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Bis(Zn" - Cyclen) Complex as a Novel Receptor of Barbiturates

in Aqueous Solution

Tohru Koike, Megumi Takashige, Eiichi Kimura,* Haruto Fujioka, and Motoo Shiro

Abstract: A new bis-zinc() receptor
(Zn,L), which has two macrocyclic 12-
membered tetraamine (cyclen) Zn" com-
plexes connected through a p-xylene
bridge, has been synthesized as a novel
host molecule to recognize barbiturates
(such as barbital (bar)) in aqueous solu-
tion. Each of the zinc(n) ions in the bis-
zine(1r) receptor was originally intended to
match the dianionic barbital anion
(bar®") with supplementary hydrogen
bonds between the cyclen NH’s and the
three carbonyl oxygens in complementary
positions to yield a 1:1 complex, Zn,L—

study in 10% (v/v) D,O/H,O has re-
vealed dissociation of (Zn,L-bar?7}),
solely into the original target 1:1 complex
Zn,L—-bar?~ and established the dimer-
ization constant for 2Zn,L-~bar’” =
(Zn,L-bar*"),, K, (= [(Zn,L~bar®7),)/
[Zn,L—bar*~)?) to be 10**mM~ . The ther-
modynamic parameters were evaluated
from the NMR measurements at 25, 35,
45, and 55°C: AG = —1.9x10* Jmol ™1,
AH = —33x10* Imol™?, AS =
— 49 Jmol 1K ™! at 25°C. Potentiomet-
ric pH titration of Zn,L (1 mM) and barbi-

tal (1mm) disclosed extremely facile de-
protonation of the two imido groups of
barbital at pH less than 7 to form the di-
anionic barbital-bound Zn" complexes
Zn,L—bar?>~ and (Zn,L—-bar?~),, where-
by the barbital binding affinity for Zn,L
was estimated to be K,,, (=[Zn,L-
bar?~)/[uncomplexed Zn,L)Juncom-
plexed barbital]) =105¥M~* at pH 8 and
25°C with I = 0.10 (NaNO,). The signifi-
cance of the bis-zinc(Ir) receptor in stabi-
lizing the dianionic barbital is evident by
comparison with the interaction of Zn"-
cyclen complex (ZnL) with barbital,

bar?~. From an aqueous solution of Kevwords which yields only a 1:1 monoanionic bar-
equimolar Zn,L. and barbital at pH 8, . o R bital complex, ZnL-bar™ (K, = [ZnL—
; burbiturates - macrocyeles - molecular ~ ar
however, a cyclic 2:2 complex, (Zn,L— . . bar~)/[uncomplexed ZnL][uncomplexed
recognition © receplors -+ zine com-

bar?™),, was isolated and characterized
by X-ray crystal analysis. The NMR

plexes

Introduction

Many artificial supramolecular structures described in recent
literature are principally based on the formation of directed
hydrogen bonds, hydrophobic interactions, and ©—n interac-
tions between uncharged host and uncharged guest molecules.!!!
Typical substrates are undeprotonated carboxylic acids, car-
boxyl amides, nucleic acid bases, ureas, or barbituric acid
derivatives. However, those electrostatic bonds contribute only
modestly to the free energy of association of uncharged mole-
cules in a polar environment. For this reason, those individual
bonds have hitherto played a limited role in molecular recogni-
tion in aqueous systems.

In 1987, Feibush et al. designed a complementary pair, a
2,6-diaminopyridine unit and an imido functional group inter-
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barbital] =10*2m~! at pH 8 and 25°C
with I = 0.10 (NaNQO,)).

acting through three hydrogen bonds (see the recognition of
thymine 1 and barbituric acid derivatives 2).1?! This idea has
since been adopted in designing artificial receptors for the clini-
cally important drugs barbiturates (e.g., barbital 3): Hamilton
et al. synthesized macrocyclic receptors 4, whose 1:1 complex
stability constants K,, (= [barbiturate complex]/[barbitu-
rate][receptor]) are 10°~10°m~! in CDCl,;"! Rebek et al. re-
ported a receptor 5 (K, =10*3M~! in CDCl;) based on
bis(Kemp’s acid) derivatives separated by a mnaphthalene
group;™ Reinhoudt et al. introduced the UOZ* cation into a
macrocyclic receptor 6 to bind one carbonyl group of a barbitu-
rate (K,,, =10>°M7! in 5% (v/v) [D4{]DMSO/CDCl,);"! and
Picard et al. synthesized an open chain receptor 7
(Kpa, =1022M™ 1 in CDCI,).18 Al of these barbiturate—recep-
tor complexes are stable only in nonaqueous environments; they
dissociate immediately in aqueous solution.

Previously, we reported that a zinc(ir) complex of 12-mem-
bered macrocyclic tetraamine (cyclen) 8a is a good receptor of
deprotonated thymine and its derivatives such as AZT (3-azido-
3-deoxythymidine), yielding stable 1:1 complexes (e.g., 9 for
AZT) at physiological pH in aqueous solution.[”? We discovered
strong interactions (e.g., K = [9)/[AZT "][8a] =10%°m~"' for
AZT) through the Zn"-N ~(imido) bond as well as two comple-
mentary hydrogen bonds between cyclen NH’s and both imido
oxygens. The interaction is so strong that the complex is almost
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inert at physiological pH. Moreover, the Zn"—cyclen complex
8a is selective for the imido-containing thymine and uracil
among the DNA and RNA bases.!” That the cationic complex
8a preferentially recognizes neutral uracil base over biological
anions such as phosphates is remarkable; this is well illustrated
by the formation of a stoichiometric complex with poly(U),
whereby poly(U)-poly(A) hybridization is inhibited.!®!

We have now applied the host complex 8a in aqueous solution
to recognition of barbiturates with potentially double interac-
tion sites (i.e., two imido groups). In order to produce a more

efficient receptor, we have de-

signed a new zinc() complex,

\—\ /-x'\ bis(Zn" -cyclen) (10) for barbitu-
E"Zn"\ b [ y “’“j“ rate dianions. The recognition
N N based on such metal-to-ligand in-

10a; X = H,0, X' = H,0
b; X =HO, X' =H,0
¢; X=HO, X'=HO"

Our Barbiturate Receptor

bis-(Zn"-cyclen)

teraction would offer special ad-
vantages in aqueous solution over
the previous barbiturate receptors
4-7 that rely on weaker interac-
tions such as hydrogen bonding,
hydrophobic interactions, and n—
7 interactions.

Results and Discussion

Syntheses of 1,4-bis(1,4,7,10-tetraazacyclododecan-1-ylmethyl)-
benzene (13) and the bis-zinc(ir) complex bis(Zn" —cyclen) (10):
A sixfold excess of the macrocyclic tetraamine 11 (cyclen) was
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treated with 1,4-bis(bromomethyl)benzene (12) in CHCI; at
room temperature overnight to obtain 13, which was crystal-
lized as its 8 HBr salt in 50 % yield (see Scheme 1). After the HBr
salt had been passed through an anion exchange column, the

n HoBr
i) in CHCI,
HN NH + - -
&N\) ii) 48% HBr
H CH2Br
11 12
cyclen
NS_O—\ i) Amberlite
ﬁ ane e S IRA-400
H\,_/n 8Br HN\__NT i) 2zn(Cl0,),

13-8HBr

Scheme 1. Syntheses of 1,4-bis(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzene
(13) and bis(Zn" -cyclen) (10).

acid-free ligand 13 (L) was mixed with two equivalents of Zn-
(Cl0,),-6H,0 in EtOH solution followed by crystallization
from 0.1M NaClO, aqueous solution to obtain the desired re-
ceptor complex, bis(Zn"-cyclen) (Zn,L), as colorless crystals.
We characterized the bis-zinc(i1) complex as 10a-(C10,),-2H,0
by elemental analysis (C, H, N), NMR (*H and !3C), and fol-
lowing potentiometric pH titration studies.

Deprotonation constants of the Zn"-bound water molecules in 102
and formation of the bis(Zn" -cyclen) barbital>~ complexes 15
and 16: The acid—base properties of barbital 3 (1.0 and 2.0mm)
and bis(Zn"-cyclen) 102 (0.5, 1.0, and 2.0 mM) were determined
by potentiometric pH titrations against 0.10M NaOH aqueous
solution with 7 = 0.10 (NaNO;) at 25 °C. A typical pH titration
curve for 10a is shown in Figure 1 b, which shows dissociation

eq (OH)

Fig. 1. Typical titration curves for barbital (3) and bis(Zn"—cyclen) (10a) at 25°C
with 7= 0.10 (NaNO,); eg(OH™) is the number of equivalents of base added:
a) 1.0mM barbital; b) 1.0mm bis(Zn"-cyclen); ¢) 1.0mm barbital +1.0mm
bis(Zn"~cyclen).

of two protons at 0<eq(OH )<2. The deprotonation con-
stants are estimated to be 7.23 4 0.02 for the first deprotonation
10a=10b +H" (pK,) and 7.88 +0.02 for the second deproto-
nation 10b==10¢ +H™* (pK,). The deprotonation constants of
the Zn"-bound water are not so different from those of Zn"~cy-
clen 8a (pK,=7.86)"1 and Zn"-N-methylcyclen (pK, =
7.68).89 1t is concluded that the two deprotonations of 10a
occur almost independently. The first deprotonation constant
for barbital (3)==bar~ (barbital monoanion) +H* was also
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determined to be 7.85+0.02 (= — log{[bar~]ay./[barbital]})
under the same conditions (see Fig. 1 a), while the second depro-
tonation did not occur at pH less than 12.

In order to observe the interaction between 10 and barbital,
potentiometric pH titrations of 10a (1.0 and 2.0mm) in the
presence of equimolar amounts of 3 were conducted against
aqueous 0.10M NaOH with 7=0.10 (NaNO,) at 25°C
(Fig. 1¢). The buffer pH region at 5S<pH <7, which corre-
sponds to deprotonation of the two Zn"-bound water mole-
cules, is greatly lowered compared with those of the titration
curves in Figures 1a for 3 and 1 b for 10a, indicating complexa-
tion with concomitant deprotonation of the two imido groups.
Since 10 (1 mm) is stable at pH greater than 5.2 in 10% (v/v)
D,0/H,0 with 0.10M NaNO, (see Experimental Section for
10), the titration data at pH greater than 5.2 were analysed for
possible 1:1 complexes, Zn,L—bar™ [14, Eq. (1)] and Zn,L -
bar?~ [15, Eq.(2)], and a 2:2 complex (Zn,L—bar?"), [16,
Eq. (3)], where bar?~ is the doubly deprotonated barbital dian-
ion (see Scheme 2). The consideration of the 2:2 complex 16

15
1: 1 Complex

Zn,L- bar*™

o

(;\ . C /—)

!'\ZTNiQ_, "\H

A Fo o< Y

r &q h i O_
/

H\/NH y HMﬁB
2 : 2 Complex
(Zn,L-bar™),

Scheme 2. Barbital complex formation.

resulted from its isolation from an aqueous solution of 10a and
3 and its X-ray crystal analysis, as described below. The evi-
dence for the 1:1 complex 15 was derived from the NMR study
in aqueous solution (see below). No further deprotonation was
observed at pH less than 12, indicating the stability of the barbi-
tal dianion complexes 15 and 16 under the given conditions. The
barbital complex formation constants K, -, Ki,..-, and K, are
defined in Equations (1-3).

Zn,L (10a)+bar =Zn,L-bar™ (14)  K,,,- = [14]/[10a][bar "] )

Zn,L-bar =Zn,L-bar?” (15)+H* K- = [15]a,./[14] @
2Zn,L-bar?"=(Zn,L-bar?"), (16) K, = [16]/[15)2 3)
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These values were calculated with the program BEST for pH
titration analysis.!' The results are summarized in Table 1. A
typical distribution diagram for zinc(1r) species as a function of
pH with equimolar amounts of barbital and 10a (1 mM) at 25°C

Table 1. A comparison of pK, values of Zn"-bound water and barbital complexa-
tion constants for bis(Zn"—cyclen) 10a and Zn"—cyclen 8a at 25°C with I = 0.10
(NaNO;).

10a 8a
Pk, 7.2340.02 [a] 7.86 [b]
pK, 7.88 £0.02 [a]
log Ky, - 5.5+0.1[c] 4.9+0.1 [d]
logK,,.- —6.210.1 [e]
logK, 34+0.1f]
log Ky, 5.8 [g] 4.2 [h]
[a] pK, = — log([10b]ay-/[10a])., pK, = — log({10c]ay,./[10b]).

[b] pK, =
— log{([8b]ay./[8a)) from ref. [9a). [c] K,,- = [14)/[10a]jbar" M~ . [d] K,,,- =
[17)/[8allbar"IM™". [e] Kin- = [15] 4. /[14)M. [f] K, = [16]/[15] M - - lg] Ko =
[15)/{uncomplexed 10){uncomplexed barbitaljm~! at pH 8. [h] K,,, = {17}/{uncom-
plexed 8)[uncomplexed barbital]M ™! at pH 8.

and 5<pH<10.5 is displayed in Figure 2. It is evident that
barbital is sequestered mostly as the dianionic guest (bar®~) by
the bis(Zn"—cyclen) receptor 10a (Zn,L) either in the 1:1
(Zn,L-bar?~ 15) or the 2:2 complex ((Zn,L-bar’>7), 16) at

801
_—ZnyL (103)
S
£ o
‘E Zn,L- bar (14)
§ 40, Zn,L- bar* (15)
g T/ W\ L
O i\ el
® .
2 (ZnL-bar®), (16)
= 201
-
Zn,LOH (10b)
nzLiOH)z
0 e S—9E
5 6 7 8 9 10 11

pH

Fig. 2. Distribution diagram for the zinc(u1) species in a 1 mm bis(Zn" —cyclen)/1 mm
barbital system as a function of pH at 25°C with I = 0.10 (NaNO,).

physiological pH. We can estimate the complexation constant of
15, log K,,. (K,,, = [15]/[uncomplexed 10][uncomplexed barbi-
taljJM™!) to be 5.8 at pH 8 and 25°C, where Juncomplexed
10] = [10a] + [10b] + [10¢] and [uncomplexed barbital] = [3]
+[bar”]. Higher concentrations afford the 2:2 complex 16
[K, =10%*M~ 1 for Eq. (3)] through intermolecular interactions,
and the barbital receptor 10a becomes a stronger host for the
barbital dianion, as shown by the greater conditional complexa-
tion constant of bar’~ complexes 15 and 16, K;, (= ([15]
+[16])/[uncomplexed 10]funcomplexed barbitallM™! (e.g.,
log K,, =7.2 at [15] =10mm, pH 8, and 25°C).

As a control experiment, the interaction between barbital
(1.0mm) and Zn"-cyclen (8a, 1.0, 2.0, and 3.0mM) was investi-
gated by potentiometric pH titration under the same conditions
(see typical titration curves in Fig. 3¢). In this case, only 1:1
ZnL—bar~ complex 17 was formed at 5<pH <11 with no sub-
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Fig. 3. Typical titration curves for
barbital (3) and Zn"—cyclen (8a) at
25°C with I=0.10 (NaNO,);
eq(OH ™) is the number of equiva-
3 . N N . lents of base added: a) 1.0mm 8a;
b) 1.0mm 3;¢) 1.0mM 3 +1.0mmM
eq(OH) 8a.

sequent 2:1 (ZnL),-bar?~ complex 18 (see Scheme 3). The bar-
bital monoanion complex 17 was independently synthesized as
its monoperchlorate salt

o by treating equimolecular

HNKE/ amounts of 8a and barbital

o)‘N- o sodiym salt in aqueous

i Nl solution. The IlogK,,-

8a + bar &2 (= log((17]/[8a][bar M~ 1)
K(bar) N_> and logK,,, (= log[17}/[un-

R complexed  8][uncomplexed

17 barbital]M 1) at pH 8) values

L:1Complex  were respectively, 4.940.1

Zol-bar’  and 4240.1 at 25°C with

I=10.10 (NaNO,), where [un-

HN/‘\NH HN/'_\N complexed 8] = [8a] +[8b].

\ \ o \.J/ These values are much smatler

X zol M3 ) than the corresponding Ki,, -

and K, (< K3, at physiolog-
ical pH) for bis(Zn"—cyclen)
18 complex 10a (see Table1),
enabling us to confirm that
more effective recognition of
barbital is achieved by the
two Zn"—cyclen units linked
in the same molecule.

2: 1 Complex
(ZnL),-bar”

Scheme 3. The interaction between bar-
bital and Zn"—cyclen (8a).

Synthesis and X-ray crystal structure of (bis(Zn"-cyclen)—
bar?~), complex (16): The bis(Zn"-cyclen)-bar’~ complex
was crystallized as its perchlorate sait from an aqueous solution
(pH 8) of equimolar amounts of 10a-(ClO,), and barbital sodi-
um salt. After drying under 1 mmHg at 40 °C for 5 h, the color-
less crystals changed to white powder, which indicated that
some lattice water molecules in the crystal are easily removed.
The elemental analysis (C, H, N) of the obtained powder sug-
gested the formula (Zn,L—bar?~:(ClO,),-H,0),. The crystal
of the bis(Zn""—cyclen)-bar?~ complex was subjected to X-ray
structure analysis at 25+ 1°C. The crystal structure provided
unequivocal evidence for the cyclic 2:2 (Zn,L.—bar? ™), complex
16, which is shown in Figure 4. Selected crystal data and collec-
tion parameters are given in the Experimental Section.['?! The
methylene carbons of the cyclen ring, the perchlorates, and the
ethyl groups of the barbital dianions are very disordered; this is
reflected in the comparatively large R value of 0.104. We at-
tempted to determine the X-ray crystal structure of 16 at a lower
temperature using liquid nitrogen, but were unsuccessful owing
to the formation of cracks in the crystal. We failed to isolate the
originally intended 1:1 complex 15 with various other coun-
teranions such as PF., C17, NOJ, etc.

The complex 16 has a cyclic structure constructed with two
barbital dianions (bar?~) and two host complexes. The barbital
dianion bridges the two Zn,L units through the Zn"—N (bar® ")
bonds. Each zinc(mn) ion is surrounded in a distorted tetragonal

620 ——— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

Fig. 4. ORTEP diagram (30% probability ellipsoids) of 16. Hydrogen atoms, wa-
ters, and perchlorates are omitted for clarity. Selected bond lengths (A): Zn1-N1
2.19(1), Zn1-N4 2.11(1), Zn1-N7 2.17(Q2), Zn1-N10 2.14(2), Zn1-N§0
1.95(1), Zn2-N21 2.21(1), Zn2-N24 2.10(2), Zn2-N27 2.13(2), Zn2-N30
2.13(1), Zn2-N33 1.96(1), Zn3-N35 1.99(1), Zn3-N46 2.22(1), Zn3-N49
2.03(1), Zn3-~N52 2.21(2), Zn3-N55 2.04(2), Zn4-N66 2.21(1), Zn4-N69
2.09(2), Zn4-N722.19(1), Zn4-N752.15(1), Zn4-N78 1.98(1). Selected bond
angles (°): N1-Zn1-N 80 109.8(5), N4-Zn1-N 80 117.9(5), N7-Zn1-N 80 113.4(5),
N10-Zn1-N80 113.0(5), N21-Zn2-N 33 109.7(5), N24-Zn2-N 33 113.9(5), N 27-
Zn2-N33 111.4(6), N30-Zn2-N 33 114.6(5), N46-Zn3-N 35 113.5(5), N49-Zn 3-
N 35 107.5(6), N52-Zn3-N35 111.9(6), N55-Zn3-N35 121.5(7), N66-Zn4-N78
112.9(4), N69-Zn4-N78 119.5(6), N72-Zn4-N78 106.8(5), N75-Znd4-N78
109.4(6).

pyramidal environment by the four nitrogen atoms of each cy-
clen and an anionic barbital nitrogen. The structure around the
zinc(11) ions in 16 is similar to that of the previous five-coordi-
nate Zn"-cyclen—-AZT~ complex 9.7 The average Zn"-N~
(bar?~) bond length of 1.97 A is shorter than that of the Zn"'—N
(cyclen) bond length of 2.15 A. Such a high affinity of a Zn"
macrocyclic polyamine complex to anionic amines has been ob-
served in the Zn"-N~ (sulfonamide) bond length (1.925 A) of
Zn"—tosylamidopropyl[12]aneN, complex 19! and Zn"-N~
(thymine) bond length (1.987 A) of Zn"~(acridine-pendant-cy-
clen)(1-methylthymine) complex 20.1% The present structure is
compatible with our ear-
lier findings that the CHy .
strongly acidic zinc(1r) in °\~SO '\'/N\/ b
&>

macrocyclic polyamine ©” \N'/\)

complexes prefers N~ HNC;.LD HNG..H\‘:Nj
anions over neutral ni- - }. ./
trogen  donors.!7-%:13] H ~

Although the distances 19 20
between the barbital car-

bonyl oxygens and the secondary nitrogens of the cyclen units
(about 2.9--3.2 A) seem long for hydrogen-bond formation, a
little wagging of the barbital dianion in solution would permit
closer contacts between them for the formation of direct (or
indirect through water molecules) hydrogen bonds.

NMR study of the 2:2 complex 16 in DMSO and aqueous solu-
tion: Because of the poor solubility (<20 mm) of 16 in aqueous
solution, we first conducted the 'H and '3C NMR study using
a [D,]DMSO solution of 16 (25mm) at 25 °C. The NMR spectra
of 16 in [D]DMSO showed two carbony! carbon signals at
0 =165.3 and 182.5, two aromatic carbon signals at § =130.7
and 131.5, and one methyl carbon signal at § =10.1; one aro-
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matic singlet proton signal at § = 6.88 and one triplet methyl
proton signal at ¢ = 0.74, which supports the symmetrical
(Zn,L—bar? "), structure 16 (see Scheme 2 and Experimental
Section). As a reference experiment, the 13C NMR data of the
1:1 Zn"-cyclen—bar~ complex 17 (50mM) in [Dg]DMSO
showed three carbonyl carbon signals (6 =156.6, 174.9 and
180.1), supporting an asymmetric barbital monoanion binding
mode as shown in 17 (see Scheme 3 and Experimental Section).

However, the 'H NMR spectral behavior of 16 differed sig-
nificantly in aqueous solution. A typical *H NMR spectrum of
16 (0.63mm) in D,0O (pD 8) is shown in Figure S. The spectrum
revealed three barbital methyl signals (H,, H,, and H;), three
barbital methylene sig-
nals (H,, Hy, and H),
two aromatic singlet
signals (H, and H,) and
multiplet signals (J =
2.5-4.2) for methylene
protons of cyclen units
and benzyl groups. The
integral ratios of H,/
2H,, H2(H,+H,)
and H,/2(H, +H,)
gave a constant value
of 2.0 at 2.5mm 16, for
instance, at 25°C with
=010 (NaNOj) in
D,0, where the inte-
gral values of H, and
H, were equal to those of Hy and H, respectively. Furthermore,
the integral ratios for H,/2(H,)? at different concentrations of
16 (0.63, 1.25,2.5, and 5.0mMm) gave a constant value 0f2.0 £ 0.1
under the same conditions. These results led us to conclude that
the 2:2 complex 16 equilibrates with the 1:1 complex 15 in
aqueous solution, as shown in Scheme 2. Accordingly, the bar-
bital diethyl group (H,, H,, H,, H, for 15, and H,, H, for 16)
and the aromatic protons of the bis(Zn" -cyclen) (H, for 15 and
H, for 16) were assigned with the assistance of an NOE experi-
ment (see Experimental Section). The integral ratio of the for-
mer (H,/2H,) serves as an index of the concentration ratio of
[16]/[15]. The clear separation of the barbital ethyl signals
(H; - H, and H,, H, » H_ and H,) accompanied by the dispro-
portionation of 16 to the postulated monomeric complex 15 is
reasonable if one considers the tighter bonding (i.e., restricted
conformational flexibility) of the guest barbital in 15 on the
NMR time scale.

In order to determine the K, value (= [16]/[15)°mM™1),
'HNMR spectra for 5.0, 2.5, 1.25, and 0.63mM of 16
were recorded at 25, 35, 45, and 55°C with J = 0.10 (NaNO;)
in 10% (v/v) D,0/H,O solution, where the *HNMR signal
patterns are similar to those in Figure 5. From the total
concentration of zinc(ir) species and the complex ratio of [16}/
[15], we estimated the concentration of 15 and 16, which then
allowed calculation of log K, which was 3.38 +£0.05 (at 25°C),
3.1940.05 (35°C), 3.01 £0.05 (45°C), and 2.861-0.05 (55°C):
the lower the temperature, the greater the K, value. The
K, value at 25°C is almost the same as that determined
by the potentiometric pH titration (see Table 1). The thermo-
dynamic parameters for the equilibrium 2(15)=16 were
determined from the temperature dependency of those log K,
values. The van’t Hoff plot of InK, against 1T (K™%)
gives a line which affords estimated values of AG =
—(1.940.1)x10*Imol™!, AH=-—(3.340.1)x10* Jmol ™!
and AS = — 4942 Jmol 'K ™! at 25°C. The dimerization re-
action of 15 to 16 is exothermic, possibly as a result of release of

B M e LY
7 6 5 4 3 2 1 0

Fig. 5. Typical '"H NMR spectra for the mix-
ture of the 1:1 and 2:2 bis(Zn"-cyclen)—
bar?~ complexes 15 and 16 (0.63mM as 16) at
25°C with I=010 (NaNO,) in D,0
(pD =8).
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the strain energy of 15, as indicated by the somewhat hindered
barbital binding mode (Scheme 2).

Molecular mechanics (MM 2) calculations revealed the mini-
mum-energy structures for 15 and 16 at 300 K (Fig. 6). One
mole of 16 is more stable than two moles of 15 by —73.9k],
calculated from E,,,, values for 15 (—151.3 kJmol™!) and 16
(— 376.5 kJmol ™). The breakdown of E,,, into seven energy
terms is shown in the Experimental Section. The greatest contri-
bution for the stability difference between 15 and 16 is the differ-
ence in bond angle energy AE,, of —57.2kJ.

Fig. 6. Minimum-energy structures of 1:1 complex 15 {above) and 2:2 complex 16
(below) calculated by MM 2.

Since the X-ray crystal structure of 16 revealed a new macro-
cyclic cavity with two composite benzene rings (approx. 4 A
distance), we tested whether this space could accommodate aro-
matic compounds such as 1,4-dinitrobenzene and p-toluene sul-
fonate, which would favor dimerization to form 16. However,
the *H NMR spectra (in D,0) of 16 (2.5mm) in the presence of
the potential guest molecules (e.g., saturated 1,4-dinitrobenzene
(ca. 0.5mM) or p-toluene sulfonate (10mm)) did not show any
unusual chemical shifts. We interpret this to mean that the
macrocyclic cavity of 16 is too small to sandwich aromatic
guests.

Conclusions

A new bis(Zn"—cyclen) complex 10a, which consists of two
Zn"-cyclen complexes and a p-xylene bridge, has been synthe-
sized for the recognition of dianionic forms of barbiturates in
aqueous solution. As anticipated, 10a very firmly chelates with
barbital (3, as the dianion) at physiological pH in the 1:1 com-
plex 15 and also in the 2:2 cyclic complex 16. The latter complex
16 was obtained as crystals and its structure confirmed by X-ray
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diffraction study. Although we failed to isolate the originally
intended 1:1 complex 15, we identified it in equilibrium with 16
in aqueous solution by NMR. pH-metric titration of 10a and 3
established the 1:1 and 2:2 complex stability constants, which
showed that the formation of the host—guest complexes 15 and
16 was favored over the 1:1 (Zn"-cyclen)—bar~ complex 17.

Experimental Section

General information: All reagents were of analytical reagent grade (purity > 99 %)
and were used without further purification. All aqueous solutions were prepared
with deionized and distilled water. IR spectra were recorded on a Shimadzu FTIR-
4200 spectrophotometer. *H (400 MHz) and '3C (100 MHz) NMR spectra were
recorded on a JEOL «-400 spectrometer at the desired temperature +0.5°C.
[2.2,3,3-D,]-3-(Trimethylsilyl)propionic acid sodium salt in aqueous solution and
tetramethylsilane in [Dg]DMSO were used as internal references for 'H and '*C
NMR measurements.

Synthesis of 1,4-bis(1,4,7,10-tetraazacyclododecan-1-yImethyl)benzene octahydro-
bromic acid salt (13-(HBr);-4H,0): A CHC], solution (25 mL) of 1,4-bis(bro-
momethyljbenzene 12 (1.32 g, 5.0 mmol) was added dropwise in a CHCl, solution
(100 mL) of 1,4,7,10-tetraazacyclododecane 11 (5.17 g, 30 mmol). The mixture was
allowed to react at room temperature overnight. After the solution had been washed
with two 50 mL portions of water to remove excess 11, the organic phase was
separated and evaporated. The oily residue was purified by silica gel column chro-
matography (eluent: 28% aqueous NH,/MeOH/CHCI; =1:5:25) followed by
crystallization from 48% agueous HBr/EtOH to obtain colorless crystals of 1,4-
bis(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzene 13 as its octahydrobromic
acid salt (13-(HBr)s-4H,0) in 50% yield. IR (KBr pellet): ¥ = 3507, 3437, 2996,
2818, 2683, 1607, 1572, 1491, 1431, 1413, 1251, 1206, 1016, 993, 959, 829, 815,
771 em™!; 'HNMR (D,0): 6 = 2.93 (t, J = 5.2 Hz, 8H, NCH), 3.02 (br, 8H,
NCH), 3.17 (t, J = 5.2 Hz, 8H, NCH), 3.24 (br, 8H, NCH), 3.89 (s, 4H, ArCH),
7.44 (s, 4H, ArH); '*C NMR (D,0): & = 44.8, 45.0, 47.3, 50.6, 59.0, 133.4, 137.6.
Anal. (C,,Hg,NgO,Bry): caled C 24.7, H 5.4, N 9.6; found C 24.8, H 5.5, N 9.6.

Synthesis of 1,4-bis(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzene bis(zine(11)
complex (10a-(ClO,),-2H,0): An aqueous solution (10 mL) of 13-8 HBr-4H,0
(0.47 g, 0.40 mmol) was passed through an anion exchange column (Amberlite
IR A-400). To the obtained acid-free ligand 13 was added an EtOH solution (30 mL)
of Zn(ClO,), 6 H,0 (0.38 g, 1.0 mmol) and the mixture was heated to 60 °C. After
the solvent had been evaporated, the residue was crystallized from 0.1M NaClO,
aqueous solution to afford 1,4-bis(1,4,7,10-tetraazacyclododecan-1-ylmethyl)-
benzene) bis(zinc(ir)) complex as colorless crystals (10a-(Cl10,),-2H,0) in 60%
yield [14]. IR (K Br pellet): ¥ = 3436, 3200, 2928, 2880, 1620, 1460, 1356, 1294, 1251,
1144, 1117, 1090, 982, 855, 733, 627 cm™'; 'HNMR (D,0): § = 2.82-3.13 (m,
32H, NCH), 4.01 (s, 4H, ArCH), 7.42 (s, 4H, ArH); 3C NMR (D,0): § = 45.0,
46.5, 47.3, 52.0, 58.4, 134.1, 135.1. Anal. (C,,Hs(Ng0,,Cl,Zn,): caled C 27.5, H
5.2, N 10.7; found C 27.7, H 5.4, N 10.6. The stability of 10 in 10% (v/v) D,O/H,O
was determined by 'H NMR and pH change of the solution at 25°C and pH = 5.2,
7.8, and 10.0. Each "H NMR spectrum of 10 (1 mm) was assignable to one species
(e.g., the data at pH 5.2 are almost the same as the above 'H NMR data for 10 in
D,0). The solution pH remained unchanged to within 0.05 pH unit after 2 h (a
standard pH titration time) under an argon atmosphere.

Synthesis of 1,4-bis(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzene bis(zinc(i))
barbital*~ complex (16-(Cl0,),): To an aqueous solution (50mL) of
10a-(ClO,),-2H,0) (0.52 g, 0.50 mmol) was added barbital sodium salt (0.10 g,
0.50 mmol) and the solution pH was adjusted to 8 with 10M NaOH aqueous solu-
tion at room temperature. Colorless crystals of 1,4-bis(1,4,7,10-tetraazacyclodode-
can-1-ylmethyl)benzene bis(zinc(i)) barbital?~ complex 16 as its tetraperchlorate
salt containing three lattice water molecules (determined by X-ray crystal structure
analysis) were obtained in 80 % yield by slow evaporation at 25 °C. After drying the
crystals under 1 mmHg at 40°C for S h, a water molecule was removed from the
asymmetric crystal unit. IR (KBr pellet): ¥ = 3420, 3300, 2966, 2930, 2878, 1599,
1578, 1456, 1445, 1390, 1325, 1144, 1115, 1090, 976, 856, 818, 795, 625cm™?;
'HNMR ([D4]DMSO, 25mm as the 2:2 complex 16): 6 = 0.74 (t, J =7.2 Hz, 6H,
CH,), 1.77(q, s =7.2 Hz, 4H, CH,), 2.5-3.2 (m, 16 H, NCH), 3.56 (b, 4H, NH),
3.90-4.03 (br, 6H, ArCH, NH), 6.88 (s, 4H, ArH), where small signals of unremov-
able impurity were observed at § =1.00 (t), 1.63 (g}, 1.91 (q), and 7.13 (s) [15]);
'HNMR (D,0, 2.5mM as the 2:2 complex): § = 0.68, 0.79, and 1.07 (CH;); 1.78,
1.90, and 2.02 (CH,); 2.5-4.2 (NCH), 6.96 and 7.29 (ArH). The 'H NMR signal in
D, 0 was assigned by an NOE experiment (upon irradiation of aromatic protons H,)
in which 1.2% NOE for H, — H, was observed. 1>*C NMR ([D,JDMSO, 25mM as
the 2:2 complex): 6 =10.1,32.2,42.1,43.8,44.2,48.5, 54.5, 55.2,130.7, 131.5, 165.3,
182.5. Anal. (C.H, ;6N ,00,,CliZn,): caled C 39.4, H 6.0, N 14.3; found C 39.1, H
5.8, N 14.2.
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Synthesis of (Zn"-cyclen)—~bar~ complex (17-ClO,): Barbital sodium salt (0.10 g,
0.5 mmol) and Zn" —cyclen-(ClQ,),-H,0 (0.23 g, 0.5 mmol) {9a] were dissolved in
distilled water (20 mL) at 60 °C. When the solution was concentrated to approx.
5mL, (Zn"-cyclen)—bar~ complex (17-ClO,) was obtained as colorless needles in
60% yield. IR (KBr pellet): ¥ = 3450, 3299, 2967, 2932, 1707, 1682, 1613, 1447,
1402, 1373, 1331, 1255, 1179, 1121, 1092, 972, 868, 812, 625cm™'; 'H NMR
([DJDMSO, 50mm): & = 0.73 (t, J =7.3 Hz, 6 H, CH,), 1.77 (q, J =7.3 Hz, 4H,
CH,), 2.60-2.80 (m, 16H, NCH), 3.75 (4H, NH(cyclen)), 10.8 (1 H, NH(barbi-
tal)); 13C NMR ([DDMSO, 50mm): § = 9.51, 31.5, 43.6 (cyclen), 55.7, 156.6,
174.9, 180.1. Anal. (C,(H;;N,O,ClZn): caled C 36.9, H 6.0, N 16.2; found C 37.3,
H 6.1, N16.5.

Potentiometric pH titrations: The preparation of the test solutions and the calibra-
tion of the electrode system were described earlier [9a,10,13,16]. All test solutions
(50 mL) were kept under an argon (> 99.999 % purity) atmosphere at 25.01-0.1°C.
The potentiometric pH titrations were carried out with 7 = 0.10 (NaNO,), and at
least three independent titrations were performed. Deprotonation constants of Zn'"-
bound water (K, = [HO ~-bound species][H *]/{H,0-bound species]), barbital com-
plex formation constants K,,- (= [bar™-bound complex]/[receptor][bar~]) and
K- (= [bar? -bound complex][H * J/[bar ~-bound complex]), and dimerization
constant K, were determined by means of the program BEST [11]. All sigma fit
values defined in the program are smaller than 0.005. The K, { = ay. "4og-), K},
(=[H*][OH"}) and fi . values used are 10~14-°°_ 10~13-7° and 0.825, respectively.
The mixed constants (K, = [HO -bound species]ay,./[H,0-bound species) and
K- = [bar?~-bound complex] ay . /[bar “-bound complex]) are derived from X,
and Ky,..- by [H*) = ay. [fyy+ -

Crystallographic study: A colorless prismatic crystal (0.35x0.20 x 0.10 mm) of
16-(C10,), 3H,0 (Ce,H, 5N,0,0,5Cl,Zn,, M, =1971.1) sealed in a glass capillary
was used for data collection. The lattice parameters and intensity data were mea-
sured on a Rigaku Raxis II area detector with graphite monochromated Moy,
radiation (u =11.14 cm ™) at 25 +1 °C. Indexing was performed from 3 stills which
were exposed for 10 min. A total of 40 oscillation (5.0°) images were collected, each
being exposed for 60 min. The crystal-to-detector distance was 30 mm and the
detector swing angle was 0.0°. Readout was performed in the 105 pm pixel mode.
The structure was solved by direct methods (SHELXS86) and expanded by means
of Fourier techniques (DIRDIF92). All calculations were performed with the
teXsan crystal structure analysis package developed by Molecular Structure Corpo-
ration (1985, 1992). Crystal data: triclinic, space group PT (No.2), a =17.127(5) A,
b=21.552(4) A, ¢ =14229(6) A, & =102.36(2)°, B =99.34(3)°, 7 = 86.02(2)°,
V=5058Q)A% Z =2, D.=1294gcm™3, 20, =462°, total no. of re-
flns = 8895. Non-hydrogen atoms of the 2:2 complex unit 16 and three water
oxygen atoms were refined anisotropically, while the rest were refined isotropically.
Hydrogen atoms, except those of water molecules, were included but not refined.
The final cycle of full-matrix least-squares refinement was based on 6154 observed
reflns (1> 5.00 6(I)) and 927 variable parameters, and converged (largest parameter
was 0.02x its esd) with R (=X||F] — [F)I/ZIFK) of 0.104 and Rw
(= Cw(|F,| — |F|)*/EwF2)%%) of 0.132. The O atoms of the Cl1 perchlorate ion
are disordered at the two positions (occupaucy = 0.5 and 0.5), but those of C12 are
not disordered. The other two perchlorate ions are disordered at the four locations
C13, C14, C15, and C16 with an occupancy ratio of 0.60:0.69:0.43:0.28. The disor-
dered structures of the cyclen groups were suggested by consideration of the large
anisotropy in the temperature factors of the carbon atoms, but conld not be con-
firmed on a difference Fourier map. The uncertainty in these disordered structures
might lead to a comparatively large R value.

Molecular mechanics calculations: Structure minimization for 15 and 16 was accom-
plished with the molecular dynamics (MD) and molecular mechanics (MM 2) pack-
ages provided by the Tektronix CAChe System, Version 3.5. The structure was first
minimized by MM 2 at 300 K and the resulting structure submitted to MD simula-
tion at 800 K. The lowest energy structures for 15 and 16 (Fig. 6) were obtained by
further optimization by MM 2 at 300 K with the block-diagonal Newton—Raphson
method until the change in total energy (AE,,,,) became less than 0.001 kJmol~*.
The energy terms (kJ mol™*) for the MM 2 force field are bond stretch (E,,), bond
angle (E,,), dihedral angle (E,,), improper torsion (£,), van der Waals (E,,,),
electrostatic (E,), and hydrogen bond (£,,): Em = —151.3kJmol™* for 15
(E,, =463, E,, = 2861, E,,=34.7, E,=0.5, E,, =189, E,= — 5282, and
Epy= —9.6); Egyy= —376.5kimol™! for 16 (E,, = 96.8, H,, = 515.0, H,, =
84.7, H, = 0.3, H,, = —16.3, H, = —1040.0, and H,, = —17.0).
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