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Parameters for the commercially available modeling package SYBYL have been developedfao@glexes
allowing these to be studied with molecular mechanics. With these parameters and a technique termed the
“coordination scan”, the coordination numbers of Gd(lll) based complexes can be predicted, and thus the hydration
numberqg determined. Knowledge af has allowed the prediction of molar relaxivities based on correlations to
literature values. In addition, the calculated vahig;.orq Was found to successfully predict the thermodynamic
stability constants for polyamino carboxylate ligands witlPGdGadolinium complexes are commonly utilized

as MRI contrast agents, and thus the techniques utilized in this work should aid in the development of new
contrast agents.

Introduction near the ion, through interactions between the electron spins of

Magnetic resonance imaging (MRI) has become one of the the paramagnetic center and the proton nuclei. The relgxivity,
primary imaging modalities in modern medicine. With the wide ©nhancement of proton relaxation rate, of a paramagnetic agent
spread use of MRI has come a demand for efficient paramag-an be divided into two parts, the outer-sphere relaxiviy) (
netic contrast agents, used to enhance the contrast betweefVolving long range interactions with the bulk solvent, and
normal and diseased tissue, or to indicate specific organ iNNer-sphere relaxivityR;) governed primarily by the exchange
functions! Future developments in this field will require the ~Of water molecules bound to the paramagnetic ion with the bulk
development of agents targeted to specific organs or evenehvironment. The observgd relaxivity is the sum of the inner
specific disease states. Research has focused mostly ornd outer sphere mechanisms.
complexes of the paramagnetic ions gadolinium(lll), iron(lll),
and manganese(ll) due to their high magnetic moments and Rps= R+ R, 1)
proton relaxivities. Current MRI contrast agents in clinical use
are polyamino carboxylate complexes of gadolinium, .. The inner-sphere interactions can be modeled using the
MAGNEVIST (GdDTPA, Berlex Laboratories), OMNISCAN — go/omon-Bloemberger-Morgan (SBM) theory, a simplified
(GADTPA-BMA, Nycomed), ProHance (GdHP-DO3A, Squibb), yersion is shown in eqs-24 144
and DOTAREM (GdDOTA, Guerbet).

Since the number of suitable nuclei for use in MRI contrast M
agents is limited, new agents with improved properties will R, = _qﬁ) _ 1 2)
depend on the choice of the ligand used to complex the 55.6/\Tum + 7y

paramagnetic ion. The overall charge, thermodynamic and

kinetic stability, lipophilicity, and even the maximization of 1 22 2 —§
inner shell solvation can all be affected by ligand design. In T~ hsy g ug™S(S+ 1
regards to developing new agents, it would be desirable to

T, 3t

+ Cc
1+ wst? 1+ 0t

predict these properties for a given complex prior to a lengthy )
synthetic effort in order to bypass complexes with undesirable . . . .
properties, such as loim vivo stability toward dissociatiof3 T, =Ty tTy 1R (4)

Computational methods provide a method for understanding
structure and its relation to function; thus, the development of The M is the concentration of the metal complax,is the
force fields and techniques for modeling Gd(lIl) complexes will - hydration numberTy is the longitudinal relaxation time, and
provide tools for the design of new contrast agents with 7, the mean residence time of the waters on the metal center.
enhanced properties. The correlation time. depends on the residence timg, the
Paramagnetic metal ions function as contrast agents by electronic relaxation times, and the rotational tumbling time
increasing the relaxation rates of the observed water protonsef the entire complex;z. The remaining variables in eq 3 are
proton magnetogyric rati@, Landefactor; ug,

T Present address: IBC Advanced Technologies, Inc., 856 East Utah as follows: y,

Valley Dr., PO Box 98, American Fork, UT 84003. Bohr magnetonS spin quantum numbeds, electronic Larmor
® Abstract published i\dvance ACS Abstract®yovember 1, 1996. frequency;w,, proton Larmor frequency.
(1) Lauffer, R. B.Chem. Re. 1987, 87, 901. - . "
(2) Weinmann, H.-J.; Brasch, R. C.; Press, W. R.; Wesbey, GnE.J. For compl'e?(es of similar size anq composition the outer
Radi. 1984 142, 619. sphere relaxivityR, values are approximately the same. Thus

(3) Cacheris, W. P.; Quay, S. C.; Rocklage, S.Mign. Reson. Imaging  the observed differences in relaxivities are due primarily to the

@) a%agrghégzeleted on revision. inner-sphere contributioR;. Improvements in the relaxivity

(5) Reference deleted on revision. of MRI contrast agents will therefore depend largely on

(6) Polnaszek, C. F.; Bryant, R. @. Chem. Phys1984 81, 4038. improvements in the inner-sphere relaxivity.

(7) Allinger, N. L. Adv. Phys. Org. Cheml976 13, 1. . .
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force field (VFF) method. In the VFF method alHM—L A for water and 2.310 A for nitrato groups. In addition to bond
bond angles are defined by ideal bond angles and force lengths, several angles, including#®—M and N-O—M, were
constants. The second approach is the points on a sphere (POSjssigned equilibrium values as were the-l0-O—M and
method. In the POS method the methdand interaction is O=N—0O—M torsions. Sommerer and co-workers have utilized
modeled similar to the the VFF approach (ideal bond angles a similar approach, although they treated the Gd{lll)oonds

and force constants); however no force constants are applied toas purely electrostatic, to examine the structure and bonding of
the L—M—L angles, and the geometry about the metal center a Gd(lll) Schiff base comple¥

is thus defined solely by steric repulsions between the donor Recently, Cundari and co-workers have reported the develop-
atoms. The third method is the ionic approach; this method ment of a force field utilizing Hay’s approach for Gd(lll)
models the metalligand interaction entirely with nonbonded complexes® This involved the development of numerous
van der Waals and electrostatic forées. Gd—L equilibrium bond lengths, XL—Gd angles, and numer-

In both the VFF and POS approaches, one of the most ous torsion angles. Their force field was then used to model
important parameters required for reproducing experimental several Gd(lll) complexes ranging from GdEDTA to Gd-
structures is the ideal ML bond lengths; unlike organic  (Texaphyrin), with excellent agreement (within 3% of bond
molecules the ML bond stretching force constants are not lengths and angles and within 5% for torsions) to experimental
critical, and often an average value suffiégs.Ab initio structural data.
calculations as well as spectroscopy can also be utilized in the In an attempt to develop tools useful in designing new MRI
development of new parameters, particularly in evaluation of contrast agents, we have undertaken the development of MM
M—L bond stretching force constants. With the VFF approach, force field parameters and techniques useful for the design and
parameters for all possible angles and torsions have to devel-evaluation of Gd complexes. Ideally these techniques would
oped, in addition to new atom type designations which allow allow for the prediction of the number of waters bound to the
for the description of these angles. Gd, which relates to the overall relaxivity, as well as an

Fossheim and Dahl reported a method for correlatingdog  estimation of the complex’s thermodynamic stability. The
values to molecular energiés!?2 They utilized an ionic development of such tools should lead to the rational design of
approach with all GeL bonds treated as purely electrostatic improved MRI contrast agents.
interactions. Their work was computationally intensive with
all atomic charges calculated though initio methods. In this Computational Methods
work, they were able to correlate calculated energies with the

log K values for GADOTA, GdDTPA, GdDO3A, GADTPA- Force Field Development. All computations were performed with
BMA, GANOTA, and several other complexes. This method the commercially available modeling package SYBYlunning on a
required the calculation of the aqueous reaction en&gy Silicon Graphics Indigd '_I'he _fqrce field (TAFF) used'in this package
which was defined as follows: models molecules by minimizing the total energywith respect to
the following equatior®
Er,aq EML EL * Ehl + Eh2 (5) E=3Ey+ YEpena™ onop+ 2 Eiors T 2 Evaw (6)

tT]ere Ew IS thfe t?]ne;gy 01‘|.the gomptlﬁx in the %aa‘; ph.ﬁfrlls HereEs is the energy of a bond stretched from its natural bond length,
€ energy o € free ligand in the gas p & IS he Epena is the energy of bending bond angles from their natural value,
hydration energy of the free ligand, aiig; is the hydration Eoopis the energy of bending atoms out of plafeg,s is the torsional

energy of the complex. As expected the primary contribution energy, ande,qw is the energy due to van der Waals interactions. The
to E aqwas the electrostatic interactions between the cation and overall energyE consists of these sums extended over all the bonds,

ligand. bond angles, torsions, and nonbonded interactions for all atoms not
Kumar and Tweedle, investigating the effect of ligand basicity bound to each other or to a common atom. _

and rigidity on the rates of formation of the Gd complexes of A POS method was utilized in the modeling of the Gd(lll)

polyaminocarboxylate macrocycles, latter suggested that theComplexes, the parameters developed for the TAFF force field are found

ligand strain energyEq, defined aSE|, — E, whereE, . is the in Table 1. These parameters are the minimal number required for

energy of the ligand iﬁ’the complexf’:lEdis’the energ;y of the modeling the Gd complexes reported in this work. Parameters not

f i d det ining factor i lex f ® explicitly shown in Table 1 utilize the default parameters of the TAFF
ree ligand, was a determining factor in compiex 1ormation. . ¢, .o figjq10 These parameters were derived from a total of 12

Their postul_ated meghanism for complex_formation involves a gadolinium complexes, GA(EDTAY,Gd(DTPA-BEA)2: GADOTA 2
protonated intermediate Gd(*HL), which is then deprotonated GdDOTA-OH2 Gd(DO3MA)?* GdHP-DO3A Gd(HAM),2 Gd(18-
and reorganizes to give the final complex in the rate-determining

step. The calculated strain energies, acting as a measure 0f15) Sommerer, S. O.; Westcott, B. L.; Krause, J.; Cundari, TinBrg.

ligand rigidity, corresponded to the measuk@* values of L Chi"&- A_Ct?lg%MZO% 10é-w_ | hemi
this process. The\G* values for GANOTA, GdDO3A, and (10 3?4“”59""8%' - R.; Moody, E. W.; Sommerer, S. Borg. Chem-1995
GdDOTA were determined and compared to the calculated (17) version 6.1, Tripos Inc., St. Louis, MO.
ligand strain energies. An excellent linear correlatiof =€ (18) SYBYL 6.1 Theory Manual, p 48.
0.999) was found suggesting that the reorganization of the (9 gggk'lg"'égamer' R. D.; Van Opdenbosch, N.Comput. Chem.
intermediate is controlled by the rigidity of the ligand. (20) Templeton, L.; Templeton, D. H.; Zalkin, A.; Ruben, H. \Acta
In 1991, Hay published a POS approach toward the MM Crystallogr., Sect. B: Struct. Scl982 38, 2155.
modeling of lanthanide(lll) aqua and nitrato compleXedday (21) Konigs, M. S.; Dow, W. C.; Love, D. B.; Raymond, K. N.; Quay, S.

. s C.; Rocklage, S. MInorg. Chem.199Q 29, 1488.
assigned the Gd(lltyoxygen equilibrium bond lengths as 2.25 (22) Chang, C:g A Francegsconi, L. C.. Malley, M. F.; Kumar, K.

Gougoutas, J. Z.; Tweedle, M. F.; Lee, D. W.; Wilson, Llnbrg.

(9) Hay, B. P.Coord. Chem. Re 1993 126, 177. Chem.1993 32, 3501.

(10) Hancock, R. DProg. Inorg. Chem1989 37, 187. (23) Aime, S.; Anelli, P. L.; Botta, M.; Fedelli, F.; Grandi, M.; Paoli, P.;
(11) Fossheim, R.; Dahl, S. Gcta Chem. Scand.99Q 44, 698. Uggeri, F.Inorg. Chem.1992 31, 2422.

(12) Fossheim, R.; Dugstad, H.; Dahl, S.lGMed. Chem1991, 34, 819. (24) Kang, S. I.; Ranganathan, R. S.; Emswiler, J. E.; Kumar, K
(13) Kumar, K.; Tweedle, M. Flnorg. Chem.1993 32, 4193. Gougoutas, J. Z.; Malley, M. F.; Tweedle, M. lRorg. Chem1993

(14) Hay, B. P.norg. Chem.1991, 30, 2876. 32, 2912.



Gadolinium(lll) Complexes

Table 1. Gd(lll) Parameters for SYBYL

Gd Atom Definition
valence electroneg atomic weight temp factor VDW radius

9 25 157.25 17.73 3.208 0.1
Bond Length Parameters
force const

LforGd—L bondtype equillength (&) (kcal moltA-1)

N sp? 1 2.616 100

N secondary 1 2.68 100

N tertiary 1 2.695 100

N sp arom 1 2.630 100

Osp 1 2.420 100

O sp 1 2.397 100

Angle Parameters
force const (kcal maleg?)
0

angle definition
* _Gd_*

equil angle (deg)
90

Torsion Parameters

force constant

atom1l atom2 atom3 atom4 type(kcal mol?) periodicity
Osg Csp Osp Gd 1 1 -2
Csp Csfp Osp Gd 1 1 -2

crown-6)?’ Gd(DO3A)?2 GABOPTA?E Gd(DTPA-pn), and Gd(DTPA-
en)?® The most critical parameter found to affect the metal complex
structures was the TAFF bond stretch. This parameter determines th

(average positional rms= 0.3624 A). In all cases, the effects of

electrostatics were ignored so that the metal complex structure is

determined solely by steric effects.
Coordination Scans. Hancock and co-workers have successfully

utilized molecular mechanics to determine the relationship between

ligand selectivity and metal ion si2&3%-32 The technique utilized in

these studies is the calculation of the complex strain energy as a function

of the M—L bond length. This is accomplished by modeling the
complex with a generic metal while varying its ionic radius. The

resultant curves give a minimum energy which corresponds to the best-

fitting metal ion radius. A highly selective ligand for a particular metal

would possess a steep curve with a minima close to the ionic radius,

conversely a shallow curve would suggest that the ligand is non-
selective in its metal binding.
A related technique is the “coordination scan”, wherein similar curves

are generated by minimizing complexes with various numbers of water

molecules coordinated to the metal ion while changing thelLNbond
lengths®® The preferred coordination number of the metal is determined
by the position of the ionic radifin relation to the location of the
intersection points.

€
equilibrium bond length between the metal and donor atoms, as well
as the ease with which this bond can be stretched. The parameters i
Table 1 were found to reproduce the crystal structures reasonably well

n

Inorganic Chemistry, Vol. 35, No. 24, 1996015

numbers by covalently binding the appropriate number of waters to
the metal. An important point to note is that SYBYL calculates water

as having a strain energy of 0.00 kcal/mol; thus the waters added to
the complex add no energy other than steric interactions with the ligand.

The Gd(lll) ionic radius was effectively varied by systematically
altering the Ge+-N and Gd-0O equilibrium bond lengths in the following
manner. The G&N bond length was assigned through the following
relationship: equil bond lengthk (Gd ionic radiusy+ 1.7 A. Similarly
the Gd-O equilibrium bond lengths were assigned using: equil bond
length= (Gd ionic radiusH 1.4 A. The initial Gd ionic radius was
set to 0.5 A; the scaling factors of 1.7 and 1.4 result from the average
equilibrium bond length for that GelL. bond minus the average Gd-
() ionic radius of 1.0 A. The force constant for the bond stretching
was kept at a constant value of 100 kcal moh~1. The complex
was then minimized and the energy of the complex found. The ionic
radius was then increased by 0.1 A, the equilibrium bond length
modified to the new value and the complex again minimized. This
process is continued until the Gd ionic radius has reached 1.5 A; this
range of 0.5-1.5 A is sufficiently large that it covers the radii of all
the possible coordination stat¥s This procedure is then repeated for
the complex with one water, two waters, and so on until all the possible
coordination states have been examined.

Plots of the complex energy versus metal ionic radius were then
generated for each coordination number. These curves were fit to third
order polynomial of the forny = ax® + bx? + cx + d, and the resultant
curves were plotted together. The curve equations can then be solved
simultaneously in order to determine the intersection points or
“crossover points”. Examination of the position of these crossover
points in relation to the preferred ionic radius for the metal ion in a
given coordination state indicates the preferred coordination number.
For Gd'3 the radius for a six coordinate environment is 0.938 A, for
seven coordinate it is 1.00 A, for eight-coordinate 1.053 A, and for
nine-coordinate 1.107 A

In order for a given coordination state to be favorable, the preferred
ionic radius must be on the correct side of the crossover point; the
closer an ionic radius is to a crossover point, the more the other
coordination state contributes to the equilibrating system. In addition
the energy difference between the ‘“ideal radii” of a particular
coordination number and the crossover point indicates how readily the
coordination of a particular complex will change; a small difference in
energies is favorable, while a large difference would disfavor a change
in coordination.

Results and Discussion

With the development of suitable Gd(lll) parameters for the
SYBYL modeling package a MM investigation of Gd(lll)
complexes was undertaken. Our research has focused on two
main areas, the ability to predict the stability of Gd(lll)
complexes and, second, the ability to predict the effectiveness
of a particular compound as a contrast agent. In order to
calibrate the results arising from our computational studies, the
literature was searched for gadolinium complexes whose

The coordination scan technique was used to determine the coordina-thermodynamic stability constants had been determined, as well

tion number of Gd(lll) in the various complexes studied. A starting

as having had relaxivity measurements determined under as

structure was generated from X-ray coordinates whenever possible. Thesimilar conditions as possible.

Gd in each complex was then adjusted to the different coordination

(25) Kumar, K.; Chang, C. A.; Francesconi, L. C.; Dischino, D. D.; Malley,
M. F.; Gougoutas, J. Z.; Tweedle, M. Rorg. Chem1994 33, 3567.

(26) Smith, P. H.; Brainard, J. R.; Morris, D. E.; Jarvine, G. D.; Ryan, R.
R.J. Am. Chem. S0d.989 111, 74347.

(27) Rogers, R. D.; Kurihara, L. Knorg. Chem.1987, 26, 1498.

(28) Uggeri, F.; Aime, S.; Anelli, P. L.; Botta, M.; Brochetta, M.; de'iHae
C.; Ermondi, G.; Grandi, M.; Paoli, Rnorg. Chem.1995 34, 633.

(29) Inoue, M. B.; Inoue, M.; Munoz, I. C.; Bruck, M. A.; Fernando, Q.
Inorg. Chim. Actal993 209, 29.

(30) Tham, V. J.; Fox, C. C.; Boeyens, J. C. A,; Hancock, R.DAm.
Chem. Soc1984 106, 5947.

(31) Hancock, R. DPure Appl. Chem1986 58, 1445.

(32) Hancock, R. DAcc. Chem. Red.99Q 23, 253.

(33) Hegetschweiler, K.; Hancock, R. D.; Ghisletta, M.; Kradolfer, T.;
Gramlich, V.; Schmalle, H. Winorg. Chem.1993 32, 5273.

(34) Shannon, R. DActa Crystallogr., Sect. AL976 A32 751.

In order to minimize the differences between ligand types,
classes of ligands were studied separately. The three classes
commonly utilized for the coordination of Gd(lll) are EDTA
type ligands, DTPA type ligands and DOTA type ligands. The
latter two classes are the most commonly utilized in the design
of MRI agents. Other factors that need to be considered are
the number and types of donor groups involved with binding
to the metal.

The parameters for the modeling of Gd(Ill) complexes with
the TAFF force field as implemented in SYBYL may be found
in Table 1; other necessary parameters come from the default
values of the TAFF force field# A minimalist approach was
utilized in this study with a surprisingly small number of
parameters required for reasonable agreement to experimentally
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Table 2. Coordination Scan Compared to Experimental 80
Determination ofg?
complex predicted exptlq ref 70
GdEDTA 3 3 20 3 60
GdDTPA 1 1 46 £
GdDTPA-BMA 1 1 44 ] L
GdDTPA-BEA 1 1 21 < 50+ ]
GdDTPA-BPA 1 1 (NMR) 47 & 3
GdBOPTA 1 1 28 S 40 3
GdDOTA 1 22 w ] ‘5
GdDO3A 2 1.8 (lum) 22 30
GdDO3MA 2 2 24 ]
GdDOTA-OH 1 1 23 ] 8 coor 49 soord
GdHP-DO3A 1 1 25 20 e T T
GdHAM?2 3 3 57 05060708091 1112131415

radius (A)

Figure 1. Coordination scan of GADTPA: Eight-coordinaje= 0
scan.l, preferred nine-coordinatg = 1 scan,®.

a All values of g are from the solid state unless otherwise noted.

determined structures. Two important parameters found in this
work are the torsions involving carboxylates bound to Gd and
the equilibrium bond lengths. Without the inclusion of these , ,— R 2 9

/ N\

torsional parameters the carboxylates have a tendency to bind % ’1 ”[F: DTPA z)&JNh\Nh\NLJL z
the metal in a bidentate manner. The equilibrium bond lengths R=r=co," R e o
used in this work are in general significantly longer than those r'=conucH, DTPA-PA 7= ~N-CoMs DTPA-BME
reported by Hayfand Cundari® which is most likely due to R = CO,C3H, DTPA-PE B0 avon
the differences between the TAFF and MM2 force fields. N R ~N

One of the goals of this study was the development of ) 1 5 LpeA -
modeling techniques which would allow for the prediction of 6” 1 BDA
the hydration numbeg. The more waters that can be directly — wn OH
bound to the paramagnetic ion, the greater the overall relaxivity Ay W W " DITAP O~ SoMEA
and the more efficient the contrast agent. The most obvious "~ L, - “No”
way to increase is to remove ligating groups from the ligand,; R Me O
however, by lowering the denticity of the ligand, complex H;’vﬁrshﬁﬁ PhDTPA --N\)Lm/\/o\ BMAMEA
stability is negatively affected. on

The “coordination scan” allows the determination of the s — ~N/\\//\o/ BHMEA

. . . . N N/—\N BOPTA
coordination number and thug it also helps to determine the ) k
O

molecular weight of the solvated complex which is important

Me
»—N\/\O BMMOA
for the rotational motion. This technique appears to be quite

F‘h

successful in predicting the number of waters bound to the Gd, OFt H/\(D BEFA
as seen in Table 2. The results for GAEDTA, GdDTPA, ﬁ
GdDTPA-BMA, GADTPA-BEA, GADTPA-BPA, GABOPTA, NIV Van Wi DTPA-EOB

GdDOTA, GdDO3A, GADO3MA, and GdHP-DO3A all match = La
the experimentat] values found in the literature.

In the “coordination scan”, curves of complex strain energy
as a function of ionic radii are generated by minimizing solely from steric interactions, electronic and electrostatic effects
complexes with various numbers of water molecules coordinatedare not considered in this MM treatment.
to the metal ior#3 The preferred coordination number of the Instead of dividing the Gd(IIl) complexes by type of ligand,
metal is determined by the position of the ionic radius in relation such as EDTA or DTPA, it is more informative to classify them
to the location of the intersection points. If a given coordination by the number of waters bound to the metal. Three main
has a radius to the right of the intersection point, than that categories arise from this scheme, those with a hydration number
coordination number is favored. If the radius is to the left of of 1, 2, and 3. The following section will discuss these
the intersection, than that coordination number is disfavored categories in terms of stability and, in the caseqef 1, the
and a smaller coordination number is favored. A representativerelaxivities. Unfortunately, no relaxivity comparisons can be
example, the coordination scan of GADTPA is found in Figure made forq = 2 and 3 as too few complexes have had their
1. The ionic radius for nine coordinate Gd(lll) is 1.107 A, which  relaxivities measured. For all the complexes discussed, the
lies to the right of the 8/9 coordinate intersection; thus a nine- structures were first built and minimized, starting from X-ray
coordinate Gd(Ill) complex is favored over an eight-coordinate coordinates whenever possible. These were then adjusted to
species which means the complex will bind one water molecule various coordination states and subjected to coordination scans
to give a hydration numbegq, of one. in order to determing and AEcoora

An intriguing observation has been made through the use of Gd(lll) Complexes with g = 1. The majority of these
the “coordination scan”. The energy differentEqorg between complexes are derived from DTPA and DOTA type parent
the complex with the appropriate inner-sphere solvation and theligands; structures of these ligands are found in Figures 2 and
desolvated complex, appears to correlate with the thermody-3. A total of 23 Gd(lll) complexes examined with the
namic stability constant lof. This energy difference represents coordination scan were found to bind one water molecule, the
the energetic cost in changing the coordination number of Gd results of these studies are found in Table 3. The majority of
in a given complex from the preferred state (appropriate inner- these complexes are eight coordinate in terms of the ligand
sphere solvation) to that due entirely to the denticity of the ligand denticity; the binding of one water then brings the Gd(lll) to a
alone. A remarkable feature of this correlation is that it arises coordination number of nine.

Figure 2. Structure of ligands found to give= 1 Gd(lll) complexes.
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Ry Ry 30.0
kN/—\N) R|=Ry=R3=R4=CO,- DOTA 1
[ j R =R,=R;= CO,- R,~CONHC;H, DOTA-PA 25.0
N N o ]
L “Ro=R.z _ ]
i«. RZ R)=R;=R;= CO,- R,= —(Me HP-DO3A 20.0
OBn N4 :
Ry= HydroxyDOTA g) 15.0—_
NH L ]
OH ]
e 10.0
OH ]
Ry Rao 50_'
AR ;
[N Nj R;=Ry=R3=R4=CO;- MCTA 0.0 e
(Y Q@ @2 9 9 9 9 o9 9
Re Ry e Ny oo dy e
AE coord change (kcal/mol)
" HsC,  CHs a Q
N N A ‘N_/H Figure 4. Plot of thermodynamic stability constants, Iég as a
R> <R ) < function of AEserafor Gd(ll) complexes binding one water molecule:
‘ R : M, ligands with only carboxylate groupa;, ligands with one carbox-
_ cieeoTA e _ ylate replaced®, ligands with two carboxylates replaced.
Figure 3. Structure of additional ligands found to gige= 1 Gd(lll)
complexes. . o
_ A comparison of the macrocyclic ligands DOTA and MCTA
Table 3. Gd(lll) Complexes withq = 1 clearly shows the relation betweeXEcqoq and logK. The
exptlR; MW AEcoor addition of a single methyl group on the backbone of MCTA
ligand (mM~1s™) logK (gmol™?) (kcal mol?) refs increases the rigidity of the ligand, lowerinEcoorq and
DOTA 3.4 24  575.653 2.4510 48,49 resulting in increased stability. This effect can also be seen
MCTA 3.5 27 589.68 16155 49 with two EDTA type ligands, which were found to bind only
HP-DO3A 365 238 575697  3.8023 2543 e water. The ligand CPTA is extremely rigid with a
DOTA-OH 449 259 769.907 1.3333 23 o s . |
DTPA 3.7 2239 563574  3.1546 48,1  cyclopentylring incorporated within the ethylene bridge, while
L-DTPA 21.99 668.714 5.4967 37 cis BDTA has two methyl groups on the backbone imparting
BOPTA 4.39 682.717  0.3185 41 rigidity.
DTPA-EOB 5.3 697.752 53284 50 A recent report suggested that an important factor affecting
DTTAP 19.74 577.601 5.7760 48 h laxivity of lanthanide(lll | is the abill
CPDTA 18.22 503544 89999 48 the proton relaxivity of lantl anlle( )cqmp exes is the ability
BDTA cis 17.03 491.533 8.9004 48 of the metal to pass through an intermediate with a coordination
~1 COH number of 8 during the process of water exchaffgef this
PhDTPA 15.42 582.644 81120 48 were the case, then one would expect to see a correlation
DOTA-PA 20.1 617.757 2.8602 51 betweenAEc.orq and the experimental relaxivities; no such
DTPA-PA 19.68 605.680  4.1654 52 correlation was found in this work. It would appear that any
DTPA-PE 18.91 606.665 11070 52 effect AEcoorg has on the relaxivity is quite small and is easily
*ZD%%AHBEFA i 163 731858 05821 53 overpowered by the rotational tumbling effects which are
DTPA-BDA 47 167 825972 21053 53 dependent on the molecular mass.
DTPA-BMAMEA 4.3 171  821.94 27100 53 As can be seen in Table 3, modification or loss of a
DTPA-BMMOA 4.1 20.3 817.996 52632 53 carboxylate group has a significant effect on the complex
DTPA-BME 4.7 16.8  679.782 4.0805 53 stability. Replacement of a carboxylate with an amide, DTPA-
BLEQ-E'\HAISQA i-; igé ;gg-ggg 1%-%‘1‘(‘); gg PA and DOTA-PE, lowers the stability constant by?03.36
DTPA-BDMEA as 102 795942 48508 53 Similarly replacement of a carboxylate by an ester DTPA-PE

lowers the stability constant by 3610%3¢ The replacement

As has been previously noted, Kumar and Tweedle found an Of @ carboxylate by a nonligating group, such as phenyl in
excellent correlation between the ligand strain enegy,and ~ PhDTPA, lowers the stability by an even larger amount, 10
AG* for the reorganization of the intermediate Gd(*HL) in the Replacement of two carboxylates by amides lowers the stability
case of polyaminomacrocyclé. If we consider the energetic ~ constants by 10-10°. _ .
cost of reorganizing the complex from the inner-sphere solvated, Those ligands with amide oxygens coordinated to Gd(ll)
maximum coordination, to the inner-sphere desolvated complex, Show & lower than expected stability. A reasonable explanation
minimum coordination, as a measure of ligand rigidity, one for this observation would be the difference in bond strengths

would expect to find a correlation betweeXEcoorg and the between Gd(lll) and an amide oxygen, compared to a carboxy-

thermodynamic stability constant. late oxygen. In all of the bis(amide) complexes two strong
When the thermodynamic stability constant kgs plotted ~ carboxylate-Gd(lll) interactions have been replaced by the
againstAEyorq a linear correlation was discoverad € 0.91). weaker amide- Gd(lll) interaction with a commensurate drop

This plot (Figure 4) clearly shows that the relationship between in stability of approximately 10 All of the bis(amides)
the stability andAEcoorq is unaffected by the type of ligand, €xamined have an unsubstituted DTPA backbone, the changes

linear or macrocyclic. A\Ecqoqincreases, the thermodynamic -
stability decreases, suggesting that a key step of complex () fggg’;’ %gontaz,e.; Powell, D. H.; Merbach, A. Einorg. Chem.
formation involves a reorganization of the ligand during a (36) Sherry, A D.; .Cacheris, W. P.; Kuan, K. Magn. Reson. Imaging
change in the coordination number for the Gd in an essentially 1988 8, 180.

complete complex. When there is an increase in the rigidity of (37) E;;é' 3Ké; "sﬂgé‘gkams’ R.J.; Martell, A. E.; Welch, M. . Med. Chem.

a complex, thereby lowering\Ecoors the thermodynamic  (3g) pubanz, D.; Gorite, G.; Powell, D. H.; Merbach, A. Enorg. Chem.
stability shows a concomitant increase. 1995 34, 4447.
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are all in the amide groups which are removed from the metal 6
center, and thus one would expect these substitutions to play ]
little role in changing the steric environment about the metal. 51

Relaxivity. As can be seen from egs 2 and 3, several
possibilities exist for improving the relaxivity. One method is
to increase the correlation time,, From eq 4. depends on T
the residence time, the electronic relaxation rate, and the &
rotational motion of the complex. Of these, the two factors «

most easily modified are the residence time and the rotational ]
motion. The rotational motion is easily changed by modifying 1
the molecular weight of the complex, most commonly by ]
designing the compound to be conjugated to macromolecules. 0] S —
The residence timean, is equivalent to I (kex is the 0 100 200 300 400 500 600 700 800 900
exchange rate constant) and is on the order 6f4Q0~° s3° complex MW

Until recently, the rate of water exchange of Gd(lll) based Figure 5. Plot of inner-sphere relaxivity as a function of solvated
contrast agents was assumed to be approximately the same asomplex molecular weightM, ligands with only carboxylate groups;
that found for the G# aqua ion (8.3 1.0) x 1¥s 7140 Ina @, ligands with two amide groups.
series of variable temperature and pressure NMR studies .

'Table 4. Gd(lll) C | thg = 2
Merbach and co-workers found that the water exchange rates, able (Itl) Complexes withg

kex, for Gd complexes of DTPA and DOTA were actually 2 ligand logk AEcoor(keal mor™) refs
orders of magnitude lower (GADTPRy (4.1 £+ 0.3) x 10° DO3A 21 4.8025 54, 43
™1, GADOTA kex (4.8 = 0.4) x 10° s71).38 Obviously, the MeDTPA 8.79 13.3350 48
presence of the aminocarboxylate groups affect the rate of MEDETA 14.7 6.4464 95
exchange compared to that of the aqua complex. In a more Me2DE TA 104 4.1443 55

: NOTMA 12.8 11.2574 56

recent study Merbach found that waters exchange via a o ) . . .
dissociative mechanism with GADTPA-BMA and speculates that resulting in the increase of;. This work is unable to determine
the exchange rate could be controlled by the ligand steric If €ither of these hypotheses are correct, although both are
requirements at the water binding ste. amenable to future computatlonal study. .

Aime and co-workers have found a correlation between the _Cd(lll) Complexes with g = 2. A tota_l of five Gd(lll)
molecular weight and the inner sphere relaxiiRy?34! For complexes were found to have a hydration number of 2, as
compounds of similar size and mass, and therefore diffusion shown in Table 4. The structures of these ligands are found in

rate, at relatively high magnetic field strengths the outer sphere Figurgz 6. (D(;‘d'gheselonly '(\j/',eDTPA is nonm:crg((:jyglic; in,lthtij
R, contributions will be approximately the same. Tweedle and '9@nd an additional coordination site on the Gd is available

co-workers have shown this experimentally for a series of linear lc_jue :jo tXe quat]f:rniz(jaftionhof the dCTITtral an?ine gro_uh[i ;)n the
and macrocyclic amino carboxylate complexes; at 0.47 T and ''98nd. AS was foun or those Gd(Ill) complexes witl 1,

40°C, they found an averag® value of 2.0+ 0.3 (mNks) 14243 a linear correlation between ldgand AEqorgeXists (2 = 0.85);

P : : this relationship is shown in Figure 7. The one complex that
For Gd(lIl) complexes with identical values gfany differences A
in relaxivities will be due to differences in the inner sphere has a lower than expected stability is Me2DETA, where the

contributionR;. The primary factor affecting, in most cases addition of two mgthyl groups to the triazacyglodecane ring
is the value ofrg. One exception is observed with the bis- somehow dest_a_blhzes the_comp_lex, although this appears to not
(amide) complexes: in these casag is seen to effect the be due to addition of steric strain to the complex. As seen in
relaxivity. As can be seen in Figure 5, a good correlation Table 4, AEcoorg Of ME2DETA is actually lower than for

between the experimental relaxivi& and the molecular weight :\AeDETA,bﬁyggestl!Eglsterlclhlndfancg IS nor;[ the reason for the
of the solvated complexes exists, ower stability; a likely explanation is a change in nitrogen

In most poly(amino) carboxylates the major factor determin- basicity due to electronic foects of the alkyl sub_stituents.

ing 7. is the fastest ofs, T, andzg, with tr usually being the w;g?/(salrop(jo?sf;?g %;,g?gﬁg&ﬁ t\;]vfgisﬂ %nrgylg‘;gsce_lfﬁiss

fastest. Aime et al. investigated the magnetic field dependence y close . piexes..

of the water relaxation rate of GADTPA-BMA and found that fsuggesr;[s?smllar mechanism for complex formation is in effect

: . or both classes.

v was approximately 4-fold longer thafy, of GADTPA,; this . _

increase was enough io make the contribution pdignificant-* coﬁdﬁggesc g)TaF;L?;I(g(SJI vv\xlttf? tk?e ;og}diﬁa:icgr? lsg;ml\?ve(r;(;:i gggnd to

They then postulated two possible explanations for this length- P . L

ening of ry; one is the presence of an extended three- have a hydration number of 3. As can be seen in Figure 8, all

dimensional network of hydrogen-bonded waters between theOf thgse _com_plexes have a Qent|C|ty of SIX, leaving three

amides and the carboxylate groups. Alternatively the presencecoorgInatlon snesbopepgfor bhlndlng \llvat?ri to g|ve(;[|he Gd(lf“) ad
. ; . coordination number of 9. The results of these studies are foun

of the amide groups effects the partial atomic charge on the Gd in Table 5. Unfortunately, only the relationship betweeBooq

and logK could be examined, as the only complexes whose

(39) Micskei, K.; Helm, L.; Bieher, E.; Merbach, A. Hnorg. Chem1993

32, 3844, relaxivities have been measured are GdEDTA, GdHAM, and
(40) Micskei, K.; Powell, D. H.; Helm, L.; Brcher, E.; Merbach, A. E. GdHAM2. These three measurements are insufficient for

Magn. Reson. Chen1993 31, 1011. _ o forming a correlation. As was shown by the DTPA bis(amides),
(41) gf’ggr'r']gr']'dﬁ'g‘i' csa}éﬁgflll{h?'PLébﬁ,oggbr'\g:’grr%mit;%é’wéfgs?e relaxivities are quite sensitive to changes in ligating atoms;the
(42) Chang, C. A.; Brittain, H. G.; Telser, J.; Tweedle, Mlfforg. Chem. expected difference between an amino carboxylate and hexaza

199Q 29, 4468. macrocycles, such as HAM and HAMZ2, would surely be larger

(43) zZhang, Z.; Chang, C. A.; Brittain, H. G.; Garrison, J. M.; Telser, J.; ; i i
Tweedle, M. Flnorg. Chem1992 31, 5597, than that of an amino amide to an amino carboxylate.

(44) Aime, S.; Botta, M.; Fasano, M.; Paoletti, S.; Anelli, P. L.; Uggeri, As in. the complexes withg values of 1 and 2, a ”nea}r
F.; Virtuani, M. Inorg. Chem.1994 33, 4707. correlation betweer\E¢qorg and log K was found as shown in
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The ligand Me2DETA was found to not correlate with the other ligands
in this class.
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Figure 9. This correlation is much lower than that found for
the other two classes of complexe3= 0.54, in addition the
slope of the correlation line is opposite that found épr= 1

Inorganic Chemistry, Vol. 35, No. 24, 1996019

Table 5. Gd(lll) Complexes withg = 3

ligand logK AEcoora(kcal molt) refs
HAM 7.7825 26
HAM2 8.3767 57
GdNOTA 13.70 7.0607 55
GdDETA 15.10 3.1648 55
GdEDTA 17.35 4.5686 48
GdCDTA 19.47 6.0272 48
Gd(diiPrEDTA) 16.60 5.7039 48
GddiMeEDTA 17.00 4.7931 48
GdBDTA trans 18.64 4.6447 48
GdTMDTA 13.83 —0.0984 48
GdPMDTA 10.37 7.2269 48
GdMePDTA 17.09 2.7604 48
GdPDTA 18.20 3.2227 48
20.0 -
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16.0-] "
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Figure 9. Plot of thermodynamic stability constants, I&g as a
function of AEceordfor Gd(Ill) complexes binding three water molecule.

The ligands NOTA and PMDTA were found to not correlate with the
other ligands in this class.

from that of the DOTA and DTPA type ligands . The low
correlation found for this class is not surprising due to the large
structural variety of the ligands comprising the class.

Examination of the structures of these ligands leads to some
insight into the effect of substitution upon the thermodynamic
stability. Incorporation of alkyl groups on the carboxylic acid
arms appears to disfavor a coordination number of 9 most likely
due to steric hindrance. The ligand NOTA favors the binding
of three waters, while the similar ligand NOTMA containing
methyl groups on each carboxylate arm favors the binding of
only two waters.

Another example, while less dramatic, may be found in the
stability differences between EDTA and the ligand diMeEDTA
with two methyl groups placed on two arms; this substitution
lowers the stability by 0.35 log units. The stability difference
between EDTA and di(i-Pr)EDTA, as expected by the incor-
poration of sterically larger isopropyl groups on the arms, is
0.75 log units. The differences in the steric requirements for
NOTA and EDTA type ligands would appear to be significant.
Alkyl substitution on NOTA causes a drop in coordination
number, whereas substitution on the less sterically constrained
EDTA results in a slight lowering of log without affecting
the coordination nhumber.

Substitution on the ethylene backbone also affects the
coordination number of the Gd(lll) complexes as well as the
stability. The complex GACDTA has a cyclohexane ring
incorporated in the ethylene bridge and prefers to be nine
coordinate, while GACPDTA with a cyclopentane ring prefers
to be seven coordinate. Another striking difference can be seen
in cis- andtransGdBDTA,; thetransligand prefers to be nine
coordinate while theis prefers to be seven coordinate.

In terms of stabilities, alkyl substitution of the ethylene

and 2 compounds. This would suggest a change in mechanisnbackbone tends to increase the Kgyalues. When the log
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of GAEDTA is compared to GdACDTAransGdBDTA, and membered backbone is extremely destabilized compared to
GdPDTA, increases in stability are observed. However alkyl EDTA, A log K = 6.98, as shown in Figure 9.

substitution can also lower the Id§ value, a comparison of
GdEDTA and GdMePDTA finds that the addition of two
methyls on one of the backbone carbons lowers the stability
rather than increasing it. Increasing the size of the backbone
is also disfavored; the ligand TMDTA with a propyl backbone
instead of an ethyl group as in EDTA has a much lower stability
A log K = 3.52; this issue of chelate ring size has been
extensively reviewe® The ligand PMDTA with a five-

Summary and Conclusion

In an attempt to develop tools useful in designing new MRI
contrast agents, we have successfully developed MM force field
parameters for Gd(lll) complexes. The use of these parameters
and the coordination scan in the analysis of various Gd(lll)
complexes found in the literature has provided a great deal of
insight into the factors affecting thermodynamic stability and
relaxivity. The coordination scan allows for the prediction of
the number of waters bound to the Gd, which relates to the
overall relaxivity, as well as an estimation of the complex’s
thermodynamic stability. Through correlation to these experi-

(45) Martell, A. E.; Hancock, R. DMetal Complexes in Aqueous Solutions;
Plenum Press: New York, 1996; Chapter 3.

(46) Gries, H.; Miklautz, HPhysiol. Chem. Phys. Med. NME®84 16,
105.

(47) Geraldes, C. F. G. C.; Urbano, A. M.; Hoefnagel, M. A,; Peters, J. A.
Inorg. Chem.1993 32, 2426.

(48) NIST Critical Stability Constants of Metal Complexes Database No.
46; U.S. Department of Commerce: Washington, DC, 1993.

(49) Schaefer, M.; Meyer, D.; Beaute, S.; DoucetMagn. Reson. Med.
1991, 22, 238.

(50) Weinmann, H.-J.; Schuhmann-Giampieri, G.; Schmitt-Willich, H.;
Vogler, H.; Frenzel, T.; Gries, HMagn. Reson. Medl99], 22, 233.

(51) Sherry, A. D.; Brown, R. D.; Geraldes, C. F. G. C.; Koenig, S. H.;
Kuan, K.-T.; Spiller, M.Inorg. Chem.1989 28, 620.

(52) Sherry, A. D.; Cacheris, W. P.; Kuan, K.-Magn. Reson. Med.988
8, 180.

(53) Perisamy, M.; White, D.; deLearie, L.; Moore, D.; Wallace, R.; Lin,
W.; Dunn, J.; Hirth, W.; Cacheris, W.; Pilcher, G.; Galen, K.; Hynes,
M.; Bosworth, M.; Lin, H.; Adams, Minvest. Radiol1991, 26, S217.

(54) Kumar, K.; Jin, T.; Wang, X.; Desreux, J. F.; Tweedle, Mlrfarg.
Chem.1994 33, 3823.

(55) Bricher, E.; Cortes, S.; Chavez, F.; Sherry, Alilorg. Chem1991
30, 2092.

(56) Bricher, E.; Stefan, S. L.; Allen, D. R.; Sherry, A. Radiochim.
Acta 1993 61, 207.

(57) Bligh, S. W. A,; Choi, N.; Evagorou, E. G.; McPartlin, M.; Cummins,
W. J.; Kelly, J. D.Polyhedron1992 11, 2571.

mental stability and relaxivity measurements, MM allows for
the prediction of these properties for novel Gd(lll) complexes.
In addition, the correlation betwee&XEqogand logK suggests

a common mechanism of complex formation for both DTPA
and DOTA type ligands involving a rearrangement of an
intermediate structurally similar to the final complex. The
development of these techniques and correlations should lead
to the rational design of improved MRI contrast agents.
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