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This is a research program originally started seven years ago (since 1995). Because 
the Institute of Biological Science and Technology of National Chiao Tung University was 
a new research institute, we spent most of the first two years to establish our laboratories. 
This includes renovating laboratory, recruiting postdoctoral research fellows (Dr. Liu, 
Yuh-Liang, - ; Dr. Chen, Chang-Yuh, -

), research assistants and graduate students (

), and undergraduate students ( ) 
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. Over the years, we 
have made considerable research progress as proposed and described previously. Recent 
progress shall be briefly discussed as follows:

A. Ligand Preorganization in Metal Ion Complexation: Molecular  
Mechanics/Dynamics, Kinetics and Laser-Excited Luminescence Studies of 
Tr ivalent Lanthanide Complex Formation with Macrocyclic Ligands TETA 
and DOTA

The molecular mechanics and dynamics calculations, kinetics, and laser-excited 
luminescence studies were carried out for trivalent lanthanide (Ln3+) complexes of 
macrocyclic polyaminopolycarboxylate ligands TETA and DOTA (where TETA is 
1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid and DOTA is 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) to further understand the 
observed thermodynamic, kinetic and structural properties and to examine how ligand 
preorganization affects metal ion complexation. 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 in the pH range 
6.1 – 6.7. Molecular mechanics calculation results are consistent with the proposed 
mechanism of Ln(DOTA)- formation, i.e. formation of a carboxylate O-bonded precursor, 
followed by metal ion moving into the pre-formed macrocyclic cavity. For Ln(TETA)-

formation, at least two carboxylate O-bonded intermediates have been predicted and Ln3+

ion assisted reorganization of the TETA ligand is present. The calculated bond-distances 
and overall structures of Ln(DOTA)- and Ln(TETA) - were in agreement with the single 
crystal and solution NMR structural data. The origin of the difference in thermodynamic 
stability of Ln(DOTA)- and Ln(TETA)- complexes and the corresponding formation 
intermediates is mainly due to the differences in water-occupancy energy (i.e. whether 
there is an apical coordinated water molecule), the ligand strain energy and the 
cation-ligand interaction energy. Kinetic studies revealed that the formation rates of the 
Ce(TETA)- complex are smaller at lower pH and temperature but become greater at higher 
pH and temperature, as compared to those of the Ce(DOTA)- complex. This is attributed to 



the lanthanide ion and both mono- and di-hydroxide ion assisted TETA conformational 
reorganization and higher kinetic activation parameters. The presence of di-hydroxide ion 
assisted intermediate rearrangement pathway could make Ce(TETA)- complex formation 
rate to be faster at higher pH and the higher activation barrier makes Ce(TETA)- complex 
formation rate slower at lower pH, as compared to those of the Ce(DOTA)- complex.

B.  Dissociation Kinetics of Lanthanide(III) Complexes of Macrocyclic Polyaza 
Polycarboxylate Ligand DO2A

The acid-catalyzed dissociation rate constants of several lanthanide(III) complexes of 
1,4,7,10-tetraazacyclododecane- 1,7-diacetic acid (LnDO2A+, Ln = La, Ce, Pr, Nd, Sm, Eu, 
Gd, and Lu) have been determined at four different temperatures (i.e. 25.0ºC, 31.0ºC, 
37.0ºC, 45.0ºC) in aqueous media (µ = 0.10 M, HC1/LiClO4). In the presence of 0.005 –
0.046 M HCl, the dissociation reactions follow the simple rate law: -d[ML]T/dt = 
kH[H+][ML]T, where kH is the dissociation rate constant for the pathway involving 
monoprotonated species. The absence of an acid-independent pathway indicates that 
LnDO2A+ complexes are kinetically rather inert. The obtained kH values follow the order: 
LaDO2A+＞CeDO2A+＞PrDO2A+＞NdDO2A+＞SmDO2A+＞EuDO2A+＞GdDO2A+＞
LuDO2A+, consistent with their thermodynamic stability order, i.e. the more 
thermodynamically stable the more kinetically inert. The rate activation parameters, ∆H‡, 
∆S‡ and ∆G‡, for the acid- catalyzed dissociation pathway have also been obtained. In 
particular, an isokinetic behavior is found, i.e. a linear relationship between ∆H‡ and ∆S‡

values, which supports a common reaction mechanism. The data are compared with those 
obtained previously for other lanthanide(III) complexes and the dissociation rate order is: 
LnK21DA+＞LnK22DA+＞LnDO2A+＞LnDO3A＞LnDOTA-, where K21DA is 
1,7-diaza-4,10,13- trioxacyclo- pentadecane-N,N’-diacetic acid, K22DA is 1,10-diaza-
4,7,13,16- tetraoxacyclooctadecane-N,N’ -diacetic acid, DO3A is 
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid, and DOTA is 
1,4,7,10-tetraazacyclododecane-1,4,7,10- tetraacetic acid. This is also consistent with the 
order of thermodynamic stability.

C.  Macrocyclic Lanthanide Complexes as Ar tificial Nucleases：Hydrolysis of 
Phosphodiester  Bonds by LnDO2A and LnK21DA

The phosphodiester bond in DNA is very stable with an estimated t1/2 to be 130,000 
years and nature has evolved a number of enzymes such as restriction endonucleases and 
topoisomerases to efficiently catalyze DNA hydrolysis. Recently considerable effort has
been expended to develop small molecules as artificial nucleases to hydrolyze DNA, and 
some trivalent lanthanide complexes are known to promote phosphodiester bond quite 
efficiently. We have studied the hydrolysis of phosphodiester bond of a model compound 
BNPP（sodium bis(4-nitrophenyl) -phosphate）, a plasmid DNA（pUC19）, and a model 
of 5’-cap of mRNA (GpppG) by the use of LnDO2A+（Ln = Ce and Eu）and LnK21DA+

（Ln = La and Eu）complexes, where DO2A is 1,4,7,10-
tetraazacyclododecane-1,7-diacetic acid and K21DA is 1,7-diaza-4,10,13-



trioxacyclopentadecane-N,N’-diacetic acid. In general, LnDO2A+ is a better cleavage 
agent than LnK21DA+, presumably due to the fact that LnDO2A+ has at least 3 
inner-sphere coordinated water molecules, one more than that of LnK21DA+. The pH-rate 
profile for the hydrolysis of BNPP by both LnDO2A+ and LnK21DA+ shows interesting 
titration-like curves which is tentatively explained by the stepwise formation of 
coordinated hydroxide species, perhaps through forming hydroxo-bridged di- or more 
complex multinuclear clusters, and which act as the active catalysts. The rates for the 
hydrolysis of plasmid DNA and mRNA model have also been measured which indicates 
that our lanthanide(III) complexes are roughly 10-times faster than those of other transition 
or lanthanide complexes reported previously.

D.  Synthesis and Character ization of Macrocyclic Ligands to be Used for  
Lanthanide Ar tificial Nucleases and MRI Contrast Agents

Lanthanide complexes as artificial nucleases and magnetic resonance imaging（MRI）
contrast agents require high thermodynamic stability and low kinetic lability. We have 
designed a number of macrocyclic ligands for such purposes and the synthetic details and 
characterizations are reported in this paper. 
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The acid-catalyzed dissociation rate constants of several 
lanthanide(III) complexes of 1,4,7,10-tetraazacyclododecane- 1,7-diacetic 
acid (LnDO2A+, Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, and Lu) have been 
determined at four different temperatures (i.e. 25.0ºC, 31.0ºC, 37.0ºC, 
45.0ºC) in aqueous media (µ = 0.10 M, HC1/LiClO4). In the presence of 
0.005 – 0.046 M HCl, the dissociation reactions follow the simple rate law: 
-d[ML]T/dt = kH[H+][ML]T, where kH is the dissociation rate constant for 
the pathway involving monoprotonated species. The absence of an 
acid-independent pathway indicates that LnDO2A+ complexes are 
kinetically rather inert. The obtained kH values follow the order: LaDO2A+

＞CeDO2A+＞PrDO2A+＞NdDO2A+＞SmDO2A+＞EuDO2A+＞
GdDO2A+＞LuDO2A+, consistent with their thermodynamic stability 
order, i.e. the more thermodynamically stable the more kinetically inert. 
The rate activation parameters, ∆H‡, ∆S‡ and ∆G‡, for the acid- catalyzed 
dissociation pathway have also been obtained. In particular, an isokinetic 
behavior is found, i.e. a linear relationship between ∆H‡ and ∆S‡ values, 
which supports a common reaction mechanism. The data are compared 
with those obtained previously for other lanthanide(III) complexes and the 
dissociation rate order is: LnK21DA+＞LnK22DA+＞LnDO2A+＞
LnDO3A＞LnDOTA-, where K21DA is 1,7-diaza-4,10,13- trioxacyclo-
pentadecane-N,N’-diacetic acid, K22DA is 1,10-diaza- 4,7,13,16-
tetraoxacyclooctadecane-N,N’ -diacetic acid, DO3A is 
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid, and DOTA is 
1,4,7,10-tetraazacyclododecane-1,4,7,10- tetraacetic acid. This is also 
consistent with the order of thermodynamic stability.

Exper imental

l All reagents are of analytical reagent grade. 
l Solutions were prepared and standardized by described methods.
l A HP8453 UV-Visible spectrophotometer equipped with a constant 

temperature circulating bath (FIRSTEK SCIENTIFIC B403) was used 
l for the kinetic rate measurements using dye indicators 25 31 37

45 250 nm



Scheme 1  Possible Reaction Mechanisms

kobs = kd + kH[H+]

kd = acid-independent rate constant (~0, for the 

present cases) 

kH = acid-catalyzed rate constant
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Activated Parameter  Calculations and Plots 

(Eyr ing equation)

R = 1.98716 cal‧mol-1K-1，kB = Boltzmann’s constant (1.381×10-23 JK-1)，h = Planck’s constant 

(6.626×10-34 J‧s)。

Plots of ln(kH/T) vs.1/T give slopes (- H*/R) and intercepts 

( S*/R + ln(kB/h)) and  activation enthalpy ( H*) and 

activation entropy ( S*) could be obtained G* could 

then be obtained by
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Results and Discussion

1. (Ln(DO2A)+)

kobs

(first-order) Ln(DO2A)+

(LnHDO2A)

2. DO2A

(kobs) La(DO2A)+

Ce(DO2A)+ Pr(DO2A)+ Nd(DO2A)+ Sm(DO2A)+ Eu(DO2A)+

Gd(DO2A)+ Lu(DO2A)+

(ionic size) (charge density)

3. (kd) (kH)

Ln(DO2A)+

Ln(DO2A)+

Ln(DO2A)+

4. (activated parameter) Ln(DO2A)+

(activation enthalpy H*) Lu(DO2A)+

Gd(DO2A)+ Eu(DO2A)+ Sm(DO2A)+ Nd(DO2A)+ Pr(DO2A)+

Ce(DO2A)+ La(DO2A)+



5.

Ln(DOTA)-

Ln(DO3A) Ln(DO2A)+ 12 15 18

Ln(DO2A)+ Ln(K22DA)+ Ln(K21DA)+

K22DA K21DA 12 DO2A

more flexible DO2A

Ln(DO2A)+ Ln(DOTA)-

Ln(DO3A) Ln(DO2A)+ Ln(K22DA)+ Ln(K21DA)+



Table1. Kinetic Data (kobs, s-1) for the H+-catalyzed 
Dissociation of Lanthanide DO2A Complexes.

102[H+] (M)
Metal T (℃)

0.5769 1.1538 2.3077 3.4615

La 25 0.00503 0.00840 0.00802 0.01370

31 0.00694 0.01100 0.01760 0.02650

37 0.00802 0.01740 0.02990 0.04480

45 0.01370 0.02480 0.04810 0.06830

Ce 25 0.00448 0.00800 0.01370 0.02200

31 0.00692 0.01400 0.02330 0.03860

37 0.01070 0.02230 0.03400 0.05510

45 0.01340 0.03020 0.04530 0.07060

Pr 25 0.00672 0.00970 0.01670

31 0.00840 0.01440 0.02550

37 0.01360 0.02420 0.03980

45 0.02400 0.04350 0.06800

Nd 25 0.004566 0.00553 0.00664

31 0.006588 0.00811 0.01010

37 0.007394 0.01030 0.01380

45 0.008040 0.01410 0.01840

Sm 25 0.000394 0.00044 0.00055

31 0.000485 0.00088 0.00209

37 0.000751 0.00144 0.00283

45 0.00151 0.00348 0.00608

Eu 25 0.00004 0.00017 0.00044 0.00060

31 0.00038 0.00104 0.00197 0.00288

37 0.00072 0.00146 0.00375 0.00570

45 0.00106 0.00436 0.00748 0.01030

Gd 25 0.00002 0.00033 0.00047 0.00061

31 0.00032 0.00057 0.00096 0.00156

37 0.00041 0.00076 0.00174 0.00254

45 0.00115 0.00236 0.00479 0.00713

Lu 25 0.00008 0.00015 0.00021 0.00027

31 0.00010 0.00034 0.00053 0.00088

37 0.00024 0.00044 0.00079 0.00120



45 0.00039 0.00109 0.00232 0.00378

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

[PrDO2A]=[NdDO2A]=[SmDO2A]=1.07692 × 10-3M，µ=0.10M(LiClO4)

Table.2 

T(℃) kH

LaDO2A 25 0.5872 ( ±0.0271)

31 0.7520 ( ±0.0160)

37 1.3735 ( ±0.0388)

45 1.9738 ( ±0.0741)

CeDO2A 25 0.6133 ( ±0.0543)

31 1.0641 ( ±0.0730)

37 1.5488 ( ±0.1080)

45 2.0517 ( ±0.1078)

PrDO2A 25 0.4975 ( ±0.0534)

31 0.7068 ( ±0.0579)

37 1.2042 ( ±0.0620)

45 1.9650 ( ±0.0645)

NdDO2A 25 0.4566 ( ±0.0023)

31 0.7744 ( ±0.0104)

37 1.3049 ( ±0.0081)

45 1.8220 ( ±0.0124)

SmDO2A 25 0.0181 ( ±0.0035)

31 0.0572 ( ±0.0092)

37 0.0854 ( ±0.0120)

45 0.1823 ( ±0.0145)

EuDO2A 25 0.0176 ( ±0.0014)

31 0.0840 ( ±0.0042)

37 0.1606 ( ±0.0069)

45 0.3694 ( ±0.0137)



GdDO2A 25 0.0128 ( ±0.0005)

31 0.0446 ( ±0.0028)

37 0.0734 ( ±0.0027)

45 0.2662 ( ±0.0012)

LuDO2A 25 0.0062 ( ±0.0009)

31 0.0249 ( ±0.0012)

37 0.0348 ( ±0.0008)

45 0.1165 ( ±0.0013)



Table 3. 

ΔH*(kcal/mol) ΔS*(e.u.) ΔG*(kcal/mol)

LaDO2A 10.2340 (±0.129) -21.3270 (±0.388) 16.5890 (±0.302)

CeDO2A 11.5722 (±0.151) -20.5909 (±0.392) 17.7080 (±0.338)

PrDO2A 13.2942 (±0.642) -15.4699 (±0.108) 17.9032 (±0.178)

NdDO2A 15.4574 (±0.373) -8.2263 (±0.321) 17.9088 (±0.699)

SmDO2A 20.1876 (±0.306) 1.6122 (±0.033) 19.0718 (±0.391)

EuDO2A 27.0747 (±0.455) 24.8598 (±0.511) 19.6666 (±0.404)

GdDO2A 28.0271 (±0.338) 26.8541 (±0.453) 20.0246 (±0.297)

LuDO2A 28.1734 (±0.555) 25.7963 (±0.637) 20.4861 (±0.506)



Dissociation Kinetics of EuDO2A

Plots of kobs vs [H+] Eyr ing plot

Dissociation of EuDO2A
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