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The conformational properties of five gadolinium(lll) complexes with polyamino carboxylate (PAC) ligands
used as magnetic resonance imaging contrast agents have been investigated by ab initio and molecular
mechanics (MM) methods. Ab initio calculations were performed using an effective core potential (ECP)
that includes 4f electrons in the core and an optimized valence basis set for the metal. To test the reliability
of ECP calculations, full geometry optimizations of Gd complexes were performed at the RHF and DFT
(B-LYP) levels using the 3-21G and the 6-31G* basis sets for the ligands. Comparison with experimental
data shows that ab initio calculations provide quite accurate geometries and correct conformational energies
at the RHF level. Within the framework of a valence force fields, parameters fetliGahd interactions

were determined by fitting the empirical potential to the ab initio potential energy surface (PES) of the [Gd
DOTA(H20)] % complex. Sampling of the PES was performed by moving the ion into the frozen coordination
cage of the ab initio optimized geometry; for each generated structure the energy and first derivatives, with
respect to the Cartesian coordinates of the metal and donor atoms, were calculated at the RHF level using
both 3-21G and 6-31G* basis sets for the ligand. For each considered basis set, two sets of parameters, with
the electrostatic contribution turned on or off in the force fields, were determined. All the implemented sets
of parameters provide reliable molecular geometries for PAC complexes, but only sets derived including the
electrostatic contribution correctly reproduce the observed trend of conformational energies.

I. Introduction their molecular properties. In this paper, the setting up of
reliable computational methods for modeling Gd complexes is
presented. Five complexes of Gd with macrocyclic (DOTA,
DOTMA, DO3A, and DO3MA) and linear (DTPA) PAC

In the last two decades magnetic resonance imaging (MRI)
has become an important diagnostic tool in modern medical

: o . . : :
imaging>? MRI is a technique based upon a spatially localized ligand$ are investigated (Figure 1): currently, compourids

NMR signal of the'H nucleus of in vivo water molecules. To and 5 are the most widely used contrast agents in clinical
increase signal intensity and enhance contrast in the MR images y 9

of diseased and normal tissues, a paramagnetic substance, ab%racjuce. ; ) , _—

to catalyze the relaxation rates of water protons via dipolar __With respect to *usual” organic molecules, ab initio calcula-
interactions, is administered to the patient. Lanthanide com- 1oNS on Gd complexes present additional problems due to the
plexes with polyamino carboxylate (PAC) ligands, particularly Presence of the metal. In fact, the Gd ion involves a great

those of the highly paramagnetic Gd(lll) ion, are the most widely ”“m_bef _Of electrons, an incompletely fiIIe_d .4f shell, and large
employed contrast agents for MRI. relativistic and correlation effects. Restriction of the quanto-

A rational design of new MRI contrast agents requires the mechanical treatment to the valence shell of the lanthanides by
detailed understanding of the structure and dynamics of Gd means of effective core potenpal (ECP) provides an efficient
PAC complexes to assess those factors that can lead tovay to _reduce the computatl_onal e_ffort and to Incorporate
compounds with desired properti&s. Experimental investiga- relativistic effects into self-consistent-field (SCF) calculatiéfs.
tions on the behavior of Gd complexes in solution cannot be ECPs Q|ffe|rl|2rlg In core size have been developeq for
easily performed, as the usual techniques, such as NMRIanthanlde& and testfed o?ssmple lanthanide systems: hy-
spectroscopy, are not suitable due to the high magnetic momentdrides, oxides, and halidé.’® In the present work, the ECP

of the Gd ion. Thus, a theoretical investigation of Gd complexes C(f)nlsidering _(134?]' 4") corekelech_ons is uséé:inclgsioln of I
effectively represents a valid tool for the characterization of 4f €léctrons into the core makes this ECP more suitable to dea

with molecular systems of large dimensions, as shown in the
* To whom correspondence should be addressed. Phene3g 2 case of lanthanide(ll) metallocerd®and the Gd(lll) nonaaquo
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COOH QOOH OOOH COOH etrization procedure and the obtained parameters; section IV
M discusses results of MM calculations.
e Me
[ [ II. Ab Initio Calculations on Gd —PAC Complexes
(N ™ "
COOH  CoOH OOH  COOH Methods and Results. Calculations on G#PAC complexes
DOTA DOTMA were performed with the Gaussian94 progfausing the (1s-

B N 4d, 4f7) ECP with the [5s4p3d]-GTO valence basis set for the
() [Gd-DOTAH,O)"  (2) [Gd-DOTMAMH,0)] metal? and the 3-21G and 6-31G* basis sets for the PAC
(1a) [Gd-DOTA]! ligands.

O0OH OO0 Full geometry optimizations of compounds-5 were per-

QOOH  COOH H
Me Me formed at the RHF leve® the calculated stationary points were
not characterized because analytical second derivatives are not
E E implemented in Gaussian94 for ECP, and numerical differentia-
H Me H tion is a very time-consuming procedure that exceeds the
COOH COOH

available computational resources.
DO3A DO3MA To test the effects of electron correlation, the octa-coordinated
(3) [Gd-DO3A(H,0),] (4) [GI-DO3SMAH,0),] [Gd—DOTA]~! complex 1a (Figure 1), which present&,
symmetry, was optimized at the DFT level, using the B-B¥P
functional, with the 6-31G* basis set. Moreover, B-LYP/6-
HOOC V2R o o 31G* energy calculations were performed on the optimized RHF
I N N " geometrlgs of compound ' ' ' .
\\coou According to the experimental evidence (see Discussion),
calculations were performed on two isomers of compount
DTPA and on one isomer of compourl When available, the
(5) [Gd-DTPAH,0)]"* crystallographic structures were used as starting geometries.
Figure 1. Sketches of the considered PAC ligands and numbering of  Experimental and calculated values for the main geometrical
the investigated Gadolinium complexes. parameters of compounds-5 are reported in Table 1; the
calculated conformational energies of compourdds4 are
reported in Table 2.

Discussion For each of compound4—4, calculations
provide two minimum energy conformations. In both confor-
mational isomers (Figure 2) the ion is ennea-coordinated and
the coordination polyhedron is a distorted square antiprism,
capped by one water molecule. The acetate arms are oriented
around the Gadolinium ion in a propeller-like manner, assuming
a clockwise Q) or a counterclockwise/X) orientation; the
tetraaza macrocyclic ring adopts a [3333] square conforntation
with (A1441) helicity 3% In the two isomers the parallel squares,
defined by the nitrogen and the oxygen atoms, respectively, are
staggered by & angle (Figure 3) with opposite sign: thus, the

However, due to the molecular dimensions of the considered
Gd—PAC complexes, ab initio methods are not suitable for
systematic investigations even with the ECP approximation. A
reliable alternative for the study of complex systems is the
molecular mechanics (MM) method. The continuing efforts in
developing potential functions, and related parameters suitable
for the description of the metaligand interactions, make MM
increasingly important in the area of coordination chemi&try?

In the case of lanthanides, force fields derived from experimental
data are availabl&—2” However, because experimental data
on Gd complexes are available only for a few classes of ligands,
a more general strategy for the parametrization of-Gghnd
interactions would be preferable. Indeed, parametrization can . ) o !
be performed by fittinpg the MM empiricallo potential to the A(’MM) ISomer IS _Iabelgd as antiprismatis)(and theA(1424)
potential energy surface (PES) calculated by ab initio methods; as mverFed anupnsmaud/{). ) ) )

in this case the quality of the force fields depends on PES EXperimental evidence, both in the solid st&fé and in
quality, but is not limited by the lack of lab experiments. solution?*~#2show that DOTA and DOTA-like complexes can
Recently, a methodology based on the fitting of the empirical effectively present two conformatlonal isomers. The calculated
potential to the ab initio PES described by the energy and the A @nd 1A conformations indeed correspond to the crystal-
energy derivatives was develog@and applied to develop de  lographic structures observed in compouids 3,44 and 4.7

novo force fields for several molecular systet#si! In this According to the crystallographic structéteand to the
paper, the parametrization of the GBAC ligand interactions  experimental evidence in solutidhin the calculated structure
performed by means of this methodology is reported. The of compounds the ion is ennea-coordinated with a distorted
procedure is aimed at determining, from the ab initio PES, only tricapped trigonal prism coordination geometry (Figure 4).

the parameters concerning the metajand interactions, the Geometries.The overall agreement between the experimental
intraligand interactions being described by means of a predefinedand the calculated structures is highlighted by the average values
force fields; therefore, the parameters are determined byof the root-mean-square (rms) calculated on the Cartesian
reproducing the ab initio potential around the ion and not the coordinates (Table 3) and by the superimposition of experi-
whole PES of the complex. As the accuracy of the ab initio mental and ab initio structures (Figure 5). The agreement is
PES is crucial to obtaining reliable force fields, considerable still satisfactory (Table 3) when rms values are evaluated
effort has been spent in this work to investigate the reliability (compounds3—5) by matching the calculated water positions
of ab initio methods using ECP. with the corresponding positions that are occupied by carboxylic

The organization of this paper is as follows: section Il oxygens in the experimental structure. In fact, in these
describes the computational methods employed in quantome-compounds, which present dimeric or trimeric structures in the
chanical calculations and the results on the considered Gd solid state, no water molecules are coordinated to the ion because
PAC complexes; section Il presents the force fields param- the corresponding coordination positions are occupied by
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TABLE 1: Values of the Main Geometrical Parameters of Experimental and ab Initio Calculated Structures of Compounds
1-5 (See Figures 3 and 4 for Atomic Numbering). The Average Values Are Reported with Standard Deviations in Parentheses.
Distances (&), Angles (deg)

Exp. RHF/3-21G  RHF/6-31G* Exp. RHF/3-21G  RHF/6-31G*

1(A) 1 (IA)

Gd-O1 2365 (004) 2334(035)  2.366 (.030) - 2341 (.034) 2365 (.030)

Gd-N 2.655(006)  2.751(.021)  2.824 (.020) - 2.772(018)  2.868 (.018)

Gd-Ow 2.456 2.515 2573 - 2.508 2.570

Gd-Pn® 1.633 1.744 1.839 - 1.792 1.927

Gd-Po®™ 0.719 0.625 0.555 - 0.637 0.600

9 36.0 (5.8) 39.0 (1.4) 37.2 (1.0) - 282 (1.2) 242(9)
2(A) 2 (1A)

Gd-O1 - 2.331 (.034) - - 2.334 (.033) -

Gd-N - 2.766 (.022) - - 2.782 (.019) -

Gd-Ow - 2518 - - 2.516 -

Gd-Pn - 1.734 - - 1.778 -

Gd-Po - 0.640 - - 0.651 -

) - 38.5(1.3) - - -27.9(1.3) -
3 371A)

Gd-01 2350 (007) 2303 (.025) 2.323 (.020) - 2.309 (.018) -

Gd-N 2.617(028)  2.680 (041)  2.755 (.063) - 2.699 (.065) -

Gd-N+@ 2.566 2.677 2.757 - 2654 -

Gd-Ow 2.466 (049)®  2.545(002)  2.612(.010) - 2.554 (.015) -

Gd-Pn 1.564 1.650 1.757 - 1.685 -

Gd-Po 0.749 0.767 0.694 - 0.775 -

) 38.7 (3.3) 37.1(4.4) 35.7 (4.2) - 274 4.7) -
4(A) 4 (dA)

Gd-01 2361(029) 2303 (.023) 2319(020) |2.342(032) 2.304 (.016) -

Gd-N 2.684 ((029)  2.689(038)  2.762 (062) |2.652(031)  2.727 (.080) -

Gd-N*@ 2.574 2.670 2739 2.585 2.628 -

Gd-Ow 2.494 (046)  2.549 (002)  2.620 (.006) |2.524 (.110)® 2.560 (.016) -

Gd-Pn 1.630 1.637 1.737 1.606 1.685 -

Gd-Po 10.694 0.779 0.710 0.805 0.789 -

$ 38.2 (2.4) 37.0 3.9) 35.5(4.1) 274 (2.4) -26.5 (6.1) -

5

Gd-O 2389 (019) 2369 (057) 2.413 (050)

Gd-N 2.666 (056)  2.788 (060)  2.821 (.046)

Gd-Ow 2.463©@ 2.614 2.684

Gd-P,® 1.517 1.304 1.333

Gd-P,,® 1.807 1.848 1.894

Gd-P™ 0.109 0.345 0.345

® 69.0 (4.0) 67.7 (8.0) 67.7 (1.9)

Oure® 6.7 113 12.3

Oueze® 6.0 13.4 12.4

RHF/3-21G  RHF/6-31G*  DFT/6-31G* | RHF/3-21G  RHF/6-31G* DFT/6-31G*

1a (A) 1a (IA)

Gd-01 2303 2.336 2353 2.305 2336 2352

Gd-N 2.698 2.77 2.764 2.705 2.798 2.795

Gd-Pn 1.644 1.762 1.732 1.697 1.828 1.800

Gd-Po 0.728 0.651 0.741 0.751 0.709 0.794

b 39.1 373 38.4 -28.2 244 254

aDistance of Gd from the least-squares plane defined by the N atom%[istance of Gd from the least-squares plane defined by the O atoms,
Po. ¢ Staggering of the £and R planes. Nitrogen without acetate armiDistance between Gd and the acetate oxygen of the adjacent complex
in the crystallographic cell.Distance of Gd from the plane,R defined by 02, 05, and 010 Distance of Gd from the plane,2 defined by N2,
06, and 09" Distance of Gd from the plane.fdefined by N1, N3, and Ow.Staggering between.fPand the axial planes$Tilt angle between
Paa and R ¥ Tilt angle between B, and Rq

carboxylic oxygen atoms from the adjacent complex in the Inany case, the calculated G and Gd-Ow bond distances
crystallographic cell. are greater, on average, than the corresponding experimental
In any case, the RHF/6-31G* geometries are closest to the values; on the contrary, GaD bonds are shorter (3-21G) than
experimental structures of the complexes. The greatest incre-or equal (6-31G*) to the experimental ones (Table 1). This
ment to the rms values comes from the position of the suggests that the adopted ECP better describes bonds with higher
noncoordinated acetate oxygens: the conformational flexibility ionic character.
of acetates and their exposure on the molecular surface make Furthermore, the Gédligand (Gd-L) bonds calculated at the
these groups more susceptible to intermolecular interactions,RHF/3-21G level are shorter than the corresponding RHF/6-
causing distortion with respect to in vacuo results. 31G* ones (Table 1). Indeed, as observed in the case of the
In all the calculated structures, the oxygen position of the [Gd—(H,0)q]3" system?® the 3-21G basis set is poor with
capping water molecule is close to the experimental one. In respect to the Gd basis set; this unbalancing of basis sets induces
the case of compound, for which hydrogen positions are the oxygen and nitrogen electrons to use the basis functions of
experimentally availablé it can be observed that the water the metal, thus providing the observed shortening in the IGd
hydrogen positions differ: in the crystallographic structure, the bonds. Comparison of the B-LYP/6-31G* and RHF/6-31G*
water is perpendicular to the acetate oxygen plane, while in the results (compounda in Table 1) shows that the inclusion of
calculated one it is nearly parallel to the oxygen plane and electron correlation causes only a negligible shortening of the
involved in hydrogen bonds with the acetate oxygens. Gd—L equilibrium values, whereas there is a significant
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TABLE 2: Ab Initio Energies of the A Isomer ( Ea, Hartree) and ab Initio and MM Relative Energies of the IA Isomer (AE =
Eia — Ea, kcal mol™) for Compounds 1-4. For Compound 1, the Calculated Interconversion Barrier Values AE# = E* — Ea,
kcal mol~1) Are Also Reported®

compound 1 la 2 3 4
Ea AE AE# Ea AE Ea AE Ea AE Ea AE
experimental 0.81.4 19+ 2;
174+ 1°

ab initio
RHF/3-21G//IRHF/3-21G  —1540.13908 4.66 37.47 —1464.50233 3.72-1695.42636 4.24-1390.90231 4.53—-1507.36811 3.29
RHF/6-31G*// RHF/3-21G —1548.42464 1.58 22.01 —1472.38710 0.89-1704.55182 1.00-1398.31803 0.90-1515.41496 0.30

RHF/6-31G*// RHF/6-31G* —1548.44145 1.68 —1472.40178 0.98

DFT/6-31G*//RHF/3-21G —1557.08643 3.01 —1480.66625 2.43

DFT/6-31G*//RHF/6-31G* —1557.07421 2.64 —1480.65510 1.93

DFT/6-31G*//DFT/6-31G* —1480.68597 1.95

Mme

setl 1.48 52.95 4.32 4.46 0.18
set2 1.45 47.24 4.50 4.68 0.00
setl —4.62 21.52 —4.16 —3.58 —3.16
set2 —4.78 19.68 —4.34 —3.74 —3.44

2 A concerted mechanism, involving the simultaneous rotation of all the acetate arms, was considered in the caléRafigescalculated on
the basis of thé\/IA ratio for Eu and Th complexes at 298%K.© AH* values determined for the Y¥band Lu” complexes, respectivel§ Parameters
from RHF/3-21G PES (set 1) and RHF/6-31G* PES (set 2). The primed symbols highlight the exclusion of the electrostatic term from the force
fields.

A isomer IA isomer 0,

/

AAAL) A(AAL) 7

Figure 2. Conformational isomers of DOTA-like complexea& and (a)
A refer to the helicity of the acetate arnisto that of the macrocycle.

consistent with the ionic nature of the 6H bonds: electron
correlation effects are relevant within the ligand fragment while
the electrostatic nature of the metdigand interactions makes / \
negligible the effects of electron correlation on the<kdonds. Ne— ] .

Conformational EnergiesAb initio calculations show that \0 0/
in compoundd —4 the A isomer is always more stable theh
(Table 2). As previously discussed, experimental information (A) ¢ =45° (TA) ¢ = - 45°
on conformational equilibria in solution of these compounds (b)
cannot be achieved by NMR technique, due to the high magnetic
moment of the Gd ion; the conformational behavior of Gd Fi9uré 3. DOTA-like complexesl=4: (a) atomic numbering; (b)

. . staggering ¢ angle) between the nitrogen and oxygen planes in an

complexes'can be inferred from data on other Ianthfanldes. Thus, ez antiprismatic A) and inverted antiprismatid&) arrangement.
on the basis ofH NMR spectra analysis of lanthanid®0OTA

shortening of the intraligand bond distances. These results are /N¢ N N o \
}Cﬂ

complexes?4°thelA isomer of compound is expected 0.8 substantially confirm the RHF stability scale, even if th&
1.4 kcal mott aboveA, and the interconversion barrier close values are slightly greater than those calculated at the RHF/6-
to 17—19 kcal mof1.41.47 31G* level. Thus, for these systems, where the ligaioth

For compoundl, the relative energy of theéA isomer interactions present a strong electrostatic character and, conse-

calculated at both the RHF/6-31G*//RHF/3-21G and RHF/6- quently, there is only a small charge transfer between ion and
31G*//RHF/6-31G* levels is in close agreement with the ligand, the correlation effects on the conformational energies
expected experimental value (Table 2), whereas it is overesti-can be considered negligible.

mated at the RHF/3-21G//RHF/3-21G level. The same trend Summarizing ab initio results, we can conclude that geometry
is also observed for the calculated interconversion barridr of ~optimization can be confidently performed at the RHF/3-21G
(Table 2) and for the conformational energies of DOTA level; in fact, the computational effort required to use better
complexes with other lanthanidés. As far as the effects of  ligand basis sets does not appear to be counterbalanced by
the electron correlation are concerned, it can be seen (com-significant improvement of the calculated geometries. More-
poundsl andlain Table 2) that DFT/6-31G* relative energies over, as RHF/6-31G* energies for compouhshow the correct

are poorly affected by the level of geometry optimization and trend and are poorly affected by the geometry optimization level,
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Figure 4. (a) atomic numbering and (b) coordination geometry around
the ion in compound.

TABLE 3: Average rms Values (A) between the
Experimental, ab Initio, and MM Structures of Compounds
1-5 (Both Isomers Are Considered When Data Are
Available); rms Values Are Calculated on the Cartesian
Coordinates of (I) Atoms of the Coordination Cages (Gd and
the Ligand Coordinated Atoms); (Il) Gd and All Ligand
Atoms, but Hydrogens and Noncoordinated Acetate
Oxygens; (ll1) All Complex Atoms, but Hydrogens

RHF RHF MM MM MM MM
321G 6-31G* setl set2 setl set2
0]
expth 0.170 0.188 0.142 0.155 0.116 0.134
exptP 0.239 0.228 0.209 0224 0.161 0.172
RHF/3-21G 0.172 0.174 0229 0.229
RHF/6-31G* 0.180 0.162 0.232 0.219
(I
expth 0.172 0164 0.181 0.179 0.159 0.180
exptP 0.211 0193 0.203 0.205 0.171 0.189
RHF/3-21G 0.154 0.155 0.167 0.182
RHF/6-31G* 0.165 0.152 0.167 0.173
()
expth 0.299 0251 0242 0260 0.224 0.246
exptP 0.320 0.267 0.259 0.278 0.228 0.249
RHF/3-21G 0.172 0175 0.199 0.208
RHF/6-31G* 0.163 0.151 0.176 0.178

Cosentino et al.

Compound 5

Figure 5. Superimpositions between the experimental (dark) and the
RHF/3-21G (light) calculated structures of compoudd@ isomer)
and5.

Gd—L—X bending, and Ge&tL —X—X torsional interactions (X
denotes ligand atoms not coordinated to the metal). These
interactions are treated with the standard potential functions of
the TRIPOS force fields. Because MM calculations on-Gd
PAC complexes have been performed either including or
omitting the electrostatic term in the force fields, two different
sets of parameters have been derived for the mégdnd
interactions.

Metal-Independent Parameters. As in other applications
of MM to coordination compound?force field parameters used

arms values calculated omitting the water oxygen positions in the for modeling the interactions in the free ligand have been

case of compound3, 4 (IA isomer), and. ° rms values calculated by

assumed transferable to the ligand portion of the complex. The

matching the calculated water positions with the corresponding only exceptions are the G:&.3 and the C.3C.2 stretching

experimental carboxylic oxygen positions in the case of compo8nds
4 (IA isomer), ancb.

we assume that also for compour2ts4, where comparison

with experiments is not feasible, a satisfactory representation
of the PES is obtained by RHF/6-31G* energy calculations on

RHF/3-21G optimized geometries.

Il. Force Field Parameterization

Adopted Force Fields. Valence interactions involving Gd

and the 0.2-C.2—0.3 bending (list of the adopted atom types

is reported in a not&). In fact, it is well-knowr#? that the =X

and X—X bonds are affected through delocalization of electron

density to the metal upon coordination. The metal-independent

parameters reported in Table 4 have been modified by a trial

and error procedure to fit the ab initio calculated structures.
Metal-Dependent Parameters. The new parameters de-

scribing the stretching (GeN.4, Gd-0.3, and Ga-O.w) and

the bending (G&N.4—C.3, Gd-0.3—C.2, and G&-O.w—H.w)

interactions were determined fitting the empirical potential to

are handled in the framework of the point on a sphere (POS)the ab initio PES of the [GdDOTA(H,0)]"* complex as

approact? In the POS scheme, the Gdl stretching interac-
tions are explicitly considered, while the-dGd—L bending

described later in this section. For the-Gd—L—X torsions,
the torsional constant values were set to zero; for the IGd

terms are replaced by the nonbonding interactions between theX—X torsions, the TRIPOS generalized parameters were used

donor atoms (k-L); moreover, the torsional interactions
involving the Gd-L bonds and the van der Waals interactions
involving the metal are omitted. MM calculations were carried
out using the Sybyl 6.2 molecular software packfgsing the
TRIPOS force field$? which is purely harmonic and without
cross-terms. To deal with GAPAC complexes, three new types
of interactions were added to the force fields: -@dstretching,

(Table 4). All the van der Waals interactions involving the Gd
ion were omitted, setting to zero the value of the Gd nonbonding
parameters. For the 1,3 nonbonding interactions between the
L donor atoms, the standard van der Waals TRIPOS parameters
were used, and when the electrostatic contribution is turned on,
the electrostatic interactions between the L atoms were explicitly
considered. For the electrostatic contribution calculation, the
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TABLE 4: Force Field Parameters for the Gd—Ligand
Interactions Determined by Fitting of the RHF/3-21G (Set 1
and Set 1) and the RHF/6-31G* (Set 2 and Set 2 PES of
the A Isomer of Compound 1: the Primed Symbols Mean
the Omission of the Electrostatic Contribution into the Force
Field. For Metal-Independent Parameters, Default TRIPOS
and Modified Values Are Reportect

J. Phys. Chem. A, Vol. 102, No. 24, 199811

Thus, six relative energies and 210 first derivatives are
available for the determination of 12 parameters. Parametriza-
tion was performed minimizing the object functi@ defined
as the weighted sum of the squared deviations between the ab
initio and the MM quantities:

setl setl set?2 set 2 N—1 . )
Metal-Dependent Parameters S=We Zl [AE = AR(P)I" +
1%d-n.4 2.601 2.734 2.628 2.801 k= )
Ked-n.a 75.0 75.4 59.7 67.8 N M 3 [9E°  OE(p)
1%d-023 2.287 2.344 2.310 2.354 w _
Ked-03 147.2 149.4 128.7 130.3 Y4 £ & | ox. ax;
r%d-ow 2.497 2.445 2.495 2.461 J !
Ked-ow 125.5 130.6 108.1 119.8 ) o
96d-N4-C3 108.2 111.3 109.3 110.1 N is the number of sampled conformatiodjs the number of
Keg-N.4-c3 0.027 0.027 0.025 0.025 atoms whose derivatives are consider&#;i° and AE.(p) are,
Gd-0.3-C2 : . . . respectively, the ab initio and the relative energies of the
0 127.8 128.8 130.0 130.7 pectively, the ab init d the MM relati g f th
Kgd‘O-H-Z 0.045 0.046 0.040 0.043 kth structure; §E%/0x ;) and EE(p)/ox;;) are, respectively, the
906d-0m—Hw 119.5 118.5 120.0 119.6 b int d the MM first derivatives with B
Kos ot 0.012 0.012 0.011 0.011 ab initio and the irst derivatives with respect to tht
Ks_n.4—c 3P 0.27 43) 0.27 &+3) Cartesian coordinates of tlin atom of thekth structure. The
Ks—0.3-cosP 450 2) 450 2) valueswg = 1 andwg = 7 x 104 (5 x 10> when the
P— - electrostatic contribution is turned off) are assigned to ensure
defauit modified that energy and first derivative squared deviations provide
. Metal-Independent Parameters balanced contributions to the object function. The empirical
[(03*0-3 6 3%’,'5640 65%)-%10 potential parameterg (vector) are calculated, using a purposely
s ' ' developed computer code, by a least-squares procedure to fit
Fca-cz2 1.501 1.530
Kea co 639.0 639.0 the ab initio PES. Table 4 collects the force fields parameters
¥o3-c202 120.0 126.0 obtained including (set 1) or omitting (set) the electrostatic
Kos-c2-02 0.030 0.030 contribution.

ar0 (A): 9° (deg): K, (kcal molt A—2); K, (kcal mol? deg?); K,
(kcal molY). P Torsional force constari, and torsional periodicity (in
parentheses) are reported.

atomic charges fitted to the RHF/6-31G* molecular electrostatic
potential (MEP) of the complexesusing the MerzKollman

To verify the influence of the ab initio PES calculation level
on the force fields quality, the procedure was repeated, calculat-
ing relative energies and derivatives at the RHF/6-31G* level
on six distorted structures generated from the RHF/6-31G*
optimized geometry. The obtained parameter sets (set 2 and
set 2) are also reported in Table 4.

method? and a distance-dependent dielectric constant were used. The quality of the PES fitting with the different sets of
For the stretching and bending interactions the parametrizationparameters is reported in Table 5: it can be noted that,

strategy developed by Maple and co-workémsas followed.

independently of the inclusion of the electrostatic contribution,

Sampling of the ab initio PES was performed by moving the the empirical potentials are able to reproduce the respective ab
Gd ion inside the frozen coordination cage of the complex. This initio PESs with the same accuracy. Comparison of the
allows the mapping of the energy changes associated only withparameters (Table 4) shows that the RHF/3-21G derived sets
modifications of the internal coordinates involving the ion. In present®andy° values smaller and force constant values greater
fact, the aim of parametrization is to determine the metgand than the corresponding RHF/6-31G* values, as a consequence
parameters, while the intraligand interactions are described by0f the steepest RHF/3-21G potential. Furthermore, when the
the predefined force fields. electrostatic contribution is included, the force fields react with
Six new structures were generated starting from the RHF/3- & shortening of the® values to counterbalance the electrostatic

21G optimized conformation of th& isomer of compound. repulsion among the donor atoms.
The relative energies of the sampled structures were within 20
kcal mol! above the minimum. The obtained distorted
structures were checked to verify that the internal coordinates
involving the metal were well sampled around equilibrium
values: on average, a range of 0.4 A for-@dbond distances  PES of compound, and their transferability to other GPPAC
and of 10 for Gd—L—X angles was obtained. complexes, compounds-5 were optimized by MM using the
For each structure, the energy and the first derivatives with different sets of parameters.
respect to the atomic Cartesian coordinates were calculated at For compoundsl—4, MM provides two minimum energy
the RHF/3-21G level. Only the first derivatives with respect conformations (Table 2), corresponding to the previously
to the Cartesian coordinates of the Gd atom and the nine L discussedA andIA isomers, and for compourtsione isomer
coordinated atoms were included in the fitting of the empirical presenting the correct tricapped trigonal prism arrangement
potential. In fact, forces acting on these atoms strictly depend around the metal (Table 6).
on the metatligand interactions, while those acting on the other  In general, MM calculations reproduce the experimental
atoms of the ligand mainly depend on the intraligand interac- structures with the same accuracy of ab initio methods (Table
tions. Finally, second derivatives of the energy were not 3), and, as previously observed for the ab initio results, the
considered due to the intrinsic limitations imposed by harmonic- greatest increment to the rms values comes from the position
diagonal force fields, like TRIPOS, on fitting information of the noncoordinated acetate oxygens. Furthermore, the MM
contained in the ab initio Hessian matt#. calculated Ge-N and Gd-O bond distances (Table 6) are,

IV. Molecular Mechanics Calculations on Gd—PAC
Complexes

To test the quality of the parameters derived from the ab initio
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TABLE 5: Fitting of the Empirical Potential to the RHF/3-21G (Set 1—1') and RHF/6-31G* (Set 2-2') PES: rms2 rrms,? and
Maximum Deviations between ab Initio and MM Relative Energies AE) and Gadolinium Gradient Norm (llggdll)

AE llged!
rms rrms max. dev. ms rrms max. dev.
(kcal mot?) (%) (kcal mol?) (kcal molt A-1) (%) (kcal mort A-%)
setl 0.78 8.7 1.82 111 14.7 17.6
setl 0.57 6.3 0.96 9.9 12.8 19.2
set 2 0.78 10.8 1.52 9.9 15.9 18.3
set 2 0.85 11.7 1.52 105 16.9 155

arms= [T(X® — Xd(p))¥N]¥2% N are the sampled conformation, andX(p) are the ab initio and MM calculated quantiti@srms = [ (X
= XdP)) 2dX)TH2.

TABLE 6: Values of the Main Geometrical Parameters (Refer to Table 1 for Their Definitions) of the MM Calculated
Structures of Compounds 5. The Average Values Are Reported with Standard Deviations in Parentheses. Distances (A),

Angles (deg)

expt setl set'l set2 set 2

1(A)
Gd-01 2.365 (0.004) 2.357(0.017) 2.339(0.001) 2.381(0.020) 2.344(0.001)
Gd—N 2.655 (0.006) 2.756(0.019) 2.713(0.001) 2.804(0.022) 2.773(0.001)
Gd—Ow 2.456 2.495 2.451 2.489 2.461
Gd—Pn 1.633 1.702 1.594 1.772 1.665
Gd-Po 0.719 0.512 0.705 0.448 0.639
¢ 36.0 (5.8) 41.7 (1.4) 38.7 (0.1) 40.8 (1.3) 38.1(0.1)

2 (A)
Gd-01 2.370 (0.014) 2.333(0.001) 2.392 (0.017) 2.337 (0.001)
Gd—N 2.754 (0.022) 2.720 (0.001) 2.798 (0.025) 2.778 (0.000)
Gd—Ow 2.490 2.456 2.483 2.464
Gd—Pn 1.649 1.570 1.713 1.639
Gd-Po 0.530 0.744 0.466 0.676
¢ 41.3 (1.3) 38.5(0.1) 40.6 (1.2) 38.1(0.1)

3(A)
Gd-01 2.350 (0.007) 2.338(0.014) 2.343 (0.003) 2.358 (0.017) 2.348 (0.006)
Gd—N 2.617 (0.028) 2.701 (0.009) 2.722 (0.018) 2.744 (0.009) 2.784 (0.026)
Gd—N* 2.566 2.790 2.707 2.829 2.757
Gd—-Ow 2.466 (0.049) 2.490 (0.009) 2.454 (0.009) 2.479 (0.001) 2.464 (0.007)
Gd—Pn 1.564 1.670 1.632 1.740 1.702
Gd-Po 0.749 0.627 0.697 0.574 0.652
¢ 38.7 (3.3) 41.0 (4.1) 38.4(1.4) 40.0 (4.3) 37.3(1.9)

4 (A)
Gd-01 2.361 (0.029) 2.350 (0.011) 2.336 (0.005) 2.368 (0.013) 2.341 (0.007)
Gd—N 2.684 (0.029) 2.715(0.010) 2.729 (0.015) 2.754 (0.013) 2.793 (0.025)
Gd—N* 2.574 2.772 2.702 2.806 2.746
Gd—Ow 2.494 (0.046) 2.497 (0.009) 2.457 (0.010) 2.485 (0.004) 2.467 (0.007)
Gd—Pn 1.630 1.643 1.612 1.701 1.682
Gd—Po 0.694 0.711 0.711 0.664 0.661
¢ 38.2(2.4) 40.6 (2.8) 38.7(1.2) 39.8 (3.0) 37.6 (1.7)

5

Gd-0 2.389 (0.019) 2.372 (0.016) 2.346 (0.009) 2.397 (0.016) 2.353(0.010)
Gd—N 2.666 (0.056) 2.747 (0.036) 2.737 (0.017) 2.794 (0.042) 2.802 (0.019)
Gd—Ow 2.463 2.517 2.452 2.507 2.460
Gd—Pax 1517 1.275 1.335 1.261 1.299
Gd—Pax 1.807 1.852 1.858 1.879 1871
Gd—Peq 0.109 0.287 0.086 0.329 0.067
T 69.0 (4.0) 67.6 (9.3) 68.8 (5.1) 67.4 (10.3) 68.6 (6.0)
Oaxi—eq 6.7 18.0 13.9 17.7 13.2
Oaxo—eq 6.0 13.0 5.1 12.5 4.4

a Distance between Gd and the acetate oxygen of the adjacent complex in the crystallographic cell.

respectively, greater than and equal to the correspondingomitted, the water hydrogens point toward the external part of
experimental values, reflecting the characteristics of the ab initio the complex, as experimentally observed; otherwise, when the
PES from which the empirical potentials are derived. The electrostatic term is included, they are oriented toward the
quality of fitting between the MM and ab initio structures (Table acetate oxygens atoms as in ab initio structures, because of
3) further highlights the agreement between MM and ab initio hydrogen bond interactions.
PESs. The relative energies of thé\ isomer calculated with the

In MM optimized structures, the oxygen positions of the water different sets of MM parameters for compounds4 are
molecules are close to the experimental ones. The waterreported in Table 2 together with the interconversion barrier
molecules assume different orientations depending on thevalues calculated for compourid As previously discussed,
adopted force fields: when the electrostatic contribution is the implemented sets of metdlgand parameters are those that
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