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Molecular Design of a “Molecular Syringe” Mimic for Metal
Cations Using a 1,3-Alternate Calix[4]arene Cavity
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A 1,3-alternate calix[4]arene bearing a nitrogen-containing crown cap at one side and a bis-
(ethoxyethoxy) group at another side has been synthesized. *H NMR spectroscopic studies showed
that Ag™ is bound to the crown-capped side (log Kass, = 9.78: CD,Cl,:CD30OD = 4:1 vl/v, 30 °C), and
the dissociation of Ag* from this cavity is very slow. When the nitrogen atom in the crown ring is
protonated with trifluoroacetic acid, Ag* is pushed out to the bis(ethoxyethoxy) side through a

m-basic tube of the 1,3-alternate calix[4]arene.

The dissociation of the complex from the

bis(ethoxyethoxy) side occurs relatively fast. On the other hand, when the nitrogen-H* in the crown
ring is deprotonated with Li,CO3; and diazabicycloundecene, Ag* is sucked back to the crown-capped
side through the z-basic tube. These chemically-switchable actions well imitate the function of a
“syringe”, using the mw-basic tube as a pipette and the crown ring as a rubber cap. We believe that
this prototype of a “molecular syringe” is a novel molecular architecture for the action of metal

cations.

Introduction

Selective recognition of alkali metal cations is one of
the central research interests not only in biological
systems but also in artificial chemical systems. This is
now possible by the use of either naturally-occurring
ionophores or synthetic, polyether-type macrocylic recep-
tors, e.g., crown ethers.2™> Over the last decade, it has
been demonstrated that ionophoric cavities constructed
from calix[4]arenes frequently show Na' selectivity
superior to that observed for crown ethers.671! It is also
noteworthy that the stereochemistry of calix[4]arenes has
made remarkable progress: it is now possible to freeze
the rotation of phenyl units in calix[4]arene by introduc-
ing bulky substituents onto OH groups?~1° or by cross-
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linking two phenyl uints.2°-2* This progress has enabled
us to selectively synthesize and isolate four possible calix-
[4]arene conformers: that is, cone, partial-cone, 1,2-
alternate, and 1,3-alternate.’?”'® By applying these
advanced synthetic methods, one can now design various
ionophoric calix[4]arenes which show various metal
selectivities. For example, certain rigidified calix[4]-
arenes such as calixcrowns and calixspherands can form
kinetically stable complexes with alkali metal cations.2%
These results demonstrate that conformationally-rigidi-
fied calix[4]arenes are very useful for designing iono-
phoric cavities with the desired size and shape.

We recently found that in certain 1,3-alternate con-
formers of calix[4]arene the metal cation is bound non-
symmetrically to one of two cavity edges.?®> Since one
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Figure 1. Schematic representation of the metal-tunneling
through a z-basic tube of 1,3-alternate calix[4]arene.

cavity edge is composed of two phenolic oxygens and two
benzene rings, this metal-binding mode is considered to
be an example for the participation of the “cation-z
interaction”.262° Dynamic 'H NMR spectroscopy at low
temperature showed that the metal cation alternates
intramolecularly between the two cavity edges through
a wr-basic hole of 1,3-alternate calix[4]arenes (Figure 1).%
To the best of our knowledge, this is the first direct
evidence for metal cation-tunneling across an aromatic
cavity and has important implications with regard to the
metal cation—s interaction expected for metal transport
through ion channels, metal inclusion in fullerenes,
intercalation of metal cations into graphites, etc.?’~2°
Here, it occurred to us that it might be possible to design
a mechanochemical “molecular syringe” for metal cations
from a 1,3-alternate calix[4]crown, using the z-basic tube
as a “pipette” and the crown-ring as a “rubber cap”. We
thus synthesized a chemically-switchable compound 1.
Judging from the relative cation-binding ability of two
calix[4]arene edges, the crown-capped side should bind
metal cations more strongly than the bis(ethoxyethoxy)
side. When the nitrogen atom in the crown ring is
protonated, the metal cation would be pushed out through
the z-basic cavity to the bis(ethoxyethoxy) side because
of electrostatic repulsion.3® We here report spectroscopic
data of 1 which support the molecular-syringe-like action.

R+

1
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Results and Discussion

Synthesis. Compound 1 was synthesized from calix-
[4]arene-25,26,27,28-tetraol via three steps (Scheme 1).
Cs,CO3, which tends to yield 1,3-alternate calix[4]-
arenes,%13-15253132 was used as base for the reaction of
1-chloro-5-tosyl-3-oxapentane with 2. 1,3-Alternate 3
thus obtained was allowed to react with hexylamine
under the high-dilution conditions. Compound 1 was
obtained from 1,3-alternate 3 in 39% yield. The structure
was identified by 'H NMR and mass spectroscopic
evidence and elemental analysis (see Experimental Sec-
tion).

Dynamic 'H NMR Spectra of a 1-Ag™ Complex.
For complexation studies, we chose Ag™ which is known
to form stable complexes with 1,3-alternate calix[4]arenes
and possesses a metal-tunneling rate comparable with
the NMR time-scale.?>3 In previous examples of 1,3-
alternate calix[4]arene-M* complexes, the coalescence
temperature for the intermolecular metal exchange
(Teinter) Was always higher than that for the intramo-
lecular metal-tunneling (T¢intra)-2®> This result implied
that the metal cation bound to the calix[4]arene edge
tended to move intramolecularly to another edge rather
than to dissociate intermolecularly into the solvent. We
measured 'H NMR spectra for various mixtures of 1 and
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Figure 2. Partial *H NMR spectra of a 1-Ag* system: 400
MHz, CD,Cl,:CD30D = 4:1 viv, [1] = 5.00 mM, [CF3SOzAg] =
2.50 mM. Ar-H, and Ar-H, denote the aromatic protons at
crown-capped side and those at bis(ethoxyethoxy) side, respec-
tively. Open and solid (or shaded) circles denote the signals
for free 1 and those for the 1-Ag* complex, respectively.

CF3S03Ag in CD,Cl,:CD;0OD = 4:1 v/v at eight different
temperatures (between —85 and 30 °C). The typical
spectra for [CF3S0O3Ag]/[1] = 0.5 are shown in Figure 2.
It is seen from Figure 2 that the peaks for the 1-Ag*
complex appear separately from those for free 1 even at
30 °C although they are somewhat broadened compared
with those at 10 °C. The result indicates that the T inter
is higher than 30 °C under these measurement condi-
tions. As the measurement temperature was lowered the
peaks coalesced at —20 °C and then split into pairs again.
To corroborate that this coalescence is assignable to the
Teintra, We examined the influence of the Ag* concentra-
tion on the coalescence temperature because the T inter
reflects an intermolecular event and therefore is concen-
tration-dependent whereas the T inra reflects an intramo-
lecular event and therefore is concentration-indepen-
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Figure 3. Concentration dependence of T ntra: [1] = 5.00 mM,
CDCl,:CD30OD = 4:1 v/v. The concentration of 1 was main-
tained constant while the concentration of CF3SOs;Ag was
varied.

dent.?> As shown in Figure 3, the coalescence temperature
observed at around —20 °C is concentration-independent
for [CF3SO3AQ]/[1] = 0.5 to 5.0. This result clearly
supports the view that this coalescence temperature can
be assigned to the T¢inra- 1IN general, the T inter drops
with increasing metal concentration.?® In the present
system, however, the T inr could not be observed even
at [CF3S0O3Ag)/[1] = 5.0 (the upper limit of the CF3SOs-
Ag solubility). The high T¢iner Value implies that the
intermolecular metal exchange is considerably slow.
We first considered that this T, Should be attributed
to the metal-tunneling between two cation-binding sites
in 1 because the T;ntra Values for 1,3-alternate calix[4]-
arenes frequently appear at this temperature region.?
We noticed, however, that the integral intensity below
the T intra @always appears in a 1:1 ratio. This implies
that Ag™" is distributed equally between both binding
sites. This partition seems rather unlikely judging from
the cation-binding ability of each site. Thus, we carefully
analyzed the 'H NMR spectra using 2D COSY and NOE
methods. Firstly, we assigned all peaks by 2D COSY.
The methylene protons (8-H and 9-H) adjacent to the
nitrogen atom appear separately from other protons (at
3.09 ppm). We measured the NOE spectrum with respect
to these protons at —50 °C (below T¢intra). As shown in
Figure 4A, different NOE signals were observed for the
aromatic 1-H and 2-H protons which appeared below
Teintra but the aromatic 3-H and 4-H protons on the
opposite side remained as one peak. On the basis of this
finding, one can conclude that in the present system the
Teintra IS NOt due to the metal-tunneling as in the previous
systems?> but due to the flip-flop-type, rope-jumping
motion of a nitrogen-containing crown loop (as shown in
Figure 5). This conclusion reasonably explains why the
integral intensity of 1-H and 2-H always appears in a
1:1 ratio. Of course, such a flip-flop-type motion of the
crown loop is also expected for free 1. However, the
aromatic 1-H and 2-H signals in free 1 did not split even
at —85 °C. Presumably, the flip-flop-type motion in the
1-Ag* complex is suppressed by Ag* sitting in the small
calix[4]crown cavity: that is, the ring cannot provide a
satisfactory inner space to fully include Ag* but rather
perches Ag*™ on the crown loop. In such a Agt-binding
mode, the structure of the 1-Ag"™ complex becomes
nonsymmetrical, and the exchange between two forms
on an NMR time-scale creates a peak-coalescence phe-
nomenon. This view is also supported by the chemical



A “Molecular Syringe” Mimic for Metal Cations

(A)
1-Ag
(B)
+0.044
-50°C
+0.607
L7 L0446
) e +0.040
‘ 7\ +0.255
& |
C >
1\
w0107 7 40,089
+0.040
1-Agt

Figure 4. (A) Assignment of chemical shifts for selected
protons in the 1-Ag* complex by 2D COSY and NOE signal
intensities with respect to 8-H and 9-H: —50 °C, CD,Cl,:CDs-
OD = 4:1 vlv, [1] = 5.00 mM, [CF3S0sAg] = 10.0 mM. (B)
Changes in the *H NMR chemical shift of 1 induced by added
Ag*: the measurement conditions are the same as A. A plus
sign (+) denotes a shift to lower magnetic field, whereas a
minus sign (—) denotes a shift to higher magnetic field.

Figure 5. Schematic representation of a rope-jumping motion
in the 1-Ag™ complex.

shift changes induced by Agt complexation (Figure 4B).
While the chemical shifts for the aromatic protons in the
bis(ethoxyethoxy) side are scarcely changed, those in the
crown-capped side are strongly affected. In particular,
the signals for meta-protons largely shift to lower mag-
netic field whereas those for para-protons are scarcely
affected or inversely shift to higher magnetic field. In
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the preceding examples for 1,3-alternate calix[4]arene--
Ag*t complexes, Ag™ most strongly interacts with para-
carbons, and therefore the largest downfield shift in 'H
NMR spectroscopy is always observed for para-protons.
In the present system, it is likely that Ag*™ cannot occupy
the central position flanked by two para-carbons because
of the smaller cavity for Ag* but rather leans on meta-
carbons.

The foregoing *H NMR spectroscopic studies consis-
tently indicate that Ag" is entirely bound to the crown-
capped side: thatis, Ag* has been deposited in a rubber
cap of a calix[4]arene-based “molecular syringe” (although
it can slowly leak into the solvent by an intermolecular
path).®* Consequently, we tried to estimate the equilib-
rium constant for the association (Kass.) of 1 and CFs-
SOs;Ag. When the *H NMR peaks for the complex appear
separately from the ligand, one can directly calculate the
Kass. from the ratio of the integral intensities. In the
present system, however, the integral intensity of 1-Ag*
was always equal to the amount of added CF;SOz;Ag (at
[1] = [CF3S0O3Ag] = 0.100 to 2.00 mM). This implies that
the Ky, is too large to determine by a *H NMR method.
Thus, the K,ss. Was estimated by a conductivity method,
which is very sensitive and therefore suitable to the
determination of large association constants.>3¢ A plot
of A vs [1]J/[CFsSO3Ag] gave a saturation curve, which
was analyzed by the nonlinear least-squares method.36:37
We thus obtained log Kass, = 9.76: this value is much
greater than the K, values for 1,3-alternate calix[4]-
crowns without the nitrogen atom.?*32 Conceivably, the
nitrogen in the crown ring significantly contributes to the
Ag*-binding in addition to the cation—s interaction with
the aromatic rings and the electrostatic interaction with
the crown oxygens.

Chemical Switching by Protonation and Depro-
tonation of the Crown Nitrogen. To protonate the
nitrogen atom in the crown loop we used 600 mM of CF;-
COOD (TFA-d). The 'H NMR signals in the absence and
the presence of Ag* were assigned using 2D COSY and
NOE methods. The peaks assignable to protonated 1
(1H*) did not appear separately from those of free 1 even
at —85°C. To confirm that 1 (5.00 mM) is fully converted
to 1H, the *H NMR spectra were measured as a function
of the TFA-d concentration. The 6m—n (7.10 ppm in CD,-
Cl,:CD30OD = 4:1 v/v at 30 °C in the absence of TFA-d),
used as a marker peak, shifted to lower magnetic field
with increasing TFA-d concentration and was saturated
at 7.16 ppm above [TFA-d]/[1] = 20. One may thus
regard that the *H NMR spectrum measured in the
presence of TFA-d (600 mM) is entirely attributable to
1H*. The difference in the chemical shift between 1 and
1H" is shown in Figure 6A. It is seen from Figure 6A
that the methylene protons adjacent to the NH™ are
shifted to lower magnetic field (by 0.42—0.45 ppm);
whereas the other protons are shifted by a smaller
amount.

When TFA-d was added to 1 in the presence of CFs-
SO3Ag, the largest downfield shift was observed for meta-

(34) In compound 1, the metal cation included in the crown cap can
leak out directly as an intermolecular path. The 'H NMR spectral data
indicate, however, that this path occurs incomparably more slowly than
the intramolecular metal-tunneling path. One can consider, therefore,
that upon protonation of the ring nitrogen the metal cation moves to
the another side predominantly via the calix[4]arene tube.
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(36) Shinkai, S.; Inuzuka, K.; Miyazaki, O.; Manabe, O. J. Am.
Chem. Soc. 1985, 107, 3950.

(37) Shinkai, S.; Araki, K.; Manabe, O. 3. Am. Chem. Soc. 1988,
110, 7214.
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Figure 6. (A) Assignment of chemical shifts for selected
protons in 1H" and changes from those in 1:30 °C, [1] = 5.00
mM, [TFA-d] = 600 mM, CD,Cl,:CD3;0D = 4:1 v/v. (B) Changes
in the 'H NMR chemical shift of 1H" induced by added Ag*
([CF3S0OsAg] = 10.0 mM): the measurement conditions are the
same as A. A plus sign (+) denotes a shift to lower magnetic
field, whereas a minus sign (=) denotes a shift to higher
magnetic field.

protons in the bis(ethoxyethoxy) side (Figure 6B). Al-
though the chemical shifts for those protons in the crown-
capped side also move to lower magnetic field, the
magnitude is much smaller than that induced by the Ag*-
binding to 1 (compare with those in Figure 4B). Thus,
these small chemical shift changes can be reasonably
explained by the inductive effect caused by the Ag*-
binding to the opposite bis(ethoxyethoxy) side.?> These
findings support the view that Ag* is now trapped by the
bis(ethoxyethoxy) side. At [CF3SO3Ag]/[1H*] = 0.50 the
measurement temperature to —85 °C. Although the
peaks gradually broadened with lower temperature, no
peak splitting between 1H* and 1H*-Ag" was observed.
One can thus consider that the intermolecular metal
exchange with the bis(ethoxyethoxy) side in 1H* is much
faster than that with the crown-capped side in 1. Figure
7 shows a plot of Adm-n (averaged chemical shift change
in meta-protons in the bis(ethoxyethoxy) side against CFs-
SOzAg concentration). From this plot the K,s was
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Figure 7. Chemical shift change in m-n of 1H" induced by
added CF5SOsAg: 30 °C, [1] = 5.00 mM, [TAF-d] = 600 mM,
CD,Cl,:CD3OD = 4:1 viv.

estimated to be 220 M~*: a value smaller by 2.7 x 107-
fold than that for the crown-capped side of 1.

On the basis of the above results, it is proposed that
Ag*t bound to the crown-capped side in 1 is pushed out
to the opposite bis(ethoxyethoxy) side through a z-basic
1,3-alternate calix[4]arene tube only when the nitrogen
atom in the crown ring is protonated. In order to move
Ag™ to the crown-capped side again, one must deproto-
nate 1H* to 1. To remove excess TFA-d, we first treated
the solution with solid Li,CO3 (in a separate study, it was
confirmed that Li,CO; is scarcely soluble in a mixed
solvent of CD,Cl,:CD3;OD = 4:1 v/v and Li* is not bound
to 1). By this treatment one can remove TFA-d without
polluting the reaction system. After removing precipi-
tated CF;COOL.i and unreacted Li,COj3 by filtration, we
added diazabicycloundecene (DBU, 1.0 equiv to 1H*) and
measured the 'H NMR spectrum at various temperatures
(between —85 and 30 °C). Except several peaks assign-
able to protonated DBU, the resultant *H NMR spectrum
totally coincided with the initial spectrum containing 1
and CF3S0O3Ag. The finding allows us to conclude that
Ag" has shifted from the bis(ethoxyethoxy) side to the
opposite crown-capped side through a s-basic 1,3-
alternate calix[4]arene tube. These reversible metal-
tunneling processes can be illustrated as in Figure 8.

Conclusion

The design of a “molecular syringe” mimic reported
herein was modeled by combining the idea of using a
chemically-switchable molecular shuttle® with our previ-
ous finding that certain metal cations can enjoy the
intramolecular tunneling through the z-basic 1,3-alter-
nate calix[4]arene cavity.?> We considered that if one
could fix a switch-functionalized, strong metal-binding
site to one calix[4]arene edge and a relatively weak
metal-binding site to another edge, the resultant molec-
ular architecture should behave like a “syringe” for metal
cations. In this article, the molecular design has been
realized using a chemically-switchable nitrogen-contain-
ing crown ring for one side and a bis(ethoxyethoxy) group
for the other side. Syringelike, ion-pumping processes
have been fully characterized by 'H NMR spectroscopy.
The residual problem is to suppress the intermolecular
path (direct Ag*-leakage from the azacrown cap). We
believe that the novel findings reported herein are
particularly useful in helping to understand many dy-
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Figure 8. Schematic representation of a reversible metal
pumping in a microscopic “molecular syringe” 1 designed from
1,3-alternate calix[4]arene.

namic metal transport systems such as metal transport
across ion channels, metal deposition on the molecular
assembly surfaces, and metal cation scavenging in solu-
tion.

Experimental Section

Materials. Compound 1 was synthesized from calix[4]-
arene-25,26,27,28-tetraol according to Scheme 1.

25,27-Bis(ethoxyethoxy)-26,28-dihydroxycalix[4]-
arene (2). This compound was synthesized from calix[4]-
arene-25,26,27,28-tetraol by the reaction with 2-bromoethyl
ethyl ether in the presence of BaO and Ba(OH), in DMF in a
manner similar to that used for the synthesis of 5,11,17,23-
tetra-tert-butyl-25,27-bis(ethoxyethoxy)-26,28-dihydroxycalix-
[4]arene:® yield 52%; mp 160.0—161.0 °C; *H NMR (250 MHz,
CDClg, 25 °C) ¢ 1.28 (t (7.0 Hz), 6H,CH3), 3.34 (d (13 Hz), 4H,
ArCH-Ar), 3.70 (q (7.0 Hz), 4H, CHx(CHs)), 3.94 (t (4.8 Hz),
4H, CH,0), 4.18 (t (4.8 Hz), 4H, ArOCHy), 4.40 (d (13 Hz), 4H,
ArCH:-Ar), 6.62 and 6.76 (t each (7.5 Hz each), 2H each, ArH),
6.88 and 7.04 (d each (7.5 Hz each), 4H each, ArH), 7.83 (s,
2H, ArOH). Anal. Calcd for CgsH400s: C, 76.06; H, 7.04.
Found: C, 75.93; H, 7.14.

25,27-Bis(ethoxyethoxy)-26,28-bis[(chloroethoxy)-
ethoxy]calix[4]arene (1,3-alternate 3). Compound 2 (3.00
g, 5.37 mmol) and Cs,COs (28.0 g, 86.0 mmol) were mixed in
dehydrated acetone (600 mL), and the mixture was stirred
under reflux for 30 min. Then, 1-chloro-5-tosyl-3-oxapentane
(15.7 g, 53.7 mmol) was added, and the resultant mixture was
stirred under reflux for 4 days. These operations were all
carried out under a nitrogen atmosphere. The reaction
mixture was filtered, the filtrate being concentrated in vacuo
to dryness. The residue was extracted with a mixture of
aqueous 1 M HCI solution (50 mL) and chloroform (100 mL).
The chloroform layer was separated, washed three times with
water, and dried over MgSO.. The solution was evaporated
to dryness, the residue being recrystallized from chloroform—
hexane: yield 57%; mp 150.0—151.2 °C; 'H NMR (250 MHz,
CDClj3, 25 °C) 6 1.29 (t (7.5 Hz), 6H, CH3), 3.56—3.83 (m, 36H,
CH_2(CHj3), CH0 (bis(ethoxyethoxy) side), ArOCH, (bis(ethoxy-

(38) (a) Deng, G.; Sakaki, T.; Nakashima, K.; Shinkai, S. Chem. Lett.
1992, 1287. (b) Deng, G.; Sakaki, T.; Shinkai, S. J. Polym. Sci., Polym.
Chem. 1993, 31, 1915.
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ethoxy) side), ArCHzAr, ArOCH, (bis(chloroethoxyethoxy)
side), CH,O (bis(chloroethoxyethoxy) side), CH,(CHCI), and
(CH2)CH,CI), 6.64—6.71 (m, 4H, ArH), 7.05—7.11 (m, 8H, ArH).
Since the 'H NMR spectrum could be satisfactorily assigned
to the structure of 1,3-alternate 3, the product was used for
the next reaction without further purification.

Compound 1. 1,3-Alternate 3 (0.50 g, 0.640 mmol), hexy-
lamine (0.21 mL, 1.60 mmol), Na,COs3 (1.4 g, 12.8 mmol), and
Nal (1.8 g, 12.8 mmol) were mixed in diethyl ketone (200 mL).
The mixture was refluxed for 5 days. After filtration the
filtrate was evaporated to dryness. The residue was extracted
with a mixture of water (50 mL) and dichloromethane (100
mL). The organic layer was separated, washed three times
with water, and dried over MgSO,. After evaporation to
dryness, the residue was purified by column chromatography
(silica gel, ethyl acetate:hexane = 1:1 v/v): yield 39%; mp
95.4—-96.4 °C; mass (positive SIMS, m-nitrobenzyl alcohol) m/z
810 (M*); H NMR (250 MHz, CDClj3, 25 °C) 6 0.91 (t (6.3 Hz),
3H, CH3((CH,)s)), 1.19—1.48 (m, 14H, (OCH,)CH;z and (CH3)CH,-
CH,CH,CH(CH2)N), 2.46 (t (7.5 Hz), 2H, (CH3(CH,)4)CH:N),
2.60 (t (5.6 Hz), 4H, O(CH;)CH:N), 3.10 (t (6.4 Hz), 4H,
OCH3(CH2)N), 3.31-3.81 (m, 20H, OCH,(CH3;) and ArOCH,-
CH;0), 3.81 (brs, 8H, ArCHAr), 6.81, and 6.87 (t each, 2H
each, ArH), 7.08—7.11 (m, 8H, ArH). Anal. Calcd for CsoHg7-
NOs-0.4 CH,Cl,: C, 71.72; H, 8.10; N, 1.66. Found: C, 71.53;
H. 8.09; N, 1.72. The peak for 0.4 equiv of CH.CIl, was
detected in *H NMR spectroscopy.

1H NMR Spectra of 1:-Ag™ and 1H"™Ag"™ Complexes.
Using 2D COSY and NOE methods, the 'H NMR signals for
the 1:-Ag* complex ([1] = 5.00 mM, [CF3SOsAg] = 10.0 mM)
were assigned as follows (400 MHz, CD,Cl,:CD3;0D = 4:1 vlv,
—50°C) 0 0.92—0.98 (m, 3H, CH3((CHy)s)), 1.23—1.50 (m, 14H,
(OCHz)CHg and (CH3)CH2CHzCHgCHz(CHz)N), 3.05-3.17 (m,
6H, (CH3(CH2)4)CH2N and O(CH2)CH3N), 3.65—3.85 (m, 16H,
OCHz(CHg)N, OCHz(CHg), and AFOCHQCHzo), 4.00 (brs, 8H,
ArCH-Ar), 4.27—-4.62 (m, 4H, ArOCH,CH;0), 6.77 (m, 1H, ArH
(crown-capped side)), 6.76—6.94 (m, 3H, ArH (crown-capped
side and bis(ethoxyethoxy) side)), 7.19—7.24 (m, 4H, ArH (bis-
(ethoxyethoxy) side)), 7.39 (d, 2H, ArH (crown-capped side)),
7.52 (d, 2H, ArH (crown-capped side)). The results support
the view that Ag" is bound to the crown-capped side of 1.

Next, we confirmed that 1 is entirely converted to 1H" in
the presence of 600 mM of TFA-d: *H NMR (400 MHz, CD,-
Cl;:CD3;0OD = 4:1 v/v, —10 °C) 6 0.95-1.00 (m, 3H, CHs-
((CH2)s)), 1.24—1.50 (m, 14H, (OCH,)CH;3 and (CH3)CH,CH2-
CH,CH,(CH;)N), 2.89—2.95 (m, 2H, (CH3(CH_)4)CH:N), 3.02—
411 (m, 36H, O(CH.)CH;N, OCH,(CH;)N, OCH,(CHs),
ArOCH,CH,0 (crown-capped side), ArOCH,CH,0 (bis(ethoxy-
ethoxy) side), and ArCH,Ar), 6.75—6.77 (m, 2H, ArH (crown-
capped side)), 6.91 (t (7.5 Hz), 2H, ArH (bis(ethoxyethoxy)
side)), 7.07 and 7.15 (d each (7.3 Hz each), 2H each, ArH
(crown-capped side)), 7.16—7.18 (m, 4H, ArH (bis(ethoxy-
ethoxy) side)). The results support the view that the nitrogen
in the crown loop is fully protonated.

According to the similar method, H NMR signals for the
1H*-Ag* complex ([1] = 5.00 mM, [CFsSOsAg] = 10.0 mM,
[TFA-d] = 600 mM) were assigned as follows (400 MHz, CD,-
Cl,:CD3s0OD = 4:1 viv, —10 °C) 6 0.97 (m, 3H, CH3((CH,)s)),
1.33—-1.51 (m, l4H, (OCHz)CH3 and (CHg)CHchchQCHz-
(CH2)N), 2.93—2.95 (m, 2H, (CH3(CH>)4)CH2N), 3.16—4.19 (m,
36H, O(CH2)CH;N, OCH,(CH:N), OCH>(CHj3), ArOCH,CH,0
(crown-capped side), ArOCH,CH,O (bis(ethoxyethoxy) side),
and ArCHAr), 6.90—6.92 (m, 2H, ArH (crown-capped side)),
7.05 (t (15 Hz), 2H, ArH (bis(ethoxyethoxy) side)), 7.17 and
7.25 (d each (7.6 Hz each), 2H each, ArH (crown-capped side)),
7.40—7.42 (m, 4H, ArH (bis(ethoxyethoxy) side)). The results
support the view that Ag" is bound to the bis(ethoxyethoxy)
side of 1H*.

Actions of a “Molecular Syringe” in Response to
Protonation and Deprotonation. To protonate the 1-Ag*
complex we added TFA-d (600 mM) to a CD,Cl,:CDs;OD = 4:1
v/v solution containing 1 (5.00 mM) and CF3;SO3Ag (10.0 mM).
The ratio of TFA-d vs 1 was the same as that used in ref 30.
The 'H NMR spectrum (vide supra) showed that Ag* has
shifted from the crown-capped side to the bis(ethoxyethoxy)
side.
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To restore Ag™ back to the crown-capped side one must
neutralize TFA-d. To avoid pollution of the reaction system,
we first treated the solution with Li>COs which is insoluble in
this solution but can neutralize TFA-d. Separately, we also
confirmed that Li* does not interact with 1 by solid (Li,CO3)—
liquid (CD2Cl;:CD3zOD = 4:1 v/v containing 1) extraction. To
a solution (CD,Cl,:CD3sOD = 4:1 v/v) containing 1 (5.00 mM),
CF3S0O3Ag (10.0 mM), and TFA-d (600 mM) was added Li,-
COs (2.0 equiv to TFA-d), and the mixture was stirred at 0 °C
for 60 min. The precipitate (CF;COOLi and unreacted Li-
COg3) was removed by filtration. TFA-d could be removed from
the solution by this treatment (confirmed by GLC), but the
resultant *H NMR spectrum showed that the nitrogen in the
crown loop is still protonated. Here, we added DBU (1.0 equiv
to 1HY). The *H NMR spectrum showed that it has been
deprotonated and Ag* has shifted back to the crown-capped
side.

Miscellaneous. The routine *H NMR measurements were
carried out with Bruker AC-250P (250 MHz). On the other
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hand, the specific *H NMR measurements such as tempera-
ture-dependence, 2D-COSY, NOE, etc. were carried out with
a JEOL GX-400 (400 MHz). The conductivity measurements
were carried out in CH,Cl,:MeOH = 4:1 v/v at 30 °C with a
TOA conductivity Meter, Model CM-20E. A Teflon flask was
used for this purpose to avoid the leakage of Na*™ from the
glassware wall. The concentration of CF;SO3Ag (1.00 x 1077
mM) was kept constant while that of 1 was varied at (0.25—
4.00) x 1077 mM.
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