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A new series of ester-armed cyclens nicely accommodated a Na* ion in their quadruplicated helical
binding spheres and effectively discriminated the cation from Li™ and K* ions. Crystallographic
studies revealed that four ester-functionalized sidearms provided effective coordination with the
Na* ion trapped in the 12-membered cyclen ring. Log K values for their Na® complexes were
estimated as 9—11 in CD3;CN or C,DsOD, which were comparable to those of common bicyclic
cryptands. FAB-MS, liquid—liquid extraction, and NMR binding experiments demonstrated that
the cooperative action of the parent cyclen ring and ester-functionalized sidearms offered stable
and selective encapsulation of the Na* ion based on unique quadruplicated helical geometry.

Introduction

Armed cyclens are characterized by 1,4,7,10-tetraza-
cyclododecane, cyclen, and four cation-ligating sidearms.
They form a wide variety of transition metal and lan-
thanide complexes that have characteristic chemical,
biological, or catalytic properties.! Since the armed
cyclens can use a varying number of their sidearms to
form different types of complexes for different kinds of
metal cations, alkali metal cations of biological richness
are potential targets for them. For example, cyclen
derivatives having pyrazoylmethyl, methoxyethyl, and
2-hydroxypropyl groups on the sidearms were reported
to offer hexacoordination for Li* ion and octacoordination
for Na™ and K* ions.?2 We have recently synthesized a
series of cyclen derivatives having ester-, amide-, and
pyridine-functionalized sidearms as receptors of alkali
metal cations® and found that ester-armed cyclen la
exhibited excellent Na* ion selectivity. Since the diameter
of the Na* ion is larger than that of the 12-membered
cyclen ring and its nitrogen atom does not act as an
effective donor for Na* ion,* the cooperative action of the
cyclen ring and ester-functionalized sidearm gave the
stable octadentate Na* complex. The resulting complex
has A and A enantiomers based on helicity of the sidearm
arrangements,® so that armed cyclens of this type can

* Author to whom correspondence should be addressed.
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be viewed as a new class of three-dimensional receptors
that have unique quadruplicated helical geometry for
Na™ ion encapsulation.®

In this article, we systematically prepare a variety of
ester-armed cyclens, characterize them as Nat' ion-
selective receptors, and compare their receptor functions
with those of common cyclen and cryptand derivatives.
The stability constant determination, liquid—liquid ex-
traction, FAB-MS, 13C/?°Na NMR, and X-ray diffraction
experiments revealed that all of the examined ester-
armed cyclens formed stable octadentate complexes with
Na* ion and exhibited satisfactorily high Na* ion selec-
tivity. In the present type of cyclen—Na* complexes, four
ester-functionalized sidearms pointed in the same direc-
tion and were twisted in a quadruplicated helical fashion.
Their unique ligand geometry offered excellent receptor
functions specific for Na* ion.

Results and Discussion

One-Pot Synthesis of Ester-Armed Cyclen—Na*
Complexes. A variety of NaCl complexes with ester-
armed cyclens were prepared directly by reaction of
corresponding chlorides and cyclen tetrahydrochloride in
the presence of Na,CO; (Figure 1). The examined cyclen
ligands have various ester residues with different bulki-
ness: la (A = ethyl) < 1b (A = cyclopentanyl) < 1c (A=

(5) Octadentate complexes of divalent and trivalent cations with
“achiral” armed cyclens: (a) Morrow, J. R.; Amin, S.; Lake, C. H.;
Churchill, M. R. Inorg. Chem. 1993, 32, 4566. (b) Maumela, H.;
Hancock, R. D.; Carlton, L.; Reibenspies, J. H.; Wainwright, K. P. J.
Am. Chem. Soc. 1995, 117, 6698. (c) Dhillon, R.; Lincoln, S. F.; Madbak,
S.; Stephens, A. K. W.; Wainwright, K. P.; Whitbread, S. L. Inorg.
Chem. 2000, 39, 1855.

(6) Recent examples of Na* ion-selective three-dimensional recep-
tors. Crown ethers: (a) Su, N.; Bradshaw, J. S.; Zhang, X. X.; Savage,
P. B.; Krakowiak, K. E.; I1zatt, R. M. J. Org. Chem. 1999, 64, 3825. (b)
De Wall, S. L.; Meadows, E. C.; Barbour, L. J.; Gokel, G. W. J. Am.
Chem. Soc. 1999, 121, 5613. (c) Talanov, V. S.; Purkiss, D. W.; Bartsch,
R. A. J. Chem. Soc., Perkin Trans. 2 2000, 749. Calixarenes: (d) Pelizzi,
N.; Casnati, A.; Friggeri, A.; Ungaro, R. J. Chem. Soc., Perkin Trans.
2 1998, 1307. (e) Leray, I.; O'Reilly, F.; Jiwan, J.-L. H.; Soumillion,
J.-P.; Valeur, B. Chem. Commun. 1999, 795. (f) Baaden, M.; Wipff, G.;
Yaftian, M. R.; Burgard, M.; Matt, D. J. Chem. Soc., Perkin Trans. 2
2000, 1315.
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Figure 1. Ester-armed cyclens and related cyclen derivatives.

OA AO,
- - OA
LN Loy
T N'{_ 4.'+
N- -Na* -N N---Na* -N
Y4 Nt S ¥,
{ . )
[-N—oa  AONC RN
AO™ OA
A isomer A isomer

Figure 2. Stereoisomers of octadentate ester-armed cyclen—
Na* complex. When viewed down the C, axis from the oxygen
plane, the isomer in which that plane is twisted to the right
with respect to the nitrogen plane is designated A. The twist
is to the left for the A isomer.

indanyl) < 1d (A = tetrahydronaphthyl) < le (A =
fluorenyl) < 1f (A = cholesteryl). These cyclen—NaCl
complexes were readily isolated as white crystals that
are well soluble in CDCI; and other organic solvents.
Since few neutral receptors are known to solubilize the
NaCl salt in the organic solvents,” the ester-armed
cyclens were suggested to have unique coordination
geometry for three-dimensional encapsulation of the Na*
ion. Amide- and alcohol-armed cyclens 28 and 3° were
employed for comparison, because they may have differ-
ent kinds of donor groups in a similar binding geometry.

The crystal structure of the Na* complex with ester-
armed cyclen 1e indicated a twisted square antiprismatic
structure, in which the Na* ion was octacoordinated by
four carbonyl oxygen atoms of the sidearms and four
nitrogen atoms of the cyclen ring (see Supporting Infor-
mation). The averaged distances Nat—O (ester carbonyl)
and Na*™—N (cyclen) are almost the same (2.55 and 2.58

(7) Several synthetic receptors were reported to solubilize alkali
metal halides in organic media: (a) Reetz, M. T.; Johnson, B. M.;
Harms, K. Tetrahedron Lett. 1994, 35, 2525. (b) Beer, P. D.; Drew, M.
G. B.; Knubley, R. J.; Ogden, M. I. J. Chem. Soc., Dalton Trans. 1995,
3117. (c) Scheeder, J.; van Duynhoven J. P. M. Engbersen, J. F. J.;
Reinhoudt, D. N. Angew. Chem., Int. Ed. Engl. 1996, 35, 1090. (d)
Casnati, A.; Pochini, A.; Ungaro, R.; Bocchi, C.; Ugozzoli, F.; Egberink,
C.; Struijk, W.; Lugtenberg, R. J. W.; de Jong, F.; Reinhoudt, D. N.
Chem. Eur. J. 1996, 2, 436.

(8) Cyclen 2 has not been synthesized, but its methyl-derivative has
been reported: Aime, S.; Barge, A.; Botta, M.; Parker, D.; De Sousa,
A. S. J. Am. Chem. Soc. 1997, 119, 4767.

(9) Synthesis of cyclen 3: (a) Hancock, R. D.; H.; Shaikjee, M. S;
Dobson, S. M.; Boeyens, J. C. A. Inorg. Chem. Acta 1988, 154, 229. (b)
Whitbread, S. L.; Valente, P.; Buntine, M. A.; Clements, P.; Lincoln,
S. F.; Wainwright, K. P. 3. Am. Chem. Soc. 1998, 120, 2862.

A). Since the shorter distances Nat—0 (amide carbonyl)
and longer distances Na*—N (cyclen) were reported in
the octadentate Na* complexes with other types of amide-
armed cyclens,0 ester-armed cyclen 1e accommodates the
Na* ion more deeply in the binding cavity. Four fluorenyl
residues on the ester-functionalized sidearms are ar-
ranged in the helical fashion and stand as lipophilic
exteriors of the Na* complex. When viewed from the
sidearm side of the cyclen plane, four carbonyl-oxygen
atoms of the sidearms are twisted by 20° or 25°. This
cyclen itself has no asymmetric carbon, and both enan-
tiomers A and A were found in the crystal state, though
the ORTEP of one enantiomer is provided in Supporting
Information. Since the chloride anion locates in the
remote position from the coordination sphere (Na*—CI-,
5.55 A), ester-armed cyclen le was confirmed to com-
pletely encapsulate the Nat ion in the three-dimensional
fashion.

NMR Profiles and Stability Constants of Ester-
Armed Cyclen—Na"™ Complexes. 3C NMR spectra of
the Na® complexes with ester-armed cyclens la—1f
indicated C, symmetry in solutions as well as in crystal
states. When achiral armed cyclen 1le was employed as
a ligand, 3C NMR signals for two cyclen ring carbons,
18C, and 3Cy, of its NaCl complex separately resonated
at 53.7 and 49.1 ppm at 298 K in CD3CN solution, and
one signal was observed at 56.2 ppm for N-CH,-CO-
carbons of four sidearms (Table 1). Such inequivalence
of the cyclen ring carbons has been reported in the
octadentate complexes with other types of achiral armed
cyclens and attributed to a slow process involving either
a rotation of the four sidearms or an inversion of the
cyclen cycle.® Since increasing the sample temperature
to 318 K did not cause coalescence of the two cyclen
carbon signals, the two stereoisomers of cyclen 1e—Na*
complex were confirmed to very slowly exchange with
each other in the solution. The Nat complexes with ester-
armed cyclens 1a—1d and 1f also gave the broadened,
disappeared, or separated 3C NMR signals for the cyclen
ring carbons at 298 K. When chiral cyclen 1c, 1d, or 1f

(10) (a) Dickins, R. S.; Howard, J. A. K.; Maupin, C. L.; Moloney, J.
M.; Parker, D.; Peacock, R. D.; Riehl, J. P. Siligardi, G. New J. Chem.
1988, 891. (b) Govenlock, L. J.; Howard, J. A. K.; Moloney, J. M,
Parker, D.; Peacock, Shaikjee, G. J. Chem Soc., Perkin Trans. 2 1999,
2415.
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Table 1. NMR Profiles and Stability Constants of Armed
Cyclen—Na'™ Complexes

chemical shift® (ppm)

cyclen solvent? 13C, BCy 23Na log K
la A 52.4 49.5 13.7 9.9
B disappeared 7.2 9.5

1b A disappeared 13.7 9.3
lc A 53.4 49.1 14.4 10.3
1d A 53.6 49.2 13.7 10.1
B 53.7 49.2 8.2 10.2

le A 53.7 49.1 15.9 10.1
1f B disappeared 17.2 11.2
2 B broadened: 51.4 8.8 7.6
3¢ A 51.8 50.6 15.2 6.4

2 A: in CD3CN; B: CD3CD,0D. P C, and Csz mean two carbons
of the cyclen ring. Conditions: armed cyclen—NaCl complex,
0.00500 mmol, in CD3CN or CD3CD,0D, 0.500 mL. ¢ In this case,
a mixture of armed cyclen and NaClO4 was employed.

was employed, the resulting Na* complex exhibited only
one set of 13C NMR signals. This suggests that each Na*
complex predominantly exists as a single stereoisomer
that undergoes exchange between two equivalent forms.t
The chemical shifts for the two signals for cyclen ring
carbons were significantly dependent on the nature of
the ester residue; the difference, 63C, — 0%Cp, was
estimated as 2.9 ppm for 1la complex, 4.4 ppm for 1d
complex, and 4.6 ppm for 1e complex in CD3;CN (Table
1).

2Na NMR experiments provided further insights of the
Na* complexation with armed cyclens.'? Table 1 also lists
the chemical shifts of 2Na NMR signals of the Na"
complexes, with mean differences in the chemical shifts
observed with and without cyclens. Their Na™ complexes
exhibited characteristic 2Na signals at very low fields
(0 7.2—17.2 ppm), though the observed ?°Na signals were
broad in all cases. When the Na* complexes with ester-
armed cyclens 1b, 1c, and 1e were compared, they offered
the 2Na NMR signals at similar positions in CDsCN:
13.7 ppm for 1b complex; 14.4 ppm for 1c complex; and
15.9 ppm for 1le complex. These 3C and ?Na NMR
observations indicate that various ester-armed cyclens
nicely accommodate the Na' ion in the quadruplicated
helical binding geometry.

The stability constants for a series of ester-armed
cyclen—Na™ complexes were determined using the 'H
NMR competitive titration method. When cryptand [2.2.2]
was added as a competitive ligand to a CD3;CN solution
of ester-armed cyclen 1e—NaCl complex, *H NMR signals
for —CO,CH= proton of cyclen 1e were observed at 6.75
ppm for free form and 6.92 ppm for complexed form,
indicating that the following competitive displacement
took place slowly compared with the NMR time scale:

[cyclen—Na™] + cryptand =
cyclen + [cryptand—Na™]

The stability constant of cyclen—Na* complex K can
be written using the equilibrium constant of the above-

(11) Previous studies with octadentate metal complexes of “chiral”
armed cyclen ligands have suggested that the interconversion occurred
in the single diastereomers rather than between two diastereomers
via double inversion at each cyclen nitrogen: the first inversion caused
each sidearm to stand on the opposite side of the cyclen plane, and
the second restored the chirality to that of equivalent diastereomers:
(a) Dhillon, R. S.; Madbak, S. E.; Ciccone, F. G.; Buntine, M. A; Lincoln,
S. F.; Wainwright, K. P. 3. Am. Chem. Soc. 1997, 119, 6126. (b) Dickins,
R. S.; Howard, J. A. K.; Lehmann, C. W.; Moloney, J.; Parker, D.;
Peacock, R. D. Angew. Chem., Int. Ed. Engl. 1997, 36, 521.
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described equation K,y and the stability constant of
cryptand—Na* complex Kepy:

K

cry

K=K

rel

The concentrations of cyclen 1e—Na' complex and free
cyclen 1le were evaluated by integration of corresponding
IH NMR signals and used in the calculation of K. Other
Na' complexes with cyclens 1a—1d and 1f similarly gave
the separated 'H NMR signals upon decomplexation,
indicating that ester-armed cyclens generally formed
kinetically inert complexes. The 'H NMR competitive
titration experiments revealed that amide-armed cyclen
2 also formed kinetically inert Na® complex, though
alcohol-armed cyclen 3 dynamically bound the Na* ion
and gave only one set of *H NMR signals upon complex-
ation/decomplexation.

The estimated log K values for cyclen—Na* complexes
are summarized in Table 1. Ester-armed cyclens 1la—1f
exhibited much higher log K values (9.3—11.2) than
amide- and alcohol-armed cyclens 2 and 3 (7.6 and 6.4).
All of the employed cyclens had quadruplicated helical
structures upon octadendate complexation,®® but amide-
and alcohol-armed cyclens 2 and 3 formed less stable Na*
complexes than ester-armed cyclen la. The polarity of
these three sidearm functionalities should increase in the
following order: —CH,CO,C,;Hs < —CH,CHOH < —CH,-
CONHC,Hs.2® Therefore, the stability of the armed
cyclen—Nat complex is significantly determined by both
donor ability of sidearm functionality and cooperativity
of sidearm and cyclen ring. Ester-armed cyclens contain-
ing bulky residues 1c—1f exhibit enhanced stability
constants for Na* complexation, suggesting that a bundle
of four hydrophobic residues may give a favorable solvo-
phobic effect to stabilize the Na* complex. Since they
have log K values comparable with common cryptand
[2.2.1] (log K = 10.2 in EtOH),'* various types of sub-
stituents can be introduced into the ester-armed cyclen
system without lowering the cation binding ability.

FAB-MS Binding Experiments. Cation binding se-
lectivity of ester-armed cyclens 1a—1f and related cyclens
2 and 3 were assessed on a semiquantitative level using
the FAB-MS competition technique.’®> Table 2 sum-
marizes relative peak intensities of [cyclen + metal]*"
ions, which reflect relative cation binding affinities of the
armed cyclens, though cation binding strength cannot be
exactly determined by this method. The attachment of
the ester-functionalized sidearm to the cyclen ring sig-
nificantly enhanced Na™ ion binding selectivity. Typically,
ester-armed cyclen 1c gave [cyclen + Na]t ion peaks
predominantly; the ratio of relative peak intensity was
calculated as >50 for [1c + Na]*/[1c + Li]* and >50 for

(12) Na NMR studies on cation complexations: (a) Kimura, K.;
Yamashita, T.; Yokoyama, M. J. Chem. Soc., Dalton Trans. 1995, 3117.
(b) Gomez-Kaifer, M.; Reddy, P. A.; Gutsche, C. D.; Echegoyen, L. J.
Am. Chem. Soc. 1997, 119, 5222.

(13) The dielectric constants of these molecules were reported: (a)
Riddick, J. A.; Bunger, W. B. In Organic Solvents; Wiley-Interscience:
New York, 1970; pp 150 and 228. (b) Lin, R.-Y.; Dannhauser, W. J.
Phys. Chem. 1963, 67, 1805.

(14) (a) Cox, B. G.; Garcia-Rosas, J.; Schneider, H. 3. Am. Chem.
Soc. 1981, 103, 1384. (b) Okoroafor, N. O.; Popov, A. I. Inorg. Chim.
Acta 1988, 148, 91.

(15) (a) Johnstone, R. A. W.; Rose, M. E. J. Chem. Soc., Chem.
Commun. 1983, 1268. (b) Bonas, G.; Bosso, C.; Vignon, M. R. Rapid
Commun. Mass Spectrum 1988, 2, 88. (c) Inouye, M.; Akamatsu, K.;
Nakazumi, H. 3. Am. Chem. Soc. 1997, 119, 9160.
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Table 2. Cation Selectivity of Armed Cyclens Assessed
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Table 3. Liquid-Liquid Extraction of Alkali Metal

by FAB-MS Cations with Armed Cyclens
relative peak intensity® distribution %2
cyclen M+ 1 M + Li M + Na M + K cyclen Lit Na* K*
la <2 7 100 4 la <3 73 <3
1b <2 <2 100 4 1b <3 38 <3
1c <2 <2 100 <2 1c <3 66 <3
1d <2 <2 100 3 1d <3 71 <3
le <2 <2 100 4 le <3 91 <3
1f <2 12 100 15 1f <3 94 <3
2 <2 100 14 <2 3b 10 17 <3
3° 14 100 93 <2

a Conditions: cyclen—NacCl, 0.00330 mol/L; LiCl, 0.00830 mol/
L; Nal, 0.00500 mol/L; KI, 0.00830 mol/L in m-nitrobenzyl alcohol.
b Conditions: cyclen, 0.00330 mol/L; LiCl, 0.00830 mol/L; Nal,
0.00830 mol/L; KI, 0.00830 mol/L in m—nitrobenzyl alcohol.

[1c + Na]*/[1c + K]*. Other ester-armed cyclens 1a, 1b,
le, and 1f similarly exhibited high Na* ion selectivity
and acted as Na' ion-specific receptors. When cyclens 2
and 3 having amide- and alcohol-functionalized sidearms
were employed, [cyclen + Li]* ion peaks were more
strongly observed than [cyclen + Na]* and [cyclen + K]*
ion peaks, indicating that these cyclens preferred Li* ion
to Na* and K* ions under FAB-MS conditions. 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid was re-
ported to have larger stability constants for Li* and Na*
complexes than K* complex:'® log K = 4.32 for Li*; 4.46
for Na*; 1.23 for KT in H,O. The electrostatic interaction
plays an important role in this ligand system, but tetra-
armed cyclens have suitable topology for either Li* or
Na' complexation.

The FAB-MS spectra of an equimolar mixture of three
NaCl complexes with cyclens 1b, 2, and 3 were recorded
by adding free cryptand [2.2.1]. When 1 equiv of cryptand
[2.2.1] competed with three armed cyclens, the [3 + Na]*
ion peak almost disappeared, and an intense [cryptand
+ Na]* ion peak was observed. Addition of 3 equiv of
cryptand [2.2.1] significantly decreased the [2 + Na]* ion
peak, but the [1b + Na]" ion peak still remained. These
observations support that the stability of the Nat complex
decreases in the order 1c—Na" complex > 2—Na* com-
plex > 3—Na* complex.

Competitive Extraction Experiments. Cation bind-
ing properties of the ester-armed cyclens were further
examined by liquid—liquid extraction experiments of
alkali metal cations. We shook a CHCI; solution of ester-
armed cyclen—NaCl complex with an agueous solution
of LiClO4 and KCIO,, and the distribution percentages
of the three metal cations were estimated as ([M*]org/
[M*]eota) x 100 (Mt = Li*, Na*, or K*). Table 3 sum-
marizes distribution percentages of Li*, Na*, and K* ions
with armed cyclens 1 and 3. When free cyclen 3 was
examined, competitive extraction was performed with an
aqueous solution containing equimolar Li*, Nat, and K*
ions. Amide-armed cyclen 2 was not employed here
because of its low solubility into the organic phase.

Among the examined cyclens, ester-armed cyclens la—
1f selectively and efficiently bound Na' ion in the
presence of equimolar Lit and K* ions. When ester-armed
cyclen 1c was typically employed, 66% of the Na* ion was
distributed as the cyclen complex in the CHCI; phase,
though the distribution percentages of Li* and K* ions
were recorded as less than 3%. Other ester-armed cyclens

(16) Delgado, R.; Silva, J. J. R. F. Talanta 1982, 29, 815.

2 LiClO4, 0.0100 mmol; KCIO4, 0.0100 mmol in H,O 1.50 mL;
armed cyclen—NaCl complex, 0.0100 mmol in CHCI; 1.50 mL.
b LiClO4, NaClO4, and KCIO4, 0.0100 mmol each in H,O 1.50 mL;
armed cyclen, 0.0100 mmol in CHCI3; 1.50 mL.

la, 1b, and 1d—1f similarly exhibited Na* ion selectiv-
ity: 38—94% of the Na* ion added was complexed and
solubilized in the CHCI; phases, while most Lit and K*
ions remained in the aqueous phases. The sidearm effects
on the lipophilicity of cyclen and its complexes were
assessed by considering the sidearm as a whole molecule,
e.g., —CH,CO,C,Hs was considered to be CH3;CO,C,Hs.
We estimated log D values for CH3CO,—A derivatives
using the PALLAS program?’ (A, see Figure 1): log D =
0.54 for ethyl acetate, 2.33 for cyclopentanyl acetate, 2.97
for indanyl acetate, 3.48 for tetrahydronaphthyl acetate,
4.14 for fluorenyl acetate, and 8.98 for cholesteryl acetate.
These log D values suggest that the lipophilicity increases
in the order 1a—Na' complex < 1b—Na* complex < 1c—
Na' complex < 1d—Nat complex < 1e—Na" complex <
1f—Nat* complex. Since the stability of the Nat complex
obtained above showed a different order of 1a > 1b < 1c
~ 1d ~ le < 1f, both stability constant and lipophilic
property of the cyclen—Na* complex should reflect the
cation extraction profile.

We successfully demonstrated that various ester-armed
cyclens 1a—1f acted as three-dimensional ligands specific
for Na* ion. They had unique quadruplicated helical
geometry and formed more inert and stable Na® com-
plexes than corresponding amide- and alcohol-armed
cyclens 2 and 3. Since the ester-armed cyclens having
fluorenyl, cholesteryl, and other bulky groups gave highly
selective and stable encapsulation of the Na' ion, the
ester-armed cyclen skeleton can provide a useful scaffold
in the development of Na' ion-responsive functional
materials.

Experimental Section

Materials. NaCl complexes with ester-armed cyclens 1la
and 1f and alcohol-armed cyclen 3 were synthesized by
methods described in the literature.18° Cryptands [2.2.2] and
[2.2.1] and 15-crown-5 were commercially available and were
used without additional purification in the determination of
stability constants.

Preparation of Ester-Armed Cyclen—NaCl Complexes.
All of the employed NaCl complexes with ester-armed cyclens
were directly prepared from cyclen tetrahydrochloride and
corresponding chlorides in a fashion similar to that reported
earlier.® They were isolated as NaCl complexes and fully
characterized by 'H, 13C, and #Na NMR, IR, microanalysis,
and mass spectroscopy. Selected data of the newly obtained
complexes are summarized below.

(17) PALLAS for Window 3.0, Compu Drug Chemistry Ltd. was
employed.

(18) Shinoda, S.; Okazaki, T.; Nishimura, T.; Hori, K.; Tsukube, H.
Chem. Commun. 2001, 976.
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1,4,7,10-Tetrakis[(cyclopentoxycarbonyl)methyl]-1,4,7,-
10-tetraazacyclododecane (1b)—NaCl Complex. A solution
of cyclen tetrahydrochloride (0.20 g, 0.62 mmol), cyclopentanyl
chloroacetate (0.50 g, 3.1 mmol), and Na,COs (0.98 g, 9.2 mmol)
in CH3CN (25 mL) was refluxed for 4 h and then filtered. The
solvent was evaporated, the residue was washed with hexane,
and recrystallization from CH,Cl,/hexane gave white crystals
of NaCl complex (20%): mp 79—81 °C (decomp); IR (neat) v
1727 cm™1; FAB-MS (m-nitrobenzyl alcohol) m/z 699 (1b +
Nat); IH NMR (CDCls) 6 1.25—1.79 (br m, 32H), 2.37 (br s,
12H), 3.15 (br s, 12H), 5.11—5.15 (br m, 4H); *3C NMR (CDCls)
0 23.63, 32.37, 48.67, 52.63, 55.22, 78.35, 173.59. Anal. Calcd
for CazsHeoN4Og'NaCl-4.5H,0: C, 52.96; H, 8.52; N, 6.86.
Found: C, 52.99; H, 8.14; N, 6.93.

1,4,7,10-Tetrakis{[(R)-1-indanoxycarbamoyl]lmethyl}-
1,4,7,10-teraazacyclododecane (1c)—NaCl complex: yield,
24%; mp 104—-106 °C; [a]p = 215 (c = 0.985 g/100 mL, CHCly);
IR (KBr) v 1726 cm™%; FAB-MS (m-nitrobenzyl alcohol) m/z
891 (1c + Na'); *H NMR (CDCls) 6 2.17—2.53 (br m, 20H),
2.80—2.89 (m, 4H), 3.06—3.17 (m, 8H), 3.54 (br s, 8H), 6.26—
6.30 (m, 4H), 6.67 (br s, 4H), 7.11 (br s, 4H), 7.26 (s, 4H), 7.68
(br's, 4H); 13C NMR (CDClIs) 6 30.05, 31.70, 48.58, 52.77, 55.48,
79.07, 124.89, 125.49, 126.61, 129.16, 140.64, 144.35, 174.06.
Anal. Calcd for CspHegoN4sOg*NaCl-3.5H,0: C, 63.05; H, 6.82;
N, 5.66. Found: C, 63.13; H, 6.64; N, 5.63.

1,4,7,10-Tetrakis{[(R)-tetrahydro-1-naphthoxycarbam-
oyl]lmethyl}-1,4,7,10-tetraazacyclododecane (1d)—NacCl
complex: yield, 23%; mp 114—115 °C; [a]o = 129 (c = 0.850
g/100 mL, CHCI3); IR (neat) v 1724 cm™!; FAB-MS (m-
nitrobenzyl alcohol) m/z 947 (1d + Na™); *H NMR (CDCls) ¢
1.78—3.57 (br m, 48H), 6.14 (br s, 4H), 6.86—7.66 (br m, 16H);
3C NMR (CDCl3) 6 18.62, 28.79, 29.09, 48.58, 52.77, 55.61,
70.95, 126.03, 128.48, 129.29, 129.37. 133.74, 138.04, 173.73.
Anal. Calcd for CsgHesN4Og-NaCl-2.5H,0: C, 65.39; H, 7.15;
N, 5.45. Found: C, 65.28; H, 7.02; N, 5.39.

1,4,7,10-Tetrakis[(fluorenoxycarbonyl)methyl]-1,4,7-
10-tetraazacyclododecane (1e)—NaCl complex: yield,
70%; mp 164—166 °C; IR (neat) v 1727 cm%; FAB-MS
(m-nitrobenzyl alcohol) m/z 1083 (1e + Na'); *H NMR (CDCl3)
0 2.38 (br s, 4H), 2.73 (br s, 8H), 3.31 (br s, 4H), 3.88 (br s,
8H), 6.54 (br s, 4H), 6.85 (s, 4H), 7.03—7.89 (br m, 28H); 13C
NMR (CDCls) 6 48.75, 53.18, 55.63, 76.21, 120.04, 125.64,
127.71, 129.75, 140.83, 141.07, 175.55. Anal. Calcd for
CessHsoN4Og-NaCl-2H,0-0.25CH,Cl,+0.75C4H100: C, 69.43; H,
5.89; N, 4.55. Found: C, 69.70; H, 5.76; N, 4.55.

1,4,7,10-Tetrakis[(ethylcarbamoyl)methyl]-1,4,7,10-tet-
raazacyclododecane (2)—NaCl Complex. This was simi-
larly prepared from cyclen tetrahydrochloride and N-ethyl-
chloroacetamide in the presence of Na,CO3 (53%):8 mp 200—
201 °C; IR (KBr) v 1658, 1556 cm™1; 1H NMR (CD;OD) ¢ 1.12
(t, 12H), 2.37 (br s, 8H), 2.65 (br s, 8H), 3.04 (br s, 8H), 3.22
(g, 8H); 3C NMR (CD30D) ¢ 15.0, 35.2, 49.0 (overlapped with
CD;0D), 51.8, 58.2, 173.0. Anal. Calcd for CssHssNsO4-NaCl-
2H,0: C, 47.48; H, 8.63; N, 18.45. Found: C, 47.54; H, 8.55;
N, 18.36.

Crystal Structure Determination of Cyclen 1e—NacCl
Complex. Data collection was carried out at 23 °C on a Rigaku
RAXIS-RAPID Imaging Plate diffractometer equipped with
graphite monochromated Mo Ka radiation (u = 1.27 cm™). The
structure was solved by the automated direct method (SIR92).2°
Atomic coordinates and anisotropic thermal parameters of the
non-hydrogen atoms were refined on F by full-matrix least-
squares calculations. The remaining hydrogen atom coordi-
nates were calculated at optimum positions. All computer
programs used were from teXsan software (Molecular Struc-
ture Corporation). Crystal and structure refinement data for
this complex are the following: empirical formula, C7,H75010N4-
CINa; formula weight, 1211.82; crystal size (mm), 0.30 x 0.30

(19) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.;
Giacovazzo, C.; Guagliardi, A.; Polidori, G. J. Appl. Crystallogr. 1994,
27, 435.
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x 0.20; crystal system, monoclinic; space group, P2i/n; a
18.4124(7), b 15.4028(5), ¢ 23.3264(9) A; S (deg), 99.167(1); V
6531.0(4) A3; Z, 4; peaica (9 cm~3) 1.232; F(000) 2560.00; scan
mode w; 260 max (deg) 55.0; total measured reflections 56752;
unique measured reflections 14335; observed reflections 4634
(I > 3.000(1)) (Rint = 0.053); refined parameters, 769; residue
electron density (eA~3), 0.58/—0.28; R 0.057; Rw 0.077; GOF
0.53.

FAB-MS Experiments. Competitive complexation of cyclen
derivative with Li*, Na*, and K* ions in m-nitrobenzyl alcohol
was studied by measuring the relative peak intensities of
[cyclen + M]* ions. Since the NaCl complexes with ester-armed
cyclens la—1f (0.00330 mol/L) were employed, total Na*
concentration was adjusted by addition of NaCl as 0.00830 mol/
L, while the initial concentrations of LiCl and KI were 0.00830
mol/L, respectively. To complete the exchange of Na*t ion with
Li* and K* ions, m-nitrobenzyl alcohol solutions were stirred
for 12 h prior to measurements. FAB-MS spectra were
recorded with a JEOL AX 500 instrument (a beam energy of
Xe, 6 keV) and the peak intensities were averaged over at least
20 scans.

Liquid—Liquid Extraction Experiments. Determination
of distribution percentage for each cation was made by adding
a CHCIl; solution of the cyclen—NaCl complex (0.0100 mmol
in 1.50 mL) to an aqueous mixture of Li™ and K* perchlorates
(0.0100 mmol, each in 1.50 mL). After the mixture had been
stirred for 2 h, the concentrations of these metal ions in the
aqueous phase were determined by atomic absorption or flame
spectroscopic method (Exlan Technical Center, Okayama,
Japan). We confirmed that negligible amounts of metal per-
chlorates were distributed into the CHCI; in the absence of
cyclen ligands (<3%).

NMR Binding Experiments. Na NMR spectra were
recorded with a JEOL LA-300. The chemical shifts indicated
in Table 1 mean differences in the chemical shifts of Na
nuclei observed with and without cyclens, though the observed
23Na signals were broad in all cases. Each complex was
dissolved in CD3CN or C,;DsOD at a concentration of 0.0100
mol/L.

Determination of Stability Constants. The competitive
method was applied to determine stability constants of cyclen—
Na* complexes. When cryptand [2.2.2] or 15-crown-5 was
added to the cyclen—NaCl complex solution, competitive
displacement took place slowly and reached equilibrium after
a few days. The reported log K values'* were employed in
calculation: log K = 9.63 in CH3CN and 8.57 in C,HsOH for
cryptand [2.2.2] and 4.92 in CH3CN for 15-crown-5. The
displacement process was successfully followed by monitoring
IH NMR signals for sidearm protons of free and Na™ ion-bound
cyclens. Exceptionally, alcohol-armed cyclen 3 gave the aver-
aged *H NMR signals for sidearm protons of free and Na™ ion-
bound cyclens. Since the observed signals shifted upon com-
petitive complexation with 15-crown-5, the shifted values were
employed in the calculation of log K value. We usually added
three different amounts of cryptand or crown ether and
averaged the three estimated log K values. The reproducibility
was confirmed to be 0.04 or better in log scale for cyclens 1a
and 1c—1e, 0.09 or better for cyclen 1f, and 0.30 or better for
cyclens 1b, 2, and 3.
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