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A novel Cu', complex of the [18]ane-Ns macrocycle ([18]ane-Ns = 1,4,7,10,13,16-hexaazacyclooctadecane) was
prepared from the reaction between [18]ane-Ng and Cu" salts such as Cu(NO3), and Cu(OAc),. A structural study
of the complex derived from Cu(OAc), (1) revealed a Cu", core encircled by a [18]ane-Ns ligand and two x-O-OAc
ligands. The facile replacement of x-O-OAc by a phosphate monoester [PO3(OR)?~] yielded a number of bis-
(phosphate monoester)dicopper complexes with ROPOs?~ as hydrogen phosphate (HPO,?~, 3a), phenyl phosphate
[PO3(OPh)?~, 3b], glycerol 2-phosphate [PO3(OCH(CH,OH),)?~, 3c], a-b-gluocose phosphate [POs(CeH1106)%,
3d], and pL-a-glycerol phosphate [POs(OCH,CHOHCH,OH)?~, 3e]. Structural studies of compounds 3a—d confirmed
both the retention of the Cu,{[18]ane-Ng} core and a u-O-PO3(OR) coordination mode. Displacement of acetate
by a phosphate monoester in an aqueous solution was accompanied by a significant change in the visible absorption,
which enables the establishment of relative association constants of PO3(OR)?~ on the order of 10* in the unbuffered
solution and 10° in the buffered solution (HEPES). Measurement of the magnetic susceptibility of compound 3a
over the temperature range of 5-300 K and subsequent modeling revealed a weak antiferromagnetic coupling (J
= -1.1 cm™Y) between two Cu' centers.

Introduction and many other follow-up studié#\ notable example among
Phosphate-containing species are among the most impor_the latter is 1,4,7,10,13,16-hexaazacyclooctadecane ([18]ane-

tant molecules in the biosphere because they are the buildingN5)’ which was shown to bind two dihydropyrophosphates

2- = ini -
blocks of nucleic acids, intermediary metabolites, and energy(Hz_P 207*) ?t FTH t_ 3f ktjjyh BdenC||rq1 ! anhd tCO onke?sar\]nd
storage unitd.For this reason, recognition and binding of various equivalents of dihydrophosphateRidy") or hy-

phosphate anions have drawn sustained interest from both(iropgozphsat? (HP‘G ()j dependling gg'n (tjhe p'}' (rf;nging_from
chemists and structural biologists. The importance of aza- toh ) yC'pchcuil a?_“c?—wg g _|n Jg O_;;t ezr_amogs
crown ethers in phosphate recognition and phosphoryl such as LI, br, s, CRSOy, Q7/SQf, an

3- -
transfer is underscored by both the landmark study of &hn Co(CN by_ [18]ane-N have_ also been_ reportédrhe
presence of six secondary amine centers in neutral [18]ane-
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Chart 1. Two Observed Coordination Modes of [18]ane N

oL () e

///,I
N——M-=-X Xl N——-N

this contribution are (i) the detailed synthesis If its
carbonato analogu® and the phosphate monoester deriva-
tives3; (i) structural elucidation of complexds-3 and their
relevance to the active sites of metallophosphatases; (iii) the
relative binding strength of phosphate monoester to the

/ \ | ‘ {[18]ane-N} Ct, unit; and (iv) the spin coupling between
k/N N two CU' centers.
heme 1. hesis of Ci{[18]ane- |
(@) Pscudooctahedral (b) binuclear square planar Scheme Synthesis of Ci{[18]ane-N} Compl eéeé o
Ns makes it an ideal ligand for transition-metal ions, and [T\

BTN G, Gi)_
HN
NHQ

indeed complex ions of €, C?*, Ni2*, P, CL#*, Zn?*,
and Hg" can be readily formed in an aqueous solufion.

(N\N\/ />
RS

However, the coordination modes of [18]ang-&te quite \ /
mundane: either a six-coordinate mononuclear binding mode /\
(Chart 1), as in the cases of €¢ Hg?",'° and CF*,'* or 0O 0
two tridentate chelating halves, with each supporting & Pd 2
center!2 Mononuclear lanthanide/actinide complexes sup- (D (i), (iv)
ported by [18]ane-Blare also known with M= U, Nd, and
Ert3

Anion receptors with high affinity and selectivity are 0
currently topicatt*4 Intense efforts have been focused on — ‘|’O3R
organic receptors based on polyaza macrocycles, aza <\N/_O N/> ) <\N/_O—\N/>
cryptands, and polypyrroles, where high binding constants N_éu/ C’u_N ® (iv) N_‘ 7 \C/U_N
for phosphate were realizéd?While many receptors exhibit | o \0/ \ > o2 g \O/ \
high binding constants for phosphate anions in organic media, '/ I
affinities tend to diminish in an aqueous solution. Hence, a /\ PO,R
great challenge remains to create receptors with high affinity N 1 3

and selectivity in an aqueous solution at physiological pH.

Recently, the laboratories of Han and Kfand Anslyn and
co-workers’ reported dinuclear 2 and mononuclear Ct
complexes that bind HP® with both high affinity and

a(i) 2 equiv of Cu(OAc), KPFs; (ii) 2 equiv of Cu(NQ); (iii) 3 equiv
of KoCO;s; (iv) 2 equiv of NaPQiR, where R= H (3a), Ph @3b),
CH(CH;OH), (3¢), CeH1106 (3d), and CHCHOHCHOH (3€).

selectiity in an agueous solution, demonstrating the great Results and Discussion

promise of metalloreceptors in phosphate recognition.
We communicated previously the synthesis of a'Cu

complex supported by a single [18]ang-{1, Scheme 1),

which is unique in coordination geometry, and the high

Synthesis It was discovered early in our study that
aqueous [18]ane-d\reacted readily with various Cuisalts
including Cu(NQ), and Cu(OAc) to vyield royal-blue
solutions. While the species resulting from the addition of

association constants of various phOSphate monoester%u(NO&)z has not been Crysta]“zed that from CU(OAWP.S

[POx(ORY ] toward 1 in an aqueous solutiof{.Reported in
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easily crystallized upon the addition of KRSingle-crystal
X-ray diffraction analysis revealed the compound{ &s-
(u-O-OAc)([18]ane-N)} (PFs)2 (1). Although the exact
nature of the species derived from the addition of Cu{NO
remains elusive, it is likely a dinuclear species and served
as a convenient starting material: the addition e€Rj; to

this intermediate solution resulted in a neutral, Gpecies
Cup(u-O-COs)-([18]ane-N) (2). The feature ofi-O acetate

in 1 (see the discussion below) makes the{f18]ane-N}
scaffold an attractive receptor for other oxy anions, especially
phosphate esters. The feasibility was confirmed by the
darkening of aqueou& upon the addition of the salt of
phosphate monoesters, and the reactichwith 3—4 equiv

of the salt of PQ(OR)Y~ resulted in the formation of Gu
(u-O-PO;(OR)%([18]ane-N) in satisfactory yield 3a—c,
Scheme 1). Giju-O-PO;(OR))([18]ane-N)-type compounds
can also be directly prepared from aqueous [18]apeidl

(18) Barker, J. E.; Liu, Y.; Martin, N. D.; Ren, T. Am. Chem. So2003
125, 13332.
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Figure 1. ORTEP plot of []2* at the 30% probability level. H atoms
were omitted for clarity.

Figure 3. ORTEP plot of molecule3a at the 30% probability level. H
atoms were omitted for clarity.

longer than the basal bonds, which is typical for square-
pyramidal CUll species?® In the majority of [18]ane-R
complexes reported thus far, the macrocycle supports a single
metal center (M) in the hexadentate mode with M as'Co
Cr*, Hg?", (UOy)?", Nd®*, and EPT.81113 In the only
dinuclear example, the [18]anesNigand supports two
noninteracting P& centers? Hence, catiorl represents a
Figure 2. ORTEP plot of molecule at the 30% probability level. H novel coordination motif of the [18]aneghnacrocycle.

atoms were omitted for clarity. Similar to compound, the carbonate-bridged compound
2 (Figure 2) exhibits the square-pyramidal'Center of an
elongated apical bond. It is noted that the-@1 and Cu-

Table 1. Selected Bond Lengths (A) and Angles (deg) for Compounds

n 2 % andsh 1 5 3a ” 07 bond lengths ir2 are slightly shortened from those in

1, reflecting the increased donor strength of £0over
23:81' 22.'323((2)) 2135;3((33)) 21%3((3?)) ;.'ggg((g’)) OAc™. Di- and polynuclear Cu complexes of carbonato
Cu—N1 2.068(9) 2.067(3)  2.034(4)  2.022(4) bridges are knowf? and these species may be relevant to
Cu—N2 1.990(3) 1.992(4) 1.997(4) 1.960(4) CO; sequesteringt
gﬂg’}?’ 1.985(10)  2.056(3) 1%23(13()4) 125'22(23()5) Molecular structures of phosphate monoester compounds
Cu--CUu 3.1158(8)  3.134(1)  3.036(1)  2.972(1) 3a—d are shown in Figures-36. Similar to compound4

and 2, both 3a and 3b have a crystallographic inversion
gli:gﬁigll{ gg:igg gg:ggg 3328&3 g?:gg; center that relates half of the molecule to the other, and their
P—01-Cu 127.0(2) 135.5(2) metric parameters are, hence, listed along with thosg of
P-Ol1-Cu 139.1(2)  135.3(2) and 2 in Table 1. It is clear from Figure 3 that the

Cu(NQy); in a single step, as demonstrated with the synthesis displacement ofu-OAc by HPQ?™ does not change the
of compound3d. Compoundewas generated in situ through ~ overall feature of the G{fi[18]ane-N} moiety and each Ct
the titration of1 by disodiumbL-o-glycerol phsphate (see  center retains the square-pyramidal coordination geometry.
the Spectroscopic Titrations section) but not isolated. Both the Cu-O1 (basal) and CuO1' (apical) bond lengths
Molecular Structures. Compoundsl—3 readily crystal- are comparable to those @fbecause the-O species are
lized from aqueous solutions, and molecular structures of dianions in both cases. Compoud®h exhibits a further
compoundd—3 were determined using single-crystal X-ray shortened basal CtO bond and an elongated apical-©0
diffraction analysis. Structural plots of the cations of bond, which are consistent with the enhanced donor strength
compoundl and molecule are shown in Figures 1 and 2, of phosphate monoester compared with that-@Ac.
respectively, and their selected bond lengths and angles are Glycerol phosphates are important participants of the
listed in Table 1. It is clear from Figure 1 that the bulk of synthesis and degradation of phospholipids. Despite their
[1]2* is a ruffled rectangle consisting of the [18]ane+ig significance in the biosphere, structural understandings of
and two Cl ions encircled, and the latter are bridged by . — .
two O acetates above and beneath the rectangle. Two Cu (19) yvﬁtkrl':‘s"g’r‘]yg ;1'5 d‘i"gg% égnmgrr‘zgg:”sﬁei:f%?{‘%%g'Cl_hisf“\'(sl;t‘g’zen’
centers within the same cation are related by a crystal- T. Inorg. Chim. Acta2003 348, 279.
lographic inversion center and, consequently, have identical (20) Eaﬁnﬁ%?g_rg'cﬁé ,fq','l'ég'é"%ﬁpsg"gow» gﬁﬁggilnglf; Bé,h';ecﬁinf\f';es‘
topological features. The coordination sphere of the Cu center  ongsaeree, P.: Albada, G. A. v.: Reedijkirbrg. Chim. Actz2001,
is best described as distorted square-pyramidal, where the 324 232. Fernandes, C.; Neves, A.; Bortoluzzi, A. J.; Szpoganicz,
basal ligand centers are O1, N1, N2, and N3 and the apical ;) BN'éV?gRV"F'{.‘?eA'pr;I""’Ar%'&hgo'};’%?TT%’E%%%S"‘M?"%]O@ Chem.
ligand center is O1The apical Ct-O1' bond is significantly 2005 44, 365.
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Figure 4. ORTEP plot of molecul8b at the 30% probability level. H
atoms were omitted for clarity.

Figure 6. ORTEP plot of molecule3d at the 30% probability level. H
atoms were omitted for clarity.

Table 2. Selected Bond Lengths (A) and Angles (deg) for Compounds

3cand3d
3c 3d

Cul-01 2.253(6) 2.175(5)
Cul-02 1.967(6) 1.982(5)
Cu2-01 1.961(6) 1.975(5)
Cu2-02 2.233(6) 2.178(5)
Cul-N1 2.052(7) 2.018(9)
Cul-N2 2.004(8) 1.977(8)
Cul-N3 2.062(8) 2.042(9)
Cu2-N4 2.034(8) 2.041(9)
Cu2-N5 1.982(9) 1.977(8)
Cu2-N6 2.049(8) 2.018(9)
P1-01 1.549(6) 1.538(5)
P1-03 1.506(7) 1.529(6)
P1-04 1.497(7) 1.494(6)
P1-05 1.623(7) 1.622(5)
P2-02 1.552(7) 1.534(5)
P2-06 1.518(7) 1.528(6)
P1-07 1.487(7) 1.492(6)
P1-08 1.620(7) 1.622(5)
Cul:--Cu2 3.088(2) 2.985(1)

Cul-01-Cu2 94.0(2) 91.8(2)
Figure 5. ORTEP plot of molecule8c at the 30% probability level. H %15?2553]2 2;15(32(%) %965)2()3)
atoms were omitted for clarity. P1_Ol—Gu2 134.6(2) 126.9(3)
o ) P2-02-Cul 132.9(4) 139.0(3)
botha- andgS-glycerol phosphates are limited to the studies P2—02—-Cu2 132.3(4) 126.9(3)

of their N salts?? The structural study d8cis the first for

coordination compounds @glycerol phosphate (2-GP) to
our knowledge. The asymmetric unit®E contains one CH

(u-O-2-GP)([18]ane-N) molecule. The two crystallographi-
cally inequivalent Cu centers have the same type of square-
pyramidal geometry and comparable bond lengths and angle
in their first coordination sphere. The latter metrical param-

eters, listed in Table 2, are also similar to those of compounds

3aand3c. Similar to the structure of the Naalt of 2-GP2?

both phosphate moieties display long-®(ester) bonds

[1.623(7) and 1.620(7) A]. The FO(free) bond lengths
1.49-1.52 A) are significantly longer than that of a typical
—0 bond (1.43 A) and indicative of delocalized charge.

As expected, PO(—Cu) bonds (ca. 1.55 A) are significantly

(22) Taga, T.; Senma, M.; Osaki, K. Chem. Soc., Chem. Comma@72 longer than P-O(free) bonds because of coordination to Cu

465. Ul-Haque, M.; Caughlan, C. N. Am. Chem. Sod.966 88. centers.
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The molecular structure of compour8tl is shown in
Figure 6, and its similarity to other G18Jane-N} moieties
in terms of Cu coordination is obvious from both the ORTEP
plot and geometric parameters listed in Table 2. The
noteworthy feature o8d is the incorporation oft-p-glucose
phosphate -p-Glc-1P). Structurally defined coordination
compounds oéi-p-Glc-1P are sparse despite the importance
of a-p-Glc-1P in the biosphere. In addition to the alkali
salts?® there has been only one report of transition-metal
complexes ofr-D-Glc-1P by the laboratory of Tanase, where
four LCU' units (L = bipy or phen) were linked with two
o-D-Glc-1P ligands through both-O andu-O,0 coordina-
tion modes* Similar to compound$a—d, Tanase’s com-
plexes contain Clcenters in square-pyramidal geometry
exclusively.

Scheme 2. Two-Metal-lon Mechanism of Activation of Phosphate
Diester
R
| H* o ©
:_\E 9 5 RQQ / N All
RO P : \0_15_:—0/ /P\O
”‘/‘| : T -HOR H—0 :
OO N 0l T T : :
H My Mg My Mg M, Mg
I I I

Topological features about compouris-d are relevant

to the mechanistic understanding of bi/polymetallic phosphate
esterases, for which a two-metal-ion model (Scheme 2) put
forward by Steitz and Steitz has gained wide acceptance in

recent year$>2® Because thei-O mode depicted for has
not been identified in biological systems, structural insight

into phosphate ester activation by metal centers has been

extrapolated from a limited number of model studies, notably
those of Cé&" and N?* complexes of phosphatiestershy
Lippard and He728 For the purpose of comparison, selected
metrical parameters around,t-O-phosphate) determined
for Cl?" and N#* complexes of Lippard and compoung@s
are collected in Table 3.

Table 3. Selected Bond Lengths (A) and Angles (deg) from Structures
of Clp(u-O-PQPhy),2” Niy(u-O-PQiPhy)2,28 and Compound$

Clp(u-O-PQPR)  Nin(u-O-PQPH); 3a—d
M—Oshort 2.235 2.129 1.931.98
M—Olong 2.397 2.142 2.182.31

— 1.489 151152 1.521.55
Ma—Ms 3.09 3.134 2.973.09
Ma—O—Mg 107.49 94.1/94.4  88:804.5
P—O—Ma 120.50 124-130 126.9-139.0
P-O—Mg 152.40 126.9139.0

In the Ni', complex by Lippard, each Ni center exhibits

O centers are symmetrically positioned between two Ni
centers. Similar to compounds studied herein, the Cu
complex by Lippard has both Cu centers in square-pyramidal
geometry and an unsymmetricatO phosphate bridge.
Compounds have distinctly shorter MO bonds than those
found for Lippard’s complexes, which is attributed to the
higher charge of phosphate monoesters than that of diesters.
The most notable feature of the two-metal-ion model by
Steitz and Steitz is the optimal distance of 3.9 A between
two divalent metal ions, a structural fixture found for
phosphatases/polymerases of separate evolutionary offgins.
However, the M-M separations found for both Lippard’s
complexes and compoun8sare much shorter. The discrep-
ancy can be reconciled partially based on the difference in
covalent radii among M centers: those of Cu(1.17 A)

and NI' (1.15 A) are significantly smaller than those of Mg
(1.36 A) and zH (1.25 A), two ions typically found in
phosphatases/polymerases.

Magnetic Interaction in Compounds 3. Spin-exchange
interaction between two Clucenters is one of the most
studied subjects in molecular magnetism. To examine the
ability of u-O phosphate in mediating magnetic interactions
between two Clicenters in typ& compounds, the magnetic
susceptibility data for compour2a were recorded over the
temperature range of3300 K (Figure 7). The/ T vs T data
can be modeled by a nonlinear least-square?s fit the
Bleaney-Bowers expression assuming a Hamiltonian of the
form H = —2J5;,-S,:%

_ NGy

%7 B+ exp(2J/k] *

1)

whereN, ug, andk have their usual meanings. This yielgls
=2.174+ 0.01 and)/k = —1.57+ 0.02 K (or—1.1 cm'?}),
indicating rather weak antiferromagnetic coupling between
the two Cd" centers as mediated by theO phosphate
bridge.

It is interesting to wonder if the coupling is weak because
the u-O phosphate bridge is intrinsically weak or if this
complex happens to have a geometry that is coincidentally
near the crossover point between ferro- and antiferromagnetic
coupling as seen in bridging dihydroxide species examined
by Hatfield and co-worker. In those complexes, a strong
structure-property relationship was observed between the
Cu—O—Cu bond angle and the strength and sign of the
exchange interaction. It was noted in the paper of Hatfield
and co-workers tha2J values range from+-172 to —509
cm 1, correlate linearly with the bond angle, and are about
zero at approximately 97°5Should the same relationship

pseudooctahedral coordination geometry, and the bridgingpe applicable tgi-O phosphate complexes, a rather strong

(23) Beevers, C. A.; Maconoch, Gicta Crystallogr.1965 18, 232.
Narendra, N.; Seshadri, T. P.; Viswamitra, M. Acta Crystallogr.,
Sect. C: Cryst. Struct. Commub984 40, 1338.

(24) Kato, M.; Tanase, Tinorg. Chem.2005 44, 8.

(25) Steitz, T. A,; Steitz, J. AProc. Natl. Acad. Sci. U.S.A993 90, 6498.

(26) Steitz, T. A.J. Biol. Chem.1999 274, 17395. Takagi, Y.; Wara-
shina, M.; Stec, W. J.; Yoshinari, K.; Taira, Kucleic Acids Res.
2001, 29, 1815. Fedor, M. JCurr. Opin. Struct. Biol2002 12, 289.
Nowotny, M.; Gaidamakov, S. A.; Crouch, R. J.; Yang, @&ll 2005
121, 1005.

ferromagnetic coupling in3a would be expected. The

(27) He, C.; Lippard, S. . Am. Chem. So200Q 122 184.

(28) He, C.; Gomez, V.; Spingler, B.; Lippard, S.ldorg. Chem.200Q
39, 4188.

(29) Pezzullo, J. CNonlinear Least Squares Regression (@uFitter),
http://statpages.org/nonlin.html, 2005.

(30) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986.

(31) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.;
Hatfield, W. E.Ilnorg. Chem.1976 15, 2107.
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08 {ﬂw | 0.30 -
Abs

0.20 ~

y = t2(30000,0.30,0.16)

Value Error
a 33416 1744.2
b 0.33733 | 0.00043904

Chisq| 9.74586-05 NA
R 0.99967 NA

xT (emu-K/mol)

0.15 —_— L
0 0.002 0.004 0.006 0.008

02 7 [2-GP/M
Figure 9. Changes of optical densitp] of a 1.0 mM solution ofl titrated

with Nap2-GP, monitored at 640 nm. The theoretical fit is shown as a
solid line.

0 | 1 | | 1
0 50 100 150 200 250 300 . .
TK glycerol phosphate, and these plots are provided in the

Figure 7. Measured,T values (open diamonds) and the least-squares fitting Supporting Irlwforma.tlon.. A We"_de,fm?d I,SOSbeStIC p.O.Int_ has
(solid line) derived from the BleaneyBowers equation. been found in all titration plots, indicating an equilibrium
between compountiand its phosphate monoester surrogate
Cu{[18]ane-N} (u-O-POy(OR)), upon the addition of
(POs(OR)Y. Such an equilibrium can be further quantified
through the determination @fpparent association constant
Krel (Krel = KphosphalKacetad DY fitting the observed optical
density &) at 640 nm as a function of added (FOR)yY~
(molar concentrationR) according to the following relation-
ship33

1Y R ———

Abs
A=A{(KCt KR+ 1)—
[(KrelC + KreIR + 1)2 - 4KreI2CRI1/2} /2KreIC (2)

whereC andA; are respectively the initial concentration and
the absorbance at 640 nm bf As shown in Figure 9, the

N T T T T least-squares fit of changes in the optical density tifrated
400 450 500 550 600 650 700 750 800 by N&2-GP according to eq 2 gave an excellent correlation
A and an association constant of 3.4 (040"

Figure 8. Spectroscopic titration of by Na2-GP. Table 4. Anion Binding Constants of

asymmetric nature gf-O phosphate in compourh may _ Kref
also contribute to the weak magnetic coupling. The answer anion unbuffered buffered
to this question, we must await more magnetic data-& ?PF;%;;Q} ﬁ Eg-gx ig: ‘1‘-2 Eg-%x igz
. . . )X . L)X
phosphate compl_exes. AII other_ phosphate-bridging Cu (HOCH),CHOPQ?- 3.3 (0.2)x 10% 2.9(0.2)x 10°
complexes for which a spin coupling constafit ltas been (CsH1106)POs2~ 1.7 (0.2)x 10 3.9(0.2)x 1C®
determined ar@-O,0 phosphate basédwhich precludes (FHOCHZCHOHCWO)PQZ' iéso(oz'g)x 10t 2-2 (0.2)x 10°
a meaningful c_omparigon. NOs~ 20 (SS) ) r?dl’
Spectroscopic Titrations As noted early, the aqueous  HCO; - 160 (70) nd
nd® nd®

solution of compoundl darkens with the addition of PhO"

phosphate monoesters. This observation is easily understood HEPES 44
from a comparison of absorption spectralofind3c: the | aAtl?]pafei‘&;i”g;?g °°”$t_amtsh fOIWa” a‘é;f‘a?ed Otf t‘;\'% titf_?rt]i_onfhwnh
former absorbs at 617 nm witheaof 150 M~ cm™, and :f;erirﬁ;mal e‘;mr's_erence i the two Tunsiot detected within the
the latter, at 634 nm with aof 310 M~* cm™. The contrast

betweenl and 3c can be further visualized from Figure 8, In addition to 2-GP, apparent association constants were
where the spectral changes biipon titration of Na2-GP thus determined for HP® POy (OPhY¥~, a-b-Glc-1P, and

are shown. Similar spectral changes have been observeaL-a-glycerol phosphate, and values are given in Table 4.
when 1(aq) was titrated by other phosphate monoesters In the case of HPEJ, titration data (absorbance) beyond
including HPQ?~, PO;(OPh¥~, a-b-Glc-1P, andpL-a- 1.4 equiv of HP@~ were not used because of the occurrence
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Cuy{[18]ane-N;} Complexes

of precipitation resulting in an association constant with a were purchased from Sigma-Aldrich. Sodium phenyl phosphate
fairly large error. The pH of the solution was found to vary dibasic dehydrate, sodium phosphateglycerol phosphate diso-
within a narrow range of 6:68.0 for during all titrations. It~ dium salt pentahydrate, disodiurn-a-glycerophsphate, Cu(OAg)

is clear from Table 4 that the constants for all phosphate CU(NGs)2, phenol, NaF, NaHC&NaNG;, KPFs, and KCO; were
monoesters are of the same order of magnitude. Hence, thé)urchaseql frorr_l Fisher Scientific. Elemental analysis was performed
Cuf{[18]ane-N} scaffold is unselectie among different py Atlantlc Microlab _(Norcross_, GA). Aqueous spectroscopic
phosphate esters. titrations and electronic absorption spectra were performed on a

While the solution pH of the above-mentioned titrations perkin-Elmer Lambda-900 UWvis—near-IR spectrophotometer.
. . . The magnetic measurements were performed on a 7-T Quantum
was always in a narrow range of 6:8.0, it is desirable to

. Design MPMS SQUID magnetometer. Measurements of magne-
assess the affinity of phosphate esters at the same thization as a function of temperature were performed from 5 to

especially physiological pH. Thus, a second set of titrations 300 k and in a 5000-G field. Approximately 15-mg samples were

were performed using the HEPES buffer to maintain the pH packed between cotton plugs, placed into gelatin capsules, cooled
at 7.4, and the association constants determined from leastin zero applied field, and measured upon warming. Diamagnetic

squares fitting are given also in Table 4 while the plots of corrections were estimated based on Pascal’s constants.

data fittings are provided as the Supporting Information. It synthesis of 1.An aqueous solution of 1.0 M KOH was added
is surprising to find that the association constants have to a suspension of [18]angf8H,S0O, (0.20 g, 0.36 mmol) in 5
decreased by about 1 order of magnitude in comparison withmL of H,O until the solution turned clear (pH8). To this clear
those obtained from unbuffered titrations. It was subsequently solution was added Cu(OAeH,O (0.15 g, 0.75 mmol) dissolved
determined that the HEPES buffer bintisveakly (K ~ in 2 mL of H,O to yield a solution of deep-blue color. Upon the
50; titration curve and fit are shown in Figures S19 and S20 addition of KPF (0.27 g, 1.5 mmol), the solution was kept open
of the Supporting Information), presumably through the t© air under ambient conditions and yielded dark-blue crystals of
sulfonate group. Clearly, the competitive binding nature of N1 week [0.17 g, 61% based on Cu(O4cpnal. Calcd (found)
the HEPES buffer reduced the phosphate ester bindig to 0" 1 (CieHseCleF1NeOP): C, 24.22 8213'9§)1; H, 4.57 (4.35); N,
In fact, the competition between phosphate and sulfonate for10-59 (10.32). UV-ViS: Zma, NM (€, M~ cm™) 263 (9060), 617
the same recognition site has been long recognized in(lso)' _ _

structural biology?* The weak but significant binding of Synthesis of 2.To a suspension of [18]angf8H,50, (0.030 g,
HEPES to the C#[18]ane-N} moiety prompted us to 0._05_4 mm(_)l) in 3 mL of I-_LIO was added aqueous KOH (1 M)_ with
examine the binding affinity to some nominally weak st(;r(;mg gnt"l\lthe;l:_ls%eng |8;7turngdlilear. Tlo th's.cﬁar ZOquol; was
“coordinating” anions such as FNO;~, HCO;~, and PhO. added Cu(N@z3r%0 (0.027 g, 0.11 mmol) fo yield a deep-blue

o " ] solution. The addition of KCO; (0.021 g, 0.15 mmol) resulted in
The association constants determined are shown in Table 44 solution of pH around 8, which, upon standing in air, yielded

and they are at least 2 orders of magnitude lower than thosepgje-piue plates (0.020 g, 60% based on [18]age-Ahal. Calcd
of phosphate esters. Clearly, £[18]ane-N} is selective  (found) for2:4.5H,0 (CHaCWNgO109): C, 28.67 (28.70); H, 6.70
toward phosphate over other anions. (6.51); N, 14.33 (14.03). UMViS: Amax NM (€, M~Tcm?) 266
Conclusions (3680), 630 (75).
. . Synthesis of 3a.To an aqueous solution df (0.020 g, 0.025
In summary, the novel G{[18]ane-N} core displays high mmc))ll, 5 mL of HO) was addqed (NBHPO, (0.01c() g, 0.0795 mmol)
f"‘ffm't'es toward a broad Spef:trum of phosphate mon_o_e_sterswith vigorous stirring at ambient temperature. The resultant solution
in aqueous solution at physiological pH and low affinities a5 evaporated in air for 1 week to yied as blue needles (0.015
toward other common anions. Structural information about 4 839 based o). Anal. Calcd (found) foBa-6H,0 (CioHaNg-
the complexes with phosphate monoesters is also relevanio,,p,Cw,): C, 21.02 (21.08); H, 6.47 (6.34); N, 12.26 (12.25). YV
to metallophosphatases. Further improvement of the selectiv-vis: A, nm €, M~ cm2) 263 (11 700), 634 (309).
ity among different phosphate esters may be achieved by synthesis of 3b.To an aqueous solution df (0.060 g, 0.075
introducing functionalized side chains as C substituents of mmol, 3 mL of HO) was added N&€HsPO,-2H,0 (0.057 g, 0.225
the Cuyf{[18]ane-N} core, a challenging task being pursued mmol) with vigorous stirring at ambient temperature. Vapor
in our laboratory. diffusion of acetone into the resultant solution resultecinas
Experimental Section blue rectangular crystals in 1 week (0.035 g, 64% based)on
Anal. Calcd (found) fOBbGHzo (024H52CU2N6014P2): C, 34.41

Glycerol phosphate disodium salt pentahydrat®-glucose-1- (34.26); H, 6.26 (6.28); N, 10.03 (10.05). UWis: Amax "M (€,
phosphate, and 1,4,7,10,13,16-hexaazacyclooctadecane trisulfatf-1 cm-%) 263 (11 700), 630 (250).

(32) Kato, M,; Sah, A. K.; Tanase, T.; Mikuriya, NEur. J. Inorg. Chem. Synthesis of 3c.To an aqueous solution df (0.60 g, 0.075
2006 2504. Youngme, S.; Phatchimkun, J.; Suksangpanya, U.; mmol, 3 mL of HO) was added N&CH(CH,OH),PO+5H,0 (0.69

Pakawatchai, C.; van Albada, G. A.; Reedijkinbrg. Chem. Commun. : ; P ;

2005 8, 882. Doyle, R. P.: Kruger. P. E.: Moubaraki, B.. Murray, K. g, 0.23 mmol) Wlth vigorous stlrrlr_lg at ambient temperature. The
S.; Nieuwenhuyzen, MDalton Trans.2003 4230. Moreno, Y.; Vega, resultant solution was layered with acetone to afford deep-blue
A.; Ushak, S.; Baggio, R.; Pena, O.; Le Fur, E.; Pivan, J. Y.; Spodine, crystals of3c (0.44 g, 72% based of). Anal. Calcd (found) for

E. J. Mater. Chem2003 13, 2381. Spiccia, L.; Graham, B.; Hearn,
M. T. W.; Lazarev, G.; Moubaraki, B.; Murray, K. S.; Tiekink, E. R.

T. Dalton Trans.1997, 4089. (35) SAINT V 6.035 Software for the CCD Detector SystBmker-AXS
(33) Kral, V.; Furuta, H.; Shreder, K.; Lynch, V.; Sessler, J.JL.Am. Inc.: Madison, WI, 1999.

Chem. Soc1996 118 1595. (36) SHELXTL 5.03 (WINDOW-NT Version), Program library for Structure
(34) Kanyo, Z. F.; Christianson, D. WJ. Biol. Chem.1991 266 Solution and Molecular Graphi¢Bruker-AXS Inc.: Madison, WI,

4264. 1998.
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Barker et al.
Table 5. Crystal Data and Structural Refinement for Compouhds8

1 2:10H,0 3a-8H,0 3b-6H,0 3¢5H,0 3d-12H,0
chemical formula  @HasF12N6OsP2Cle  C14Hs0NgO16CU2  C12HagNgO16P2Cly  CaaHsaNeO14P2Cly CigHsaNeO17P2Cle CogH76N6O30P2Cl
fw 793.5 685.7 721.6 837.7 815.7 1117.9
space group C2 (No. 5) P2:/n (No. 14) P2;/c (No. 14) Pbca(No. 61) Cc(No.9) P3; (No. 144)
a 16.313(2) 10.247(1) 7.400(1) 11.485(1) 23.187(8) 14.4510(9)
b, A 9.823(1) 7.376(1) 10.710(1) 16.654(1) 8.135(2)
¢, A 9.306(1) 19.031(2) 17.683(2) 18.256(1) 18.158(7) 20.651(2)
B, deg 97.010(2) 96.425(2) 99.086(2) 106.72(2)

V, A3 1480.0(2) 1429.4(2) 1383.8(2) 3491.6(4) 3280(2) 3734.9(5)
A 2 2 2 4 4 3

T,°C 27(2) 27(2) 27(2) 27(2) 27(2) 27(2)

A(Mo Kay), A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Pcalo @ CNT3 1.781 1.593 1.732 1.594 1.652 1.491

w, mmt 1.656 1.566 1.732 1.382 1.474 1.012

R1 0.048 0.045 0.046 0.050 0.063 0.072
wR2 0.133 0.121 0.117 0.123 0.159 0.180

3¢ 4H,0 (CigHsCNgO16P2): C, 27.10 (27.43); N, 10.54 (10.25);  (Table 5) so that a hemisphere (1271 frames) was collected. The

H, 6.57 (6.34). UV-Vis: Amax NM €, M~1 cm™1): 266 (7300), frames were integrated with the Bruk8AINTsoftware packagé

630 (240). using a narrow-frame integration algorithm, which also corrects
Synthesis of 3d.To a suspension of [18]anesi8H,SO, (0.030 for the Lorentz and polarization effects. Absorption corrections were

g, 0.054 mmol, 2 mL of KHO) was added a 1.0 M KOH solution  applied usingSADABS*

until the solution became transparent. To this solution was added gy ctures were solved and refined using the Br&eELXTL

Cu(NGs)2*3H,0 (0.017 g, 0.11 mmol, 2 mL of #D) to yield a

solution of deep-blue color, which was followed by the addition

of K,CsH11P Gy 2H,0 (0.080 g, 0.22 mmol) with vigorous stirring.

Vapor diffusion of methanol into the resultant blue solution yielded

3d as blue crystals in 1 week (0.020 g, 30% based on [18]afle-N

Anal. Calcd (fOUnd) f0l3d'9H20 (Cz4H7oCU2N6027P2): C, 27.10

(27.03); H, 6.63 (6.26); N, 7.90 (7.83). UWis: Amax NM (€, M1

cm1): 263 (10 300), 627 (270). , Acknowledgment. This work was supported, in part, by
Titrations. Spec.troscoplc tltragqns were performed with a the Army Research Office (Grant DAAD 190110708 to T.R.)

cuvette of 1-cm optical path containing 3.0 mt.aol mMaqueous .

solution of{[18]aneNCb(u-0-OAc)} (PR),. Aliquots of a 100 and the Office of Naval Research_ (Grant N00014-03-1—0_531

mM aqueous solution of the corresponding phosphate monoester® T-R.).- G.T.Y. thanks the National Science Foundation

were subsequently added, and the resultant solution was allowed(Grant CHE-023488) and Virginia Tech (ASPIRES program)

to equilibrate for 5 min before the spectrum was recorded. Buffered for the funding of SQUID. We are thankful for the early

experiments were performed in solutions that are 5 mM HEPES contribution of N. Martin.

and maintained at pH 7.40. All titrations were performed at 22.5

°C. Supporting Information Available: Experimental details of
Structure Determination. Single crystals were obtained as spectral titration of compountiby both phosphate monoesters and

previously stated. X-ray intensity data were measured at 300 K on other anions and crystallographic data (CIF) of compouhes.

a Bruker SMART1000 CCD-based X-ray diffractometer system This material is available free of charge via the Internet at

using Mo Ko (1 = 0.710 73 A). Crystals used for data collection http://pubs.acs.org.

were cemented to a quartz fiber with epoxy glue. Data were

measured using scans of 0.3frame for 10 s for compounds-3 1C0611140

(version 5.1) software package. Positions of all non-H atoms were
revealed by direct methods. All non-H atoms are anisotropic, and
the H atoms were put in calculated positions and riding n#de.
Each structure was refined to convergence by a least-squares method
on F2, SHELXL-93 incorporated inSHELXTLPC version 5.03.
Crystallographic data are given in Table 2.
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