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Abstract 

 

This research project is a long-term one integrating both fundamental and applied aspects 

of lanthanide coordination chemistry (1995-2000). The primary objective of the proposed 

research is to develop fundamental understanding of the key thermodynamic, kinetic, and 

structural factors that influence the desired physico-chemical properties of lanthanide complexes 

of macrocyclic and linear polyaminocarboxylate ligands (e.g. complex formation stability and 

selectivity, reaction kinetics, NMR relaxation, luminescence, and structure) for applications in 

magnetic resonance imaging (MRI),  luminescence labeling for biomolecules and catalysis for 

DNA and RNA phosphate diester bond cleavage. The research results include the following: 

(1)  Construction of research laboratories, purchasing equipment, and personnel recruitment. 

(2)  Selectivity of Macrocyclic Aminocarboxylates for Alkaline Earth Metal Ions and Stability 

of Their Complexes. J.C.S. Dalton Trans. 1996, 2347-2350. 

(3)  Dissociation Kinetics of Nickel(II), Zinc(II), and Cadmium(II) Complexes of 1,7–Diaza- 

4,10,13-trioxacyclopentadecane-N,N'-diacetic Acid (K21DA) and 1,10-Diaza-4,7,13,16- 

tetraoxacyclooctadecane-N,N'-diacetic Acid (K22DA). J. Chin. Chem. Soc. (Taipei), 

1996, 43, 419-426; J.C.S. Dalton Trans. 1997, 1195-1200. 

(4)  Preorganization in Metal Ion Complexation: A Molecular Mechanics Study of 

Lanthanide Complex Formation with Macrocyclic Ligands DOTA and TETA. C.A. 

Chang and Y.-L. Liu. “Dissociation Kinetics of Ce(TETA)- and Ce(DOTA) -”, J. Chin. 

Chem. Soc. 2000, submitted and papers in preparation. 

(5)  Determination of Stability Constants of Metal Ion Complexes by Capillary 

Electrophoresis. Chin. Chem. Soc.(Taipei), 1999, 46, in press. 

(6) Aqueous Solution Properties of Eu3+-DO2A System: A Laser-Excited Luminescence Study. 

J. C. S. Dalton Trans., 1998, 3243-3248. 

(7)  Effects of Chain Length and Terminal N-alkylation on the Protonation Constants and 



Stability Constants of Some Transition Metal Complexes of Linear Tetraaza and Pentaaza 

Ligands. J. Chin. Chem. Soc.(Taipei), 1998, 45, 753-759. 

(8) Other Studies: (1) “Helicobacter pylori Induced Genes Expression in Human Gastric 

Cells Identified by mRNA differential Display”, Biochem. Biophys. Res. Commun. 

1996, 228, 484-488; (2) "Macrocyclic Lanthanide Coordination Chemistry", Proc. 

Natl. Sci. Counc. ROC(A), 1997, 21, 1-13; (3) “Effects of Recombinant Lysostaphin on 

Cytotoxicity and Interleukin-8 Level in Normal Human Epidermal Keratinocites Cell 

Lines”, Biotech. Lett., 1998, 20, 1053-1056; (4) “A Synthetic Complement C1q-like 

Peptide Selectively Interacts with Immune Complexes”, Biotech. Lett., 1998, 20, 

1119-1123; (5) C.C. Chang, C.A. Chang, and E.R. Chan. “Purification and 

Characterization of Neutral Sphingomyelinase from Helicobacter pylori”, Biochemistry, 

2000, 39, in press. (6) D.-L. Sheu, H.-A. Fan, K.-C. Hsu, C.A. Chang, Y.-S. Li, C.-C. 

Chiou, and E.-C. Chan. “Down-Regulation of Matrix Gla Protein Messenger RNA in 

Human Colorectal Adenocarcinomas”, 2000, Disease of the Colon and Rectum, 2000, 

submitted.  

 

Keywords: Polyaminocarboxylates, Lanthanides Complexes, Macrocyclic and Linear 

Ligands, Stability Constants, Selectivity, Formation and Dissociation Kinetics, Structure, 

Luminescence, NMR, Molecular Mechanics. 
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A.   Introduction 

This is a research program that has been performed for almost five years (from 

February 1, 1995 to December 31, 1999). Because the Institute of Biological Science and 

Technology of National Chiao Tung University is a new research institute, we spent most of 

the first year to establish our laboratories. This includes renovating laboratory, recruiting 

postdoctoral research fellows (Dr. Liu, Yuh-Liang, ���; Dr. Chen, Chang-Yuh, ���; 

Dr. Huang, Chiung-Hua, ��	), research assistants and graduate students (�
���

�������������������������� !�"#$��%&�

'()�*+,��-.��/0�123�456�789), purchasing chemicals and 

research equipment (automatic titroprocessor, stopped-flow uv-vis spectrophotometer, 

diode-array uv-vis spectrophotometer, PCR, capillary and gel electrophoresis apparatus), and 

setting up softwares and hardwares. On the other hand, we have made considerable research 

progress as originally proposed. The progress in terms of ligand/complex synthesis, physical 

characterizations, thermodynamics, kinetics, and molecular mechanics calculations shall be 

briefly discussed as follows: 

 

B.  Ligand/Complex Synthesis and Physical Characterizations, Thermodynamics, 

Kinetics, and Molecular Mechanics Calculations 

We have synthesized the 12-membered and 14-membered tetraaza macrocycles, cyclen 

and cyclam - the precursors of DOTA and TETA, according to published methods. 

Carboxymethylation reactions have been carried out with the tetraaza macrocycles and the 

resulting DOTA and TETA compounds were purified and recrystallized. DOTA and Cube-like 

TETA crystals have been obtained. The rates of formation and dissociation reactions of 

Ce(DOTA)- and Ce(TETA)- have been repeatedly determined at various temperatures and pH. 

The detailed analysis of these rate data has been completed. The ligand, K21DA, has also been 

synthesized accordingb to published method.        

The ligand, 1,7-dicarboxymethyl-1,4,7,10-tetraazacyclododecane (DO2A), has been 

synthesized and the macrocycle ring protonation sites have been determined by NMR 



techniques to be the secondary amine nitrogen atoms. The protonation constants (log K: 

10.48, 10.01, 3.85, 2.55) and the stability constants of trivalent lanthanide (Ln3+) metal 

complexes of DO2A (log KML: 10.94-13.31) were determined by the potentiometric pH 

titration and capillary electrophoresis methods, respectively. In general, the stabilities of the 

Ln(DO2A)+ complexes increase with increasing atomic number for the lighter lanthanides 

(La3+ - Sm3+) and remain relatively unchanged for the heavier lanthanides (Eu3+ - Lu3+). 

Laser-excited spectroscopy of the 7Fo -> 5Do transition of Eu3+ is used to study the aqueous 

Eu3+ - DO2A complex system. At low pH (e.g. pH 5 ~ 6), Eu3+ forms a 1:1 species with the 

ligand DO2A, presumably Eu(DO2A)(H2O)q+, where q is the number of inner-sphere 

coordinated water molecules. As the solution pH increases, the hydrolysis product, 

Eu(DO2A)(OH)(H2O)q-1, is formed. Lifetime measurements of each species in H2O and D2O 

allow the determination of the corresponding number of the inner-sphere coordinated water 

molecules to be 2.96 and 2.64, consistent with the proposed structures (i.e. q = 3). The 

hydrolysis constant (pKh) is estimated to be 8.1+0.3. These results were reproducibly obtained 

by different researchers. 

The use of Eu(DO2A)+ and Eu(K21DA)+ complexes to catalyze the hydrolysis of 

phosphate ester bond has been tested. Initial results indicated that both complexes are active 

in this regard. Detailed studies are underway. 

The determination of ligand protonation constants and stability constants of metal 

complexes of several linear polyamine ligands has been of interest because of the continued 

desire of making metal-selective reagents and use of data as reference to understand the 

thermodynamic origin of “macrocyclic effect”. A number of terminal N-alkylated linear 

tetraaza and pentaaza ligands have been prepared, e.g. (2,2,2), (2,3,2), (3,2,3), etc. Their 

ligand protonation constants and some transition and post-transition metal (Ni2+, Cu2+, Zn2+, 

and Cd2+) complex stability constants have been determined by potentiometric titration 

methods. In general, methylation and ethylation at the terminal nitrogen atoms cause the 

corresponding ligand nitrogen basicity to increase; however, the corresponding metal complex 

stabilities are decreased as compared to the non-alkylated structural analogs, presumably due to 

the steric effect. 



The linear polyamines, the precursors for the 15-membered pentaaza macrocycles, 

1,4,7,10,13-pentaazapentadecane (2.2.2.2) and its structural analogue (2.2.3.2.) have been 

synthesized according to methods established by Dr. Liu, Yuh-Liang. The two linear 

polyamines will be used to carry out cyclization and carboxymethylation reactions as 

proposed. 

To design ligands with fast complex formation rates for a number of applications such 

as solvent extraction and diagnostic imaging agent manufacturing, we have decided to 

synthesize linear aminopolycarboxylate ligands selective toward lanthanide metals ions. Thus, 

polyamines (2.2.2.), (2.3.2.), (3.2.3.), (3.3.3.), (2.2.2.2.) and (2.2.3.2) with different 

cumulative backbone ring strain have been prepared with methylation or ethylation to replace 

one proton of each terminal amine functional group. We are currently carrying out the 

carboxymethylation reactions to prepare the corresponding aminopolycarboxylic acids. (PI 

Note: Due to the unexpected resignation of my postdoctoral fellows, Dr. Chin, :;< and 

Dr. Huang, Chiung-Hua, ��	, the synthetic and other characterization work has been 

delayed.) For comparison purpose, 4,8-dicarboxymethyl-1,4,8,11-tetraazaundecane has also 

been prepared. 

The origin of the differences of the thermodynamic stability and kinetic lability of two 

structurally similar complexes, Ln(DOTA)- and Ln(TETA)-, have been studied by molecular 

mechanics techniques, e.g. log Kf, GdDOTA = 25.3 and log Kf,GdTETA = 14.7; and kinetically, 

Ln(DOTA)- is faster to form and slower to dissociate as compared to Ln(TETA)-. Previous 

structural characterizations showed that DOTA is preorganized for metal ion complexation 

while TETA is not. The initial molecular mechanics study results showed that Ln-DOTA 

complexation involves the formation of a carboxylate oxygen-bonded precursor, followed by 

metal ion moving into the pre-formed macrocyclic cavity. However, at least two carboxylate 

oxygen-bonded intermediates exist for Ln(TETA)- complex formation and lanthanide ion 

assisted reorganization of the TETA ligand is observed. 

Excitation spectroscopy (emission monitored at 614.0 nm) of the 7F0 → 5D0 transition 

of Eu3+ was used to study the aqueous properties of the Eu3+-TETA system. A stopped-flow 



spectrophotometric method was used to study the formation kinetics of the aqueous 

Ce3+-TETA/DOTA systems. The results showed that the complexation reaction between Eu3+ 

and H2TETA2- to form Eu(TETA)- is completed within 10-15 minutes at pH 6.1 and higher 

pH. The measured rate constants for the reaction between Ce3+ and H2TETA2- to form 

Ce(TETA)- revealed that the rate is faster at higher solution pH. The reaction activation 

parameters, ∆H*�∆S* and ∆G*, measured at different pH decrease with increasing pH 

indicating the rate determining step could be the loss of ligand proton(s) and followed by metal 

ion moving into the macrocyclic cavity. The positive ∆S* value indicates that the rate 

determining step is dissociative in nature, consistent with the proposed mechanism.  

 The acid-catalyzed dissociation rate constants of the cerium(III) complexes of 

1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA) and 

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) have been determined 

at four different temperatures (i.e. 25.0ºC, 32.0ºC, 39.0ºC, 45.0ºC) in aqueous media 

(µ = 0.10 M, HC1/KCl) to obtain additional kinetic data and to evaluate possible effects 

of ligand pre-organization for metal ion complexation. The rates are much faster for 

Ce(TETA)- than for Ce(DOTA)-, indicating the lower thermodynamic stability of the 

former. In the presence of excess strong acid, 0.1 - 1.0 M HCl, the dissociation reactions 

follow the rate law: -d[ML]T/dt = (kd + kH[H+])[ML]T and -d[ML]T/dt = (kH[H+] + 

kH2[H
+]2)[ML]T, respectively, where kd is acid-independent dissociation reaction rate 

constant and kH and kH2 are the respective dissociation rate constants for the pathways 

involving monoprotonated and diprotonated species. The rate activation parameters, 

∆H╪, ∆S╪ and ∆G╪, for each dissociation pathway have been obtained and their values 

are consistent with the proposed mechanisms. In particular, the rate difference between 

Ce(TETA)- and Ce(DOTA)- for the monoprotonated complex dissociation pathway is 

mainly due to difference in ∆HH
╪. It has been concluded that ligand pre-organization 

results in more stable complexes and slower complex dissociation rates. 

A new method for the determination of stability constants by capillary electrophoresis 

has been developed, particularly for kinetically inert metal complexes. Different approaches, 



i.e., direct formation, ligand exchange, metal exchange and metal-ligand double exchange were 

studied. Stability constants of lanthanide (La3+, Ce3+, Eu3+ and Yb3+) and transition metal (Ni2+, 

Cu2+ and Zn2+) ions with DO2A (1,7-dicarboxymethyl-1,4,7,10-tetraazacyclododecane) were 

measured under direct complex formation. In ligand exchange approach, stability constants 

were measured by complex formation of Ni2+ with DO2A and Et2-2,3,2-tet 

(3,6,10,13-tetraazaundecane). Stability constants of DO2A with Cu2+ and Zn2+ complexes were 

measured in metal exchange approach. Complex formation competitions of Ni2+ and Cu2+ 

between DO2A and Et2-2,3,2-tet were studied in metal-ligand double exchange. 

To verify the capillary electrophoresis method, we have also determined the stability 

constant of a known metal complex system, i.e. Cu2+/Zn2+ - EDTA/HEDTA 

(N-hydroxyethyl-ethylenediaminetriacetic acid), using the metal-ligand double exchange 

approach. Assuming that the stability constants of CuEDTA2-, ZnEDTA2-, and ZnHEDTA- are 

known, the stability constant of CuHEDTA- has been redetermined to be logKf = 17.47 + 0.20, 

consistent with the literature reported value 17.50. The criteria for proper selection of this 

metal-ligand double exchange approach and experimental conditions as well as the feasibility for 

future applications of this method are noted. 

The dissociation kinetics of the complexes of nickel(II), zinc(II), and cadmium(II) of 

1,7-diaza-4,10,13-trioxacyclopentadecane-N,N’-diacetic acid (K21DA) and 

1,10-diaza-4,7,13,16-tetraoxacyclooctadecane-N,N’-diacetic Acid (K22DA) were studied in 

constant ionic strength aqueous medium with various [H+]-range, i.e., (0.88-53.9) x 10-5 M and 

(0.5-7.5) x 10-3 M. Copper(II) was used as the scavenger of free ligand and the rates of 

dissociation of these complexes have been found to be independent of [Cu2+]. All the complexes 

exhibit acid-independent and acid-dependent pathways. For NiK21DA, CdK21DA and 

CdK22DA complexes, the acid-dependent rates are linear functions of [H+]. For NiK22DA and 

ZnK21DA complexes, a saturation kinetics is observed, i.e., [H+] dependence at low [H+] and 

[H+]-independent at high [H+]. The rationalization of such different observations is proposed to 

be due to difference in complex solution structures rather than the thermodynamic stabilities. 

Influence of acetate content in the buffer, temperature, and total electrolyte concentration on 



the rate of dissociation has also been investigated and discussed. For detailed description of each 

paper and new research progress, please see the presentations listed in the Appendix. 

Additional studies have been on the following topics which are related to biological 

chemistry, molecular biology and biotechnology: (1) The Preparation and Applications of 

Porcine C1q and the C1q-like Peptides, (2) Study of the Differential Gene Expression in Human 

Gastric Cells Infected with Helicobacter pylori, (3) Study of Genes Expression in Colorectal 

Adenocarcinoma by DDRT-PCR Method, (4) The Use of Piezoelectric Crystal Sensor for the 

Diagnosis of Human Helicobacter Pylori, and (5) Purification and Characterization of Neutral 

Sphingomyelinase from Helicobacter pylori. A total of thirteen master theses have also been 

completed. Papers related to the above studies are now been written for publication. 

 

C. Thesis Supervised 

 

�� ���� ���	 
��

1. 

M.S. 

��� ������������������� !"#$ 

The Stability Constants Studies of Metal Ion Complexes of 

Polyamines & Polyamino Polycarboxylates 

85.06 

2. 

M.S. 

%&' ()*+,- C1q./01 2� 34#$ 

The Purification and Characterization of Complement C1q 

From Swine 

85.06 

3. 

M.S. 

56 789:;<=>?@ABCDE��FGHIJ4#$ 

Study of the Differential Gene Expression in Human Gastric 

Cells Infected with Helicobacter pylori 

86.06 

4. 

M.S. 

KLM ()*+,- C1q4NO�PQ peptideRS4#$ 

The Preparation and Applications of Porcine C1q and The 

C1q-like Peptide 

86.06 

5. 

M.S. 

TUV WXYXZ�FG[IJ4#$ 

Study of Genes Expression in Colorectal Adenocarcinoma by 

DDRT-PCR Method 

86.06 

6. 

M.S. 

\]^ _`abcde4#$ 87.06 

7. fgh ijk+lm=nopqrst4RS 87.06 



M.S. The Application of Piezoelectric Crystal Immunosensor in 

Clinical Diagnosis 

8. 

M.S. 

�uv w BC�xyz{|}~�<�4#$ 

Study of the in situ recovery of lysostaphin by immobilized 

recombinant cells 

87.06 

9. 

M.S. 

��� �������������������������

����1�0��4#$ 

Kinetic & Catalytic Activity Study of Lanthanide Complex of 

DO2A & K21DA in Phosphate Diester & DNA Hydrolysis 

87.06 

10. 

M.S. 

�&� ��qr�ox���������  87.06 

11. 

M.S. 

¡¢£ The expression of human placental lactogen by E. coli 

expression system 

88.06 

12. 

M.S. 
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Study of the bio-molecular markers in colorectal camcers 

88.06 

13. 

M.S. 

�¨© 789:;<4ª,-«¬���4 2 3 

Identification and Characterization the Sphingomyelinage of 

Helicobacter pylori 

88.06 

14. 

M.S. 

®¯° ±²��0��4 DNA/RNA ��³ N/A 

15. 

M.S. 

´µ¶ ·+lm¸³¹� N/A 

16. 
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In addition to the above mentioned publications, abstracts and meetings, the PI has been 

invited by various institutions to present seminars for more than 60 times for the last 5 

years. 



F.  Questions still to be Answered: 

1. Are there novel ligands (linear or macrocyclic) that form lanthanide complexes with 

good thermodynamic stability and selectivity as well as favorable kinetic properties (e.g. 

fast to form and slow to dissociate)? 

2. What are the thermodynamic and kinetic features of “ligand preorganization for metal 

ion complexation”? 

3. Can we design stable and cationic lanthanide complexes that could catalyze the 

hydrolysis of the phosphate diester bond of DNA and RNA molecules? 

4. Can some of the simple linear and macrocyclic lanthanide complexes be linked to 

peptides or nucleotides for drug targeting or sequence-specific DNA/RNA phosphate 

ester bond cleavage? 

 

These questions will be answered by the experiments proposed for the next two years.  
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Table1. Kinetic Data (103 kobs, s
-1) for the H+-catalyzed Dissociation of Lanthanide DO2A 

Complexes. 

  102[H+] (M)   

Metal T (�) 
0.5769 1.1538 1.8462 2.3077 3.4615 

La 25 5.0033   13.080 19.824 

 31 6.941   17.390 24.800 

 37 8.023   29.933 48.118 

 45 13.712   44.815 68.267 

Ce 25 4.480 7.2698  13.716  

 31 6.9202 12.449  23.311  

 37 10.7365 18.158  33.9855  

 45 14.581 25.8455  45.322  

Eu 25 0.041922 0.17159 0.34908  0.60774 

 31 0.3763 1.0391 1.5718  2.8841 

 37 0.7173 1.4614 2.8938  5.9600 

 45 1.0640 4.3603  7.4788 10.3431 

Gd 25 0.23807 0.33259  0.47165 0.61325 

 37 0.41326 0.76303 1.2943   

 45 1.1500 2.3590   7.1329 

Lu 25  0.15200  0.2070 0.2690 

 31  0.3380  0.5300 0.8810 

 37  0.4410  0.7860 1.1950 

+−++ +→+ )4(2 n

n

k
LHMnHML obs



 45  1.0910  2.3200 3.7800 

[LaDO2A]=[CeDO2A]=[EuDO2A]=[GdDO2A]=[LuDO2A]=0.538462 × 10-3M,  

�= 0.10M (LiClO4). 

 

Table2. Kinetic Data (103 kobs, s
-1) for the H+-catalyzed Dissociation of Lanthanide DO2A 

Complexes. 

 102[H+] (M)   

Metal T (�) 
1.1538 2.3077 3.4615 4.6154 

Pr 25 6.718 9.700 16.700 24.000 

 31 8.401 14.413 25.546 32.700 

 37 13.600 24.202 39.800 58.855 

 45 24.000 43.500 68.000 91.300 

Nd 25 4.565 10.874 16.051 20.900 

 31 10.400 19.200 27.704 34.034 

 37 15.222 28.950 40.000 62.395 

 45 18.400 40.400 63.700 85.003 

[PrDO2A]=[NdDO2A]=1.07692 × 10-3M, �= 0.10M (LiClO4). 

 

�]�)���ñò{P����tu�ê�^��)@�B��ïä���áâ

�Z"scheme 1#�Z� 

 

        

            Scheme 1 

 

xô®��Z)ÇÈ{�|â�)ÇÈ�®� 

 

    -d[ML]T/dt = (kd + kH1[H
+] + kH2[H

+]2)[ML]T 

 

x��ñò�P kobs��a DO2AçSê�^�����tu)¨©�����¨

[ ]

[ ]

LHLn

k

HLLnLnHLLLnH

HLLnLnHLLLn

H

fast

kHk

kH

Hd

2

2

*

2

lim
2

1

+
↓

+→

+→ →←+

↓↓ +

+

+

+
LnL



©�µ kobs��}'("H
�

# �õ!"�á���Z�ÀAñò{#��¨©ÇÈ

)�®áâ� 

 

     kobs = kd + kH[H+] 

 

�®��) kd� acid-independent rate constant�O¶W4}3�����´w@�

"self-dissociation#)ÇÈË=$x kH����}%§@�)ÇÈË=(acid-catalyzed 

rate constant)$ 
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Table.3  

 T(�) �� 

LaDO2A 25 0.5764717 

 31 0.7368335 

 37 1.3620173 

 45 1.9706823 

CeDO2A 25 0.6098330 

 31 1.0322590 

 37 1.5104310 

 45 2.0433520 

PrDO2A 25 0.4975187 

 31 0.7068086 

 37 1.2041582 

 45 1.9650222 

NdDO2A 25 0.4566368 

 31 0.7743609 

 37 1.3049169 

 45 1.8220222 

EuDO2A 25 0.0174167 



 31 0.0838560 

 37 0.1646080 

 45 0.3657848 

GdDO2A 25 0.0127947 

 37 0.0691636 

 45 0.2057398 

LuDO2A 25 0.0008497 

 31 0.0025020 

 37 0.0346550 

 45 0.1056778 

G-7 Activated Parameter)£¤ 
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DO2A���).§�="Activated parameter#���/�Z$ 

 

�� R�EFË="1.98716 cal0mol-1K-1#�kB�123Ë=(Boltzmann’s constant, 1.381

410-23 JK-1)�x h�567Ë=(Planck’s constant, 6.626410-34 J0s)$ 

 

Table 4.  

 �H*(kcal/mol) �S*(e.u.) �G*(kcal/mol) 

LaDO2A 9.8883963 -25.125355 17.375752 

CeDO2A 10.728910 -23.356407 17.689119 

PrDO2A 13.294210 -15.469880 17.903160 

NdDO2A 15.457376 -8.226310 17.908816 

EuDO2A 27.120197 25.000947 19.667375 

GdDO2A 27.055696 24.065672 19.884126 

( ) ( ) ( )
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LuDO2A 27.440482 23.332768 20.487317 
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