overall binding event. These

effects also provide hints for the relative spatial orientation of the guest molecules within the host—guest complex, and thereby

prove the importance of the spirobifluorene moiety for the observed binding of the protonated amino acid esters.

Introduction

The separation of constitutionally isomeric amino acids is of
practical interest. This is particularly true for leucine (Leu),
isoleucine (Ile), and norleucine (Nle), especially since the first
two are both proteinogenic amino acids (Figure 1). However, it
is a great challenge to separate molecules that have the same
molecular mass and do not differ significantly in structure.
Hence, the chemical and physical properties are very similar,
and the isomers leucine, isoleucine, and norleucine are difficult
to separate employing commonly used analytical methods like
crystallization, enzymatic separation methods, or modified thin-

layer chromatography [1-5].

(0] T (0] O
o~on A Y\HLOH
NH, NH, NH,
L-norleucine L-isoleucine L-leucine

Figure 1: L-Norleucine, L-isoleucine, and L-leucine.

Therefore, we thought to look for a supramolecular approach to
achieve amino acid recognition by an artificial host [6-11] with

regard to isomer separation upon isomer-selective molecular
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recognition by a concave template acting as a host, thereby
avoiding the necessity to establish or break additional covalent
chemical bonds. Hence, we have prepared two new templates
based on a 9,9’-spirobifluorene core and tested them with
regard to their ability to recognize the three isomeric amino
acids in form of their protonated methyl esters. We decided to
use ESI-mass spectrometry for these tests since this technique is
fast to perform, consumes only trace amounts of material, and
can be used to explore competitive experiments that are diffi-
cult to perform using UV-vis or NMR spectroscopy.

Results and Discussion
Design and synthesis of the concave
templates

Ammonium ions exhibit strong binding affinity towards crown
ether moieties. Hence, we decided to use this motif to achieve
binding of the leucine isomers as their protonated ester deriva-
tives. This provides the major part of the overall binding
energy. However, to distinguish the three isomers the receptors
need to provide further elements that either provide additional
binding sites for the non-polar parts of the substrates, e.g., via

attractive dispersive interactions, or provide steric hindrance

Figure 2: Concave templates 1 and 2.

Beilstein J. Org. Chem. 2014, 10, 825-831.

that prevents substrates of a certain shape to be accommodated
in the concave binding site of the templates. Since the 9,9°-
spirobifluorene moiety provides such a rigid concave, non-polar
scaffold that has been demonstrated to be a valuable part of
some receptors [12,13], we decided to employ this motif. There-
fore, we designed the two compounds 1 and 2 shown in
Figure 2 that differ only in the bridging element between the

crown ether group and the spirobifluorene.

The synthesis of 1 and 2 started from 1-bromo-4-methoxyben-
zene which was transferred into 2-bromo-4’-methoxybiphenyl
(3) in 92% yield via lithiation with #-BuLi, transmetallation with
zinc(Il) bromide, and subsequent Negishi cross-coupling reac-
tion with 1-bromo-2-iodobenzene [14,15]. 3 was then trans-
formed into the corresponding Grignard reagent which was
reacted with 9-fluorenone to afford tertiary alcohol 4 in 55%
yield. Adopting a protocol of Tour et al. [16] led to 2-methoxy-
9,9'-spirobifluorene (5) in 95% yield via acidic condensation of
4. Next, the methoxy group was cleaved quantitatively by reac-
tion with boron tribromide, followed by hydrolysis to afford
phenol 6 which was finally transferred into the corresponding
triflate 7 in 64% yield (Scheme 1).

1. Mg, THF o
1. t-BuLi, THF, ‘ N
—78°C,1h Q O
2. ZnBr,, —45 °C O
e - QO - O
N\ 3.[Pdy(dba)s]-CHCIs, \ 55%
PPhs, THF, 1t - Q
I 3 4
conc. HOAc
Br conc. HCI
92% 95%
w0 Qo
O‘O oTf CR.Cl . OH BBr3 . o
a0 %% DS

O 64%

O

[3,]

Scheme 1: Syntheses of the 2-(9,9'-spirobifluorene-2-yl)trifluoromethansulfonate (7).
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Triflate 7 was then subjected to a Sonogashira cross-coupling
reaction and a Suzuki cross-coupling reaction followed by treat-
ment with boron tribromide to obtain the ethynylated and
arylated alcohols 8 in 95% yield and 9 in 87% yield over both
steps, respectively. Finally, deprotonation by sodium hydride
and reaction with tosylated 18-crown-6 derivative 10 [17,18]
derived from commercially available (1,4,7,10,13,16-hexaoxa-
cyclooctadecan-2-yl)methanol afforded the desired target com-

pounds 1 and 2 in moderate yields (Scheme 2).

Molecular recognition studies

With our crown ether derivatives 1 and 2 in hands we studied
their recognition behaviour towards the L-leucine isomers.
Usually, spectroscopic techniques like NMR or UV—vis spec-
troscopy are used for this purpose. However, mass spectrom-
etry has become a major analytical tool in supramolecular
chemistry in recent years [19-21] and seemed to be perfectly
suited in this case, since we were planning to recognise the
amino acid derivatives in form of their protonated alkyl esters

[Pd(PPh3),Cl,],
Cul, DMF, Et;N
= "OH

95%

8
(o™
o} o
[ ] 10
0 0
L_O_A_OTs
NaH, THF
25%
Y

Scheme 2: Synthesis of the two receptors 1 and 2.
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anyway. Thus, the host—guest complexes would be charged and
supposedly easy to detect by mass spectrometry if they can be

separated from the counter-ions.

Nevertheless, it still sounds kind of paradox to use mass spec-
trometry to study isomeric complexes due to their identical
mass/charge ratio. This problem can be circumvented by the use
of isotopically labelled substrates in the sense of an isomer
labelled guest method (ILGM) (Figure 3) which is closely
related to the enantiomer labelled guest method (ELGM) intro-
duced by Sawada [22].

Here, a competitive recognition experiment using a non-labelled
substrate and a mass-labelled guasi-isomer is performed to
reveal the relative affinity of a receptor towards the different
isomers. In this way, the mass spectrometric analysis easily
allows direct identification of the individual host—guest
complexes. This is usually more complicated with other tech-
niques such as, e.g., NMR spectroscopy because it is more diffi-

1.) Pd(PPhg), /
CsF (HO)2B-©-O
2.)BBry

e o™
o0

87%

o™
o} o}

[ j 10
0 o
L_O._A_OTs

NaH, THF
43%
Y
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R 5
—
protiated F 1)
isomer 1, R+1L)
receptor R
Ks
_—
deuterated (R+1g,)
isomer I,
scenario 1 scenario 2 scenario 3
R+1) R+ 1)
> > . >,
= . = (R+1) (R+1.) £ .
2 (R+1,.) 2 S Rl 5 R+l
Q 9 2
.E n = . n £ n
mlz m/z m/z

Figure 3: Schematic presentation of the isomer labelled guest method (ILGM).

cult to assign the signals to the individual host—guest complexes
and the analysis might be additionally hindered or even be
impossible due to severe signal overlapping.

In our case, we used the methyl groups of the ester function as
the mass label by employing either the normal protiated methyl
group or a trideuteromethyl group as the labelled one. To test
the relative affinity of a receptor towards two isomeric
substrates we prepared solutions that contain 1:1:1 mixtures of
the receptor, a non-labelled guest, and an isotopically-labelled
guest. These solutions were analysed by ESI-mass spectrom-
etry (Figure 4). The intensity ratios of the signals of the
host—guest complexes can then be used to conclude which guest

is bound stronger since the mass difference is large enough to

allow an individual detection but also small enough not to cause

any problems due to mass discrimination phenomena.

It is important to note that these measurements are obviously
not biased by, e.g., different solvation energies of the structural
isomers which could cause different ESI response factors
because we did not observe different intensity ratios when we
changed the overall concentration of our samples. Another
important point that has to be mentioned here, however, is that
intensity differences of the complexes might also be the result
of differences in the tendency to dissociate under the conditions
of the ESI-MS experiment. Unfortunately, the low mass of the
leucine derivatives investigated here did not allow to study this
phenomenon directly because the FTICR spectrometer we used
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Figure 4: ESI-mass spectrum (positive mode) of a 1:1:1 mixture of 1,
protonated L-leucine methyl ester (LeuOMe), and protonated
L-isoleucine trideuteromethyl ester (leOMe-d3) in a 1:1 mixture of
CHClo/MeOH (m/z = 792.4 LeuOMe—1, m/z = 795.5 lleOMe-d3—1).

is tuned in a way that it does not allow detection of such low
molecular mass ions with the necessary accuracy. Hence, we
optimized our ESI conditions using larger and well-detectable
protonated amino acid esters like protonated phenylalanine
benzyl ester to make sure that the conditions are mild enough
not to cause dissociation.

Having made sure that the method is in principle suitable to
study the recognition of protonated amino acid derivatives in a
competitive fashion there is still one more factor that has to be
taken into account: non-covalent isotope effects [23] might also
cause significant differences of the signals’ intensities. There-
fore, every experiment has to be repeated with the different
order of isotope labelling and in addition one should measure
the same isomer in both forms — non-labelled and labelled —

order to quantify this effect (Figure 5).

Inty

=1
Q0

N

792.4

o

80
795.5

60
793.4

40 796.5

2 794.4 797.5

. W J\ JL 798.5

791 792 793 794 795 796 797 798 799  miz

Figure 5: ESI-mass spectrum (positive mode) of a 1:1:1 mixture of 1,
protonated L-leucine methyl ester (LeuOMe), and protonated L-leucine
trideuteromethyl ester (LeuOMe-d3) in a 1:1 mixture of CH,Clo/MeOH
(m/z = 792.4 LeuOMe—1, m/z = 795.5 LeuOMe-d3—1).

Table 1 lists the results of the ILGM measurements with regard

to the affinity of templates 1 and 2 towards L-norleucine,

Beilstein J. Org. Chem. 2014, 10, 825-831.

L-isoleucine, and L-leucine that were calculated according to
Equation 1.

INleOMe-d; /INleOMe d3 _Tnicome _

It euoMe Inieome  Treuome

I It euoMe—d &
NleOMe 5 “CW7VC795 _ 1 GM-value

ILeuoMe-d;  {LeuOMe

Table 1: ILGM ratios for the recognition of the three pairs of L-leucine
isomers by templates 1 and 2.

pair of isomers 1 2
L-NleOMe/L-lleOMe 15 1.2
L-lleOMe/L-LeuOMe 0.7 0.8
L-NleOMe/L-LeuOMe 1.0 0.9

These ratios translate into the following relative affinities of our

receptors:
Receptor 1: L-NleOMe ~ L-LeuOMe > L-IleOMe
Receptor 2: L-LeuOMe > L-NleOMe > L-1leOMe

Interestingly, isoleucine methyl ester is the worst guest in both
cases although the effect is not large enough yet to think about
an application for the separation of the isomers on a larger scale
via supramolecular transport, for instance. However, these
results are still promising with regard to the development of a
template that allows the efficient separation of isoleucine and
leucine which is obviously the most interesting challenge. The
non-covalent isotope effects clearly demonstrate that the ester
group of the amino acid derivative must interact with our
templates, and therefore, these effects tell us something about
the relative spatial orientation of the template and the substrate

within the host—guest complexes (Figure 6).

In fact, the deuterated guests were always bound less good than
the protiated guests. This can be rationalized by assuming
attractive dispersive interaction to play a significant role during
the recognition event. The deuterated group is on average
slightly smaller than the protiated group [14-26] which causes a
smaller van der Waals volume of the deuterated group [27-32].
In a first approximation, however, the dispersive interactions
get stronger with an increasing size of the volume and conse-
quently the contact area, and hence, the deuterated compounds
ability to interact via those interactions is weaker [33-35]. This
observation perfectly agrees with the conclusion that the ester

group gets into close contact with the non-polar parts of the
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Figure 6: Two different motifs for the binding of substrates to the
templates.

templates, and thereby, contribute to the binding affinity by

attractive dispersive interactions.

Hence, we can conclude that the binding of the amino acid
derivatives occurs in a way that puts the substrates in close
contact to the crown ether and the spirobifluorene backbone as
depicted in motif A in Figure 6 rather than placing them in a
more remote position where only the ammonium group can
interact with the crown ether moiety which would largely rule
out any isotope effect (motif B in Figure 6).

Conclusion

We have synthesised two new functionalized crown ethers 1
and 2 both bearing a 9,9’-spirobifluorene moiety and studied
their ability to differentiate between the constitutional isomers
L-leucine, L-norleucine, and L-isoleucine. ESI-mass spectrom-
etry measurements using the isomer labelled guest method
(ILGM) were used for this purpose. This technique proved to be
a quick method that needs only trace amounts of material and
allows easily studying relative affinities in competitive experi-
ments. Interestingly, L-isoleucine was found to be the worst
guest for both of our templates, whereas L-leucine and
L-norleucine turned out to be almost equally good guests. The
occurrence of significant non-covalent isotope effects allowed
us to obtain information on the relative spatial orientation of the
substrates within the concave host structure. Obviously, the
spirobifluorene part of 1 and 2 provides a possibility to undergo
attractive dispersive interactions with non-polar parts of the
substrates. Nevertheless, however, it also provides enough
rigidity to differentiate between different substitutions in the
B-position of the amino acid derivative at the same time. Hence,
we think it is not fallacious that 1 and 2 might serve as kind of

lead structures to develop even better templates in the future.

Beilstein J. Org. Chem. 2014, 10, 825-831.

Supporting Information

Experimental data of all new compounds and of the ESI
mass spectrometric experiments.

Supporting Information File 1

Experimental data, ESI-mass spectrometric experiments.
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A series of shape-persistent phenylene—ethynylene—naphthylene—butadiynylene macrocycles with different extraannular alkyl

groups and intraannular bridges is synthesized by oxidative Glaser-coupling of the appropriate precursors. The intraannular bridges

serve in this case as templates that reduce the oligomerization even when the reaction is not performed under pseudo high-dilution

conditions. The extraannular as well as the intraannular substituents have a strong influence on the thermal behavior of the com-

pounds. With branched alkyl chains at the periphery, the macrocycles exhibit liquid crystalline (Ic) phases when the interior is

empty or when the length of the alkyl bridge is just right to cross the ring. With a longer alkyl or an oligoethylene oxide bridge no

Ic phase is observed, most probably because the mesogene is no longer planar.

Introduction

The supramolecular chemistry of shape-persistent macrocycles
has enormously expanded during the past several years [1-6]. It
covers the non-covalent interaction between the compound
molecules and also the interaction between the macrocycles and
appropriate partners. For example, the 2D organization of
shape-persistent macrocycles at suitable surfaces leads to long-
range ordered patterns with nanoscale lattice parameters and,

moreover, even to the epitaxial absorption of appropriate guest

molecules on this macrocycle template [7-10]. In solution,
shape-persistent macrocycles aggregate into defined dimers or
up to um long fibers that can form gels (in solution) or can be
casted to yield efficient sensor materials [11-23]. Amphiphilic
macrocycles in aqueous solution have been shown to be able to
form vesicles [24,25]. In the bulk state, most of the macrocy-
cles crystallize and some could be explored by single-crystal

X-ray analysis [26-28]. Heating crystalline macrocycles above
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the melting point does not always lead immediately to an
isotropic melt, but thermotropic mesophases are observed when
the macrocycles have an appropriately substituted rim [29-35].
If the macrocycles pack on top of each other, hexagonal
columnar or rectangular columnar phases can be observed in
which the (empty) interior is able to accommodate small guest
molecules [36-39]. In some cases, however, macrocycles with a
filled interior seem to exhibit more stable mesophases compared
to the compounds alike but with an empty interior [40]. More-
over, it has also been observed that even macrocycles with a
flexible interior only, lacking the flexible rim, can form stable
mesophases (macrocycles with an inverse structure) [41-43].

Recently, we presented a series of gel forming macrocycles that

have an identical periphery but bear different intraannular

Beilstein J. Org. Chem. 2014, 10, 910-920.

substituents [11]. We were able to show that these substituents
influence the thermal stability of the gel. As pointed out before,
the ring interior can also have a dramatic effect on the
mesophase stability of thermotropic liquid crystalline shape-
persistent macrocycles [40,43-45]. However, more detailed
studies on that issue are still scarcely found in the literature.
Here, we designed and synthesized macrocycles 1-4 with flex-
ible extraannular alkyl groups and a fixed intraannular chain
that crosses the ring interior (Figure 1) and acts during the syn-
thesis as a template. We studied the influence of the extra- and
intraannular substituents on the molecule’s ability to form
liquid crystalline phases. The macrocycles are based on a
phenylene—ethynylene—naphthylene—butadiynylene backbone.
Naphthylene units at the four corners are expected to have a

higher mesomorphic tendency compared with compounds

Interior
0 0 §
02
§
(}
(0] (0] (0]
1d 1a 1b 1c
n-C1gHa7 2d 2a 2¢

n-C 46H33

3a

n-C 42Hzs

4a

Figure 1: Shape-persistent macrocycles with different peripheral side groups and intraannular templates.
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solely based on phenylene units [46]. Moreover, the naphthy-
lene corners allow an efficient surrounding of the macrocycles
with an alkyl fringe, according to the general design principle
for discotic liquid crystals [47]. In addition to the macrocycles
with intraannular bridges, we also synthesized and investigated
a corresponding compound with an empty interior (1d).

Results and Discussion

Synthesis

Template-based macrocycles

The synthesis of the macrocycle 1 follows our often used
strategy to dimerize appropriate rigid bisacetylenes oxidatively
[48]. This coupling reaction can be performed statistically or

template supported, where the latter is either non-covalently or

R'O

1a

Beilstein J. Org. Chem. 2014, 10, 910-920.

covalently bound to the bisacetylenes [45,49,50]. The template
does not necessarily only support the desired cyclization, it can
also take over an active function in the final target structure.
Covalently attached templates have the advantage over most of
the supramolecular templates of being robust against solvent or
temperature changes and will still be applicable at elevated
temperatures. The bisacetylenes can be prepared independently
and attached to the template just prior to the cyclization reac-
tion or, and this is done here, the (template bound) oligoacety-
lene is prepared at the template [S1].

Scheme 1 shows the general synthetic approach towards the
macrocycles with an intraannular flexible bridge. The tetra-

iodide 5, which contains the two phenylene ring corners and the

Scheme 1: Synthesis of macrocycle 1a with an intraannular undecanedioxy bridge. a: Pd(PPh3)>Cly, PPhg, Cul, piperidine, 84%; b: TBAF, THF, 94%;

c: Pd(PPh3),Cly, Cul, 1,4-benzoquinone, piperidine, THF, 49%.
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flexible alkyl template, as well as the naphthylene units 6 are
synthesized independently (see Supporting Information File 1).
Then 6 is attached to 5 in a fourfold Sonogashira—Hagihara
reaction. To compensate the acetylene dimerization side reac-
tion, the acetylene is added in 25% excess. Fluoride-induced
removal of the silyl protecting groups yields the precursor 7.
With Pd(PPhj3),Cl, and Cul as catalysts and 1,4-benzoquinone
as oxidant, the precursor is finally intramolecular cyclized in
THF/piperidine under high-dilution conditions by slowly adding
(48 hours) a solution of the tetraacetylene to the reaction media.

Gel permeation chromatography (GPC) analysis of the crude
product indicates that only few oligomeric byproducts are
formed (Figure 2). With the aid of recycling GPC (recGPC)
these impurities could be removed and 1a is obtained in 49%
yield. Following this synthetic route we synthesized the macro-
cycles 1a—c as well as the macrocycles 3a and 4a with different
side chains (Figure 1, see Supporting Information File 1 for
experimental details and reference [11] for the preparation of
2a-d).

Statistical macrocycle synthesis

Macrocycle 1d without intraannular substituents is obtained via
statistical dimerization of the halfring 10 (Scheme 2). The half
ring synthesis follows the above described approach and

precursor 10 is cyclized under the same conditions as described
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Figure 2: GPC elugrams of the crude product of the cyclization reac-
tion of 1a (—) and 1d (- - -), respectively. For a better view the curves
are vertically shifted.

for the template-mediated reaction. The GPC trace of the crude
product shows significant amounts of oligomeric byproducts
(Figure 2). Nevertheless, after purification by means of recGPC,
macrocycle 1d is obtained in a yield of 57%.

The comparison of the GPC traces of the crude products of 1a

and 1d shows that in the intramolecular reaction less oligomers

1d

10

Scheme 2: Synthesis of the template free macrocycle 1d. a: Pd(PPh3),Cly, PPhs, Cul, piperidine, 98%; b: TBAF, THF, quant.; ¢: Pd(PPh3),Cly, Cul,

1,4-benzoquinone, piperidine, THF, 50 °C, 57%.
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are formed than in the intermolecular reaction. However, the
yields of the cyclization reactions do not differ significantly.
That indicates that in the template-mediated cyclization side
reactions cannot be completely suppressed. In the statistical half
ring dimerization, the most important side reaction is the
oligomerization of the half rings. Beside the desired dimers also
trimers, tetramers, and other oligomers are formed, which can
undergo further oligomerization reactions or may cyclize. These
cyclic oligomers are still soluble and therefore they can be
detected by GPC. In case of the template connected half rings,
we assume that the oligomers formed through an intermolec-
ular reaction cross-link, most likely form insoluble polymers,
and are therefore not detected in the GPC analysis. The
template has therefore two effects in the cyclization: (1) The
terminal acetylenes are hold in proximity, thus, an intramolec-
ular reaction is favored over an intermolecular reaction. (2) If
an intermolecular coupling has occurred, the template leads to
easily separable (insoluble) byproducts. However, the unex-
pected moderate yield in the template-directed synthesis

suggests that the material may slowly decompose under the
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cyclization condition. Since other protocols (e.g., CuCl/CuCl,
in pyridine) did not give reproducible results, we tested whether
high-dilution conditions can be omitted. For this purpose, we
performed the cyclization towards macrocycle 1¢ not under
pseudo high-dilution conditions but by stirring a solution of the
complete starting material of 1c at once in THF, piperidine,
Pd(PPh3)Cl, and Cul as catalysts and 1,4-benzoquinone as
oxidant for 3 h at 60 °C and obtained 1e¢ in 56% yield (after
purification, see Supporting Information File 1). This result
additionally emphasizes the potential of template-mediated
reactions, which not only can be more efficient in terms of
reducing byproducts but also paves the way towards a fast
coupling protocol.

Phase behavior
Thermal properties
By means of polarized optical microscopy (POM) and differen-
tial scanning calorimetry (DSC) we investigated the thermal
properties of the macrocycles 1-4. The transition temperatures

are shown in Figure 3 and listed in Table 1.

(b) T/°C
20 0 20 40 60 80 100 120 140 160 180

1
100 120 140 160 180
T/°C

Figure 3: (a) Melting points (7,) and clearing points (T¢) of macrocycles with different interior. [@JFirst heating. (b) DSC heat-flux curves of 1a—d

(10 K/min).
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Table 1: Phase transitions and corresponding enthalpies of the discussed macrocycles.

Macrocycle (template)?

1a (C11)
1b (C16)
1c (4EG)
1d (0)
2a (C11)
2c (4EG)
2d (0)
3a (C11)
4a (C11)

Transition temperatures [°C] (enthalpies [kJ/mol])P

C 63 (20.4) Col, 143 (10.5) |
C72(33.8)1¢
C1 89 (45.8) 1,C, 105 (3.1) | @
C 62 (33.8) N4 70 (4.3) N, 130 (0.6) 1 ©
C1 51 (53.0) C, 168 (38.5) |
C1 66 (84.2) Cy 130 (1.1) C3181 (44.0) |
C174 (128) C, 223 (68.3) |
C151(59) Cp 174 (40.9) |
C 199 (40.8) LC 216 (0.4) I f

20 = no intraannular substituent; C11 = undecyl diether (-O(CHy)110-); C16 = hexadecyl diether (-O(CHz)160-); 4EG = tetraethylene glycol
(-O(CH2CH,0)4-). PUpon heating. C, C,, C3 = crystalline phase, | = isotropic phase, LC = liquid crystalline phase, N1, N, = discotic nematic phase,
Col, = rectangular columnar phase. °Only in the first scan. No crystallization upon cooling. 9The sample melts isotropic at 89 °C, except for few crys-
tallites, which melt at 105 °C. €In the second and following heating scans, right before the first transition a cold crystallization exotherm is observed
(48 °C, 4.6 kJ/mol). fThe observed Schlieren-texture strongly indicated the formation of a nematic phase (see the Supporting Information File 1).

Extraannular substitution

It is well known that the periphery of discotic molecules gener-
ally dominates their thermal behavior. Shortening the side
chains usually increases the melting point, whereas longer side
chains or branched alkyl groups have the opposite effect
[47,52,53]. However, when the side groups become too long or
bulky, the compound melts isotropically and does not exhibit a
mesophase [47]. By comparing the macrocycles 1a, 2a, 3a, and
4a, all with the same intraannular alkyl template the melting
points decrease with increasing length of the extraannular alkyl
chains. The lowest transition temperature is observed for 1a,
with branched side chains (Figure 3a), as it is also observed for
other discotics. However, only two of the studied compounds
(1a and 4a) are able to form liquid crystalline (Ic) mesophases
indicating for the other compounds an unfavorable ratio of the
core to the periphery size [54].

Intraannular substitution

The lc phase stability of 1a within a wide temperature range
(63 °C to 142 °C) stimulated the investigation of the deriva-
tives 1b—d to elucidate the influence of the intraannular substi-
tution on the phase behavior. In addition, we addressed the
question whether an interior change could lead to liquid crys-
tallinity in 2.

From the DSC and POM investigations in combination with the
chemical structure of the compounds the following observa-
tions can be summarized: Although 1d has an empty lumen it
has a similar melting point (62 °C) as 1a (63 °C), whose cavity
crosses an alkyl bridge. Prolonging the intraannular alkyl chain
length raises this transition temperature towards 72 °C (1b). If a

polar template (1¢) is used instead, the melting point reaches

89-105 °C (there are most probably two polymorphs, which
melt at different temperatures). For comparison, compounds
2a—d melt at 168 °C (2a), 181 °C (2¢), and 223 °C (2d), res-
pectively (Figure 3, Table 1).

POM investigations indicate that 1a and 1d exhibit lc phases.
Above the melting point, the sample of 1a exhibits a fan shaped
texture under the POM and shear tests indicate a wax-like
viscosity of that phase (Figure 4a). The melt becomes isotropic
when heated above 148 °C and the Ic phase reappears upon
cooling below 140 °C. 1d forms in the temperature interval
between 70 °C and 130 °C a birefringent Ic phase with a charac-
teristic Schlieren-texture (Figure 4b). Here, too, the Ic phase

reappears upon cooling from the isotropic melt (123 °C).

At lower temperatures, the mesophases of both, 1a and 1d, first
solidify and slowly crystallize. The DSC results nicely confirm
the POM observations. Corresponding endotherms for the
melting and clearing points are visible in the thermograms of 1a
as well as 1d (Figure 3b, Table 1). The sample of 1d seems to
melt at 62 °C (33 kJ/mol) into a nematic phase (N) followed by
a transition into another nematic phase (Nj;) at 70 °C
(4.3 kJ/mol). The X-ray data of both phases are alike (see
below). Upon cooling, no crystallization can be observed, either
for 1a or 1d. However, for 1d an exotherm followed by an
endotherm is observed upon the second heating indicating crys-
tallization and melting during the experiment. Clear hints on a
stable mesophase could be obtained neither for 1b nor for 1c.
From the DSC it seems that also 1c exhibits an lc phase
between 89 °C and 105 °C. However, from the POM and X-ray
data we assume that 1¢ forms at least two polymorphs which

have different melting points. Unfortunately, their formation
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Figure 4: POM images of (a) 1a (20%, 133 °C, upon cooling); (b) 1d (20x, 84 °C, upon heating).

during the heating runs does not occur systematically but
randomly.

These observations clearly show that also the intraannular
substitution has a considerable influence on the thermal behav-
ior of the macrocycles. The melting point increases in the order
1d = 1a < 1b < 1¢, showing the contribution of the intraannular
template on the thermal behavior of the compounds. While the
melting points of 1a and 1d are similar, the longer template in
1b increases the melting point slightly and the additional inter-
actions provided by the polar template in 1¢ increase the
melting point even further. However, the latter two compounds
are not liquid crystalline. For 1b can be assumed that the
template is longer than the ring diameter and this leads to a loop
in the molecule preventing the formation of an Ic phase. For 1c,
the length of the template seems to be similar to the alkyl
template in 1a. However, the tendency of oligoethylene oxides
to obtain a helical conformation [55] may fold the
arylene—acetylene backbone into a boat conformation which is
no longer a discotic mesogen. For the macrocycles 2a—d, the
melting points are rather high and clearly above the isotropiza-
tion temperatures observed for 1a and 1d. The high melting
point of 2d might be explained by an interlocking of the mole-
cules as a result of the empty interior of the rigid backbone [41].
A similar observation was also been made earlier on
arylene—acetylene macrocycles. The fact that 1d has a low
melting point similar to 1a although the interior is empty, is
remarkable and prompted us to investigate 1a and 1d in more
detail by X-ray diffraction to gain deeper insight into the struc-
ture of their liquid crystalline phases.

X-ray diffraction
A sample of 1d was kept in a glass capillary (@ 1 mm) in a
temperature-controlled heating stage and partially aligned in a

magnetic field, another one and that of 1a were surface aligned
at the sample — air interface on a glass plate on a temperature
controlled heating stage, all on slow cooling (~0.1 K/min) from
the isotropic liquid. 2D patterns were recorded by an area
detector HIStar (Siemens/Bruker) using Ni-filtered Cu Ko radi-
ation.

The patterns of 1d, the compound without intraannular substitu-
tion, show in the isotropic liquid at 160 °C (Figure 5a) the usual
outer diffuse scattering at about 4.6 A characteristic for the
average distance between the molecules along their short axes
and between the side chains. In the small angle region there are
two diffuse rings. These can be an indication of molecular
aggregates which are already formed in the isotropic liquid [38].
The pattern slightly changes on cooling at the transition to the
liquid crystalline phase and the sample becomes partially
aligned in the magnetic field (Figure 5b and Supporting Infor-
mation File 1 Figure S1 and Table S1). All reflections remain
diffuse. Hence, it is a phase without long-range positional order

Figure 5: 2D X-ray patterns for 1d: (a) isotropic liquid at 160 °C,
(b) partially aligned liquid crystalline phase at 120 °C on cooling. The
magnetic field is parallel to the meridian of the pattern.
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and should be a kind of a nematic phase, in agreement with the
optical textures. Obviously, similar clusters as in the isotropic
phase are observed in the nematic phase. No changes of the
X-ray pattern indicating a phase transition could be detected on
heating above or on cooling below 70 °C (see Figure S1 in
Supporting Information File 1) in contrast to those found for the
nematic discotic (Np)—nematic columnar (N¢) transition in
liquid crystalline polymers [56] and for the Np—nematic lateral
(Np) transition in liquid crystalline charge transfer complexes
[57]. Neither magnetic nor surface alignment of the samples
was sufficient to get evidence for or against a uniaxial nematic
(N,)-biaxial nematic (Ny) transition which has been exten-
sively discussed in literature (see, e.g., [58]). The texture of the
sample in the POM investigations did also not show significant
changes like those observed for the N—Nj transition of liquid
crystalline dimers and bent-core liquid crystals which has
recently been identified as a nematic—twist bent nematic (Ng)
transition (see, e.g., [59,60]). Therefore the nature of the phase
change indicated by the DSC measurements could not be clari-
fied yet.

The X-ray pattern for the isotropic liquid of 1a (Figure 6a)
closely resembles that of 1d, only the intensity ratio for the two
inner rings differs. The changes at the phase transitions are
more dramatic as in case of 1d (Figure 6b). Indeed, the outer
scattering also shows a ring-like part and one with four maxima,
but the latter are found 45° above and below the equator and the
inner scattering splits into Bragg reflections (Figure 6d) which
can be indexed on a rectangular two-dimensional lattice (plane
group p2gg, reflections 40 only observed for 4 = 2n and 0k for
k = 2n, cp. Figure 6¢) with cell parameters a = 28.9 A,
b=152.0 A at 100 °C (Supporting Information File 1, Table S2)
similar, for instance, to the 2D symmetry of the columnar lc
phases of macrocycles reported in [40].

A plausible packing for the molecules is a stacking of the
macrocycles in columns, in which the mean planes of the cycles
have a 45° tilt angle with respect to the columnar axes. The
columns in turn are arranged in the 2D lattice described above.
Assuming one molecule in the cross section of a column with
C, symmetry, the number of columns and hence of molecules in
the cross section of the unit cell in this lattice is 2. For this
packing model a reasonable density of 1.17 g/em? is calculated
using an average stacking distance &1 = 4.6 A / cos 45° = 6.5 A
of the macrocycles along the columnar axis (pcalc =
Neell*M/Veen/A with a volume of an average 3D unit cell
Veen=a * b * h=9768.2 A3 and A = Avogadro constant). The
assumed packing model also allows to understand the columnar
phase stability. A MMFF calculation (Spartan ‘08) of a short
column of tilted macrocycles shows a local minimum arrange-

ment with a close contact between the intraannular alkyl chains

Beilstein J. Org. Chem. 2014, 10, 910-920.

Figure 6: 2D X-ray patterns for 1a: (a) isotropic liquid at 150 °C,

(b) columnar mesophase at 100 °C, surface aligned on cooling,

(c) small angle region at 100 °C with reciprocal axes and indices for
the 2D lattice of the columnar phase, (d) scattering at 150 °C
subtracted from that at 100 °C to enhance the effect of the anisotropic
distribution of the diffuse scattering.

(Figure 7). It might be the additional packing effect of the
intraannular alkyl chains which stabilizes the columnar phase.
A similar effect (although with polar intraannular ester groups)
has been observed previously [40]. However, in that particular
case, the analogue non-filled macrocycle is not liquid crys-
talline. The packing model in Figure 7 also indicates that the
longer intraannular alkyl bridge of 1b prevents a close packing
of the rings and leads in this case even to the absence of the Ic
phase.

Conclusion

In summary, shape-persistent macrocycles with intraannular
bridges were synthesized by oxidative Glaser-coupling of the
appropriate acetylenes. The bridges serve during the synthesis
as a covalent template. Compounds with branched extraannular
side chains exhibit in some cases liquid crystalline phases.
Depending on the ring interior, either a nematic (empty interior)
or a columnar phase (alkyl template) could be observed, as
determined by differential scanning calorimetry, optical
microscopy and X-ray scattering. It can be assumed that the
additional van der Waals interaction between the stretched
intraannular alkyl chains stabilize the packing of the rings on
top of each other. When the alkyl bridge is longer than the ring
interior or when an oligoether template crosses the ring, no Ic
behavior is observed. In both cases an induced non-planarity of

the macrocycles is assumed.
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(c)

Figure 7: Model of the molecular packing in the columnar mesophase of 1a: (a) 2D packing scheme for the columns in the liquid crystalline phase
(plane group p2gg, arbitrary cross section of the columns to fit the symmetry); MMFF calculation (Spartan '08) of a tetramer of the macrocycles;
(b) suggested stacking of the macrocycles within one column (side chains omitted for clarity); (c) visualization of the intraannular alkyl chain packing

within the columns.
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Supporting Information File 1

Complete experimental details, including 'H and 13C NMR
spectra.
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Abstract

This study investigates the effect of substitution with different functional groups and of molecular flexibility by changing within the
axle from a single C—C bond to a double C=C bond. Therefore, we present static quantum chemical calculations at the dispersion-
corrected density functional level (DFT-D3) for several Leigh-type rotaxanes. The calculated crystal structure is in close agreement
with the experimental X-ray data. Compared to a stiffer axle, a more flexible one results in a stronger binding by 1-3 kcal/mol.
Alterations of the binding energy in the range of 5 kcal/mol could be achieved by substitution with different functional groups. The
hydrogen bond geometry between the isophtalic unit and the carbonyl oxygen atoms of the axle exhibited distances in the range of
2.1to 2.4 A for six contact points, which shows that not solely but to a large amount the circumstances in the investigated rotax-
anes are governed by hydrogen bonding. Moreover, the complex with the more flexible axle is usually more unsymmetrical than the
one with the stiff axle. The opposite is observed for the experimentally investigated axle with the four phenyl stoppers. Further-
more, we considered an implicit continuum solvation model and found that the complex binding is weakened by approximately
10 kcal/mol, and hydrogen bonds are slightly shortened (by up to 0.2 A).

Introduction

Rotaxanes are prototypes for molecular machines and molec-
ular switches [1-3]. They are mechanically interlocked mole-
cules consisting of a macrocycle, called “wheel”, threaded on a
linear chain, termed “axle”, see Figure 1 for examples. Typi-

cally, the axle has at least one recognition site — often hydrogen

bond donors or acceptors [4,5] — for the wheel, because most
rotaxanes are obtained from template synthesis [6,7]. Bulky
stopper groups at the ends of the axle prevent the wheels from
dethreading. Rotaxanes without their stopper groups are often

referred to as pseudorotaxanes. It is implicitly assumed that

1299
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these stopper functionalities have no further influence on the
electronic structure of the axle, hence neither on the axle—wheel

interaction.

Applications of rotaxanes are many-fold, for example there is
an interest in understanding the motions carried out by both
entities with respect to each other. This can lead to molecular
machines via pirouetting [8], or molecular shuttles [9,10] via
shifting the axle back and forth within the wheel. The Stoddart
group synthesized the first rotaxane-based molecular shuttle in
1991 [11]. It consisted of a tetracationic wheel, which was able
to move back and forth between two identical hydroquinol
stations. These symmetrically surrounded a polyether axle,
which was terminated at the ends by large triisopropylsilyl stop-
pers [11]. Other rotaxane systems were also studied. For
instance, Leigh and coworkers synthesized several rotaxane
shuttles in the last years [12]. Many of these rotaxanes are based
on a benzylic amide macrocycle with isophtalamide units
building up twofold hydrogen bonds to an acceptor axle. The
Schalley group often used a similar hydrogen bond motif for the
design of molecular shuttles with the Vogtle-Hunter tetralactam
macrocycle next to several other combinations [13-15].
Fernandes et al. recently published a further interesting applica-
tion of rotaxanes [16,17]. The axle consisted of a peptide, which
can be released from the wheel by the according reaction, thus
allowing the rotaxane to function as a high-precision delivery
system. The authors introduced a system, which — in contrast to
the first generation of these kinds of rotaxanes — showed water
solubility and contained appropriate locations for substitutions
in order to improve its properties [16].

Theoretical investigations on rotaxanes accompanied or even
preceded experimental work frequently, thus showing that
theory offers many viable tools for the understanding and the
development of rotaxanes. Zerbetto et al. showed that the shut-
tling motion can be separated from the other degrees of
freedom, and that the effective coordinate of the motion can be
described as a double-minimum potential [18]. The
co-conformer stability for rotaxane based molecular shuttles
was investigated by means of molecular modeling [19]. The
Peyerimhoff group has carried out an in depth study of the
rotaxane formation [20]. A later study investigated the shuttling
motion of the wheel as a one-dimensional translation, together
with the influence of the Kohn—Sham frontier orbitals of wheel
and axle upon conductivity and electron tunneling along the
rotaxane [21]. A quantum chemical shuttling motion study of
rotaxane-based molecular switching devices has revealed how
the modification of the redox states of both entities results in
changes of the computational energy profile [22]. The
formation of a-cyclodextrin-based [3]pseudorotaxanes in the

gas phase was studied by means of density functional
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calculations [23]. Molecular mechanics calculations were used
for a free energy calculation of an a-cyclodextrin rotaxane
system and for the investigation of low-barrier molecular rotary
motors with rotaxane architecture [24]. The co-conformational
selectivity of two dibenzo-24-crown-8 macrocycles to ammonia
binding sites in a [3]rotaxane [25], and the hydrogen bonding
strength in polymeric urethane rotaxanes in a mean-field model

[26] were investigated by semiempirical methods.

In our groups, we investigated the main binding motif for
rotaxane systems of the Vogtle [27-30], Schalley- [29-31], and
Leigh-type [27]. We performed an energetic and vibrational
analysis for the twofold hydrogen bonds in order to understand
the binding pattern [28]. A close relationship between the
strength of the hydrogen bond and the charge of the acceptor
oxygen was detected [32]. Substitution with electron-with-
drawing groups weakens the twofold hydrogen bond, whereas
substitution with electron-donating groups led to an increase of
interaction energy. In the vibrational spectra, the red shift for
both the C=0 stretching mode and the N-H stretching mode
was correlated to the binding energies of the hydrogen bonds
[27]. Compared with single hydrogen bonds, the twofold
hydrogen bonds showed shorter red shifts for the N-H stretch
modes but larger red shifts for the C=0 stretch mode [27].
Different density functionals, including one functional with an
empirical correction for dispersion interaction, for the treat-
ment of such rotaxane complexes were studied. We compared
these density functional theory (DFT) results with
Moller—Plesset second-order perturbation theory (MP2) calcula-
tions [29]. The contribution of the London dispersion inter-
action to the total interaction energy in the gas phase is of the
same magnitude as the hydrogen bonding interaction (about
—14 kcal/mol).

The molecular functionality of rotaxanes is solely based on the
interplay of different non-covalent interactions between the axle
and the wheel. Therefore, the understanding of these (mostly)
attractive forces is crucial for the development of the field.
Also, by understanding how one can modify or even tune the
axle—wheel interplay, rotaxanes for different purposes can be
designed enhancing the applicability of such materials. This
study aims to understand rotaxanes with respect to its non-cova-
lent interactions on the molecular level and to contribute to a
more rational design of new molecular machines. Therefore, we
investigated the energetics by substitution the rotaxanes with
differe