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ABSTRACT. The azacrown compounds, 1.4-dioxa-7.10.13-tnazacyclopentadecane-N N' N'"-tfiacetic acid, N-ac,
[15)aneN,O.(II,) and 1.4-dioxa-7.1t).13-tnazacvelopentadecane-N.N' N"-tripropioc  acid, N-pry[13]aneN;OL(IL,) were
synthesized by medified metheds. Potentiometry was used o determine the protonation constant of the N-ac;[13]
aneN, O, and N-pr,[13]aneN;O.. The stability constants of complexes of the trivalent metal ions of Ce™, Eu™, Gd*, and
Yb* and divalent metal ions of Co™, Ni**, Cu™, and Zn™ with the ligands N-ac,[13]aneN;O, and N-pr;[13]aneN,Q. have
been determined at 25+0.1 °C in 0.1 M NaClO, solution by potentiometric methods. The metal ion affinities of the two
triazamacrocyclic ligands with three pendant acetate or propionate groups are compared to those obtained for the similar
ligands, 1,7-dioxa-4,10,13-triazacvclopentadecane-N N N"-triacetic acid, and 1,7-dioxa-4,10, 13- triazacyclopentadecane-
NN N'-tripropioc acid. The trends in stability of complexes for ditterent metal ions due to changes in the nitrogen posi-
tion of the donor atoms of the ligand are discussed.
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INTRODUCTION

In recent years. there has been growing interest in
the azacrown macrocyclic compounds which con-
tain both oxvgen and nitrogen donors." Some of
the azacrown compounds and metal complexes
formed are of potentional interest in medical appli-
cations.™* in particular as NMR imaging agents.®
This series of ligands have three or four mitrogen
atoms in a macrocyclic ring with acetate. n-propi-
onate. or iso-propionate linked to each. Some also
have ether oxygen atoms forming 12- to 18-mem-
bered macrocyelic rings. Their complexation have
been studied with the divalent transition metal ions
(e.g. Co™. Ni*” Cu*. Zn*". Cd*. and Pb*)". and
trivalent metal ions (e.g.. AP, Ga*. In™". Fe*. and
L™ ions).”®

These macrocyvclic ligands provide an opportu-
nity to studv the influerce of the size of the azac-
rown ring. of the change of N-pendent anms. and of
the increasing number of donor atoms on the stabil-
ity and selectivity of the metal complexes. The 1.7-
dioxa-4.10.13-triazacyclopentadecane-N.N'.N"-tri-
acetic acid. N-ac,[153]aneN,O.(I,) and |.7-ioxa-
4.10.13-triazacvclopentadecane-N.N' N"-tripropioc
acid. N-pro,[15]aneN.O(1,) were synthesized ear-
lier. and the protonation and stability constants with
Ce™. Eu". Gd*, Yb". Co™. Ni". Cu™, and Zir™ been
determined previously.”"?

In this work, the 1.4-dioxa-7,10,13-triazacvclo-
pentadecane-N.N' N"-triacetic acid. N-ac,[13]ane
N,O.(IL) and 1.4-dioxa-7.10.13-triazacvclopenta-
decane-N,N'.N'-ripropioc acid, N-pr;[135]aneN,O.(IL)
were synthesized by a simpler procedure and a
different method of alkylation with good vield.
These ligands have three nitrogen atoms in mac-
rocyclic ring with acetate or propionate groups
linked to each of nitrogen. The objective of this
research is to determine the protonation of the I,
and I, and the stability constants with divalent
and trivalent metal ions. These values are com-
pared with those of N-ac, [13]aneN,O.(I,) and
N-pr,[13]aneN,O.(1,) which differ in the position of
the nitrogen and ether oxvgen atoms in the macro-
cyelic ring.

EXPERIMENTAL

Material and Standards Solution. The reagents
used in the svnthesis. bromoacetic acid, 3-bro-
mopropionic acid. triethyleneglycol. and triethyle-
neamine were obtained from Aldrich Co. They were
used as supplied without further purification and
Dowex-30(8%) ion exchange resin (Sigma) was
treated with 2M NaOH aqueous solution to con-
vert it to the OH form.

The concentration of II, and II, stock solution
were determined by complexometric titration with a
standardized Cu(ClO,), solution using murexide as
an indicator. The stock solutions of transition metal
ions (Co™. Ni*". Cu™. and Zn™) and of lathanide
metal ions (Ce’, Eu™™, Gd™, and Yb™) were pre-
pared from the comesponding metal chlorides or
oxides (Aldnich. 99.9%) and were standardized by
titration with Na,H.EDTA using murexide as an
indicator.

Apparatus. The proton NMR spectra were mea-
sured on a DPX-300 FT-NMR spectrometer and the
Elemental analyses were performed on a Perkin-
Elmer The protonation constants of the ligands
were determined by pH potentiometry at 25+0.1°C
using s Radiometer Copenhagen Maodel T™M 90 pH
meter with a combination PHC 4400 pH electrode.

Synthetic Procedures. 1 4-dioxa-7,10,13-triaza-
cyclopentadecane-NN'N"-trihydrobromide was pre-
pared by the procedures™. N-ac,[15])aneN,OIL)
and N-pr,[15]aneN,O,(IL) were synthesized according
to the modified methods of Krespan & Vogtle >
The synthetic route of these azacrown compounds
is shown in Scheme 1.

N-ag,[15]aneN,O,(IL ). Potassium hydroxide 0.79 g
were added to a suspension of 1.85 g of 1.4<lioxa-
7.10.13-triazacyclopentadecane-N.N'.N"-trihydro-
bromide in 40 mL of absolute ethanol. and the mix-
ture was stirred at room temperature for about 1
hour. The KBr precipate was removed by filtration,
and the solvent by vacuum distillation. The white
residue obtained was dissolved in 20 mL of water.
Bromoacetic acid (1.86 g, 13.2 mmol) was dis-
solved in 20 mL of cold water (1~2 °C). A solution
of 1.7 g of KOH in 20 mL of water was added
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Scheme 1. Synthetic route of N-ac,[15]aneN,OL(I1) and
N-pt,[15]aneNO(IT,).

dropwise (to form the bromoacetate) at 2~3 °C until
a pH of 12 was reached. The [I5] ane N.O, and
BrCIL.COOK solutions were mixed and heated to
48-30°C. The remainder of the KOII aqueous
solution described above was used to maintain the
pH of the reaction solution at | [~12. The reaction
solution was kept at 48~50 °C for 6 hr and then at
room (emperature for (8 hr. The solution was
adjusted to pH 9.0 with 6 M HCl aqueous solution,
and concentrated to about 10 ml. by evaporation,
The concentrated solution was loaded on a 15x300
mm column of the Dowex-50 ion exchange resin
(OH- form). Successively, 200 mL of water, 200 mL
ot 0.01 M HCl aqueous solution, and 300 mL of 0.1 M
EIC] aqueous solution were passed through the col-
umn. The eluate, pll ca. 3. contained 0.82 g of the
pure N-ac,[ | 5[ane N.O,(11,). After elution with 100 mL
of 0.2 M HCI aqucous solution. 1.4-dioxa-7,10.13-
triazacyclopentadecanc-N,N',N"-triacctic acid tri-HCl
salt was oblained at 65%. The NMR spectral data
were 'H NMR(D.0-NaQD, pD=13.2): 8 3.58(t, 8H ,
-CHAO-CH), 3.21 and 3.17(two s, 6H, -CH-COO-),
2.75(t. 4H, -OCH,CH.N-), 2.6 (s, 8H, -NCH.CH,N-).
Anal caled for C H.,N,O,3HCI(®6): C, 43.44; H,
7.29: N. 9.97: Cl, 24.04; found: C, 43.20; H. 7.24;
N. 9.85; Cl, 23.92.

N-pr;|15]JaneN,O,(I1,). By a procedure similar
to that described above N-ac,| 15 Jane N.O£I1,) 2.02
g yielded this product; yield 60%: 'H NMR{D.O-
NaOD, pD-13.2): 3.73(t. 8H . -CH.OCH--), 3.25(1,
4H, -OCH.CH-N), 2.55(s. 8H, -NCH.CH,N-), 2.69
(t, 6H, N-CH.CH.COO), 2.50(t, 6H, N-CH.CH,COO-).
Anal caled for C, H N,O,3HCI: C; 47.10, H;7.90,
N; 8.67, Cl; 21.95; found: C, 46.95; H, 7.81; N,
8.45: CL 21.63.
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Potentiometric Equipment and Calculation of
Equilibrium Constants. The protonation constants
of ligands (I1,) and (II,) were determined by pll
polentiometry at 253£0.1 °C using a 50 mL glass-
jacketed titration vessel completely scaled from the
atmosphere. The temperature was controlled with
the Haake thermostat and circulation of thermo-
stated water through the jacket. CQO, was excluded
from the vessel during the titration by passing puri-
fied He gas through the titration vessel. The stan-
dard base or acid was added through a capillary tip
placed below the surtace of the Metrohm piston
burette. Before use for measurements of the proto-
nation constants and stability constants, the pli
meter (10.0001 pIi unit) and electrode svstem were
calibrated using standard, dilute HCI agucous solu-
tions al an ionic strength of 0.1 M (NaClO, solu-
tion) in the thermostated vessel at 25.0£0.1 °C.

The potentiometric data measurements were made
on 10 ml. of ligand solutions, 2,0x10 * M, diluted to
a final volume of 20.0 ml., first in the absence of
metal ions and in the presence of metal ion for
which concentration ratios of ligand:metal ion of
1:1 for lanthanide and |:2 for transition metals were
used. The reaction mixture was titrated with 6.77
%10~ M KOII solution in 0.05 mL increments. All
titrations were performed two or three times, and
reproducible results were obtained. The protona-
tion constants (K/'—[HLV[H_LI[H]) were calcu-
lated by [(itting the potentiometric data 1o the PKAS
program." The value of K,=10""™ used in the com-
putation, The stability constants of the complexes
formed in the aqueous solution were obtained by
analysis of the experimental data using the BEST
program."

RESULTS AND DISCUSSION

Protonation constants. The values of the step-
wisc prolonation constants of ligands(N-ac,[15]anc
N.O(I1)) and N-pri[15]ancN-O(11,) obtained at
25+0.1 °C are listed in Tubfe 1 together with the val-
ues determined previously for N-ac,[15]aneN.O(1,)
and N-pr;[15]aneN,OL1,).
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Tuble 1. Protonation constants (Jlogh,") of 13-membered macrocyelic ligands at 25£0.1 °C Protonation constants (logh’”)

Equilibrium N-ae;[ 1 5]aneN;OL(LY'

N-pr,[15]aneN, Oy I

N-ac:[13]aneNOL (LY N-pry[15]aneNOL (I ¥

quotient 0.1 MKC1 0.1 M NaClO, 0.1 M NaClo, 0.1 M NaClO,
| Hol| o _
—= 9,55 .16 841 9.04
(L[N
[/1,L] , , ) )
oo 8.92 714 7.95 7.92
L 451 479 6.50 4.49
| H. 1 I[HI - : - '
AL 1.59 ; 4.74 418
[/1,L1(1] ’ ’ ’

“From Ret' 3. "From Retd. “This work

N-acs[15]aneN302(1,) N-prs[15]aneN;O:(Ip)

Ethylenediaminetetraacetic acid is commonly short-
ened to EDTA. The dissociation constants for the
EDTA are K,=1.02x 107, K=2.14x107*, K =6.92x 10"
and K=1.02x10""", and the dissociation constants
for N-ac,|[2]aneN, have three values."™'" [t is of
interest that the first two constants are of the same
order of magnitude, which suggests that the two
protons involved dissociate from opposite ends of
the rather long molccule. As a consequence of their
physical scparation, the negative charge created by
the first dissociation does not greatly inhibit the
removal of the second proton. The same cannot be
said for the dissociation of the other two protons,
however, which are much closer to the negatively
charged carboxylate ions created by the initial dis-
sociation. When N-ac,[15]aneN,O.(Il,) and N-pr,
[15]aneN,Q,(11,) are dissolved in water. they behave
like the EDTA.

For The 12-membered macrocycle, 1-oxa-4.7.10-
triazacyclodecanc-NN'N'-triacctic acid, NMR  spec-

troscopy titration has shown' that the two higher
values of the protonation constants correspond to
nitrogen atoms, bul the third and fourth correspond
to protonation constants of the N-pendent carboxy-
late groups. The protonation constants of the N-ac;
[15]aneN,O,(I1a), 8.41, and 7.95, correspond to
protonation of the nitrogen atoms, and the lower
values, 4.74 and 6.50, to the carboxylate group. The
two high values of the protonation constants of the
N-pr.[15]aneN . O,(I1,). 9.04 and 7.92, are related to
nitrogen protonation, and the lower values, 4.49 and
4.18. to carboxylate oxygen protonations. N-pro,| 15]
aneN,O,(1l,) protonation has the same pattern as
that of 1-oxa-4.7,10-triazacyclodecanc-N,N', N"-(ri-
acclic acid, as protonation of the nitrogen atoms
have higher constants than the N-pendent carboxy-
late groups.

The basicity of N-ac,[15]aneN,O,(L,) is higher
than that of N-pr.[15]aneN,O (1, ). but the values of
N-ac,[5]aneN,O(11,) are smaller than those of N-
pr.[15JaneN.O,(I1,). although both have a 15-mem-
bered ring. The stiuctural differences of N-ac,|15]
aneN,O,(1a) or N-pr.[ 15JaneN,O,(1,) and N-ac;| | 5]ane
N;O.(II,) or N-pr,| I5]aneN.OLIL,} involve a nitro-
gen atom of N-ac;[15]aneN,O.(1,) or N-pry[15]anc
N, O4(1,) separated by longer chaing(-CH.CH,OCH.CH.-)
and a less rigid ring ol those azacrown compounds.
This is due to steric effects and decreasing coulom-
bic interaction between the nitrogen atoms unsepa-
rated by longer chains and carboxylate groups. The
complexes of the metal ions with N-pr;[15]aneN,O,(Il,)

Jowrsal of the Kovean Chenncal Society
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are expected to be more stable than the metal com-
plexes of the N-ac,[15]aneN.O.(II,) due to their
comparative basicity values.

Stability Constants of Transition Metal Ions.
The stability constants of the transition metal ion
complexes with N-ac,[13]aneN,O.(IL,) and N-pr,
[13]aneN,O.(IL,) are listed in Table II. In this table,
the literature values for the same metal ions with
ligands N-ac,[135]aneN,O.(L) and N-pr;[15]aneN,O.(L)
are listed also for comparison.'™"" The analysis by
the BEST indicates that all. These ligands form the
ML complex. some form protonated complex spe-
cies and bimiclear species are formed. However.
due to the large uncertainties of the constants for
such temporary complexes. only the logp,,, values
are reported.

The values of the stability constants of transition
metal ion complexes formed with the N-pr,[13]
aneN,O.(IL)) are higher than those with N-ac,[13]
aneN,O.(IL), even though these ligands have the
same number of donor atoms and ring size. The
increase in stability for this complex can be inter-
preted as due to a more favorable steric arrange-
ment of the ligands about the metal ion. and it
account to the higher overall basicity of the N-
pri[15]aneN,O«II,)) than N-ac,[L5]JaneN,O(IL) as
shown in Tuble 2.

In Table 2 are shown that the order of the stability
constants of the transition metal ion complexes with the
N-ac,[135)aneN,O.(IL)) and N-pr,[13]aneN,O.(II,)
follows the Irving-Williams series.”” The relatively
large stability constant value of Cu®™ is due to the

extra stabilization of its complex by Jahn-Teller dis-
tortion. The transition metal complexes formed
with the N-pr,[ 15]aneN,O.(Il,)) are stable than those
with the N-ac,[15]aneN,OL(IL,). because the N-pr,
[15]aneN,O.dL) are provided to flexibility for
binding of cation metals. The values of the stability
constants do not provide enough information to
indicate more detail about the nature of the com-
plexes formed. The determination of the thermody-
namic functions axl some X-ray structures would
be necessary to provide further insights.

Stability Constants of lanthanide metal Ions.
The stability constants of complexes formed by N-
ac,[ 15]aneN,O(IL) arxl N-pr,[15]aneN,O.(IL,) with
Ce™. Eu. Gd™. and Yb™ have been determined in
0.1 M NaClOQ, ionic medium at 23+0.1 °C. The val-
ues obtained can be seen in 7able 3. together with
the values determined in the previous work for
N-ac,[15]aneN,OLL) and N-pr,[15]aneN,O.(1,)". The
logarithm stability constants, fog,,, of the com-
plexes formed by N-ac,[15]aneN,O(IL,) with triva-
lent metal ions have been determined on 9.26 for
Ce™. 11.85 for Eu™. 9.98 for Gd™. and 9.74 for Yb*".
ary those of the complexes formed by N-pr,[15]
aneN,O,(I,) with Ce™, Bu*. Gd™. and Yb* have
been determined on 16.49 for Ce*. 16.74 for Fu*.
16.57 for Gd*. and 16.85 for Yb*". The much larger
ionic radius is reflected in lower values of stability
constants. as one would predict for mainly electro-
static complexes. Similarly, the values of the stabil-
ity constants on lanthanide metal ions with the
ligand are increasing according to atomic number,

Tabfe 2. Stability Constants (logf,,,/ tor the Metal Complexes of | 3-menibered Macrocyelic Ligands with Transition Metal Ions

at 23+£0.1°C

N-ac,[15]aneN,O (L N-pr,[15]aneN,OL, )" N-ac,[15]aneN,O(ILY N-pr,[15]aneN,O (11, ¥

Cation Quotient
s [AL] .
Co” —_— 16.38 13.61 10.36 16.87
L]
. (AL
Ni* 14.94 14.12 10.50 16.97
L]
- (AL - . .
Cw —_— 17.54 12.79 10.81 17.25
L]
o L] :
Zn” 16.38 13.93 10.40 16.46
L]

From Ref 3. "From Ref 4. “This work

2004, 100, 48 No. 6



582 R

#HE7F + . R. Choppin

Tuble 3. Stability Constants tlogB,,) for the Metal Compleses of 13-membered Macrocyelic 1igands with Lanthanide lons

i 0.1 M NaClO, at 25=0.1 °C

N-micac,[ 15]aneN, O, (L)Y

N-pr.[15]ane N,OgL)E  N-ac[13]ane N.O (1LY N-pr,[15]aneN, O (11, ¥

Cation Quotient
L [ML] :
¢ ML) 11.26 10.94 9.26 16.49
Cu™ [Ilt;ji]] [1.55 11.66 1185 16.74
Ga™ [[:[ﬁ}] 11.49 11.23 9.98 16.57
[474] ( o )
Yb ] 11.80 11.96 Q.74 16.85
From Ref 19. "From Ref 4. This work
1968. 27. 130)5.
S e 4, Marell. A. E.: Motekaitis. R, J.: Murase. L: Metterille.
Y0 fonrg, Chimg. Acta, 1987, 138, 215,
15.0 - 5. Pite C. Ge Martell. AL E. ACS Sy, Ser 1980, /40,
279.
185t 6. Lauller. R. C. Chem. Kev., 1987, &7. 901.
- 7. Kim. D, W.: Hong. €. P2 Choi. K. Y. Kim. C. S.: Lee
8 10l . N. S:Jang Y. H.: Lee ). K. Bufl. Kor: Chem. Soc. 1996.
e 17.9. 790.
10.5 8. Amorim M. T, S.: Delgado. R.: Frausto da Silva. ). ).
£ R: Vilhena. M. F. Talanta. 1988. 33. 741.
| BT S [vo” 9. Carl. G. Krespan. .. Org. Chem, 1975. 40, 9. 1205.
100 102 100 0% 0% 084 097 0% 088 085 10. Amorim M. 1L S Ascenso. 1. Rz Delgado. R/
lonic Radius (&) Chem. Soc.. Dalton, Trans. 1990. 3449,
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This disorder behavior is also reported by Moeller*', 1976. 916.
The metal complexes formed with N-pr,[I5]ane 15. Martc]l. Al I: Motekaitis. R. ). Determination and Use
N.O (I} are considerably more stable thzin those of Stability Constants. 2nd Td.: VO 11: New York. 1992.
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formed with macrocyclic ligands(N-ac,[]15]ane 181,273, )
NOK(IL), N-ac;| 15}aneN:O«(1,). and N-pr:| 15JaneNO(l,). 17. Douglas A. Skoog: Donald M. West: F. Jumes [loller.
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