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N /)3 4 positions.
P i Accordingly, it is proposed that a loose NADH-flavin mole-
NH ~ cular complex is formed before hydride transfer in the first

step, and followed by hydride transfer:
This model nicely explains the fact that hydride at C(4)
of NADH transfers to N(5) of flavin.
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The formation and dissociation rates of the 1,4,7,10,13,16-hexaazacyclooctadecane-1,4,7,10,13,16-hexaacetic acid (Hsheha)
complex of Ce(IIl) ion have been measured by stopped-flow and conventional spectrophotometry. Observations were
made at 250+ 0.1C and at an ionic strength of 0.1 M NaClO,. The formation reaction takes place by rapid formation
of an intermediate complex in which the metal ion is incompletely coordinated. In the pH range 4.1-5.2, the Hsheha®”
species is the kinetically active one despite of its low concentration. The exchange reaction occurring between the
[Ce(heha)]*~ complex and Cu?* ion proceeds via both an acid-independent and an acid-catalyzed pathway. The buffer
concentration dependence of the dissociation rate has also been investigated. The dissociation rate of the [Ce(heha)*”
complex is much faster than that of [Ce(nota)] and [Ce(dota)]~. The chelate ring size effect is discussed by comparing
the rate constants to those of analogous nota and dota systems.

Introduction (amide)s and polyazapolycarboxylates, 14,7-tris(carboxyme-
thy})-9,14-dioxo-1,4,7,10,13-pentaazacyclopentadecane (Hdtpa-
The lanthanide complexes with the macrocyclic dtpa bis eam), 14,7-triazacyclononane-14,7-triacetic acid (Hsnota), 1,4,
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7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (H,dota),
and 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
(Hsteta) have attracted considerable attention as magnetic
resonance imaging (MRI) contrast agents,? lanthanide ion
selective reagents** and radiopharmaceuticals.® The rates of
formation and dissociation of lanthanide complexes with
these macrocyclic ligands are found to be much slower than
those of analogous linear polyaminepolycarboxylates such as
ethylenediaminetetraacetic acid (Hqedta), diethylenetriamine-
pentaacetic acid (Hsdtpa), and triethylenetetraminehexaacetic
acid (Hgttha).%” This may be attributed to the remarkable
rigidity of cyclic aza ring compared with the flexibility of
linear complexes. Brucher and Sherry” reported that the rate
of complexation of [Ce(dota)]™ is slower than that of [Ce
{(nota)]. This likely reflects the thermodynamic stability by
" the increased ring size from 9(nota) to 12(dota).® Although
the difference in thermodynamic stability between [Ce(teta)]”
and [Ce(nota)] is not very significant, [Ce(nota)] dissociates
more slowly than [Ce(teta)]™. This is likely a consequence
of the destabilizing effect of the 6-membered N-Ce-N chela-
ting by the trimethylenediamine group of the teta ligand.
In a thermodynamic study of the complexation of lanthanide
with  1,4,7,10,13,16-hexaazacyclooctadecane-1,4,7,10,13,16-he-
xaacetic acid (Hsheha, 1) (Chart 1), the stability was found
to be less than that of the analogous [Ln(dota)]~ complex."
This fact can be explained by the fexibility of the hexaaza
ring in 1 compared with the rigidity of the tetraaza ring
in dota.

To further understand the factors involved in the chelating
kinetics, we have studied the kinetics on the formation and
dissociation of Ce(Ill) complex with' 1.

Experimental

Reagents and solutions. The stock solution of Ce’”
was prepared from CeCl; (Aldrich, 99.9%) and standardized
by EDTA titration using Xylenol Orange as an indicator. The
ligand 1 was synthesized by the method of Kimura et al."™"
The concentration of 1 stock solution was determined by
titration against a standardized Cu(ClOy), solution using mu-
rexide as an indicator. All other chemicals used were of ana-
Iytical grade and were used without further purification. All
solutions were made in deionized water.

Measurements. The ionic strength of the sample solu-
tions was adjusted to 0.1 M with NaClQ,. The pH measure-
ments were made by a Beckman Model ¢ 71 pH meter fitted
with a combination eletrode. The hydrogen ion concentra-
tions were established from the measured pH value by pro-
cedures previously reported.”? Kinetic measurements were

Ki-Young Choi and Choon Pyo Hong

Table 1. Kinetic Data for Ce(Ill) Complex Formation Reaction
with 1 at 25.0£0.1C and /=01 M (NaClOy)

103 k,,[;s_ SJI

10*[Ce* ],
M pH pH pH pH pH pH pH
412 437 460 475 492 504 514

20 046 200 490 850 13.33 1887 2540
3.0 055 227 540 926 1450 2040 27.17
4.0 062 244 570 970 1538 2130 2820
6.0 071 270 601 1020 1613 2220 2901
10.0 081 290 631 1064 1680 2326 30.00
20.0 087 303 649 1087 1724 2380 30.77

carried out on a Hi-Tech stopped-flow spectrophotometer in-
terfaced with Scientific data acquisition system and a UVI-
DEC-610 spectrophotometer at 25.0% 0.1C with the use of
a Lauda RM 6 circulatory water bath. The working solutions
of formation reaction were buffered with 1.0X10°? M sodiym
acetate/acetic acid. The formation rates of [Ce(heha)]*~ were
measured by following the change in absorbance of [Ce
(heha)]®~ at 270 nm, where the absorbance of uncomplexed
Ce*’ is not significant. The concentration of 1 was 1.0X10°%,
while the concentration of Ce** was varied between 2.0 X10°*
and 2.0X 1073 M. The concentrations of sodium acetate buf-
fer solution of dissociation reaction were varied between 5.0
X102 and 75X10°% M. The dissociation rates of [Ce
(heha)]®* were studied by monitoring the growth in absorba-
nce due to the formation of [Cu(heha)]!” at 270 nm, where
Cu?" was used as the scavenger of free ligand. The concent-
ration of [Ce(heha)]®*” was 1.0X10°* M while that of the
exchanging Cu®*" ion was either constant at 1.0X10° M or
it was varied between 2.5X107* M and 25X10 % M.

Results and Discussion

Formation Kinetics. The complex formation of the ex-
cess Ce’" ion with 1 can be expressed as

Ce'” +HnL® "—>Cel* + nH"* o))

In the pH range 4.1-5.2, H,L* is the predominant ligand
species in solution. The pH change was kept small by mod-
erate buffering of the solution. The pseudo-first-order rate
constants, k. obtained are shown in Table 1. At a given
pH, k. increased with increasing [Ce®~ ], exhibiting a satu-
ration curve. The dependence of k.. values on the Ce** ion
concentration can be described by

_ ki K* [Ce*]

kobs_ 1+K‘ [Ce3+]

@)
where K* is the stability constant of the intermediate and
k, is the rate constant for the rate-determining step of the
reaction. A similar behavior is also observed for the [Ce
(dota)]™ system®. On the basis of these results, the formation

reaction of [Ce(heha)]*~ can be interpreted in terms of Egs.
3), (4), and (5).

K*
Ce*" +H,L* = (CeH.L™)* &)
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Table 2. Rate data for Ce(IlI) Complex Formation Reaction with
1 at 250+ 0.1C and I=0.1 M (NaClO,)

pH 1074K*M™! k,s7! 1074k, M7Is™! log Kcenar +*

112 oM 098 043 147
437 080 324 2.5 149
460 132 6.77 894 453
475 1.53 11.3 17.3 450
192 145 179 260 439
5.04 1.65 24.6 40.6 440
514 211 314 663 448

av 447+ 005

(CeH,L*)* —RLs CeLd +4H" @)

Ce* + HL? —%25 Cels~ +4H* ®)

The overall reaction may proceed by a combination of Egs.
(3) and (4), in which a rapidly formed intermediate (K™ =Kcenar
+*/Ky, where Ky=1+K[H*"]+K:K; [H* 1% is more slowly
rearranged into the final product (%,). Alternatively, the inter-
mediate is rapidly formed in Eq. (3) but is not on the reac-
tion pathway to the final prduct, which results only from
Eq. (5). The values of K*, %k, and the second-order rate cons-
tant k,=K*k, were calculated from Eq. (2) and summarized
in Table 2. The values of K¢y +* can be also evaluated
from K* values obtained at each pH, using known protonation
constants of 1."° We formulate the intermediate and its disso-
ciation as in Eqgs. (3) and (4) because of the variance of
K* with pH and the dependence of 2, on [H*]"! as shown
in Table 2. This fact means that the dissociation of the inter-
mediate (CeHyL*)* in Eq. (4) must involve several steps.
The second-order rate constant, kg, (#=3—4) is obtained
from the following expression.!*

ke=kpn (1+Kyu- [HYD? ®

where Ky, is the protonation constant of 1. From the
plots of k&, vs. (1+Kyw+1e [H'])"!, the second-order rate
constants, kysy and kyy for the HiL®~ and H,L*" species
obtained are (8.0+ 0.7)X10® and (7.8+ 1.4)X10° M~ 157, res-
pectively. Despite of its very low concentration in the pH
range studied, the H;L®" species appears to be kinetically
more reactive than the tetraprotonated species HyL?~, even
though the latter is the predominant species in solution. The
same conclusion was reported previously by Wilkins et al.*
The stability constant, Kcena +* of the intermediate complex
obtained here is larger than that for the corresponding tria-
cetate complexes.”® This indicated that Ce®* ion may be coor-
dinated to more than three carboxylated groups in the inter-
mediate. Thus, we propose that at least four carboxylate
groups and perhaps two nitrogen in 1 are coordinated to
the Ce3" ion in the protonated intermediate complex (CeH.-
L)~

Dissociation Kinetics. Since the stability constant of
[Ce(heha)]®> * is 4 orders of magnitude lower than that of
[Cu(heha)]*~, the displacemant of Ce** ion from the [Ce
(heha)1®~ complex is complete in the presence of excess
Cu** ion. The rates of this exchange reaction have been
measured between pH 4.0 and 5.0. In the presence of excess
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Figure 1. Plots of ks vs. [H*] for the dissociation kinetics
of [Ce(heha)]®*~ with Cu(ll) at different buffer concetrations.
((Ce(heha) P~ =1.0X10* M, [Cu**]=1.0X10"3* M, T=25.0+0.1
€, I=0.1 M (NaClO,); [Ac™]: 50 mM (O); 10.0 mM (£1); 25.0
mM (2); 500 mM (@); 75.0 mM (m).
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Figure 2. Plots of ky (O) and &, (@) vs. [Ac ] for the dissociation
kinetics of [Ce(heha)}®*~ with Cu(ll). ((Ce(heha)]*~ =1.0X10 *
M, [Cu*"]=10X10"° M, T=250+0.1C, I=0.1 M (NaClO,).

Cu?* ion, the rate of exchange may be expressed as
—~d [CeL® J/dt=F,, [Cel? ] )

where &, is a pseudo-first-order rate constant. The observed
rate constant, %, was found to be independent of [Cu?'].
The dependences of the observed rate constants upon [H"]
at various acetate buffer concentrations are shown in Figure
1. For each case, a linear least-square fit of these plots had
a non-zero intercept which is consistent with the exchange
reaction proceeding vig both an acid-independent and an acid-
dependent pathways. Thus, the kinetic data can be described
by

kos=ksthkyH] 6]
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Table 3. Rate Constants for the Exchange Reaction of CeL/Cu?*
at 25.0%0.1C and I=01 M (NaClO,).

Exchange

: Rate constant Ref.
reaction

Rate term

[Ce(heha)]*~ k[Cel? ]
/Cu?* by [Cel?* J[Ac™]

(1.76£0.03)X10°* s7!
(326% 0.07)X1073

M1'!s'!
ks [CeL?> J[H*] (2.44+ 0.05) X 10*
M1 g!
Rk Cel3 J[H*1[Ac™] (4.61+0.12)X10?
M2 g7t
[Ce(nota)]  %;[Cel] 25+ 0.3)X107% 5!
/Cu?* ko[CeL][H"] 4.3£0.5)%X102
M1t gt 7
[Ce(dota)]~ A, [CeL"J[H"] B8+2)x10°4

/Cu?” Mt 6
ky[CelL " J(HT P 2+ 1)X10°3
M2 st

Figure 2 shows that k; and ky are directly proportional
to the total acetate buffer concentration after correction for
the formation of copper acetate complexes.’® The enhanced
rates in the presence of higher acetate buffer concentration
may be attributed to the acetate ion complexation. If a ter-
nary complex, [Ce(heha)ac]*~ is present, it is probably more
sensitive than binary [Ce(heha) >~ to be attacked by the hyd-
rogen ions. Based on the data, the overall rate of reaction
may be expressed as

—d[CeL* " Jdt=Fk, [CeL® 1+k, [CeL* J[Ac™ I+ks [Cel’"]
[(H*]+k, [Cel* J[H*][Ac™] ©

Values of the specific rate constants, k, (n =1—4), calculated
from a weighted least-square program, are listed in Table
3. Table 3 also includes the rate constants for the dissocia-
tion of related Ce(Ill)-polyazapolycarboxylates. The data in-
dicate that the dissociation of [Ce(heha)]*~ follows a similar
mechanism to the dissociation of lanthanide complexes with
other polyaza™’ and polyaminepolycarboxylates.® In these
reactions, the Ce-carboxylate bonds are rapidly forming and
breaking, allowing attachment of H* or Cu?* to a dissociated
carboxylate. Presumably, the slow step involved the rupture
of a Ce-N bond subsequent to formation of CeLH*" or Ce-
LCu~ intermediate.

The effect of the ligand on the dissociation rate constant
can be seen by comparing the values in Table 3 along with
the other Ce(Ill)-polyaza polycarboxylates. The acid-catalyzed
rate constant of [Ce(nota)] was found to be about fifty times
larger than that of the [Ce(dota)]”~ complex. An increase
in ring size from 9 (nota) to 12 (dota) leads to an increase
in kinetic stability because of remarkable rigidity of the tet-
raaza (dota) compared with the triaza (nota) macrocycles.
However, [Ce(heha)]®~ dissociates about 2 or 4 orders of
magnitude faster than that of [Ce(nota)] and [Ce(dota)]™,
even though 1 has the greatest number of donor atoms (N
and O) and the increased ring size (18-membered cycle)
compared with nota and dota. This indicates that the acid-
catalyzed rate of [Ce(heha)]*~ may be attributed to the dec-
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Figure 3. Plots of log B vs. £ pK, for Ce(lll)-aminopolycarboxy-
late complexes at 25.0%+ 0.1, and 0.1 M ionic strength.

rease of macrocycle rigidity by the flexibility of hexaaza ring
(1) compared with tetraaza ring (dota) and the lesser degree
of net chelation. Thus, we have included log Bcemena3- in
linear correlation of stability of several Ce(Ill)-aminopolycar-
boxylate complexes' (5-membered O-Ce-N) vs. pK, in Fig-
ure 3. This correlation represents that the complexing prope-
rties of a ligand are in keeping with the behavior of analo-
gous chelates. The value of 1 falls far off the correlation
line, indicating that the Ce®' ion is not coordinated to all
the possible donors in 1. This could reflect the absence of
bonding between the Ce®* ion and some carboxylate groups.
However, the highest pK, for carboxylate group in 1 is 4.64
and the dewviation from the correlation corresponds to about
19 units of TpK,. This indicates that some N donors may
not bound. Based on the dissociation kinetic data as well
as on the deviation of the stability constant from the log
B vs. ZpK, correlation, we propose that the Ce3* ion is bound
to some carboxylate groups and two nitrogen atoms in 1.
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Structures of zeolitic water molecules in hydrated Cs;Nas-A and Cs;NagH-A have been studied by single-crystal x-
ray diffraction methods in the cubic space group Pm3m at 21T. In the crystal structure of fully dehydrated Cs;Nas-
A (@=12.265(1) & with R,=0.056 and R,=0.057), nearly three and eight Cs* and Na* ions per unit cell are found
at the centers of 8- and 6-oxygen rings with closest approaches of 3.401(11) and 2.303(6) & to framework oxygens,
respectively. The twelfth Na' is located opposite 4-oxygen ring in the large cavity with an occupancy of 0.6(2). The
crystal structures of hydrated Cs;NasrA (¢=12.273(1) A with R,=0.065 and R,=0.078) and Cs:NasH-A (a=12.286(1)
A with R,=0.078 and R,=0.081) are viewed as having two kinds of unit cells, Cs;Nay- H,-A-20H,;0 and Cs;Na, H,-
A-24H,0 (x=0 and 1, respectively), each with different secondary structures of zeolitic water molecules in its large
cavity. In both unit cells, Cs* ions are found at centers of 8-rings with large thermal parameters, showing changes
in their coordination environments due to approaches of water molecules upon hydration. Na* ions on 6-rings have
also changed their geometries from trigonal to tetrahedron upon hydration, each with three framework oxygens at
2.356(11) A and an additional zeolitic water molecule at 2.18(3) A on a threefold axis which is perpendicular to the
6-ring of the framework oxygens. In the large cavity of CszNay_ H,-A-20H;0, four water molecules are arranged
tetrahedrally on the threefold axes, each in trun with tetrahedrally coordinated three water molecules at 2.83(6) A
In the case of Cs;Nag- H.-A-24H,0, eight waters molecules on the threefold axes occupy eight symmetry equivalent
positions, each in trun with tetrahedrally coordinated three waters at 2.51(6) A resulting in a pseudo-dodecahedron
of twenty water molecules with twelve shared and distorted pentagons perturbed by approaches of Cs* ions. Four
water molecules in each sodalite unit of both crystals are arranged tetrahedrally and seem to have weaker interac-
tions with the Na* ions on 6-rings due to the stronger interactions between the Na* ions and the water molecules
in the large cavity.

Introduction

Unlike other guest molecules in the molecular-dimension-
ed cavities of zeolites, water molecules tend to make bonds
to both exchangeable cations and framework oxide anions
by donating lone-pair electrons to the empty orbitals of ca-
tions and hydrogens to the framework oxide anions, respecti-
vely. Accordingly, their distances from cations and frame-
work atoms are limited within their normal and hydrogen
bonding distances, especially when they are located within
the primary coordination spheres of the zeolitic cations and
framework atoms. Such zeolitic water molecules are some-

times found to be a part of secondary and tertiary structures,
which are usually found in the molecular-dimensioned chan-
nels and cavities with appropriate volumes.'? As stable secon-
dary structures suggested by many theoretical chemists>*
pentagons of water molecules were actually found crystallo-
graphically in narrow hydrophilic regions of hydrophobic
protein! as well as in the cavities of zeolite A.? Helical arran-
gement of water molecules was also reported in the channels
of hydrated VPI-5 zeolite.> However, the presence of tertiary
structures of water molecules, such as helical strands and
dodecahedron, is so far suggested only in the highly symme-
trical channels and cavities of hydrated zeolites.®



