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Synthesis of a [2]Catenane from the Sodium Ion Templated Orthogonal
Arrangement of Two Diethylene Glycol Chains**
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An important feature for the efficient construction of
a [2]catenane is the appropriate alignment of the individual
precursor molecular components.'! Although direct self-
assembly of these components through intermolecular hydro-
gen bonding® and/or m-stacking interactions® is possible in
some unique recognition systems, the use of an ionic template
to bridge and preorganize them remains a commonly applied
strategy. In addition to anions,! transition-metal cations® are
the most frequently used ionic templates because their
predictable chelation numbers and geometries allow precise
arrangement of the precursor components of the [2]catenane.
Pyridines, bipyridines, and their derivatives, which have
strong binding affinities to transition-metal ions, have gen-
erally been used as recognition units in such systems (Fig-
ure 1a), and have led to the construction of many elegant and

b)

Figure 1. Conceptual representation of the orthogonal self-assembly of
ligands through the interactions of a) two phenanthroline units with
a Cu” jon and b) two oligo(ethylene glycol) strands with a Na™ ion.

functional [2]catenanes.’! Although the binding of oligo-
(ethylene glycol) chains to alkali metal ions has long been
applied in the synthesis of crown ethers,'®’ we were unaware of
any examples of the use of alkali metal ions to template the
association of two oligo(ethylene glycol) chains in an
orthogonal geometry (Figure 1b) to facilitate the self-assem-
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bly of the corresponding catenanes or rotaxanes. We sus-
pected, however, that if chemically relatively inert, readily
accessible, and readily derivatized oligo(ethylene glycol) units
could serve as primary recognition units for the construction
of interlocked molecules, then facile new syntheses of
structurally simple interlocked molecular switches capable
of performing interesting functions might be possible. Herein,
we report the orthogonal alignment of two diethylene glycol
units templated by Na® ions and its application in the
synthesis of a simple [2]catenane from five components
(two diamines, two dialdehydes, one Na* ion).

We anticipated that enhancing the binding affinity of an
alkali metal ion to two linear oligo(ethylene glycol) chains
would require weakening the interactions of the metal ion to
its counteranion and to the surrounding solvent molecules.
Moreover, the number of oxygen atoms present in the
oligo(ethylene glycol) strands might also need to be mini-
mized to ensure that the coordination number of the alkali
metal ion would not be fulfilled merely by a single oligo-
(ethylene glycol) chain. Thus, we selected the diamine 1,7
which contains only three oxygen atoms in its diethylene
glycol chain,® for the synthesis of [2]catenanes through imine
formation with the dialdehyde 2 in a low-polarity solvent
(e.g., CHCl;, CH,Cl,) in the presence of sodium tetrakis(3,5-
trifluoromethylphenyl)borate (NaTFPB)" as the templating
salt (Scheme 1).1'"

'H NMR spectroscopic analysis of an equimolar (20 mm)
mixture of the diamine 1, the dialdehyde 2, and NaTFPB in
CDCl; showed the signals corresponding to the imine and
aldehyde units to increase and decrease, respectively, over
time, thus indicating that the reaction equilibrium favored the
formation of imine bonds (Figure 2). The reaction was
accelerated by heating the mixture at 323 K for 20 min. This
resulted in a simplified set of signals, which we rationalized as
corresponding to the complexed macrocycle [3:Na*] on the
basis of the shapes, integration ratios, and chemical shifts of
the signals in the 'HNMR spectrum (Figure 2b). Further
heating of the solution at 323 K for 3 h led to only negligible
changes in the 'HNMR spectrum, thus suggesting that
equilibrium was reached quickly under these conditions and
that the complexed macrocycle [3-Na*] was the thermody-
namically preferred product. Electrospray ionization (ESI)
mass spectrometric analysis of the solution revealed an
intense signal at m/z 465.2, which corresponds to the ion
[3:Na*].

In contrast, the '"H NMR spectrum of the corresponding
solution containing only 0.5 equiv of NaTFPB displayed
a completely different set of signals after heating it at 323 K
for 3 h (Figure 2 f). The significant upfield shifts of the signals
for the ethylene glycol units—from approximately 6 =3.50—
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diamine 1, the dialdehyde 2, and NaTFPB: a)—c): 20, 20, and 20 mwm,

Figure 2.

respectively; d)—f) 20, 20, and 10 mm, respectively, maintained at
323 K for a,d) 0 h, b,e) 0.33 h, and ¢,f) 3 h. Asterisks: signals from
TFPB anions.

3.70 initially to 6 =2.59 and 2.98 after 3 h—suggested that
these protons were located within a shielding zone formed by
the p-xylene units. The '"H NMR spectrum of the reaction with
only 0.5 equiv of Na* ions suggests that the structure formed
was the [2]catenane [4-Na*], with one Na* ion coordinating
a diethylene glycol chain from each of two units of the
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macrocycle 3 in an orthogonal arrangement
(Scheme 1). Nano-ESI-MS analysis of the
solution revealed a signal at m/z 907.4, which
corresponds to the singly charged Na*-com-
plexed dimer of 3. The '"H NMR spectrum of
an equimolar mixture (20 mm) of only the
diamine 1 and the dialdehyde 2 in CDCl,,
after it had been heated at 323 K for 3 h,
featured no signals corresponding to either
the macrocycle 3 or the [2]catenane 4 (see the
Supporting Information). This finding sug-
gests the important role played by the Na*
ions as templates in the formation of the
complexed macrocycle [3-Na*] and the com-
plexed [2]catenane [4-Na*t].l]

To further support the formation of the
macrocycle 3 and the [2]catenane 4, we
reduced their imino bonds to convert these
molecules into thermodynamically stable
amines. Thus, after heating an equimolar
(20 mm) mixture of the diamine 1, the dialde-
hyde 2, and NaTFPB in CHCl; at 323 K for
16 h to generate predominantly the macro-
cycle [3-Na*], we cooled the solution to
ambient temperature, added PhSeH!”
(160 mm), and then stirred the mixture for
10 min. This resulted in the formation of the
macrocycle 5, which was isolated in 65 % yield
after column chromatography. A similar procedure applied to
a mixture of the diamine 1 (20 mm), the dialdehyde 2 (20 mm),
and NaTFPB (10 mm) resulted in the isolation of the
[2]catenane 6 in 17 % yield after column chromatography.!'®!
Nano-ESI-MS analysis of the [2]catenane 6 revealed an
intense signal at m/z 893.5, which corresponds to the singly
protonated dimer of the macrocycle 5. Tandem mass spec-
trometric analysis (nano-ESI-MS/MS) of this signal provided
two clear signals at m/z 893.5 and 447.3, which correspond to
the ions [6-H]* and [5-H]", respectively, thus confirming that
the [2]catenane comprised a pair of macrocycles 5.

The absence of any of signals corresponding to the TFPB
anion in the 'H NMR spectrum of the [2]catenane 6 (Fig-
ure 3¢) suggested that the templating Na* ions had been
removed completely during the aqueous extraction and
chromatography processes. It also suggested that the com-
plexation of the Na* ion between the two diethylene glycol
chains was not particularly strong under these conditions. The
signal for the benzylic protons adjacent to the NH unit was
shifted significantly upfield in the "H NMR spectrum of the
[2]catenane 6 in CDCl;, relative to that of the macrocycle 5
This observation suggested that the two interlocked macro-
cycles preferred to interact mainly through [N-H:-O] hydro-
gen bonding of one diethylene glycol loop of one component
to the benzylamine unit(s) of the other (Scheme 1). The
highly symmetric signals in the "H NMR spectrum of the
[2]catenane 6 in CDCl; also suggested that such [N-H--O]
hydrogen bonding was not sufficiently strong to slow the
circumrotation of the components at room temperature to
below the timescale of "H NMR spectroscopy at 400 MHz.
Nevertheless, the interlocked nature of the components of the
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Figure 3. "H NMR spectra (400 MHz, CDCl,, 298 K) of a) the macro-
cycle 5; b) an equimolar mixture of 5 and NaTFPB (5 mm); c) the
[2]catenane 6 (5 mm); d)—g) the solution in (c) after the addition of
d) 0.3, e) 0.65, f) 1.0, and g) 1.5 equiv of NaTFPB; and h) the solution
in (g) after the addition of NaOH (10 mg).
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[2]catenane 6 is supported by the upfield shifts of most of the
signals in its 'H NMR spectrum relative to those in the
spectrum of the macrocycle 5 under the same conditions.

We suspected that the complexation of a Na* ion to the
[2]catenane 6 would occur with a binding stoichiometry
similar to that of the imino [2]catenane [4-Na'] and provide
similar signals in the resulting '"H NMR spectrum. Indeed,
when we gradually titrated solutions of NaTFPB (0.30, 0.65,
and 1.0 equiv) in small amounts of CD;CN into a solution of
the [2]catenane 6 in CDCl;, we observed first broadened and
then sharpened signals in the 'H NMR spectra (Figure 3 d—f).
The addition of even more NaTFPB (1.5 equiv in total) to the
solution resulted in only a negligible change in the '"H NMR
spectrum, thus suggesting a 1:1 binding stoichiometry for the
complexation of the [2]catenane 6 and the Na' ion. The
signals at 0 =2.55/2.97 and 4.17, which correspond to the
ethylene glycol protons and benzylic protons adjacent to
oxygen atoms, respectively, matched quite reasonably the
signals of the corresponding protons in the [2]catenane
[4Na'] in CDCl;. This result confirmed the interlocked
structure and thermodynamic predominance of the [2]cate-
nane [4-Na'] in the CDCI; solution of the diamine 1 (20 mm),
the dialdehyde 2 (20 mm), and NaTFPB (10 mm). The
significant upfield and downfield shifts of the signals of the
diethylene glycol protons and the methylene protons adjacent
to the NH units, respectively, in the '"H NMR spectrum of the
[2]catenane 6 after the addition of Na* ions confirmed that
the two interlocked macrocyclic components of the [2]cate-
nane 6 used their diethylene glycol loops cooperatively to
complex the metal ion.**

Single crystals suitable for X-ray crystallography were
grown by liquid diffusion of hexane into an equimolar
solution of the [2]catenane 6 and NaTFPB in CHCI,. Instead
of trapping a Na* ion, the [2]catenane 6 was protonated under
the crystallization conditions. The solid-state structure of [6-
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Figure 4. Ball-and-stick representation of the solid-state structure of
the [2]catenane [6-H,]*".

H,]** revealsl>!® the [2]catenane geometry (Figure 4), in
which one of the two amino units in each macrocycle was
protonated, with this NH," center hydrogen bonded to the
oxygen atoms of the diethylene glycol unit of the other
interlocked macrocycle. We suspect that the interlocked
nature of the [2]catenane 6 increased the basicity of one of
the amino units in each interlocked macrocycle, thereby
stabilizing the resulting NH," center through hydrogen
bonding to the diethylene glycol chain of the other macro-
cyclic component.!'”!

The 'HNMR spectrum obtained after dissolving the
crystals of the [2]catenane [6-H,][2TFPB] in CDCl; (see the
Supporting Information) was similar to the minor signals
observed in the equimolar mixture (Figure3f) and 1:1.5
mixture (Figure 3 g, indicated by an asterisk) of the [2]cate-
nane 6 and NaTFPB in CDCls; thus, a small amount of the
[2]catenane 6 was likely protonated under those experimental
conditions. When solid NaOH (10 mg) was added to the 1:1.5
mixture of the [2]catenane 6 and NaTFPB in CDCl,, these
minor signals disappeared immediately, while the major ones
remained unaffected (Figure 3h)."®! We suspect that although
we had treated the CHCI;/CDCI; with Na,S,0; and K,CO;,
and had freshly distilled it prior to use, it was difficult to
completely avoid the presence of trace amounts of HCl/DCI
generated through decomposition under the experimental
conditions.

We have demonstrated that a Na* ion can be applied as
a template for the alignment of two diethylene glycol chains
in an orthogonal manner, thereby allowing the simple and
efficient synthesis of a [2]catenane from five components (two
dialdehydes, two diamines, one Na* ion). As readily acces-
sible oligo(ethylene glycol)s are relatively chemically inert,
their use as primary recognition units in the construction of
interlocked molecules should provide additional structural
flexibility for the design and development of functional
materials and switches, which we are currently investigating.
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suggested that the complexation of the free imino macrocycle 3
to a free Na® ion is energetically more favorable than its
complexation to the bound Na* ion in [3-Na][TFPB], partly
because of the higher entropic cost in forming the structurally
more complicated and restricted [2]catenane.
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Lert. 1999, 1, 1363 -1366.

The relatively low yield of the isolated [2]catenane 6 was likely
due to the lability of the imino bonds under the conditions for
reduction; indeed, we isolated the macrocycle 5 as the major by-
product in 41 % yield.

The use of the same solutions of NaTFPB in CD;CN to titrate
a solution of the macrocycle 5 in CDCI; did not lead to similar
upfield shifts of the signals for the ethylene glycol loops in the
'"HNMR spectra, thereby eliminating the possibility that the
upfield shifts were caused by intermolecular interactions.
CCDC 952636 (excluding structure factors) for the [2]catenane
[6-H,][2TFPB] contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.

Crystal data for [6-H,][2TFPB]: [CscH;(ON,][B2CosFisHoul;
M,=2621.61; triclinic; space group Pl; a=14.5245(4), b=
20.1752(7), ¢=21.532Q8)A; V=5997.04) A%,  pea=
1452 gem™?; u(Cug,) =1246 mm™'; T=200(2) K; colorless
plate; 21825 independent measured reflections; F* refinement;
R, =0.0571; wR,=0.1700.
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A. Edel, J. Guilhem, J.-P. Kintzinger, C. Pascard, J.-P. Sauvage, J.
Am. Chem. Soc. 1986, 108, 6250—-6254.

The addition of Na,CO; to a solution containing a similar
mixture did not eliminate these minor signals, possibly because
of insufficient basicity.
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