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Abstract: A new tris(Zi'—cyclen) (ZnL3), which has three Zh-macrocyclic tetraamine (cyclen) complexes
connected through a 1,3,5-trimethylbenzene spacer, has been synthesized as a novel receptor for organic phosphate
dianions in aqueous solution (cyclea 1,4,7,10-tetraazacyclododecane ant £ 1,3,5-tris(1,4,7,10-tetraaza-
cyclododecan-1-ylmethyl)benzene). The design ofl2iwas based on X-ray crystal structure analysis of the 1:3
complex of 4-nitrophenyl phosphate (NPPwith Zn'—cyclen (ZnLY) complex. The potentiometric pH titration of
ZnsL3-3H,0 revealed the deprotonation constants of the thrédlelitund HO molecules to be 6.1 Ka), 7.3 (Ky),

and 8.6 (iK3) at 25°C with | = 0.1 (NaNQ). These three stepwise deprotonations #dNMR spectra changes
at various pD values in fID suggest that strong intramolecular hydrogen bonds link each adjacéntCk (or
Zn'"—OH") at neutral pH in aqueous solution. At higher pH9), the hydrogen bond network disrupts. THE
NMR titration of ZngL.3-3H,0 with phenyl phosphate dianion (Pfin D,O confirmed the formation of a 1:1 complex
(ZnsL3—PP-). By potentiometric pH titrations, the 1:1 complex affinity constants, kag (Ka = [phosphate
complex]/[zd' complex][phosphate] (M), were determined to be 5.8 with NPP 6.6 with PP, 7.0 with o-D-
glucose-1-phosphate, and 7.9 with phenyl phosphonate in aqueous solution. Thé+ris(@an) complex is found

to be a much better host toward phosphates than the paréntc¥olen (ZnlY) (log Kas = 3.3 for Znl1—NPP")

or a bis(zit—cyclen) linked with am-xylene spacer (Zi.?) (log Kar = 4.0 for ZnL2—NPP").

Introduction

Chemical design of efficient and selective host molecules for

various biologically important types of phosphate anion guests

has been attracting great interest. The majority of recently

synthesized hosts are organic molecules equipped with acidic

hydrogens at complementary positions to hydrogen bond with
their guest phosphate oxyanions. The 1:1 affinity constéats (

= [phosphate complex]/[host][phosphate] (W) are sometimes

as high as 18-10° M~1in nonaqueous solutiorsich as CHG|
CH3CN, and DMSO. These hydrogen bonds, however, cannot

compete against the hydration of phosphate guests in water

resulting in the dissociation of the hegjuest complexes. To

(i) polyguanidinium cation%® (e.g., logKas = 2.4 for3—PQO3~
comple®), or (iv) sapphyrin® (e.g., 4 with double-strand
DNA). The attractive forces are essentially coulombic forces
and strong hydrogen bonding between polycations of pro-
tonated (at neutral pH) amines and phosphate oxyanions.

(3) (a) Kimura, E.; Kodama, M.; Yatsunami, J.Am. Chem. So4982
104, 3182-3187. (b) Kimura, E.; Watanabe, A.; Nihira, Bhem. Pharm.
Bull. 1983 31, 3264-3268. (c) Kimura, E.; Fujioka, H.; Yatsunami, A;
Nihira, H.; Kodama, M.Chem. Pharm. Bull1985 33, 655-661. (d)
Umezawa, Y.; Kataoka, M.; Takami, W.; Kimura, E.; Koike, T.; Nada, H.
Anal. Chem1988 60, 2393-2396. (e) Kimura, E.; Kuramoto, Y.; Koike,
T.; Fujioka, H.; Kodama, MJ. Org. Chem199Q 55, 42—46.

(4) (a) Dietrich, B.; Hosseini, W.; Lehn, J.-M.; Sessions, RJBAm.

'Chem. Soc1981, 103, 1282-1283. (b) Hosseini, M. W.; Lehn, J.-M.

Am. Chem. S0d.982 104,3525-3527. (c) Hosseini, M. W.; Lehn, J.-M.;

date there have been only a limited number of phosphate Mertes, M. P.Helv. Chim. Actal983 66, 2454-2467. (d) Hosseini, M.

receptors that work in the hostile environmentaof aqueos
system?~14 Representative examples are (i) multiprotonated
or polycationic compounds such as polyamfnésge.g., logKas

= 6.4 for 1-ATP*~ complex®d), (ii) polyquarternery ammonium
cationg (e.g., logKy¢ = 2.1 for 2—-HPOs?~ complex), and

T Hiroshima University.

* Rigaku Corporation.

® Abstract published i\dvance ACS Abstractddarch 15, 1997.

(1) For recent articles since 1995, see: (a) Jubian, V.; Veronese, A;
Dixon, R. P.; Hamilton, A. DAngew. Chem., Int. Ed. Endl995 34,1237
1239. (b) Stephan, H.; Gloe, K.; Schiessl, P.; Schmidtchen, Bupramol.
Chem. 1995 5, 273-280. (c) Raposo, C.; Almaraz, M.; Mamt M.;
Weinrich, V.; Mussas, M. Alcazar, V.; Caballero, M.; Mona, J. R.Chem.

Lett 1995 759-760. (d) Magrans, J. O.; Oritz, A. R.; Molins, A.; Lebouille,

W.; Lehn, J.-M.Helyv. Chim. Actal987 70, 1312-1319. (e) Bianchi, A.;
Micheloni, M.; Paolettti, PInorg. Chim. Actal988 151, 269-272. (f)
Hosseini, M. W.; Blacker, A. J.; Lehn, J.-M. Am. Chem. S0d4.99Q 112,
3896-3904.

(5) Marecek, J. F.; Fischer, P. A.; Burrows, CTétrahedron Lett1988,
29, 6231-6234.

(6) (@) Mertes, M. P.; Mertes, K. BAcc. Chem. Re<199Q 23, 413—

418. (b) Bencini, A.; Bianchi, A.; GafatEspdn, E.; Scott, E. C.; Morales,
L.; Wang, B.; Deffo, T.; Takusagawa, F.; Mertes, M. P.; Mertes, K. B.;
Paoletti, P.Bioorg. Chem.1992 20, 8—29. (c) Andre, A.; Aragq J.;
Bencini, A.; Bianchi, A.; Domenech, A.; Fusi, V.; GaaeEspén, E.;
Paoletti, P.; Rafmez, J. A.Inorg. Chem1993 32, 3418-3424. (d) Aquilar,
J. A; Garca-Espan, E.; Guerrero, J. A,; Lui, S. V.; Llinares, J. M.; Miravet,
J. F.; Rarfmez, J. A.; Soriano, CJ. Chem. Soc., Chem. Commui995
2237-2239.

(7) Schmidtchen, F. RChem. Ber1981, 114, 597-607

(8) (a) Dietrich, B.; Fyles, T. M.; Lehn, J.-M.; Pease, L. G.; Fyles, D. L.

P. H. P.; Sachez-Wuesada, J.; Prados, P.; Pons, M.; Gago, F.; de Mendoza,J. Chem. Soc., Chem. Comm@@78 934-936. (b) Dietrich, B.; Fyles, D.

J. Angew. Chem., Int. Ed. Engl996 35, 1712-1715. (e) Gale, P. A.;
Sessler, J. L.; KfaV.; Lynch, V. J. Am. Chem. Sod.996 118, 5140-
5141. (f) Berger, M.; Schmidtchen, F. B. Am. Chem. Sod 996 118,
8947-8948.

(2) For reviews, see: (a) Kimura, Eop. Curr. Chem1985 128 113~
141. (b) Schmidtchen, F. Rachr. Chem. Tech. Lali988 36, 8-17. (c)
Dietrich, B. Pure Appl. Chem1993 65, 1457-1464.

S0002-7863(96)04040-1 CCC: $14.00

J.; Fyles, T. M.; Lehn, J.-MHely. Chim. Actal979 62, 2763-2787.
(9) Schiessl, P.; Schmidtchen, F..Org. Chem1994 59, 509-511.
(10) (a) Iverson, B. L.; Shreder, K.; Kra/.; Sessler, J. LJ. Am. Chem.
S0c.1993 115,11022-11023. (b) Kf& V.; Furuta, H.; Shreder, K.; Lynch,
V.; Sessler, J. LJ. Am. Chem. So4996 118,1595-1607. (c) Iverson, B.
L.; Shreder, K.; Kf§ V.; Sansom, P.; Lynch, V.; Sessler, J.1.Am. Chem.
Soc.1996 118,1608-1616.

© 1997 American Chemical Society



A New Zinc Receptor for Phosphate Dianions J. Am. Chem. Soc., Vol. 119, No. 13,38

These 1:1 complexes are stable at neutral pH with appreciably H X H
high affinity constants. N PN Zrent ~N/70 r~\ H
HN NH C / r\ NN R QRN LN
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ZH2L2
Recently, Z#—macrocyclic polyamine complexes have m-bis(Zn'"—cyclen)

emerged as a novel family of host molecutesThey were ) ) o _ _
originally conceived from the fact that phosphates act as ligand to zinc(ll) ions in carboxypeptidase?Aalkaline phos-

substrates (e.g., phosphomonoe&tdrsor inhibitors (e.g.,  Phatasé!?? and phospholipase €. It must be noted that
HPQ,2") by reversibly coordinating to Zhin zinc enzymed8 phosphate anions and hydroxyl anions compete fdf, Znd
The zinc(ll) complexes of [12]aneN([12]aneN = 1,5,9- hence, the solution pH critically affects the affinity of phosphate
triazacyclododecan¥) and cyclen (cyclen= Lt = 1,4,7,10-  for Zn".2! This would be particularly true when these anions

tetraazacyclododecane, Zhi 5),'8 which were discovered to  interact with more than two zinc(ll) ions, since these anions
be good models for zinc enzymes such as carbonic anhydrasedr® potentially bidentate donors.

and alkaline phosphatase, reversibly bind phosphate dianions Trinuclear zinc(ll) complexes are found at active sites in zinc
such as HPG~, phenyl phosphate (PP, and 4-nitrophenyl enzyme®® such as phospholipase C froBacillus cereus
phosphate (NPP) to yield stable 1:1 complexes with affinity  (PLCsd?* (8in Scheme 1) and P1 nuclea$eAn X-ray crystal

constants of lodai = 3.3 for5—NPF2~ complex!8 However, structure of t_hg complel of PLCg. with a competitive inhibi'gor
metal-free cyclen (similarly dicationic species2H") at (a phospholipid analog) revealed that the phosphate binds to
neutral pH) had little interaction with these phosphate dianions. @ll three zinc(ll) ions by rep;glcccljng two of zinc-bound water
The recent X-ray crystal structure analysis of (Z@lcohol- molecules in the native Pl
pendant-cycler)-PO;2~ complex6 showed that three phosphate Sch
oxygens could coordinate to each'Zas the apical donors o~ S¢heme 1
form aCz-symmetric complex® Moreover, a bis(Z#h—cyclen) His y) N His) g o
complex linked with am-xylene spacerq, Zmn,L2) was found Glu 46 ._2n g) {f
to bind with two oxyanions of NPP with log Kai = 4.019 In o I(\o water hosoholinid NNoR o
. . . S 1p1 —
all of these interactions, the-®0~ moiety becomes a mono- Tip) watkr o Zfalogp ° e g_/ v
dentate donor. A phosphate anion also acts as a monodentate NHp  water ‘,*,‘569 w0 o g0
UV 7/ N —— =
_Zn(3) Zn(1)~ ;). NH, _O N
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pH-dependent enzyme activity. However, no systematic study
on the cooperative phosphate recognition by three zinc(ll) ions
had been conducted in model systems. In this paper, we
describe the synthesis of the novel trinuclear zinc(ll) complex,
tris(Zn'—cyclen) (L0, ZnsL3), having a 1,3,5-trimethylbenzene
spacer (B = 1,3,5-tris(1,4,7,10-tetraazacyclododecan-1-ylm-
ethyl)benzene), and interesting new properties toward phos-
phates, which are dependent on pH in aqueous solution.

HN/ﬁ H

N -N
( z \i
N X NS
H /W (P H,7[OWH (o
) o)
Zng
N N N
H m\/, X"
" oy
HN NH HN- \"*NH
N N
L3 10a : X=X'=X"= OH,

b : X= OH’, X'=X"= OH,
€ : X=X'= OH", X"= OH,
d : X=X'=X"= OH
Zn3L3
tris(Zn”»cyclen)

tris(cyclen)

Results and Discussion

Isolation and X-ray Crystal Structure of a 1:3 Complex
of 4-Nitrophenyl Phosphate (NPP-) with Three (Zn'—
cyclen) Complexes (11).Prior to developing a new phosphate
receptor, we have characterized crystals precipitated from the
mixture of 4-nitrophenyl phosphate (NP® and Zi' —cyclen
(ZnLY). Colorless prisms were obtained by slow concentration
under reduced pressure. TRE NMR data and elemental

Kimura et al.

Figure 1. An ORTEP drawing (30% probability ellipsoides) of the
1:3 complex1l of NPP~ with Zn"—cyclen. All hydrogen atoms,
perchlorate anions, and water molecules are omitted for clarity. Selected
bond lengths (A): Zn(H0(48) 1.917(4), Zn(2YO(49) 1.936(4),
Zn(3)—0(50) 1.917(4), P(4H0O(46) 1.611(5), P(4HO(48) 1.496(4),
P(47)-0(49) 1.487(4), P(4A~0O(50) 1.503(4). Selected bond angles
(deg): C(37)-0(46)—P(47) 124.2(4), O(46)P(47)-0(48) 105.5(2),
O(48)-P(47)-0(49) 112.8(2), O(49)P(47)-0(50) 112.6(3), O(50})
P(47)-0(46) 101.2(2), P(4H0O(48)-2Zn(1) 130.8(2), P(4HO(49)—

Zn(2) 128.9(2), P(4A0O(50)-2Zn(3) 127.6(2).

the first example of a 1:3 complex of dianionic phosphate with
zinc(ll) complexes Three phosphorusoxygen lengths (P
0(48), P-0(49), and P-O(50)) in NPP~ are almost equivalent
(ca. 1.5 A), indicating that the dianionic charge of the RIPP
is equally distributed over the three oxygen atoms of the
phosphate, so that the phosphate dianion mak&ssgmmetric
guest having a 3-fold axis through the-BAr bond. The
examples of a simila€s-symmetric structure afs-carbonato-
bridged trinuclear zinc(ll) complexes have been also repéfted.

Synthesis of Tris(cyclen) (12) and Its Trizinc(ll) Complex

analysis (C, H, N) suggested that the complex was composed(10). The X-ray crystal structure of the trimeric complég

of one NPP~ and three ZnLunits. The X-ray crystal structure
analysis has revealed the structure of the trimeric compliex
as shown in Figure 1, where each zinc(ll) ions is bound to each
phosphate oxygen (048, 049, and 05%0).

H
N
WO\ o é; \’\NH
\ ,\l\ | \/Z n—
( Aom ~o!
HN Ny 0
W \~H
H rz N
N* /n\NH
N\/
11

The three bond lengths between'Zand oxygen atom of
NPP- in 11are almost equivalent (1.92.94 A) and are almost
the same as those (ca. 1.92 A) of the previous trimeric complex
6.18 Each zt is in a distorted tetragonal-pyramidal environment
constituted by four nitrogen atoms (N1, N4, N7, and N10) of
cyclen and the phosphate oxygen (048) of RPP

The 1:2 complexes of NPP with zinc(ll) complexes, in
which two zinc(ll) ions are linked by a ©-P—O~ bridge, have
been isolated by several grouf§$’ To our knowledgell is

(25) For the crystal information files (CIFs) for the X-ray crystal structure
analysis 0f10-(NO3z)e3H0 and11:(ClOs7)4:2H,0, see the Supporting
Information.

(26) (a) Hikichi, S.; Tanaka, M.; Moro-oka, Y.; Kitajima, N. Chem.
Soc., Chem. Commuri992 814-815. (b) Adams, H.; Bailey, N. A,
Fenton, D. E.; He, Q.-YJ. Chem. Soc., Dalton Tran$995 697—699.

and our previous compleg'® led us to design a trinuclear
zinc(ll) complex for phosphate anions. Thus, we chose tris-
(cyclen) (L3) and its trizinc(ll) complexL0 (ZnsL3) bearing a
1,3,5-trimethylbenzene spacer.

The Boc (ert-butyloxycarbonyl) group has been found to be
effective protecting group for the synthesis of some derivatives
of cyclic polyamineg® Hence, we used 1,4,7-trigft-butyl-
oxycarbonyl)cyclen X3, 3Boc-cyclen) as shown in Scheme 2.
The reaction of 1,3,5-tris(bromomethyl)benzeh®° with 3.5
equiv of 13 in the presence of anhydrous X3 in CH3;CN
slowly proceeded at 8TC to give 9Boc-tris(cyclen)1d), which
was purified by column chromatography after treating a mixture
of 14 and the unreacteti3 with benzyl chloroformate (ZCl) to
convert13 to the less polar compourith. The recovered5
can be converted tb3 by a conventional method @¢1Pd/C) in
80—90%.

(27) The Lippard group has isolated 1:1 complex of diphenyl phosphate
anddinuclearzinc complex. Tanase, T.; Yun, J. W.; Lippard, Sinbrg.
Chem.1995 34, 4220-4229.

(28) (@) Murthy, N. N.; Karlin, K. D.J. Chem. Soc., Chem. Commun.
1993 1236-1238. (b) Chen, X.-M.; Deng, Q.-Y.; Wang, ®olyhedron
1994 13,3085-3089. (c) Bazzicalupi, C.; Bencini, A.; Bencini, A.; Bianchi,
A.; Corana, F.; Fusi, V.; Giorgi, C.; Paoli, P.; Paoletti, P.; Valtancoli, B.;
Zanchini, C.Inorg. Chem.1996 35, 5540-5548.

(29) (a) Granier, C.; Guilard, Rietrahedron 995 51, 1197-1208. (b)
Boitrel, B.; Andrioletti, B.; Lachkar, M.; Guilard, Rletrahedron Lett1995
36, 4995-4998. (c) Groth, A. M.; Lindoy, L. F.; Meehan, G. \J. Chem.
Soc., Perkin Trans. 1996 1553-1558.

(30) (a) Mitchell, M. S.; Walker, D.-L.; Whelan, J.; Bosnich, Borg.
Chem 1987, 26, 396-400. (b) Meno, T.; Sako, K.; Suenaga, M.; Mouri,
M.; Shinmyozu, T.; Inazu, T.; Takemura, Ban. J. Chem199Q 68, 440—
445,
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Scheme 2
Br
Boc ~—
B (N NBoc
12 Br I)CN}‘?%%’ BocN’/\NB°° UBoc (\I%l
3
+ —_— N + BocN NBoc
H 2) ZCl Bod\ N
NN i-Pr,EtN N Boc
BocN NBoc CHCly BocN NBoc
rélt:oc KJ;J 15
oC
3Boc-cyclen 9Boc-tris(cyclen)
13 14
47% aq. HBr Figure 2. An ORTEP drawing (30% probability ellipsoides) @6.
EtOH All hydrogen atoms, four external nitrate anions, and water molecules
except a zinc(ll)-bound water are omitted for clarity. Selected bond
L3.9HBr lengths (A): Zn(1)-0O(2a) 2.04(2), Zn(2YO(6a) 2.00(1), Zn(3rO(1w)

1.947(9), Zn(1)>N(1) 2.259(8), Zn(1)N(4) 2.123(10), Zn(1¥N(7)
. . . 2.14(1), Zn(1yN(10) 2.14(1), Zn(2yN(13) 2.277(9), Zn(2rN(16

The L3-9HBr was obtained by the deprotection b4 with 2_10((1))1 Zn((Z})—N((lg))2.172§12)), er(z_);N((ZZ)) 51 44((1()))’ Zn((?)N((zsg
aqueous HBr in EtOH and was converted to the free form by 2.202(8), Zn(3¥N(28) 2.120(9), Zn(3¥N(31) 2.177(10), Zn(3¥N(34)
passing it through an anionic ion exchange resin column. The 2.13(1). Selected bond angles (deg): Zr(i(1)—C(37) 110.6(6),
free ligand 12 was allowed to react with Zn(Ngy-6H,0 in Zn(2)—N(13)-C(38) 108.8(8), Zn(3yN(25)—C(39) 110.1(5), N(Ly

EtOH/water to affordl0-6(NOs;~)-3H,0-0.5EtOH as colorless ~ Zn(1)-0(2a) 106.1(6), N(4yZn(1)-O(2a) 125.8(6), N(#yZn(1)—

needles after recrystallization from EtOH/water. O(2a) 112.9(6), N(16yZn(1)-O(2a) 101.0(6).

X-ray Crystal Structure of 10-6(NOs7)-3H20. Thecrystals  molecules, g1, pKz, and Kz, were calculated to be 6.08
of 10-6(NO;7)-3H,0 were subjected to X-ray crystal structure  0.03, 7.25+ 0.03, and 8.63t 0.03, respectively.
analysis. An ORTEP drawing dfo-6(NO;~)-3H,0 is shown

in Figure 2 with 30% probability thermal ellipsoid%. Each 10a==10b+ H" K, =[10b]a,,/[104] (1)
Zn''—cyclen unit has a distorted tetragonal-pyramidal structure,

and zine-nitrogen bond lengths are 2.4@.28 A, not unusual 10b==10c+ H" K, =[10da,./[10b] (2)
distances for Zh—cyclen complexe&’1831 The apical coor-

dination sites of two among three zinc(ll) ions are occupied by 10c=10d+ H" K, = [10d]a,,./[10d (3)

two nitrate anions. An interesting feature is that the threezZn

cyclen moieties are orientated to face the same side of the For comparison, the relevanKp values of zinc(ll)-bound

molecule giving a pseud@s-symmetrical molecule with three  water in Zdl —cyclenH0 (5a), Zn'"—N-benzylcyclerH,0 (16,

apical ligands of each three zinc(ll) cations (one water molecule ZnL*H,0),!8 bis(zZn' —cyclen) linked withp-xylene spacerl(7,

and two nitrate anions) located on the same face. Zn,L5%-2H,0) 3! and bis(ZH—cyclen) linked with m-xylene
Determination of pK, Values of Zinc(ll)-Bound Waters spacer {, ZnpL.*2H,0)'* should be noted. Two reference

of 10. The K, values of three zinc(ll)-bound waters b were complexesp and16, have higher K, values of 7.9 (fosa =

determined by potentiometric pH titration against 0.10 M NaOH 5b + HY) and 7.6, respectivel/:1* The p-bis(Zrl'—cyclen)

agueous soll_Jtion _witlt_l =0.10 (NaNQ) at 25°C. Figure 3a pK,=7.6 pK, =72 pK,=17.9

shows a typical titration curve of isolatedD (ZnsL3-3H,0), / y /

showing dissociation of three protons at<0 eq(OH) < ”j?\ \ y Hf_cl’_\ P y

3eq(OH) is the number of equivalents of base added). Any CN-/Z 'LN> <N~Z ‘LN> CN-/Zn(N>

further deprotonation or precipitation of Zn(OHjas not AN, NA R NG NN NG

observed over pH 11. The crystal structure analysisl®f

/
N ~

. : . ) : 1 17
showed that two zinc(ll) ions have nitrate anions at apical , ?j ZLs
. . . . . . . n Ny
coordination site. Since it has been previously confirmed that Zn'_N-benzyleyclen p-bis(Znll_cyclen)

nitrate anion has only negligible interaction with zinc(ll) ion in

aqueous solutiof? we presume that the nitrate anions1f 17 has two close values of 7.2 and #29.0n the other hand,
are replaced by water molecules, which reside on three zinc(ll) {he mrbis(Zn' —cyclen)7 has two more separate values: one is
ions of 10 in aqueous solution, and that the three dissociable g 7 (for7a= 7b + H*) and the other is 8.57p = 7c+ H*).19
protons can be assigned to the zinc(ll)-bound water molecules.The reason of the lowerka value and the higherky value
By calculation using the program “BES® and assuming eqs  with respect to [, of monomeric ZH—cyclen may be explained
1-3 (whereay+ is the activity of H and10a= ZnsL3-3H,0, by strong intramolecular hydrogen bonding between the-Zn
10b = ZngL.3-(OH")-2H,0, 10c= ZnzL.3-2(OH")-H,0, and10d OH~ and Zd'—OH,. In fact, 7b was isolated as a stable
= ZngL3-3(OH")), the deprotonation constants of each water crystalline 3(CIQ™) salt. Very recently, a similar type of
L—Zn"—OHy*HO™—2Zn"—L complex (L = a tris(pyrazoyl)-
Euf’3:}l) fggéeszng7akgzsgige, M.; Kimura, E.; Fujioka, H.; Shiro, Bhem. borate homologue) was isolated for X-ray crystal study and
(ézj The p»(; value of iinc(”)_bound water i with | = 0.1 (NaNQ) dlspussed in relevancg to the hydrogen bpnd n.etwork at the
at 25°C has been found to be the same as that with0.1 (NaClQ) at active center of carbonic anhydraeThese discussions should

25 °C, indicating that nitrate anion has negligible interaction with'-Zn also be applicable for tris(Zﬁ—cyclen) 10 (vide infra).
cyclen.

(33) Martell, A. E.; Motekaitis, R. Determination and Use of Stability (34) Ruf, M.; Weis, K.; Vahrenkamp, H.. Am. Chem. S0d.996 118,
Constants2nd ed.; VCH: New York, 1992. 9288-9294.
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11 Scheme 3
10 Hp He Hp
9 HA H "\ H
. N, ® N N +
H \ H, / H
o (el ) <
K,=6.7 yN" Nj H H pgN Ny pK,=8.5
. P&, HN_NH HN_NH PR,
7b
6 "closed-form"
5 1}
4 T T 1
0 1 2 3 4 Hp HO
eq (OH) CHN//-Z _IEN) EN//_Z ?NH)
Figure 3. Typical titration curves of 1 mM.O (a) in the absence and HN__ NA HN__ NA
(b) in the presence of 1 mM phenyl phosphate disodium salt in water 7b'
at 25°C with | = 0.10 (NaNQ), where eq(OH) is the number of "open-form"

equivalents of base added.
by two other peaks at pD 8.6. When more base was added, the

Ha peak showed an upfield shift backdor.34 with sharpening
at pD 11.0.

(d) pD 11.0 An explanation of this behavior is presented graphically in
Scheme 3. Itis assumed th¥a predominantly takes an “open-

H. H, H, form” (as in 7b') at low pD (<5), since both of the zinc(ll)-
bound waters are not deprotonated and have negligible inter-
action toward each other. Upon deprotonation of one of the

(c) pD 8.6 zinc(ll)-bound waters,7b favors a “closed-form” in which
H, intramolecular hydrogen bonding between the zinc(ll)-bound
H. H, water and the zinc(ll)-bound hydroxide bridges the twd/ Zn
cyclen moietie$83” The downfield shift of H peak is probably
induced by the shielding effect of zinc(ll) ions fixed close to
Ha. The second deprotonation generafes which takes an
“open-form” as in7a. A repulsive interaction between the two
H, H¢H, hydroxide anions may assist the “opening” of the structure.

Above pD 11, the two zinc(ll)-bound watersTrare considered
to be completely deprotonated.
(a) pD 5.0 The pH-dependeriH NMR experiment ofl0in D,O at 35
°C has been carried out at pD 4.9, 6.1, 7.4, 8.5, 9.3, and 11.4

He H, H, (see Figure 5, respectively). The second (6.1), third (7.4), and
77 76 715 74 7. fourth (8.5) pD values were adjusted to match the thri€g p
3 (ppm) values of zinc(ll)-bound waters it0 (ZnsL3-3H,0) at 35°C .38

Figure 4. Aromatic regions ofH NMR spectra ofr-bis(Zni'—cyclen) The aromatic protons (all three are equivalent) at pD 4.9 (Figure
7 (5 mM) at different pD values at 3%C. For the assignment of each ~ 5a) exhibit a somewhat broad shapedaf7.42. As pD is
peak, see text. increased to 6.1, 7.4, and 8.5, this peak moved downfield with

N ) " . broadening (broadest at pD 8.5 awdd7.48). Further pD

H NMR Behaviors of Zn" —N-benzylcyclen (16)m-Bis- increases caused an upfield shiftt@.38 at pD 9.3 and 7.37
(Zn“_—cyclen) (7), and Tris(Zn' —cyclen) (10) in Aqueous at pD 11.4 with peak sharpening.
Solution at Various pD Values. It was expected that the pH- By analogous consideration for the pH-dependent structural
dependent conformational changewbis(Zn'—cyclen)(7) and change of7 presented in Scheme 3, we propose two main
tris(Zn'—cyclen) @0), which we assumed in the previous
Section’ should cause pH(pD)_dependent Changéﬁd‘ﬂMR (36) An equivalent structure which has two zinc(ll) ions bridged by an

. - OH™ anion is not excluded. Very recently, Gutneh et al. has reported that
spectra in RO solution. Hence, theH NMR spectra of the dinuclear zinc(Il) complex havingra:xylyl connectivity similar to that

monomeric16, dimeric 7, and trimeric10 (all at 5 mM) at of 7 has Zn-~OH—2n bridge structure in the solid state: Guitneh, Y.;
various pD values in BD were taken at 35C. Allwar; Ahvazi, B.; Blaise, D.; Butcher, R. J.; Jasinski, J.; Jasinsknarg.

; f Fo— _ Chim. Actal996 241, 31-38.
The chemical shifts of the aromatic ring protons of mono (37) Several crystal structures of “An-OH)," structures have been

meric 16 did not change with pD 5.9, 7.7, and 11.0),  reported. (a) Chaudhuri, P.; Stockheim, C.; Wieghardt, K.; Deck, W.;
indicating that little conformational change was induced by Gregorzik, R.; Vahrenkamp, H.; Nuber, B.; Weiss|nbrg. Chem.1992

deprotonation of the zinc(ll)-bound water. In comparison, the gésf‘;%ll_l“w- (b) Alsfasser, R.; Vahrenkamp, Ehem. Ber1993,126,
1 i i 35 i 5
H NMR spectra of the dimeric complex*> dramatically (38) The K, values of zinc(ll)-bound waters df0 at 35°C with | =

changed as shown in Figure 4, illustrating the aromatic protons 0.10 (NaNG) were determined to be 6.G90.03 (fK1), 7.20+ 0.03 (1Ky),
(Ha Hp, and H of 7, see Scheme 3) at pD (a) 5.0, (b) 6.6, (c) and 8.47+ 0.03 (K3), respectively, by potentiometric pH titration.

. ; - (39) The trimeric structure of jj-H2B(3-Bupz)} Zn(u-OH)]s (3-Bupz
8.6, and (d) 11.0. While fland H did show little change, the denotes 3-gN;ButH,), which possesses approximat€ly symmetry with

broad peak of Hexhibited a downfield shift frond 7.37 at pD each OH group bridging to zinc(ll) ions, has been isolated and characterized
5.0tod 7.59 at pD 6.6 with broadening and became overlapped [Gorrell, I. B.; Looney, A.; Parkin, G.; Rheingold, A. L. Am. Chem. Soc.
1990 112,4068-4069]. We also reported the trimeric structure of (Zn

(35) In this study,” was synthesized vill-alkylation of 13 with a,a’'- [12]aneN—OH™)3-3(ClO4s7)-HCIO4, which was precipitated from pH 8
dibromoim-xylene. solution (ref 17a).
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®pbe.] —_— 101/ (PP*]
/\ Figure 7. Change in thé®P NMR chemical shift of PP (5 mM)

(@ pD ig___,/ with increasing concentration df0in DO (pD 7.1+ 0.1).

Zn'"—0OH, and Zd'—OH, fixing 10 into a “closed-form” for

rToTe 15 74 73 72 L3[Zn(OHy)]~[Zn(OH7)] (10b) and for L3-[Zn(OHy)]-

_ 8 ‘_"p"‘) _ [Zn(OH)]2 (109. The structure oflOc may be equivalent to
Figure 5. The pD-dependent change of aromatic protorkits mM)  |3.[Zn(OH,)]-[Zn—OH—Zn)] (108), in which two zinc(ll) ions
in D;0O at 35°C. are bridged by a hydroxide anion. (iii) Above pH 9Kip=

8.6), the hydrogen-bonding network starts to collapse due to
repulsive intramolecular interactions among all thé ZOH-,
changing to an “open-form”.

We may consider the existence of “half-closed-form” which
has two ZH—cyclen moieties on the upside of the molecule
and the other sitting horizontally as shownlfif. However,
the K; value of 6.1 for the first equilibrium10a<> 10b +
H) is significantly lower than the corresponding{(6.7) for
7 (7a= 7b + HT). We therefore presume that the first

"open-form"
-oH

W
N
HN‘ /u}
Zn
H‘—\NH N/ \NH
N.
< Zr{g N
/"N
HN\)
N \H
Snii-N
10f ﬁiﬂf\ b
"half-closed-form" NH

deprotonation is promoted by the presence of the other two
zinc(ll)-bound waters. The CPK model studiesldfsuggest
that three zinc(Il)-bound water molecules could come close to
each other, enough to allow direct hydrogen bonding between
three Zd ——OH (or OH,) and/or Zt —OH-2Zn!" bridging. This
cooperative assembly of three'Zrcyclen units was anticipated

to offer a suitable recognition site f@s-symmetrical guests
such as phosphate anions.

Affinity Constants of 1:1 Complex of 10 with Organic
Phosphate and Phosphonate Dianions in Aqueous Solutions.
To investigate complex formation betwegf and phosphates,
we conducted &P NMR titration experiment of 5 mM phenyl

predominantly phosphate dianion (PP (pKs = 5.9= —log[PP ]ay+[HPP ],
Figure 6. Schematic model of conformational changel6dependent ~ Where HPP is phenyl hydrogen phosphate, see eq 4) with
on pH in aqueous solution. Round circles in all structures denote cyclen varying concentrations (610 mM) of 10in DO at pD 7.1+
rings in 10. 0.1 and 35°C (Figure 7). Under these conditions, the

conformations ofL0 as shown in Figure 6. (i) At low pH (ca. HPP =PP +H" K, =[PP ]a . /[HPP] (4)
5), 10ais a major species and its conformation is not fixed by

intramolecular interaction between zinc(ll)-bound waters. The phosphorus chemical shift of PPmoved fromé ca. 0 tod
X-ray crystal structure oflO (Figure 2) obtained from pH 5  —1.3 during the addition of 1 equiv df0. No further change
solution may suggest that an “open-form” predominates over a in chemical shift at higher concentration1 strongly suggests
“closed-form”. (i) As pH is raised to 68 (pK; = 6.1 and 1:1 complexation.

pKz = 7.3), deprotonation of the zinc(ll)-bound waters starts ~ For comparison, we obtained tA# NMR of P~ in D,O
to form an intramolecular hydrogen-bonding network between (pD 8.5+ 0.1) in the presence of zinc(ll)-free ligand,lwhich
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Relative Concentration (%)

Figure 9. Distribution diagram for the specie8 (18a and/or18b
and/or18¢), 19 (19aand/or19b), 10¢ 10d, and PP~ for a 5 mM10/5
mM PP~ mixture as a function of pH at 28C with | = 0.1 (NaNQ).
The two other species which exist in less than 8%aand 10b) are
omitted for clarity.

Table 1. Phosphate (Phosphonate) Affinity Constants (ag) of
m-Bis(Zn'—cyclen) 7 and Tris(Zi—cyclen) 10 for NPP~, PP,
21, and22 at 25°C andl = 0.10 (NaNQ)

phosphate log Ka®
(phosphonate) °) 7 10
NPP- (5.2) 4.0 5.8
PP~ (5.8) 4.6 6.6
21 (6.1) 7.0
22 (7.0) 7.9

aKa = [ZnL2—RPQ?~ complex]/[ZnL[RPO2"] (M 1) for 7 or
[ZnsL3—RPQ?~ complex]/[ZnL3][RPOs?] (M) for 10. ® pK, = —log
([RPO* Jaw+/[RPQ;HT]) obtained by pH titration at 28C with | =
0.10 (NaNQ). ¢ From ref 19 withl = 0.10 (NaClQ).

Figure 8. Proposed structural change of the 1:1 compleX®&nd

PP~ at various pH. Round circles denote cyclen rings.@a .
P y g at pH 8.4. The deprotonation constari{spvalue of 7.4 for

was considered to exist as the tris(cyeRi) (L3-6H") at this zinc(ll)-bound_water inl8 is considerably higher_th_an th&p

pH. It was found that 8:6H* induced only a negligible change ~ (= 6.1) of 10ain the absence of phosphate. This is due to the
in the chemical shifts of phosphorus. This fact confirmed that COmpeting phosphate interaction with this zinc(ll) site. In the
L3-6H* has little interaction with phosphate anions and that the light of the extremely high affinity constant of 1:1 complexation

three zinc(ll) ions inL0 are necessary for effective recognition  ©f 10 with PP~ in comparison to that of 1:1 complexation of
of phosphates. m-bis(Zn'—cyclen) ) with PP~ (log Ku = 4.6), we conclude

We then conducted a potentiometric pH titration g (1 that 10 acts as a tripodal host. It has been shown that the
mM) and PP~ (1 mM) in water { = 0.1 (NaNQ)) with 0.1 M complex of PLG. with an inorganic phos_phate _hasmbtyp_e
NaOH at 25°C to determine the 1:1 affinity constant (see Figure of structure, namely, two of the three zinc(ll) ions are bridged

3b). The phosphate complexes considefe&@0) are shown by one oxygen of phosphate e:}nd the other zinc(!l) binds to the
in Figure 8. The 1:1 complexation constant Ikgs and the ~ Second oxygen of phosphafe.> Hence, the speciekBaand/

deprotonation constantskp and [Ke, defined by egs 57, or 18b are more favorable structures ®8 and dramatically
respectively, were determined to be 6.6, 7.4, and 9.3 by using stabilize the phosphate complex. It is also implied in Figure 9
the program BEST3 that the second deprotonation of zinc(ll)-bound wated @t

occurs with a K, of 9.3 to afford 20 which dissociates to
10+ PP =18 K. = [18/[10[PP>~ 5 phosphate anti0d. In conclusion, tris(Zth—cyclen) efficiently
an = (18100 ] ©) recognizes PP in slightly acidic solution and the complex
dissociates at higher pH.

— + —
18=19+H Ks = [19,./[18] (6) The 1:1 complexation constants with other phosphates such
as 4-nitrophenyl phosphate (NP, a-p-glucose-1-phosphate
19=20+H" Ks = [20]a,./[19 (7) 21, and phenyl phosphona22 were similarly determined under
the same conditions as above and summarized in Table 1. For
Figure 9 shows the distribution diagram of five speci3( complexation with NPP, the trimeric effect of10 is about

10d, 18 (18aand/or18b and/orl80c), 19 (19aand/orl9b), and 300 times greater as compared to that of monomerie-Zgclen
PP-) for a5 mM 105 mM PE~ mixture (the same concentra- (5) and 60 times greater as compared to thatefis(Zn'—
tion as in thelH NMR experiment described above) as a cyclen) (7). For complexation with PP, 10 has 100 times
function of pH at 25°C with | = 0.10 (NaNQ). The population greater affinity constants thah The affinity sequence o0

of 10—PP~ (1:1) complex18is over 90% below pH 6.4 (see s 22 (log Kasf = 7.9) > 21 (log Kasf = 7.0) > PP~ (log Kagt =
also Figure 8). As pH is raised, the populatiori8fdecreases  6.6) > NPP~ (log Ka = 5.8). This sequence seems to parallel
and the population of monohydroxide forb® increases. The  order of basicity of these phosphates describedKydefined
concentration of the monohydroxide form reaches a maximum in eq 4: 22 (7.0) > 21 (6.1) > PP~ (5.8) > NPP~ (5.2).
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Hydroxyl groups of21 may have negligible effects on the

J. Am. Chem. Soc., Vol. 119, No. 13,3®%

pKa values of zinc(ll)-bound water of0 in agueous solution

complexation. It was unfortunate that we failed to isolate the have been determined by potentiometric pH titration, and the

1:1 complexes as crystals of sufficient quality for X-ray crystal
structure study. However, in the light of the actuat®
bonding to three Zh—cyclen complexes in Figure 1 and the

formation of strong intramolecular hydrogen bonds yields a
“closed-form” of 10 at neutral pH, as suggested by three
stepwise deprotonation of the zinc(ll)-bound waters and unique

size of the 1,3,5-trimethylbenzene spacing unit between the three'H NMR behavior of10 dependent on pH (pD). By potentio-

Zn''—cyclen units, we considet8a and/or18b to be feasible
for the 1:1 complex.
Since the trizinc(ll) center of PL& (8) strongly interacts

metric pH titrations, we found O to be an effective receptor
for Cs-symmetric organic phosphates (and a phosphonate) in
slightly acidic pH solutions with high 1:1 affinity constants (log

with phospholipids (phosphodiesters), we also checked if the Kag), resulting from the cooperative recognition of three zinc(ll)

interaction of10 with phosphodiester monoanion could occur.
The pH titration of10 in the presence of di-butyl phosphate
monoanior23 (pK, is below 4), however, gave almost the same
curve as the titration curve in the absenc8{see Figure 3a)
within experimental error. This implies little interaction between
tris(Zn'—cyclen) and phosphodiester monoant8nwWe con-
clude thatl0O is a receptor selective for dianionic phosphates
and phosphonates.

H
° HO

0
o 0O /P\
K 0 o
o O
o-D-glucose-1-phosphate phenyl phosphonate
21 22
N0 O

o ‘o
di-n-butyl phosphate
23

We initially suspected that the zinc(ll)-bound hydroxide in
the complext9aand19bin Figure 8 might be well positioned
to attack the phosphorus atom of phosphate to cleave-tH@RP
ester bond! However, acceleration of NPPcleavage hardly

24

occurred at pH 7.0, 8.0, or 9.0 at 3. The failure of
intramolecular OH attack at the zinc(Il)-bound phosphate may
be attributable to the inert nature of compl&Sc (equivalent
to 19aand19b). We recently showed that theOH-bridged
bis(Zn'—cyclen) specie®4 is kinetically inactive as a nucleo-
phile toward 4-nitrophenyl acetat&??

Conclusions

The 1:3 complexX1) consisting of one molecule of NPP
and three Zh—cyclen complexes was isolated, and its X-ray

ions. The cooperative recognition with trinuclear zinc(ll)
complex may apply to other multidentate anions in aqueous
solution. The study of tris(zinc(lfymacrocyclic polyamine)
complexes may also be useful in understanding phosphate
substrate interactions with three zinc(ll) center phosphatases
(e.g., phosphoalipase C).

Experimental Section

General Information. All reagents and solvents used were
purchased at the highest commercial quality and used without further
purification. All aqueous solutions were prepared using deionized and
distilled water. IR spectra were recorded on a Shimadzu FTIR-4200
spectrometer.*H NMR spectra were recorded on a JEOL Alpha (400
MHz) spectrometer. Tetramethylsilane in CR@hd 3-(trimethylsilyl)-
propionic2,2,3,3-d acid sodium salt in BD were used as internal
references fotH and'*C NMR measurements. The pD values isD
were corrected for a deuterium isotope effect using=p[pH-meter
reading]+ 0.4017¢ 3P NMR spectra were recorded on a JEOL Lambda
(202 MHz) spectrometer. A f® solution of 80% phosphoric acid was
used as an external reference #? NMR. Elemental analysis was
performed on a Perkin EImer CHN Analyzer 2400. Thin-layer (TLC)
and silica gel column chromatographies were performed using Merck
Art. 5554 (silica gel) TLC plates and Fuji Silysia Chemical FL-100D
(silica gel), respectively.

Crystallization of the 1:3 Complex of 4-Nitrophenyl Phosphate
(NPP?7) and Three Zinc(ll) —1,4,7,10-tetraazacyclododecane (Zn-
cyclen) (11). 4-Nitrophenyl phosphate disodium salt hexahydrate (25
mg, 67 umol) was added to a solution of 1,4,7,10-tetraazacyclo-
dodecane zinc(ll) diperchlorate complex monohydrate (182 mg, 0.40
mmol) in water (3 mL) at room temperature. This mixture was
concentrated slowly under reduced pressure to provide a 1:3 complex
of 4-nitrophenyl phosphate with Zr-cyclen 11:(CIO;7)4:2H,0 (55
mg, 61%) as colorless prisms. Ful-(ClOs7)4:2H,0: IR (KBr pellet)
3300, 3177, 2955, 2919, 1611, 1591, 1518, 1485, 1445, 1375, 1578,
1256, 1134, 1092 cnd; *H NMR (CDCl) 6 2.75-2.82 (24H, m, CH),
2.89-2.96 (24H, m, CH), 7.35 (4H, d,J = 9.3 Hz, ArH), 8.27 (4H,

d, J = 9.3 Hz, Al’H) Anal. Calcd for GgHgsN1302.PCLZnNn32H,0:
C, 26.42; H, 5.03; N, 13.35. Found: C, 26.00; H, 5.07; N, 13.33.
1,4,7-Tris(tert-butyloxycarbonyl)-1,4,7,10-tetraazacyclo-
dodecane (3Boe-cyclen) (13). A solution of ditert-butyl dicarbonate
(7.9 g, 36 mmol) in CHGI(100 mL, passed through &Ds) was added
slowly (in 3 h) to a solution of cyclen (2.2 g, 13 mmol) and
triethylamine (5.5 mL, 39 mmol) in CHEI(120 mL) at room
temperatureglow addition of a (Bogp solution is necessary for good
chemical yields The reaction mixture was stirred for 24 h at room
temperature, and the organic solvent was removed under reduced
pressure. The remaining residue was purified by silica gel column

crystal structure analysis was carried out. On the basis of the chromatography (hexanes/AcOEY) to provitigas a colorless amor-

structure ofl1, a new tris(ZH—cyclen) (LO) was synthesized
via 3Boc-cyclen 13) as a potential host fo€s-symmetrical
phosphate guests. The crystal structurd ®fobtained at pH

5) was determined by X-ray crystal structure analysis. The three

(40) Earlier, we showed that the amacrocyclic triamine ([12]anei)l
complex has more interaction with anionic phosphates th&# Hence,
we are now synthesizing homologues1df with [12]aneN as trizinc(Il)
enzyme models.

(41) Kimura, E.; Kodama, Y.; Koike, T.; Shiro, M. Am. Chem. Soc.
1995 117,8304-8311.

(42) Kimura, E.; Hashimoto, H.; Koike, T. Am. Chem. S04996 118
10963-10970.

phous solid (4.4 g, 72%). Fd3: IR (KBr pellet) 3522, 2976, 2818,
1691, 1464, 1418, 1366, 1272, 1250, 1171, 1100%¢ritH NMR
(CDCls) 6 1.45 (18H, brs, C(CH)3), 1.47 (9H, brs, C(Ch)s), 2.80~
2.90 (4H, m, CH), 3.17-3.43 (8H, m, CH)), 3.54-3.72 (4H, m, CH));
3C NMR (CDCk) 6 28.51, 28.70, 45.01, 46.01, 48.85, 49.12, 49.49,
49.90, 50.52, 51.00, 79.22, 79.35, 79.51, 155.43, 155.62, 155.85.
1,3,5-Tris[4,7,10-tristert-butyloxycarbonyl)-1,4,7,10-tetraaza-
cyclododecan-1-yimethyllbenzene (9Begris(cyclen), 14) and 1-(Ben-
zyloxycarbonyl)-4,7,10-tris¢ert-butyloxycarbonyl)-1,4,7,10-tetraaza-
cyclododecane (15).A solution of 1,3,5-tris(boromomethyl)benzene
(12)%° (0.82 g, 2.3 mmol) and 3Beecyclen (L3) (3.5 g, 7.4 mmol) in
CHsCN (100 mL) was stirred at 80C under Ar in the presence of
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anhydrous NzCO; (1.57 g, 14.8 mmol). After 3 days of stirring, Crystallographic Study of 11-4(ClO47):2H,0. A colorless pris-
insoluble inorganic salts were filtered off and the filtrate was matic crystal of 11-4(ClO;7)-2H,O (CsoHesN13024PCLZN3, My =
concentrated under reduced pressure. The resulting crude product wa$363.87) having approximate dimensions of 0:3®.20 x 0.15 mm
dissolved in CHGJ (50 mL), to whichN,N-diisopropylethylamine (0.40 was sealed in a glass capillary and used for data collection. All
mL, 2.3 mmol) and benzyl chloroformate (0.33 mL, 2.31 mmol) were measurements were made on a Rigaku RAXIS IV imaging plate area
added at OC. After being stirred overnight at room temperature, the detector with graphite monochromated Mo Kadiation. Indexing was
reaction mixture was concentrated under reduced pressure. Theperformed from three 2°Coscillation images which were exposed for
resulting crude product was purified by silica gel chromatography to 4.0 min. The data were collected at a temperature 0t26°C to a
afford 15 (0.54 g, 12% yield based on us&8) and 9Boe-tris(cyclen) maximum @ value of 48.7. A total of 454.0 oscillation images were
(14, 3.0 g, 85% based on uséd) as colorless amorphous solids. For  collected, each being exposed for 30.0 min. The crystal-to-detector
15: IR (KBr pellet) 3520, 2977, 2810, 1692, 1480, 1416, 1366, 1269, djstance was 110.0 mm. The detector swing angle was Readout
1171 cnv; *H NMR (CDCk) 6 1.46 (18H, brs, C(CH)s), 1.47 (9H, was performed in the 100m pixel mode. The structure was solved
brs, C(CH)3), 3.25-3.50 (16H, m, CH)), 5.12 (2H, s, ArCH), 7.30- by direct methods (SIR 92) and expanded by means of Fourier
7.38 (5H, m, ArH);*3C NMR (CDCE) 6 28.33, 28.37, 28.45, 50.40,  echniques (DIRDIF 94). All calculations were performed with the
67.20, 78.10, 126.95, 127.61, 128.08, 128.26, 128.48, 128.54, 136.41 texsan crystal structure analysis package developed by Molecular
157.55. Forl4: IR (KBr pellet) 2977, 2810, 1692, 1480, 1416, 1366,  girycture Corporation (1992, 1994). Crystal data Tar4(ClO;")-
1316, 1269, 1171 cmt; *H NMR (CDC|3) 01.42,1.46, 1.47 (27H, 3 2H,0: monoclinic, space groUBlea (NO. 14),a: 18.481(8) A,b:

brs, C(CH)3), 3.17-3.70 (16H, m, CH), 5.12 (2H, s, ArCHj), 7.307.38 13.901(3) Ac = 22.556(6) A8 = 111.80(3), V = 5380.7 &, Z =

(5H, m, ArH); *C NMR (CDCk) 0 28.51, 28.69, 47.35,47.63,49.79, 5 /= 1 683 g/crf, 20max = 48.7, total number of reflections:
53.47, 54.89, 79.37, 79.49, 131.70, 135.45, 155.36, 155.37, 155.39,7700. Three of the four perchlorate ions were disordered at the two

155.69. locations indicated by the corresponding unprimed and primed numbers
1,3,5-Tris(1,4,7,10-tetraazacyclododecan-1-yimethy)benzene Non-  of the oxygen atoms, respectively. The non-hydrogen atoms were
ahydrobromide Dihydrate, L3-9(HBr):2H,O. To a solution of refined anisotropically. Hydrogen atoms were included but not refined.
9Boc-tris(cyclen) (4, 3.29 g, 2.1 mmol) in EtOH (100 mL) at®  The final cycle of full-matrix least-squares refinement was based on
was added slowly 47% aqueous HBr (12.5 mL, 0.73 mol). After being 6568 observed reflections ¢ 3.005(1)) and 767 variable parameters
stired overnight at room temperature, the reaction mixture Was and converged (largest parameter shift was 0.03 times its esd) with

concentrated under reduced pressure belodG40The resulting crude  n\eighted and weighted agreement factorRe= ||Fo| — |Foll/
powder was crystallized from EtOH/24% aqueous HBr to afford s |F 1y'= 0.061 andR, = (SW(IFo| — [Fd)¥SWF62®9 = 0.096.

3. . i 04)" .
L3-9(HBr)-2H,0 as fine crystals (2.6 g, 88%): mp 266 (dec); IR Crystallographic study of 10-6(NOs~)-3H,0. A colorless prismatic
(KBr pellet) 3500, 2955, 2714, 1584, 1440, 1359, 1073%/H NMR crystal of 10-6(NOy-)-3H;0 (CagHyaN1s0p1Z1s, M, = 1253.18) havin
(D20) 6 2.92-3.08 (24H, m, CH), 3.08-3.42 (24H, m, CH), 3.40 Y 2 & 72 el s W : 9

(6H, s, ArCH), 7.33 (3H, s, ArH):C NMR (D;0) 6 42.13, 42.46 approximate dimensions of 0.3560.15 x 0.10 mm was mounted on

44.87, 47.64. 56.15, 132.34, 135.35. Anal. Calcd fasHeN 1o a glass fiber. All measurements were made on a Rigaku RAXIS IV
9H'BI'"2H2(.)' C. 2841 ' H 5.71: N. 12.05. Found: C. 28.50- H. 5.85: imaging plate area detector with graphite monochromated Mo K
N 1182 T T T radiation. Indexing was performed from three©loBcillation images

which were exposed for 4.0 min. The data were collected at a
temperature of 2% 1 °C to a maximum 2 value of 52.8. A total of
44.53 oscillation images were collected, each being exposed for 30.0
min. The crystal-to-detector distance was 125.0 mm. The detector
swing angle was 00 Readout was performed in the 10fn pixel
mode. The structure was solved by direct methods (SHELXS 86) and

zinc(ll) nitrate hexahydrate (0.69 g, 2.28 mmol) was added G0 expanded by Fourier techniques (DIRDIF 94). AII calculations were
After being stirred overnight at 60C, the reaction mixture was performed with the teXsan crystal structure analysis package developed

concentrated under reduced pressure. The resulting colorless powdePY Molecular Structure Corporation (1992, 1994). Crystal data for
was crystallized from EtOH/water to affold»6(NO;~)-3H,0-0.5EtOH 10-6(NG;")-3H,0: monoclinic, space groupl (No. 1),a = 15.668(6)
(0.62 g, 67%) as colorless needles: MPBO°C: IR (KBr pellet) 3491, A b=15.914(3) Ac = 15.614(2) Aa = 91.730(10), § = 111.80(3),
3197, 1607, 1385, 1094 cth *H NMR (D;0) & 2.63-3.12 (36H, m), ¥ = 116.85(2), V= 3001.2 R, Z = 2, Dcaica = 1.387 9/CM, 20max =
3.18-3.33 (6H, m)’ 3.823.90 (3H, m)’ 4.05-4.20 (12H, m)’ 7.38 52.8, tot.al numper of rgflectlons 10717. The non-hydrogen atoms
(3H, s, ArH); 3C NMR (D;0) 6 40.94, 41.05, 43.45, 43.56, 48.23, Were refined anisotropically. Hydrogen atoms were included but not
118.13, 132.88. Anal. Calcd forsgHeeN1gO1sZns3H,0-0.5EtOH: C, refined. The final cycle of full-matrix least-squares refinement was
32.00: H, 5.92: N, 19.76. Found: C, 32.16; H, 5.85: N, 19.75. The based on 7488 observed reflectiohs~(3.00(1)) and 1367 variable
colorless prisms suitable for X-ray structure analysis were obtained by Parameters and converged (largest parameter shift was 0.00 times its
recrystallization from EtOH/water. esd) with unweighted and weighted agreement factoR 6£3 ||Fo|

— |Fdll/Z|Fol) = 0.051 ancRy = ((ZW(|Fol — |Fel)¥3WF)*%) = 0.071.

1,3,5-Tris((1,4,7,10-tetraazacyclododecan-1-yl)methyl)benzene Tri-
zinc(ll) Complex, 10-6(NO;7)-3H,0-0.5EtOH. The acid-free ligand
L3 was obtained by passing9(HBr)-2H,0 (1.0 g, 0.72 mmol) through
an anionic exchange resin (Amberlite IRA-400, OHorm) and
concentrating under reduced pressure. The resulting flevds
dissolved in 20 mL of 66% (v/v) aqueous EtOH, and a solution of

Potentiometric pH Titrations. The preparation of the test solutions
and the calibration method of the electrode system (Orion Research
Expandable lon Analyzer EA920 and Orion Research Ross Combination Acknowledgment. E.K. is thankful to the Grant-in-Aid for
pH Electrode 8102BN) were described earlferAll test solutions (50 Priority Project “Biometallics” (No. 08249103) from the
mL) were kept under an argorr 89.999% purity) atmosphere. The  Ministry of Education, Science and Culture in Japan. NMR
potentiometric pH titrations were carried out with= 0.10 (NaNQ) instruments (a JEOL Alpha (400 MHz) spectrometer) in the

at 25.0+ 0.1°C (or 35.0+ 0.1°C), and at least three independent  Ragearch Center for Molecular Medicine (RCMM) in Hiroshima
titrations were performed. Deprotonation constants dfEound water University were used

K'n (=[HO™-bound species][H/[H:O-bound species], phosphate com-
plex affinity constant¥a« (= [phosphate complex]/[host][phosphate], . . . .
where host is7 or 10) were determined by means of the the program Supporting Information Available: Tables crystallographic
BEST3 All ¢ fit values defined in the program are smaller than 0.005. parameters, atomic coordinates, equivalent isotropic temperature
TheKw (=a+aon-), K'w (=[HF][OH ), andfi+ values used at 25 and  factors, anisotropic temperature factors, bond distances, and
35°C are 10249 1071379 and 0.825, and 1038 1071348 and 0.823, bond angles in CIF format forl0-6(NOs)-3H,O and
respectively. The corresponding mixed constakts(=[HO~-bound 11-4(ClO47)-2H,0 (40 pages). See any current masthead page

speciesy+/[H20-bound species]), are derived using'H= a/fii+. for ordering and Internet access instructions.
The species distribution values (%) against pH-{og[H'] + 0.084)

were obtained using the program SPE. JA9640408



