EMMI Intensive Programme "Design, Synthesis and Validation of

Imaging Probes, - 2011

2011 September 26, Monday

Gd(lll) complexes: the importance of kinetic
and thermodynamic stability

Imre Toth, University of Debrecen, Hungary




Content

Introduction

Equilibrium Kinetics

Stability constants Rate of chemical reactions

Conditional stability constants Formation of metal complexes

Simultaneous/competitive equilibria Formation of Ln-complexes

Data bases, modelling Dissociation of Ln-complexes

Measuring of stability constants of LnMC Case studies

Case studies



Introduction

( Q

e
E w4

Lifglong Leannirg Programme

Intenasive Programme ~Deasigm, Synthesis and Validation of Imaging Probes™ schedule - 2041

11n00 - 1230
Imaging Probe: an gvery lew
Sivio Alme

Hype= - polarzed e xp=rimeant
F Relrad /W, Dasiny #A. Vige

CEST agents: basle principlas,
mechanlsm of actlon and classificaton
Enzo Terrana

Manday Tuesday "Wednesoay Thirsdey Friday
Septamber 18 Sapembear 20 Sapremb=r 21 September 22 Septambsr 23
aM 9N00 - 3hE0 mglstraton ahid- 10630 2h00 - 10630 Q00 - 10K Ghoo - 10020
ands- 10M3a0 HMR and MRI Introducticn Hyper-polarzed contrast agent Iron exlde panicles Sraegles for c2lllar lake ling
Wallcome and 1P introducton A Misfes F. Relnad Bapert busar Smanetia Gennalt
Sivio Alme
11h0d - 12hE0 11000 - 12030 11 hiC0-1 230

Mana- particles for Mult-Mod allyy Imaging
rlzas Nizoisly

ACOHRDG NUMERD: X11-1-IT-ERA 127079

PM 14000 - 15ha0 14000 - 15ha0 14h00 - 15030 14h00 - 16030
optical Imaging probes Mr-baged Conirast Agers Reaponsive MRI Cantiast Agents HanoProbe practizal sssslon |
(Rannts Zacharakls Anreris Van oerLngen Glisappe DIgHo 0. Dail Castan
1EM00 -17 hao 1EM00 -17ha0 16hC0 -17h20 16R00-17h30 16000 - 17ha0
PET and SPECT radlechemistry : Selected  T1/ T2 measure experiment Fielaxometric charactarizatlon of Gl HanoProbes HanoProbe practizal s=sslon 1l
examples of Lat=lling of Macromokeules W Dasiny complexas and NMADY 170 analysls Erzo Tarrano 0. Dail CosteEn
Frageriz Coé E. Glande/ 5. canonl’ F Arara s 0 Longo
onday Tuesoay Wedn Thursday Friday
Saptamb=r 26 Sape mber 27 Saptamb=r 28 Septamb=r 23 Septambs=r 20
A andd- 10n30 MO0 - 10R20 R0 - 10n20 Sh0G - 10n20
Physlco-chemical propeties Baslc principles and procedures of solld  Computational design of Imaging Probes  Preparation of Imaging Probes under analytical HPLC
54 phass pepide syrithesis Derio Langa powar UirAscUnde microvases Madaton Lorenzo Tel/ Alsssandro s
S (3ersl Lorenzo Tl Glancanic Cravoi
11000 - 12ha0 11000 - 12ha0 11hC0 - 12h20 11h00 - 12030 11000 - 12030
GA complszs: fhe Imporancs of kineds  Developing an Imaging prots Ligand sy nthests part 1 Peptkle modilcation and conjugation HPLEC 22 paratlen: fram analytical 1o
and thermodynamic stabllity Lorenzo Tl / Alassandro Bargs Luciano Latyads 0 probes praparative method |
e T Lorenzo Tal Lorenz Tal/ Alssaandrd B ge
14000 - 15h20 14000 - 15heD 14R00 - 18R20 14n00-1E000
MRI assassment Easlc principles of chromatographic Synthesls of metaktasad Imaging prots HPLC s paratlon: from analytical o
of the 2l labeling sxperiment sSpAratlen gehnkues Lorenzo Tal/ Alsssandro Bage praparatve methad I
Smonelis Genial / Walter Dasit Alazzandro Barge Lorenzn Tels Alssaandro Eage
1EMIC-17RA0 1E000 - 17had 16h00 - 17ha0 16000 - 17h30 15000 - 17hA0 7
Ligand synthe sis part | MRI as5253mE Nt Pepilde Syrihesls Paptkle Clemvage Final conslderaiion and rEmarks |
Govanbasta Fovenzana of the call labaling exparime nt Lorenzo Tel / AlRssandm Bage Lorenzn Tals Alsssandro Bape Final sudent assasmeam
Smonelts Ganinal / Walter Dasin
Ihearetkcal lesson
praclizal saszion




Coordination chemistry: basic principles

Step-vice formation of complexes:
M(Hzo)n + |_ ML(HZO)n_1 + HZO 1 — [ML(HQO)n—l]
[M(H,0), ][L]

ML, (H,O) + L ====ML, + H,O K [ML, ]

. " [MLn—l (HZO)] [L]
Stepvice constants

Overall reaction ML _]
M(H,0O), + nL ML, + nH,O Ba = [M(H,O)_][L]"
Overall stability constants




Coordination chemistry: basic principles

Groups of complexes
al parent complexes : only one ligand MA, MA,, MA, ....

MA, (N: coordination number)
b/ mixed-ligand complexes: two or several ligands
M+A+B MAB or
MA, + MB,=—— 2 MAB
c/ protonated complexes. protonation of the non-coordinated
donors of the ligand
M+HA

M(AH) + n—1 H*




Coordination chemistry: basic principles

Groups of complexes

d/ deprotonated complexes: de-protonation and coordination of the ligand
M+ A M(AH_,) + H*

— for example alcoholate, amid-group)

— deprotonation of coordinated water

MA(H,0), MA(H,0),_,(OH) + H*

e/ polynuclear complexes: nM + mMA—— M A_

A is a bridging ligand with one or two donor group(s)




Coordination chemistry: basic principles

Infuence of the charge of the metal ions on stability:

- +3 ions have higher stability compared to +2

- +2 cations in the 3d transition metal block follow the
Irving-Williams series:

Mn(Il) < Fe(ll) < Co(ll) < Ni(ll) < Cu(ll) > Zn(ll)

(i.e. it does not follow the change in size)



Coordination chemistry

Hard —soft theory of Lewis acids and bases

hard acids (metal ions)

hard bases (ligands)

H* Na*, K*

Mg?2*, Ca?*, Mn2*, VO2*

ARt Co3*, Cr3*, Ga3*, Fe3*,
Ln3*, Th4* etc.

O-donor ligands:

H,O, CO,>, NO,-, PO, *,
ROPO,%, (RO),PO,,
CH,COO-, OH-, RO-, R0,
crown ethers

N-donor ligands:

NH,, N,H,, RNH,,

F-, CI-




Coordination chemistry of transition metals

Borderline acids

ions)

(metal

Borderline bases (ligands)

Fe2*, Ni¢*, Zn?*, Co?%*, Cu?*,
Pb2*, Sn2*, Ru?*, Aust
TI*

Br-, SO,
N-donor ligands:
NO,~, N5, N,,

soft acids (metal ions)

soft bases (ligands)

Cu*, Au*, TP, Ag*, Hg,**
Pt2*, (Pb2%), Hg?*, (Cd?),
Pd?*, (Pt4)

S-donor ligands:

S%-, RSH, RS-, R,S, S,0,%-
R,P, (RS),PO,,
(RO)ZP(O)S_a

RNC, CN-, CO, R—, H-, I-




Coordination chemistry: basic principles

Influence of the ligand on the stability of complexes

- hard-soft character of donor atoms

- charge

- denticity

- overall basicity

- chelate effect (entropy contribution)
- chelate ring size ( 5 is preferred)

- macrocycle effect/ encapsulating ligands
- cavity size

-rigidity of the MC



Mathing the size of the metal ion and the cavity

Property Mn Cu Ga In Gd

Ionic radius M or 58 (Is) 73 62 80 93,8
MI (CN=6) (pm) 64,5 (hs)

Coordination Number | I1-6(7) | II - 6(4) Il -6 IIT - 8(9) | III-8(9)

NH HN

US> UGS ~
N N NH HN Y »
NH HN NH HN /\ N
& & /7 HN - NH NH NH
]_p TN TR SN
NH N
. [ o




Properties of some Y**complexes formed with DTPA type ligands

HOOC—\ é /—\ ,—COOH

HOOC—\ % /—\ ,—COOH

Ligand 2 log KH (log KH)  logK,; kp (s?)
CHX-A 32.92 (12.3) 24.7 0.462
CHX-B 31.47 (12.3) 244  0.047
1B4M 30.39 (11.31) 225 6.62
1B3M 30.60 (11.46) 225 13.5
2B 29.24 (10.75) 21.7 41.8
1B 29.18 (11.16) 21.5 37.4
CHX-DTPA 32.27 (12.3) 24.2 0.75
DTPA 28.00 (10.48) 22.4 144

HoocJ \—COOH HoocJ \—COOH
COOH COOH
N02 NOZ
HOOC—\QB—\ ,—COOH Hooc—\é /—( ,—COOH
HoocJ \—COOH HoocJ \—COOH
COOH COOH
1B3M 1B4M
NO, NO,
Hooc—\éQ ,—COOH HOOC— /—\Q ,—COOH
HoocJ \—COOH HoocJ \—COOH
COOH COOH
CHX-B CHX-A
HOOC—\ S\ /\ /—COOH HOOC—\ /—\Q/—COOH
N N N
Hooc—/ \—COOH HoocJ \—COOH
COOH COOH
DTPA CHX-DTPA

* The rates of acid catalyzed dissociation were
measured with the use f Arlll ([YL]=10° mol/dm?
and [AAIII]=10-° mol/dm3).

T. ]J. McMurry, C. G. Pippin, C. Wu, K. A. Deal, M.
W. Brechbiel, S. Mirzadeh, O. A. Gansow, |. Med.
Chem. 1998, 41, 3546




Some general requirements to the complexes to be used in medicine

v'Good water solubility (easy to administer)
v'Low osmolality and preferably no (or negative) charge

v'"Non-toxicity

v'High thermodynamic stability and kinetic inertness
v'Possible quick complex formation

v'Organ specificity (when injected the media concentrates in area(s)

required or bifunctional ligands)

v'The production of the ligand and the complex should be cost effective.




Clinically approved, commercially available Gd-based contrast agents (q=1)
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Table 1 General charncteristics of currently marketed gadolinium chelates used for magnetic resonance imaging (ldée et al, 2006; Caravan ot al, 1999, Briicher and Sherry 2001)

Mame Acronym  Gd-INTPA Gd-DTPA-BMA  Gd-DTPA-BMEA  Gd-BOFTA Gd-EOB-DTPA M5325 Go-DOTA Gl -HP-D03 A Gd-BT-DO3A
Generic Gadopentetate Gadodiamide Gadoversetamide Giadohenate Giadoxetic acid Ciadolosveset Giadoterale Ciadoteridol Gadabutrol
MName dimeglumine dimeglumine disodium salt risodium salt  megluminge
Trade Magnevist” Cmmiscan™ OptiMARK" MultiHanee " Primemvis” Vasovist ™ Dvtarem™ ProHance ™ Gadovist ™
MName
Company Baver-Schering  GE-Healthcare  Covidien Bracco Baver-Schering Bayer-Schering  Guerber Bracco Baver-
Schering
Chemical structure Open-chain Open-chain Open-chain Open-chain Open-chain Open-chain Macroeyelic Macrocyelic Macrocyelic
Charge Di-1onic Monionic Momionic Di-1onic Di-ionie Tri-iomic lonic Monionic Monionic
Dissociated 3 1 1 3 3 4 2 1 I
particles per
midecule
Log P BuQHMH.O —3.16 —LI3 M —-2.33 =211 =211 —2.87 —1.948 -2
Concentrition (M) 0.5 0.5 (L5 05 .25 (L25 0.5 L5 1.4y
Standard dose (mmolka) (IR} 0.1 {1 o1t 0.025 (L3 0.1 0.1 0.1
Csmolality at 37°C (mOsmikg Ha) 1960 TR 11 1970 633 825 1350 630 1603
Osmotic load” imCsmolf) 2 0.67 67 2 0.5 (.8 1.33 067 0.67
Relaxivity (rifrap mM ' al 37°C, KRR 3339 36040 IE44 4033 50050 I35 2934 1339
L5 T in water”
Viscosity (mbPas) at 37°C 29 |4 20 53 .19 21 20 1.3 4940
Formulation Free DFTPA Ca-DTPA-BMA  Ca-DTPA-BMEA  No formulation  Ca-EOB-DTPA Fosvest ligand  No [Ca-HPDO3AL  Ca-BT-DO3A
0,25 (et saly 5% (MNu™ salty {trisedinm (0.325 Formulation (Ca™ salt) (Mt salr)
{1 mmalfly (25 mmalil) 150 mumolT) saly® mmoel/1y” 0. 1% (LS {1 mumald)
ol 1)
22 16,9 16,6 gl 23,46 210 25.68 ERY 214
17.7 4.9 15.0 158.4" 187 184 19.%¥ 17.1 4.7

“DosETor Niver inaging: 003 mmolfke

o pnmml k|

"psmotic load (mOsmil) = _‘E'Tf.-.._m“ number dissociated ions (values are calculated on the assumption that the agents distribute homogencously in the imterstitial space (105 1 Tor a patient weighing 70 kg)

I | w
5 for relaxicily measwrements

“CGioerbel measurement on commercial solotion; Inceriainty on relaxometric measurement; 0.3 mbd
Yeoncentration not disclosed)

“Steger-Hartmann et al, (2006)

"Caravan et al, (2001)

Ehlorean et al, (2004) and Guerber ealeulations

PUggeri el al. ( 1995)

Behmin-Willich et al, (1999

Bellin et al, {2003)



Coupled equilibria (simultaneous equilibria)

Redox reaction:
oxidation MO+1)+
reduction MO-1)+

Complexation  [ML,]

n\r

Precipitation M** +

A

Acid-base r. M(OH)x-1* + H*

,cation-nydrolysis”

Aly-1)
Aly+1)
A
IM*AL] M AP~
S Iy
AY-
HA + OH-

anion protonation



Conditional stability constants

There is a definite need to consider the ,side reactions” of the metal ion
and the ligand

The most important parameter (in clean systems) is pH:
H* could protonate the (week base) ligand

OH- could form hydroxo-complexes/hydroxide
precipitate with the metal ion

Endogenous metal ions and ligands in ,real systems”. almost unlimited
number of competitors

One can not calculate conditional constants by
hand

Model calculations need suitable data (logf,, , logB_
pL (solubility product), pH, pE, temperature

(Could be good for planing experiments also!)



Modelling

uery for Inorganic Chem., Uniy. Debrecen, Hungary

In conperation vtk the
Royal Society of Chemistey

( Stability Constants Databases -
NIST and IUPAC)




Modelling

"'ﬂMain Window : SCQuery for Inorganic Chem., Univ. Debrecen, Hungary = |EI|£|

File Ligand List Metal List Reference List Experimental Details  Experiment List  Browse Database indows Help

I Specify Metalsl Specify Heferencesl Specify Experimental Detailsl Eiru:uwsel E=periment Listl

Enter an empirical formula, ligand name or a CAS number in - Finished with Ligands 7 zelect another tab e.g. Specity Metalz
the boxes on the right, or choose a ligand clazs from a claze  [if specifications are complete, select the 'Experment List' tab]
lizt, or draw a ligand structure, or any combination of thesze,
Click on Search to zee all matching ligands in the list below,

E mpirical Farmula ZIEEHSHSDE* ?

Method of Matching——— Mame [zhaortfull]: I*histidine*

Clear Ligand Specification| | ¢ Ewact™ Start © Any CAS Mumber - I

Clasz/ztructure; I

Search v |

[ Specify Class/Structure

Lizt containg £ higandz for empfrm : CEHIM30Z* name : “hishidine®

[double-click, or click right. on any ligand in the list for full details)
71-00-1 CeHSN302 Histidine Z2-Amino-3-(4'-imidarolyl)propanoic a
35526 L=9 CeHSNI0Z5 Thiolhistidine l-dmino-Z-(2-Mercaptoinidazole) -prop:

Reject non-Highlighted Ligands Highlight All Highlight Maone Irveert Highlights




Modelling

"'ﬂMain Window : SCQuery for Inorganic Chem., Univ. Debrecen, Hungary

File Ligand List Metal List Reference List

Experimental Details

=10l x|

Experiment List  Browse Database  Windows Help

Specify Ligands  Specify Metalz I Specify Heferencesl Specify Experimental Detailsl Ern:nwsel Experiment Listl

You can click on one of the metal groups in the side panel
or, for individual metal ions, type the name/s of metal ionz
it the edit box below the panel [e.g. Cu, Mi, Ag). Click on
Search to zee all matching metalz in the lizt below.

Clear Metal Specification I

Finizhed with bMetals 7 zelect anather tab e.g. Specify Ligands
[if zpecifications are complete, zelect the 'Experiment Lizt' tab)

Groupsz of tetal
[T Hydiogen ¢ Deuterium [~ Lanthanides

[T drw Metal lon [T Alkal Metals

Wwhile zearching, metal names

[T Own ketal Group [~ Alkaline Earths

are matched only from the start Search % b etal lons : I.;u_H_
Lizt containz 2 metalz for name : Cu++
Compare Conzstants ForTwo Metals
CLi+++ Click below torecord the list az
wour ‘Twn Metal Group' which
cah then be recalled by clicking
in the panel above.
Fecord Dwn Metal Group
Fieject non-Highlighted tetalz Highlight All Highlight Mone Irewert Highlights




Modelling

‘ﬂ Main Window : 5CQuery for Inorganic Chem., Univ. Debrecen, Hungary = IEI|5|

File Ligand List Metal List  Reference List  Experimental Details  Experiment List  Browse Database  Windows Help

Specify Ligandsl Specify Metalsl Specify Heferencesl Specify E:-cperimentalDetaiIsI Browse Experiment List |

{ﬂ\ FulliEisplay [zingle expt.] Ewperniment [ata o Frinter |

E{ Eondenzed Dizplay % [rata to Clipkboard for Bhumter |

Qi‘? M atch Specifications Expenment Data to Hisk ' [ata ta Elipboard for Spreadsheetl

Current zpecifications are :

= Relgad Esperiment List From Dizk & ligandsz : Hiztidine, T hiolhiztidine
2 metals : Cut+, Cus++

[no references specified)

[ho expenmental detailz zpecified]

Save Erpennment List Toolisk

The lizt far theze specifications will contain 81 experiments

Frotonate Experiment List

D Eaticel Experiment Lizt

(5 Cancel List/4ll Specifications




Modelling




Modelling

. "ﬂFuII Display of Data for Experiments i




Modelling

“']1 Full Display of Data for Experiments




Modelling




Modelling

.;‘.'ﬂFuI.I Disﬁléy ui’ Data f;r Experiments in List

T




Modelling

File Run Preferences Help

Medusa developed by Ignasi Puigdomenech at the Royal
Institute of Technology (KTH), Stockholm, Sweden.
(I.Puigdomenech (2000) “Windows software for the graphical
presentation of chemical speciation”, in: 2719th ACS National
Meeting. Abstracts of Papers, Vol.1. Amer. Chem. Soc., San
Francisco, Ca, March 26-30, 2000. Abstract I&EC-248.
http://www.kemi.kth.se/medusa). This program is free, it can be
down loaded from the web-site of the KTH or I. Puigdomenech




Modelling

o |- B |

E CuHis.dat - Jegyzettdmb -
Fajl Szerkesztés Formatum MNeézet Sdgo

3; 357 A,10
Cu 2+

His 2-

H +

OH - T [ S v TR T |
HHis - ) 01 (e ST O T 1
H2His ., 15.100, © 1. 2
H3His + , 16.786, 0 1 3
CuHis . 10,320, 1 1 O
CuHHis + i  A4.427, 1 i i
CuH2His 2+ T IziahEE T T @
CuHis2 2- .  1BaEE 1. E D
CuHHis2 - ., 23.058, 1 2 1
CuH2His2 A TR -
Cu(oH) + ., =-6.300, 1 o0 -1
cu(oH)?2 , -17.300, 1 0 -2
cufoH)3 - , -27.800, 1 0 -3
culoH)4 2- , -39.800, 1 0 -4
Cuz(oH)2 2+ , -10.380, 2 0 -2
Cuo(c) . STae20, 1. O 22
Lc, -9.0, 1.0, H4+,

T, 5.0E-06

T, 1.0E-05

LAV, -2.0 -10.0

The matrix and the constants are defined by selected
components and the equilibrium reaction being
considered!



Modelling

C:AUszers\ T amika\D esktopiMunka\MEDUSAACuHiz.

ofculs
0
|

Save as defaults




Modelling

’IE CAUsers\Tamika\DesktopiMunka\MEDUSAVCuHis.plt — | [=] &1
MENU
[Cu?*].or = 50.00 mM [His?>] o= 100.00 mM
Culisy?-
1.0

os L CuHHiso>-

CuH,His2*

Fraction

Distribution curves for the major species (e.g. >10 %)



Modelling

L C\Users\Tamika\Desktop\Munka\MEDUSA\Cuis.plt [E=EER
MENU
2+ % o r a2 =
(B2 e 50.00 mM 5 o (S 100.00 mM

Or CuH:Hisz_

H,His _
_dH:(—__uH_l—I B CuHHis> CuHis, 2"
P Miaray it
| 2 e
T R CuO(©)
g .. His<"
£ it
(8] i €
{j - ../
el >
o
| A
-6
-8 J ‘h\‘\-..
: ]
2 4 6 8 10
pH
=

Log ¢ — pH showing ,all species”. Numerical
values are also calculated.



Measuring of stability constants

Step-vice formation of complexes: [ML]

+ K, =
M+ L ML (M1[L]

Mass balance equaitions + measuring at least one equilibrium
concentration

Ty = [M] + [ML]
T =[L]+ [ML]

Several standard methods are known in case of fast equilibration and
moderate stability: [M] / [ML] ~ 1 (0.1 — 10) adjusted by the experimental
conditions (pH, concentrations of components etc)

 pH-potentiometric titration ( 2 <pH >12)

» UV-VIS spectrophotometry

» multinuclear NMR spectroscopy

* 1H-NMR relaxometry

* microcalorimetry

Serious limitations in case of slow equilibration and very large stability



Measuring of (moderate) stability constants by pH-potentiometry: H*

competition

Mr + HL= ML

—

Fast formation and dissociation

[H'lror
[Llror

[M™]ror

are known

Direct titration

9.5 -

7.5 A
pH

5.5 -

3.5

1.5

I — T T T
0.5 1.0 1.5 2.0

Vkon (ml)

N softwares:
The stabl.hty of various Fomplex PSEQUAD
species can be obtained
simultaneously. > SUPERQUAD <
HYPERQUAD
(10g KML’log Kl\P/lIHiLalog Kl\P/lIL(OH)J- > Q
logK, andlogK,, ) OFIULM

25The titration data is usually fitted °
with the use of the following

+ xH*

\

Slow formation and dissociation

“out-of-cell” technique

34
32
3 4
128 |
26 1
24 ¢
22
2

p!

001 002 Vi) 008 o 0.05
In most of the cases the stability
constants of the ML complexes can

be calculated.
(logK,,)

The protonation constant of the
complexes have to be determined

-

in a separate (direct) titration
- (logK,  ,logK,, ,log K}, andlogK

H

M,L * ML, * ML (OH); )



Determination of (high) stability constants : proton + metal ion
or ligand competition

M~ + HA + HL = ML + MA + x+yH"
M+ Y= + HL = ML + YL + xH

Direct titration when the ligand or the metal “Out-of-cell” technique when the ligand or the
exchange reaction is fast metal exchange reaction is slow

pH-potentiometric titration

Large number of protonation and stability constants must be known ion order to be able to calculate the
one that is under question.

H

log K, ,,log Ky, ,log K, ,log Ky, ,,10g Ky, on, log K}, ,logK,, ,log Ky, ,log Ky, o,

H;A?

UV-VIS spectrophotometry

* Fast formation and dissociation: direct titration Competition reactions Simple complex
or

* Slow formation and dissociation: “out of cell” method (metal or ligand exchange) formation

A=1 e,y eyt gya - Cya— ligand exchange

A=1 ¢,y ‘cpyptl ey oy =—= metal exchange

Even larger number of constants must be obtained very precisely.

log K, ,,log K, logK,, ,log Ky, ., 108 Ky, on, EMLs EMHL, EML(OHy €MAs EMHAs ©MA(OH)

H H H
log KHJ-L 2 log KYL 2 log KYHiL 2 log KYL(OH)J- SML’ SMHL’ SML(OH)’ gYL’ SYHL’ gYL(OH)’



Speciation of Zn%**- PCTA3Am - H* system

X
o Il _
HZN{ N
N

N
Satas
O
NH,
100 ZnPCTA3Am
vl Zn(PCTA3AmM)H 4
80 -
S 60 -
g
b5
g 40 -
(&9
20 -
Z/n(PCTA3Am)H
0 \Zn2+| T T B - n( 1 m) :
1.75 3.75 5.75 7.75 9.75 11.75



Competiton of PCT3Am and BIMP ligands for Zn*" ions

100 -

80 -

Fraction (%)
D
(@)

1

T
o
1

20 -

Zn(BIMP)>

ZnH(BIMP) >
ZnH,(BIMP) -

Zn(PCTA3Any

2 3 4 5 6 7
AN pH
o I _
|_|2NA<—N " N
N )t

VS.

Species logp3
HPCTA3AmM 9.53
H,PCTA3AmM 13.73

HBIMP 9.33
H,BIMP 15.83
H,BIMP 18.36
H,BIMP 20.36
H.BIMP 21.78

ZnPCTA3AmM  14.74
ZnPCTA3AMH_; 5.90
ZnPCTA3AMH_, -5.54

ZnBIMP 15.94
ZnBIMP 18.08
ZnBIMP 20.04
Zn2BIMP 17.55
OH- -13.815

o)
I
HOOC/\N/\IID/\N/\COOH

HOOC " Ncoow



Competiton of PCT3Am and BIMP ligands for Zn*" ions

VHCI (mL)

Zn — BIMP — PCTA3Am competition reaction followed by pH-potentiometry [Zn?*] = [PCTA3Am] =2 mM
[BIMP] = 4 mM ([HC1]=0.2188 M).



Competiton of PCT3Am and BIMP ligands for Cu?* ions

0.4 -
Cu(PCTA3Am)?%*
[BIMP] ( ) | N
\/ O _
HZN{K(Nj\
0.3 - N N
NS ),
oﬁ) O
NH,
202 - L
20.
VS.
0.1 1 v
0.
Q
HOOC/\N/\FI’/\N/\COOH
0 l l l l l I HOOC OH Ncoon
550 600 650 700 750 800 850
Wavelength (nm)

Cu - BIMP — PCTA3Am competition reaction
1. [Cu(PCTA3Am)] (4 mM); 2-8. [Cu(PCTA3Am)(BIMP)] (2. 0,5mM; 3. 1,0mM; 4. 1,5mM;
5.2,0mM; 6. 2,5mM,; 7. 3,0mM; 8. 3,5 mM BIMP) 9. [Cu(BIMP)] (4 mM)



Optimal Ln-complexes from thermodynamic point of view

- High (as high as possible) thermodynamic stability

Tuning stability (as high as possible) playing with
-quality and number of donor atoms
-structure of ligand (open chain or MC)

- basicity
-rigidity etc

One can not forget other requirements as effectiveness, inertness,
price etc.



Kinetics: basic principles (lons in Solution by J. Burgess, Ellis Horwood Ltd.
Chicester, 1988).

% E_p
Ax & ':i_L\ C+D Y
~ k"b
by
Ch. 8] Kinetics and thermodynamics ’ 107

Table 8.1 — Thermodynamic and kinetic data relating to cyanide exchange at cyano-
complexes of transition metals

Complex I log1ofn Mean k(*CN~ exchange) (s™1)
AH(M-CN)
(kJ mol ™) fast . slow
[Mn(CN)]*~ -24 >1072
[V(CN)el*~ -3 =10
[Co(CN)s]*~ 19 - 43 >1072
[Cr(CN)q]*~ - 44 >1072 D
[Mn{CN)e]>~ 2x10~*
. [NI(CN)LJ 31 - 45 >0
[Cr(CN)eF = ix 10_:”
[Fe(CN)e}*~ 34 - 60 <10
[PL{CN)4]*~ 35 1.2%1072
[Pd(CN)J*~ 42 —96 =102 !
[Fe(CN)g]*~ 44 —49 <107®

[Co(CN)el*~ 64 _ <107¢



Water exchange

Stable vs. unstable (thermodynamics)

Inert vs. labile (kinetics)

Gd(lll) complexes: the importance of
kinetic and thermodynamic stability

Should be as:

Gd(lll) complexes: the importance of

112

Il n
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kinetic inertness and thermodynamic

stability

Fig. 9.1 — Rate constants for water exchange,
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SOIVent eXChange Sec. 9.2] Mechanisms L1

Table 9.3 — Activation entropies as a guide to solvent exchange mechanisms

Cation Solvent® AS* (J K 'mol™!) Mechanism
Be** T™U +16 dissociative
DMSO =32 T
TMP _54 ] associalive
AP* water +42
DMS0 +22 diasotait
TMP +37 issociative
DMF +43
Ga* water +30
DMSO + 4 dissociative
DMF +46 '
In** water —96 5
TMP 113 ] associative
Scit TMP —126 3.
DMA 132 associative
ThMU +48 dissociative
Tm'" DMF +10 dissociative
+ L i
cr Egﬁ? __jg ] associative
Fe’* water —54 -
MeOH -31 assm;iativa s
DMSO =43 ). :
Pd** water —24 associative

«Solvent abbreviations as Table 9.3, plus: DMA dimethylacetamide; DMF dimethyl [ormamide.

determined for exchange of a coordinating solvent in an appropriate diluent. The
form :



Mechanisms of solvent exchange (A. Merbach)
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Kinetics and mechanisms: complex formation

10.1 BACKGROUND -

The formation of a metal complex from a solvated metal ion and a ligand is, like
solvent exchange, a special case of substitution (Fig. 10.1). Itis aspecial case which is

SUBSTITUTION: GENERAL
ML;L' +L"— MLoL" + L’
8. [Fe(CN)5(NH,)J~ +py— [Fe(CN)(py) '~ + NH,

SUBSTITUTION: SPECIFIC
Solvent exchange
MSZ* + "5— MS,*5™* +5
e.g. [Al[OH)y]** 4 *OH, — [AI(OH,),("OH,)* + OH,

Complex farmation
MSZ* + L M5.L"* +5 .
e.g. [Ni{OHy)y** + Br~ — [Ni(OH,);Br]* + OH,

Agquation or solvolysis
MLL'+5—+ML,S+L'
¢-g- [Co(NH,)sCI** + HyO— [Co(NH,),(OH,)** +C1~
Ligand exchange
MLE* + "L— ML, "L"* + L
c.g: [Fe(CN)g]*~ + "CN- — [Fe(CN)(*CN)]*~ + CN~

Fig. 10.1 —Types of substitution reactions at complexes.



Eigen-Wilkins mechanism

Sec. 10.2] The Eigen-Wilkins mechanism

Ko k;
M(OH)1* +L = M(OH,)t*, L — M(OHg),—; L™ + H0.

General rate law:
d[MLH i ] - KoskiEM" i ][Ll
dt 1+ K (L]

Under usual experimental conditions, [Mr*]=[L):
d[ML**
P LUAS S

Whenee:
kf = Koskl.

Fig. 10.3 — Complex formation: mechanism, equations, and kinetics.
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Eigen-Wilkins mechanism: Ni2* complexes

128 Kinetics and mechanisms: complex formation [Ch. 10

Table 10.1 — Rate constants and pre-association constants (defined in the text and in
Fig. 10.3) for formation of complexes from Ni?*aq, in aqueous solution at 298.2 K

Measured Estimated Derived

Ligand 107%{M~'s"") K, (molarscale)  10-3(s~})
N-Methylimidazole™* 0.23 0.02 12
Imidazole H* 0.3 0.0z 15
Ammonia 5 0.15 33
Hydrogen fluoride 3 0.15 20
Imidazole 2.86.4 0.15 19-43
1,10-Phenanthroline 4.1 0.15 26
Diglycine 21 0.17 12
Fluoride = 8 1 8
Acetate™ 100 3 . 30
Glycinate™ 20 2 10
Oxalate H™ 5 2 3
Oxalate?~ 75 ; 13 G
Malonate®~ 450 » 85 5
Methylphosphate?~ 290 409 7
Pyrophosphate?~ 2100 88 24
Tripolyphosphate®*~ 6800 570 12

Cf. Water exchange , 30

" “In this favourable case K, was derived from the kinetic results.



SCS mechanism for
bidentate ligands
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SCS mechanism for
bidentate ligands

134 Kinetics and mechanisms: complex formation [Ch. 10

Table 10.7 — Kinetic data relating to the SCS (sterically controlled substitution)
mechanism for formation of chelate complexes; all rate constants are in units of
M~1s~!, at 298.2 K in aqueous solution

Cobalt(IT)

water exchange; 2% 108

complex formation with

monodentate ligands: uncharged =11o3x 10¢

charge 1 — ~11to3 x 10¢
5-membered
rings: glycinaie~  «-alaninate™  a-aminobutyrate™ iminodiacetate? -
HyCCH
0 H4C ) 3 2 0 0
.: :/. HM
H;N O H,N ©° HN O o7,
2x 108 2x 108 2.5%10° 1x 107

G-membered
rings: f-alaninate™ f-aminobutyrate

iminodipropionate? -

N °
HaN O~ H,N.  ©O7 HN 07|,
1 % 10° 2= 107 Iixley
Copper(II)
water exchange: 4x10°
reaction with: ammonia 2to0 20 x 10%
pyridine ]
imidazole

5-membered-ring: e-alaninate 10 x 108
G-membered-ring: f-alaninate 2 % 108
T-membered-ring: L-carnosine® 5 x 104

“L-carnosine e
i HE W

\:‘_(GOE

NHCOCH,CHZ NH;




Polydentate and macrocycle ligands

Sec. 10.4] Polydentate and macrocyclic ligands 137

Table 10.10— Rate constants, k(M ~'s 1), for formation of macrocyclic complexes
from Cu?*aq and tetrathiamacrocycles: in 80% methanol at 298.2 K

5 5 5 5
Ligand (LLLL) Es 5] = Es’_\sj
e ST T
Talcgs
™
ky for Cu?*ag + LLLL ~10¢ @ l1todx 104 0.12 x 104
*Estimated.

138 Kinetics and mechanisms: complex formation [Ch. 10

Table 10.11 — Rate constants for formation of copper(Il) complexes of rigid
macrocyclic ligands; in aqueous solution at298.2 K

ke (M~1571)
deuteroporphyrin-2,4-disulpho-

R! _ GHy nic acid dimethyl ester 4.3

H,yC R? R!=R?*=80,H
R*=R*= CH,CH,CO,CH,
HyC CHy
g pel haematoporphyrin IX £ 0L
A R!=R?=CH(OH)CH,

R®=R*= CH,CH,CO,H

meso-tetraphenylporphine
(S derivatives) 0.001 to 0.02

‘picket fence’ porphyrin 5.67

Bt
fg iy

—~HNCO  €O,H

“First-order rate constant (s~} for intramolecular inco rporation of Cu®* into the porpliyrin ring, i.c. for; -

O il
k Lo mo— 0 4=
. I 0.6y-0 09 .0
O _— @ — @ #2H*

L1E

<y |
~ % M ¢
<



Effect of rigidity on rate constants (of the rate determining step)

Table 10.15 — Effects of ligand rigidity on rate constants (k (s~!)) for the slower
stage® in the formation of 18-crown-6 complexes of Na*, in NN-dimethylformamide

at313 K
T R
S R e
o] K Rl
k = 3.5 % 10% 2 % 108 <1x10°

*The fast first stage, invelving initial bonding of the crown ether to the Na*, has k;between 4 and 6 x 108
M=" 5= for these three liganids.

Table 10.16 — Rate constants, k; (M~? s~1), for formation of cryptates of alkali
metal cations; in methanol at 298.2 K

[211) (221] [222]
Li+ 4.8 % 10° 1.8%x107
Na* 3.1 % 10 1.7 x 108 2.7 x 108
K+ . 38x10° . keI
Rb* = 4.1%10° : 7.6%10%

Cs* ~5x% 108 ~0x 108




Kinetic studies on Ln(IIl)-ligand systems

Kinetic studies

Type of the ligand: / l \

Formation Metal exchange Dissociation
%) %)
open chain too fast (pH>2) measurable (pH=4-6) too fast (pH<2)
T \ble (pHi=d-6
too sl H=1-3 measurable (pH=4-
00 slow (pH=1-3) casurabe (=4 o (o)
macrocyclic measurable (pH=3-7) In the presence o
large [LnL] excess measurable (pH<1)
fast (pH > 7)
Methods: Detection:

UV-VIS (Ce** and
on the metal ion —{ Eu?)
Relaxometry (Gd3*)

Stopped-flow (UV-VIS)

fast — {
Rapid mixing unit (UV-VIS)

UV-VIS
intermediate — Luminescence
UV-VIS
Relaxometry . -
on the ligand { NMR

UV-VIS

slow ——— {NMR (relaxometry)



Formation kinetics of the MC complexes

Two cases were observed:

a. Formation of Ln(Ill) complexes of simple DOTA-tetraamides (e.g. DOTAM, DTMA, ...)
which is a simple second order reaction between the Ln** and the deprotonated ligand.

Ce3* + DTMA — [Ce(DTMA)*]
For the DTMA ligand (R; = -CH,, R, = -H)

log K;H =9.56 and log K, = 5.95 0 [N Nj 0
log Ky, =12.68 (Ce®*) +13.91 (Yb>*) Q Ny N 9
__/
NRjR,
0.40 -
0.30 -
10. - 401 min.
£ 0.20 -
0.10 -
1. -1 min.
0.00 . . .
220 260 300 340

Wavelength (nm)

Formation of [Ce(DTMA)J?* as a function of time (C.,= C; = 5x10* M in NMP buffer (Cypp =
2.5x10-2 M) with pH = 5.26).



Formation kinetics of the complexes

Dependence of the formation rates on the Ln3* ion concentration:

0.02 -
. d[LnL], g

dt obs[L]t

0.015 -

k obs (S-l)
\\

0.01 A

v =Ik,[M][L]+k [M][HL]+

0.005 -
=== +kIMIH,L
0.006 0.008 0.01 0.012 0.014

Cce (M)
o - M0 + kK'[H]+kK'K'TH'T)
™ 1+K[H ]+ K'K[H'T
Since the fitting returned negative values \ ko [M]

for k; and k, the reaction of HL and H,L

k =
were neglected obs 1+ KlH [H+ ] n K1H K2H [H+ ]2



Formation kinetics of the complexes

b. Formation of Ln(Ill) complexes of macrocyclic ligands bearing negatively charged side
arms (e.g. DOTA, DOTP, DOTA-4Gly, DOTA-4AMP ... ) proceeds via the formation of stable
intermediates (protonated complexes).

Ce3* + H DOTA == [Ce(H,DOTA)*] + (<2)H'>, [Ce(HDOTA)] -> [Ce(DOTA)}
- _H+

2 min
1.2 4 Ce(H,DOTA)"
) 10 min
20 min

77/\N/_\N/\X<
(] A

0] O
N N 55 mi
)X\/ \ / \/Z< i 4 min
HO OH 08 = eq.
/ Ce(DOTAY

For the DOTA log K;H=12.¢ 0.4

log K,H1 =9.70, log K;H = 4.5

and log K,/1 =4.14

lOg KML = 23.0 (Ce3+) + 24. 0 T T T T T =

(Yb3) 230 250 270 290 310 330 350
Wavelength (nm)

HO OH
O O

Ab

Formation of [Ce(DOTA)] as a function of time (C,= C; = 5x10~* M in NMP buffer (Cyyp =
5.0x10-2 M) with pH = 4.39).

Briicher, E.; Laurenczy, G.; Makra, Zs. Inorg. Chim. Acta 1987, 139, 141.



Own memories from the last century

4070 Inorg. Chem. 1994, 33, 40704076

Kinetics of Formation and Dissociation of Lanthanide(III)-DOTA Complexes

Eva Téth, Erné Briicher,’ Istvin Lizér, and Imre Téth

Department of Inorganic and Analytical Chemistry, Lajos Kossuth University,
Debrecen H-4010, Hungary



Ln** + HDOTA = Ln(H,DOTA)* + (i - 2)H" (3)

low slow
Ln(H,DOTA)* — Ln(HDOTA) — Ln(DOTA)™ (4)
-H* =H*

4074 [Inorganic Chemistry, Vol. 33, No. 18, 1994
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Figure 4. 'H-NMR spectra of DOTA in the presence of Gd**. cpora
=002 M;pD = 38;c04=0(1), 5 ¥ 10 M (2), I X I0* M (3), 3 %
104 M (4), 1 X 10* M (5),and 2 % 10~ M (6). &(acetate CH;) = 4.5
ppm; &(ring CH;) = 1.6 ppm.



Why do macrocyclic ligands form complexes with metal ions slowly?

% \&
H,DOTA?- (pre-organized) Intermediate Ln(H,DOTA)*

slow step, requires
deprotonation and
rearrangement

Ln(DOTA)" formed



Approximate half-lifes of the intermediates

At pH =4.41in 0.001 M solution of CeL

=

NN
Hooc ) ( COOH
HOOC  COOH

[Ce(CDTA)] t;,,<0.1 sec.

Hooc4 /—\>7COOH
N N

L
HOOC4<\—/)7COOH

[Ce(DOTMA)] t,,,> 100 h.

HOOC—\ T\ /—COOH
N N

L

N N
Hooc— “— \—COOH

[Ce(DOTA)] t;/,~ 12 min.

HOR Nl ~ POsH

NH HN

[Ce(DOTA-4AMP)]>
thermodynamically practically
stable under these conditions



Formation kinetics of the complexes

N d[LnL]
o ¢ L= k L
dt anlL,

0.05

< 3+
002 - k K. [Ln"]
0.01 - 0 S 3+
Ceuany (MM) k
k, =——-=k,,[OH"]
k,,s vs. [Ln®*] - saturation curve !!! [H ]

Ky, is the conditional stability constant of the accumulating intermediate, LnH L, and k,

is the formation constant at the given pH.



Dissociation of the complexes

kL*LnL
L*LnL —— LnL*+L (3)
Ln3* + HL Ko || L*
’ ‘m S k
LnLH ——==  LnL =—t= p3*+L (1)
H+ KLnL
Kinim || Mz
LnLM Konim (4)
Il n Ln3* + ML
- e
dt
[LnL] =[LnL]+[LnHL]+[LnHL][H" ]+ [LLnL*] +[LnLM]
+ K" [LnHL][H ]+ k.., . [L*LnL]+k, . [LnLM]




Tuning the kinetic inertness of the complexes by making the
ligands more rigid

HOOG NﬁOﬂN - I"000\_,(\ O/HN
K/)N ) cooH VS K/)N

HOOC

COOH

HOOC

Ln(OXAAZA) + M?* == M(OXAAZA) + Ln®

" k
0
6 0 ILn. —— Ln+L
5 '®) KHML
K o ki
o 47 5 LnHL — Ln+HL
33 o
=, 5 d[LnL],
YbL = kd[LnL]t
© dt
1
o
0 o o o EuL
0 05 1 15 2 2.5 3 kq =k, + k;[H*]

Cheix10° (mol/dm?®)



Tuning the kinetic inertness of the complexes by making the
ligands more rigid

Gd(p-NO,-Bz-OXAAZA) + Zn?*

Zn(p-NO,-Bz-OXAAZA) + Gd**

12 - ko
In. —— Ln+L
10 - o
GdL Kt
‘TA 8 i kl
o LnHL — Ln+ HL
o
% ©
2 O
< d/LnL
‘- _d . L _ [LaL]
t
2 - @
o)
0 1 1 1 ) ) ) kd =k0 + kl[H+]
0 0.5 1 1.5 2 25 3

Cuax10°(mol/dm?®)



Tuning the kinetic inertness of the complexes by making the

ligands more rigid

Ligand Ln* Ce3* Eu’* or Gd** Yb*
k, s (5.9£0.4)x10"7 (1.4+0.3)x10” (2.0£1.2)x10”7
OXAAZA
k, Mgl (0.22+0.01) | (1.1940.06)x102 | (4.05+0.08)x102
p-NO,-Bz- k,s™ - (6.1+0.7)x108 -
OXAAZA k, Mg - (3.7+0.4)x103 -
kys™ - not detected -
k Ms? - 0.58 -
DTPA! k, M1 - 9.7 x10-4 -
ks M1s (K By, k,Cu _ 4.9 x10%0.93 and 5.6 _
and k,*") x10%

a). i). L. Sarka, L. Burai, E. Bru'cher, Chem. Eur. J. 6 (2000) 719-724.




Optimal Ln-complexes from kinetic point of view

v" Possible quick complex formation

Engineering point of view (i.e. cheaper for Gd ), but essential for some short

lived radioisotopes
Easy(er) characterisation of the complex, good for students...

v Non-toxicity, i.e. high thermodynamic stability and kinetic inertness (i.e.

slow dissociation)

Ideal case: no any dissociation of LnMC before the complete excretion

D
Q=



Some useful references
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and 252

3. R. Delgado, J. Costa, K. P. Guerra, L. M. P. Lima, Lanthanide complexes of macrocyclic drivatives useful for
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metal complexes of complexones for biomedical and environmental applications, Pure Appl. Chem., Vol. 77,
No. 8, pp. 1445-1495, 2005.

5. P. Hermann, J. Kotek, V. Kubicek, I. Lukes, Gadolinium(iii) complexes as MRI contrast agents: ligand design
and properties of the complexes, Dalton Transactions Vol. 23, 3027-3047, 2008.

6. Review journals like:

Chemical Society Reviews: http://www.rsc.org/publishing/journals/cs/article.asp

Chemical Reviews: hitp://pubs.acs.org/journal/chreay

Coordination Chemistry Reviews:

http://www.elsevier.com/wps/find/journaldescription.cws _home/500845/description#description

Pure and Applied Chemistry: hitp://www.iupac.org/publications/pac/index.html




Who is the expert? / definition of expert

Logos Quotes
<quotation@logosquotes.org

Date: Fri, 01 Sep 2006 18:26:58 +0200
Author - Niels Bohr (1885-1962)

An expert is a man who has made all
the mistakes which can be made in a
very narrow field.

Bohr and Einstein debating
quantum theory at Ehrenfest's
home in Leiden (December
1925).
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