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Newly developed relativistic energy-consistent 5f-in-core actinide pseudopotentials and corresponding (7s6p5d1f)/
[5s4p3d1f] basis sets in the segmented contraction scheme, combined with density functional theory methods,
have been used to study the molecular structure and chemical properties of selected actinide(lll) motexafins (An-
Motex?*, An = Ac, Cm, Lr). Structure and stability are discussed, and a comparison to the lanthanide(lll) motexafins
(Ln-Motex?*, Ln = La, Gd, Lu) is made. The actinide element is found to reside above the mean Ns motexafin
plane, and the larger the cation, the greater the observed out-of-plane displacement. It is concluded that the
actinium(lll), curium(lll), and lawrencium(lll) cations are tightly bound to the macrocyclic skeleton, yielding stable
structures. However, the calculated metal-ligand gas-phase binding energy for An-Motex?* is about 1-2 eV lower
than that of Ln-Motex?*, implying a lower stability of An-Motex?* compared to Ln-Motex?*. Results including solvent
effects imply that Ac-Motex?* is the most stable complex in aqueous solution and should be the best candidate for
experimentalists to get stable actinide(lll) motexafin complexes.

Introduction In contrast to porphyrins, the texaphyrins contain five, rather
than four, coordinating nitrogen atoms within their central

In 1988, a novel expanded porphyrin, texaphyrin, was first T .
, ; ; : core, which is roughly 20% larger than that of the porphyrins.
reported by Sessler's group in the form of its cadmium(ll) Therevaorle ':exa;ﬁyr)i/ns h;vegan ability to form pstarl):)lg I1'1

complex! Since then, great progress has been made in terms ; . :
of understanding and exploiting this new class of ligahds. complexes with arange of Iargfar metal cations (Figure 1).
Texaphyrins are tripyrrolic, pentaaza macrocycles that haveIn 199?(’ Ianttha;nlde '?nsl Wi_rf first rleported 33’ tﬁestsler ar}d
a strong, but “expanded” resemblance to the porphyrins ang O WOKETS 10 Torm Stable 1. Complexes wi IS type o

; . : ligand [lanthanide(lll) texaphyrins, Ln-TéX.5 Later, a
other naturally occurring tetrapyrrolic prosthetic grogps. substitution of the O(CKJ<OH side chains of texaphyrins

*To whom correspondence should be addressed. E-mail: x.cao@ BY O(CH.CH,0);CHjs yielded motexafins (Figure 1), a more

?Vrv-légelr;ﬁe (X-C(gb)Tédgngg’fT%léoggnége()((MC-D-), (fjan“%vl\ljh?tzgg)-gguign stable macrocycle, which has been widely used since then.
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T Universitd zu Koln.
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§ Beijing Normal University. cology, photoangioplasty, and the light-based treatment of
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Studies of Actinide(lll) Motexafins

—| 2+ developed in relativistic quantum chemistry, the method of
ab initio pseudopotentials (PPs) is among the most successful
ones!? The explicit quantum-chemical treatment is restricted
to the valence electron system, and relativistic effects are
implicitly accounted for by a proper adjustment of free
parameters in the valence model Hamiltonian. Whereas the
first aspect leads to a reduction of the computational effort,
the second allows the inclusion of scalar-relativistic contribu-
tions in a nonrelativistic framework. For f elements, several
energy-consistent PPs with different core definitions, i.e., 4f-
in-core PP¥ as well as 4f-in-valence PPg°for lanthanides
and 5f-in-valence PP for actinides, were published by
one of the present authors and have been used successfully

M=La, Gd, Lu: Ac, Cm, Lr in various applications by many researchers. However,
a) R=O(CH.);OH, texaphyrin because of the well-known stronger involvement of actinide
b) R=O(CH>CH;0):CH, motexafin 5f orbitals in chemical bonding, the development of 5f-in-
Figure 1. Structures for lanthanide(lll) and actinide(lll) texaphyrins core actinide PPs W"’_IS not attemptegl so far.
(M-Tex2+) and motexafins (M-Motek), where M= La, Gd, Lu, Ac, Cm, In 2004, we published our studies on the molecular
and Lr. structure and chemical/physical properties of selected lan-

o thanide(lll) texaphyrins (Ln-TeX) using density functional
detectable radlagon enhgr?cérseveral of these systems, theory (DFT), applying the B3LYP hybrid functional (DFT/
notably motexafin gadolinium (Gd-Tex, XCYTRIN) and  g3) yp) combined with scalar-relativistic energy-consistent
motexafin lutetium (Lu-Tex, LUTRIN) (cf. Figure 1b), are 4t jn_core lanthanide PP&.Good agreement between theo-
attractive candidates for a range of medically relevant qfical and experimental results was obtained. In this paper,
applications ;’igd are at present being evaluated in advanced, simjlar method, i.e., DFT/B3LYP in connection with new
clinical trials® _ _ _ scalar-relativistic energy-consistent 5f-in-core actinide #Ps,

The above exciting achievements in the flgld of Iz_inth- is applied for actinide(lll) motexafins (An-Moték, An =
amde(lll) texaphyrins ha\{e encograged experimentalists to ¢ cm, Lr). Furthermore, the solvent effects, which were
think about complexes with heavier f-element homologues peglected in previous studies on Ln-Pexare taken into
and their possible technical usagowever, in contrastto  gccount by using the COSMO (conductor-like screening
lanthanides, all isotopes of the actinide elements are radioacogel) approach iTURBOMOLE2 Corresponding calcula-
tive, and some of them are relevant for the development of tjons have also been carried out for the lighter f-element
nuclear weapons as well as the production of electricity from omologues Ln-Mote¥ (Ln = La, Gd, Lu) to enable a 1:1
nuclear energy. In both cases, the radioactive nuclear wast&omparison between the lanthanide and actinide series. We
management risks must be addressed sooner orfeded il mainly focus on the structures, stabilities, charge
actinide(lll) texaphyrins might lead to new approaches in gistriputions, and electron affinities of the molecules con-
waste remediation. Because of technical limitations associ-sigered here. Trends in the actinide series and a comparison
ated with working with these highly radioactive species, jth those in the lanthanide series will be attempted by

actinide(lll) texaphyrins still remain to be tested experimen- eyp|oiting a near-linear behavior of several properties within
tally.® Unfortunately, experimentally all attempts in the oach series.

Sessler group to synthesize stable actinide(lll) texaphyrins
have been unsuccessful so far and theoretical investigationsMethod
of the reasons why were encouraged.

From the theoretical point of view, the challenge of
guantum-chemical investigations on systems containing
actinide elements arises not from the radioactivity of actinide (11 poig, M. InEncyclopedia of Computational ChemistSchleyer, P.
elements but from the significant contributions of relativity v. R., Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer,

as well as electron correlatidh.Among the approaches s naanreiner, P. R., Eds.; Wiley: Chichester, UK., 1998; pp
(12) Kutzelnigg, W.Phys. Scr1987 36, 416.
(6) Young, S. W,; Qing, F.; Harriman, A.; Sessler, J. L.; Dow, W. C.; (13) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Hheor. Chim. Actal989
Mody, T. D.; Hemmi, G. W.; Hao, Y. P.; Miller, R. AProc. Natl. 75, 173-194.
Acad. Sci. U.S.A1996 93, 6610-6615. (14) Dolg, M.; Stoll, H.; Preuss, Hl. Chem. Phys1989 90, 1730-1734.
(7) Rosenthal, D. I.; Nurenberg, P.; Becerra, C. R.; Frenkel, E. P.; Carbone, (15) Cao, X.; Dolg, M.J. Chem. Phys2001, 115 7348-7355.
D. P.; Lum, B. L.; Miller, R.; Engel, J.; Young, S.; Miles, D.; (16) Kichle, W.; Dolg, M.; Stoll, H.; Preuss, H. Chem. Physl994 100,

The method of relativistic energy-consistent ab initio PPs
is described in detail elsewhéfé*?and will be outlined

Renschler, M. FClin. Cancer Res1999 5, 739-745. 7535-7542.
(8) Rockson, S. G.; Kramer, P.; Razavi, M.; Szuba, A.; Filardo, S.; (17) Cao, X.; Dolg, M.J. Chem. Phys2003 118 487-496.
Adelman, D. C.Circulation 200Q 102, 2322-2324. (18) Cao, X.; Dolg, M.Mol. Phys.2003 101, 2427-2435.

(9) Sessler, J. L.; Vivian, A. E.; Seidel, D.; Burrell, A. K.; Hoehner, M.;  (19) Moritz, A.; Cao, X.; Dolg, M., to be published.
Mody, T. D.; Gebauer, A.; Weghorn, S. J.; Lynch, ®ord. Chem. (20) TURBOMOLEIs a program package developed by the Quantum

Rev. 2001, 216217, 411-434. Chemistry Group at the University of Karlsruhe, Karlsruhe, Germany,
(10) Kimura, H.; Takano, H.; Muromura, T. Nucl. Mater.1999 274 since 1988. Ahlrichs, R.; BaM.; Haser, M.; Horn, H.; Kémel, C.
197-205. Chem. Phys. Lettl989 162 165-169.
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here only briefly. The valence-only model Hamiltonian for than 0.004 hartree and in energy differences with respect to
a system witt valence electrons arid nuclei with charges  the ground state less than 0.1 eV.

Qis given as The (7s6p5d1f)/[5s4p3d1f] atomic natural orbital (ANO)
Gaussian valence basis sets were generated in the following
oo _} n A n E yo4 N QQ; way. First, (7s6p5d) sets of exponents were energy-optimized
v 2 .Z ‘ ;rij g s in HF calculations for the 6d<’ configuration. Second, the

contraction coefficients were obtained from ANOs of state-

Here,i andj are electron indices andandJ are nuclear ~ averaged, completely active space, multiconfiguration self-
indices. In the usual approximation, the sporbit-averaged ~ consistent-field (CASSCF) calculations with subsequent

PPs The state averaging was necessary in order to avoid sym-

metry breaking at the orbital level because the applied
N programMOLPROQis limited to theDy, point group and
Var = ZVLV subgroups. All orbitals were optimized at the CASSCF level,
but only the fractionally occupied subshells were treated as
active. In the subsequent MRCI calculations, single and
double excitations were allowed from the 6s, 6p, and 7s
subshells. Natural orbital coefficients were obtained by
nQ 0 diagonalizing the averaged density matrixes of all compo-
V= _Z_Jr ZZA'I'( exp(alr;)P| nents of the 67 2D valence substate. The generalized
I T contraction scheme was applied to yield (7s6p5d)/[5s4p3d]
ANO valence basis sets. Third, one f function was added,
P: is the projection operator onto the Hilbert subspace of and the exponent was optimized for the MRCI energy of
angular momentunt with respect to centef. The free the 6d7¢ configuration, yielding the final (7s6p5d1f)/
parametera:\'k andai'k are adjusted to reproduce the valence [5s4p3d1f] ANO Gaussian valence basis sets. For the
total energies of a multitude of low-lying electronic states (7s6p5dif)/[5s4p3d1f] basis sets in the segmented contraction
of the neutral atonh and its iong? Newly developed large-  scheme applied here, the contraction coefficients have been
core PPs for actinides modeling thé 6bre 6 = 0—14 for taken from the ANO contractions of the lowest-energy
Ac—Lr) have been used, i.e., the-15f shells were included  pseudovalence orbital in each symmetry in the generalized
in the PP core, while all other shells with main quantum contracted basis sets. The 5f-in-core PPs and various basis
numbers larger than 5 were treated explicitly. A total of 11 sets of polarized triple- to quadrupiequality for all actinide
valence electrons were included in the calculations for Ac, elements have been completed for trivalent atoms and will
Cm, and Lr corresponding to a trivalent situation; i.e., 0, 7, be published sootf.

and 14 electrons are assumed to occupy the 5f shell and are | other atoms were treated at the AE level. The standard
attributed to the PP core for Ac, Cm, and Lr, respectively. gouple¢ (DZ; (8s4p)/[4s2p] for C, N, and O and (4s)/[2s]
The 8 electrons of the semicore 6s and 6p shells as well astor 1) plus polarization [DZP; DZ augmented by a (1d) set

the 3 electrons occupying the 6d, 7s, and 7p valence shellsqor ¢ N, and O or a (1p) set for H] basis sets in
are taken into account explicitly. The reference data used toTyURBOMOLE® were used.

determineV,, have been taken from relativistic all-electron
(AE) calculations using the so-called WoeBoring (WB)
scalar-relativistic HartreeFock (HF) approach. Both AE
WB as well as PP calculations have been performed with
an atomic finite-difference HF scheme in order to avoid basis
set effects in the determination of the PP parameters.
First, the s-, p-, and d-PP of An (Aa Ac, Cm, Lr) were
adjusted by choosing the following reference configurations
with fixed 5f occupations (8fAc, 5f Cm, 54 Lr): An
6dl72, 6cf7, 77pt, 78717, and 6d757p!, Ant 6P, 6d7<!,

V., denotes a spinorbit-averaged relativistic PP in semi-
local form for a core with charg®,

The calculations for An-Motex were carried out with
the TURBOMOLEprogram packag®. The computational
method was Becke’s semiempirically parametrized gradient-
corrected exchange-correlation hybrid DFT approach
(B3LYP).2>25The geometry of An-MoteX (Ln = Ac, Cm,

Lr) was fully optimized without any symmetry restriction at
the DFT/B3LYP level. The electron affinity was calculated
by subtracting the energy of An-Mot&xfrom An-Motex".

Similarly, the metat-ligand binding energy was obtained by

6d7p., 797, and 73 Ar?+ 6d, 74, and 7, and At subtracting the energy of An-Moté&x from the possible

. FAtl 2—n)+ — 11—
Second, the reference configurations!®d&f?, 6f1, 7%, and dissociation productls (A, Mqte% 7 n=1-3). ) )
8fL, Cmio+ 5f8 576f! 5f7fL and 5F8fL, Lriot 5fi46fL, 5f47fL, To get a systematic comparison with the lanthanide series,

and 5£48f1, were chosen for adjustment of the f-PP of Ac, LN-Motex*™ (Ln = La, Gd, Lu) were calculated too using
Cm, and Lr, respectively. The errors in the total valence the same methods that we previously applied to Ln#Tex

energies of finite-difference HF calculations were smaller (LN = L&, Gd, Lu):® The difference between “Motex" and

(21) Dolg, M.; Stoll, H.; Preuss, HTheor. Chim. Actal993 85, 441— (23) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
450. (24) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.
(22) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Chem. Phys1987, 86, (25) Stephens, P. L.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
866—872. Phys. Chem1994 98, 11623-11627.
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“Tex” arises from the longer side chains of the “Motex”
ligand (cf. Figure 1).

Calculations taking into account solvent effects were
carried out using COSMO, a kind of dielectric continuum
model?® The solute molecule is embedded in a dielectric
continuum of permittivitye, with the solute forming a cavity
within the dielectric. The electric charges within the cavity
in the dielectric medium polarize the dielectric continuum
outside of the cavity, i.e., the surface charge distribution on
the interface (screening charggs This polarization, in turn,
makes a contribution, called the reaction field, to the electric
field within the cavity. The total energy of the system may
be written as

E(0) = 2QCQ + QBa + JuAd

HereQ andq denote in vector notation thé source charges

Q and theM surface charges;, respectivelyA, B, andC

are Coulomb matrices. The actual screening charge distribu-
tion g* minimizes the total energy. Hence, we have

VE@I; =B'Q"+Aq- =0
q = _AleTQT

To take into account the finite permittivity of real
solvents, the screening charges are scaled by a factor 1
1.5/ + 0.5). We note that for solvents typically used in
the preparation of texaphyrin and motexafin complexes, e.g.,
water € = 80.1) and methanok(= 33.0), the scaling factor

Table 1. Bond Lengths (A) and Binding Energies (eV) for Mpy®F+

(M = Ac, U, Cm, Es, Lr) Complexes from 5f-in-Core Large-Core (LC)
and 5f-in-Valence Small-Core (SC) PP HF Calculations Using Small/
Large Basis Sets

Re De
PP LC PP SC PPLC PP SC
Ac 2.47/2.45 2.47/2.45 3.55/3.25 3.55/3.33
U 2.39/2.38 2.36/2.35 3.83/3.53 3.94/3.73
Cm 2.31/2.30 2.30/2.28 4.16/3.87 4.22/4.01
Es 2.26/2.25 2.24/2.23 4.39/4.10 4.46/4.27
Lr 2.19/2.19 2.20/2.19 4.69/4.40 4.70/4.51

aSmall basis sets: PP LC, (8s7p6d2f); PP SC, (14s13p10d8f)/[6s6p5d4f];
H, O, cc-pVDZ. Large basis sets: PP LC, (8s7p6d2flg); PP SC,
(14s13p10d8f6q)/[6s6p5d4f3g]; H, O, aug-cc-pVQZ.

participate in bonding and the 5f-in-core approximation is
least likely to work, e.g., for U, the results are in quite
reasonable agreement with those of 5f-in-valence calcula-
tions. It should be noted that the 5f-in-core results correspond
to an average over all states resulting from a superconfigu-
ration, i.e., all states arising from a given 5f subconfiguration
and the valence substate, whereas the 5f-in-valence results
refer to the lowest state. For Ac-Mot&x it was found that
the disagreements for calculated bond lengths and bond
angles by using LPP and SPP are at most 0.004 A arfd 0.3
(cf. Table 2). Therefore, we conclude that the 11-valence-
electron PPs and corresponding basis sets for An are
sufficiently accurate for the study of An-Mot&x

A. Molecular Structures. The most important parameters
of the fully optimized structures for An-Moték (An = Ac,
Cm, Lr) and Ln-MoteX" (Ln = La, Gd, Lu) are listed in
Table 2. Compared to Ln-Moté¥k, the calculated ArN

has values between 0.95 and 0.98 and the assumption of alpond lengths are on average 0.05 A longer than the

infinite permittivity is justified. For the cavity generation,
the following atomic radii (A) were used in our calcula-
tions: C, 2.0; N, 1.83; O, 1.72; H, 1.3; 3 2.05; Gd",
1.90; LB, 1.80; AGt, 2.24; Cnit, 1.94; LB, 1.72. The
values for the lanthanide and actinide ions were chosen to
reproduce in COSMO calculations within 0.1 eV accuracy
the experimental (L4, 31.7 eV, Gd', 34.1 eV; L&", 36.1
eV)?” and calculated (At, 29.1 eV; Cni', 33.4 eV; LB,
37.8 eVY¥® hydration free enthalpies, respectively. For all
other parameters, the default values implemente@UiR-
BOMOLEwere adopted.

Results and Discussion

corresponding LaN bond lengths for Ln-Mote¥. On the
other hand, bond distances and angles that exclude the metal
are only slightly affected by the substitution of different
metal(lll) cations; e.g., the change of the average internal
angle about C (or N) and its next-adjacent atoms within the
ring is at most 1.6

In analogy to Ln-MoteX", for all An-Motex*, it is found
that the metal cation is locatetl(Ns) above the mean N
plane, i.e., 0.77, 0.53, and 0.20 A for Ac, Cm, and Lr,
respectively. The distance of the actinide element to the mean
Ns plane does reflect the size of the metal(lll) cation; i.e.,
the larger the ion, the longer the distance obtained. Compared
to Ln-Motex", the calculated distana@®(Ns) for An-Motex2™

Before we applied the above-described PPs and valencds longer; i.e. A(Ns) of An-Motex** for An = Ac, Cm, and

basis sets to An-Motéx, we performed test calculations for
An3*-H,O (An = Ac, U, Cm, Es, Lr), as well as Ac-MotéX,

by choosing two different core definitions for An, i.e., 5f-
in-valence SPP (small-core PP with 60 core electrons, e.g.,
29 valence electrons for Ac) and 5f-in-core LPP (large-core
PP with 11 valence electrons, e.g., 78 core electrons for Ac).
The results obtained for small and large basis sets for the
actinide(lll) monohydrate complexes are listed in Table 1.
It is seen that even for those elements where the 5f orbitals

(26) Klamt, A.; Schuurmann, Gl. Chem. Soc., Perkin Tran&993 2,
799-805.

(27) David, F.; Vokhmin, V.; lonova, GJ. Mol. Lig. 2001 90, 45-62.

(28) David, F. H.; Vokhmin, VNew J. Chem2003 27, 1627-1632.

Lr are 0.04, 0.13, and 0.15 A larger than those of Ln-Mbtex
for Ln = La, Gd, and Lu, respectively. Therefore, the metal
ligand bond in An-MoteX" is expected to be weaker than
that in Ln-MotexX", mainly because of the larger ion radii
of actinide(lll) ions compared to those of lanthanide(lll) ions.
B. Charge Distribution and Frontier Orbitals. The
Mulliken orbital populations (cf. Table 3) show very similar
charge distributions for Ln-Motéx and An-MotexX". A
relatively constant valence d occupation is observed, i.e.,
~0.8 electron occupation for 6d of all An-Mot&xand~0.9
electron occupation for 5d of all Ln-Motéx This indicates
covalent metatligand-bonding contributions from the va-
lence d shell, i.e., substantial deviations from a purely ionic
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Table 2. Selected Bond Lengths (A) and Angles (deg) for M-M&tefM = La, Gd, Lu, Ac, Cm, Lr) Calculated at the B3LYP Le#el

La Ac Ac(SPP) Gd Cm Lu Lr
N3 2.529 2.588 2.585 2.440 2.486 2.387 2.403
N2 2.434 2.501 2.499 2.342 2.396 2.283 2.321
N4 2.433 2.500 2.499 2.342 2.396 2.283 2.321
N5 2.613 2.682 2.685 2.516 2.571 2.463 2.490
N1 2.615 2.682 2.685 2.516 2571 2.457 2.490
A(Ns)P 0.75 0.77 0.78 0.40 0.53 0.05 0.20
C16,C12 129.3 130.1 129.9 129.0 129.5 128.3 129.1
C21,C6 118.8 119.0 119.0 118.6 118.7 118.1 118.5
N5,N1¢ 124.6 124.8 124.7 124.3 124.4 123.4 124.1
Npd 74.6 73.1 73.0 77.4 75.8 78.6 78.2
Np,id 63.5 63.7 63.6 67.9 66.4 69.1 68.5
Nid 61.5 60.1 59.8 63.9 62.5 64.7 64.5

aUnless otherwise noted, the distance (A) given is for the separation between the indicated atom and the lanthanide/actinide(lll) catior/886/78-, 53
and 60/92-electron-core PPs were applied for La/Ac, Gd/Cm, and Lul/Lr, respectively. SPP: 60-electron-core PP for Ac. Standard (7s6p5dyEsde3d] v
basis sets augmented by (1s1f) sets and (7s6p5d1f)/[5s4p3d1f] valence basis sets used for lanthanides and actinides, respectively. DAP ®akis sets f
0, and N.P The distance (A) to the lanthanide/actinide(lll) cation from the average plane through the five nitrogenca®efiess to the average internal
angle about this atom and its next-adjacent atom within the ring; i.e., C16,C11 denotes the average angle about these two mesolike methimeagrbons, na
C17-C16-C15 and C12C11-C10, respectivelyd Np refers to the average-Nmetal-N angle involving adjacent pyrrole nitrogens, i.e.,-N@etal-N4;

Np,i refers to the average-Nmetal-N angle involving a pyrrole nitrogen and that of its adjacent imine; Ni is therétal-N angle defined by the two
imine nitrogens.

Table 3. Mulliken Orbital Populations and Atomic Charge®)(on M 5d orbitals areAlflds = —0.80 A, Allld, = —0.72 A, Aces
Metal; M = La, Gd, Lu, Ac, Cm, and Lr) and Nitrogens in — _ — _ — _
(Lanthanide(llI)/Actinide(lll) Motexafind ) ’ = —1.52eV,Acgy= ) 0.33 eV,Alllds = —0.24 A, andAesg
= 0.87 eV when going from La to Lu (cf. Table 4).

S d f . . L "
e 217220 6 12/6 07 101087 0.040.04 ?67/1 o1 Because of their relatively small ionic radii, the metal
N3 367/364 392397 0.02/0.03 0.61/-0.64 cations are eff|c!ently complexed by the f|v_e nltrog_en_atoms
N2 3.65/3.64 3.95/3.97 0.03/0.03 —0.62/-0.64 of the macrocylic skeleton and high metdigand binding
“é g-ggg-gi g-gig-gg 8-8358-83 *8-32/58-28 energies for all lanthanide(Ill) and actinide(Ill) motexafins
N4 365366 3.94/3.95 0.03/0.02 _0.62/-0.63 are expected. Whereas the orbital gontractlons make the
Gd/Cm 2.21/2.28 6.21/6.18 0.90/0.87 0.01/0.01  1.66/1.65 cation smaller and allow the formation of nearly planar
“g g-ggg-gj g-g;‘g-g; 8-8358-85 *8-22/&8-23 complexes with higher stability, the orbital stabilization/
N1 362/3.62 3.86/3.85 002/003 —0.50/-0.49 destabilization clearly favors a charge transfer from the ligand
N5 3.61/3.62 3.89/3.85 0.03/0.03 —0.52/-0.49 to the metal valence s and p orbitals. As a result, an
N4 3.65/3.66  3.97/3.94  0.02/0.02 —0.65/-0.62 increasing ligand oxidation is found to accompany the
Lu/Lr  2.29/2.37 6.31/6.26 0.80/0.75 0.00/0.01  1.60/1.61 . . fth - h | d .
N3 367/3.64 3.94/3.98 0.02/0.02 0.63/-0.64 insertion of the metal; i.e., the metals carry decreasing
N2 3.65/3.64 3.98/3.98 0.02/0.02 —0.65/0.64 positive charges (La-Moté%/Ac-Motex?", 1.67/1.81; Gd-
N1 3.62/3.62 3.98/3.85 0.02/0.03 —0.50~0.50 Motex2t/Cm-Motex™. 1.66/1.65° Lu-MoteX"/Lr-Motex2+
N5 3.62/3.62 3.85/3.85 0.03/0.03 —0.50/-0.50 / - f. Tabl : ' k
N4 3.65/3.66 3.98/3.94 0.02/0.02 —0.65/-0.63 1.60/1.61; cf. Table 3).

a A 5?5p85d16< and 636p°6d17<” ground-state valence subconfigurations A ql'"t? low '0_W85t unoccupied molgcular Orbltal_ (!‘UMO)
are considered for the lanthanide and actinide elements, respectively; 0, 7,€Nergy 1S obtained for both lanthanide and actinide com-
and 14 electrons in the 4f/5f shell are attributed to the PP core for La/Ac, plexes; i.e., the LUMO is only0.40 and~0.38 eV (cf.
Ga/Cm, and LulLr, respectively. Table 5) higher than the highest occupied MO (HOMO) for
complex between Ft [f1s2p° and Motex ions. The valence Ln-Motex?™ and An-MotexX", respectively. Therefore, one
s and p shells get more occupied with the increasing nuclearc@n expect that both Ln-Motéx and An-Motex" easily
charge along the lanthanide and actinide series, e.g., the 7s@bsorb electrons in an electron-rich environment, a finding
7p occupation increases from 0.20/0.07 for Ac-Mateto that is supported by experimental evidence in the case of
0.37/0.26 for Lr-MoteX". We attribute the constant valence the lanthanide systendt is worthwhile to mention that the
d and increasing valence s, p occupations to increasingenergies of the HOMO and LUMO for An-Moték are
relativistic effects along the lanthanide and actinide series Systematically~0.02 anck0.10 eV lower than those for Ln-
as well as to shell structure effects due to the filling of the Motex*", respectively.
nf (n = 4 for Ln and 5 for An) shell, i.e., the f-element C. Stability. To study the stability of the metahitrogen
contraction (cf. Table 4). When going from Ac to Lr, the 7s bond in lanthanide(lll) and actinide(lll) motexfins, the

and 7p orbitals contract significanthyA(iZs = —0.91 A; metal-ligand gas-phase binding energies are calculated
AliE, = —0.76 A) and get energetically stabilizedd;s = according to three possible dissociation pathBgonq= E(M-
—2.05 eV; Aez, = —0.28 eV). The 6d orbital contracts Motex2") — E(M™) — E(Motex? "*) withn= 3, 2, and 1
moderately Ay = —0.45 A). It gets energetically denoted as paths A, B, and C, respectively]. In view of the

stabilized Aesg = —0.46 eV) from Ac to Cm but becomes high positive Mulliken charges on the metal (cf. above), only
less stable Aesg = 0.58 eV) from Cm to Lr. For the  dissociation products with metal cations were considered.
lanthanide series, the corresponding data for the 6s, 6p, andlrhe results are summarized in Table 5. For all three metal
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Table 4. O0Expectation Values (au) and Negative Orbital Energies(au) for the 5d, 6s, and 6p Orbitals of Ln in thei8d6s'6pt Configurations
and the 6d, 7s, and 7p Orbitals of An in theif@f'7s'7pt Configurations from Scalar-Relativistic (WB) AE Calculations

metal [Bl84/[Mldq [Mldd s [Hldy/Zp —éesd/—€ed —epd —€7s —eep/—€7p

La/Ac 2.819/3.327 4.547/4.435 6.207/6.512 0.271/0.218 0.223/0.239 0.118/0.112

Gd/Cm 2.615/2.930 4.106/3.917 5.797/6.049 0.266/0.235 0.250/0.275 0.125/0.118

Lu/Lr 2.579/2.875 3.747/3.525 5.485/5.755 0.239/0.213 0.279/0.314 0.130/0.123
Table 5. Calculated M-MoteX" (M = La, Gd, Lu, Ac, Cm, Lr) Bond O—T—T"T""T""T""T"TT"T"TTT"T"T

Energies Enond, Electron Affinities (EA), and HOMO and LUMO
Energies, All in Units of e¥

- W 1
La/Ac Gd/Cm Lu/Lr

Epond® 32.10/30.24  34.70/33.28 36.56/35.47 30 7

solv. 3.91/4.81 4.09/3.94 4.15/2.12

Epond 15.82/15.51 17.50/16.31 18.59 (19.00)/16.62 - 1

Epond! 10.29/9.60 11.20(12.00)/8.97  10.56 (13.70)/8.04 =

EA 7.5017.64 7.61/7.70 7.69/7.72 Look 2 u

solv. 3.99/4.00 4.01/3.96 3.96/3.97 w Ln™" +Motex

—Enomo 8.91/9.01 8.91/9.01 9.00/9.03 < -

—ELumo 8.52/8.59 8.53/8.65 8.56/8.67 " i
aThe bond energies for dissociation path A as well as the electron 10} =B A § _

affinities corrected for the effects of a solvent of infinite permittivity are
listed in the second row (solv.).—Epond = E(M-Motex2™) — E(M3*) —
E(Motex"); the ground-state configurations are@, for La3* and Aé*,
f7d0 857, for GAB* and Cnit, and f4d° 1S, for Lust and Le*, respectively.

Ln"+Motex"

1 1 1

¢ —Epond = E(M-Motex?") — E(M?") — E(Motex); the configurations are o—t——t—tl_l 111 11

d! 2Dgy, for La?t and ¢ 25y, for Ac?*, f7d! °D, for Gd?™ and f's! 9S, for La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

Cmét, and st 25 (f14d! 2Dgp) for Lu?t and f4st 25y, for Lr2t, Figure 2. Ln-Motex?* binding energies for three dissociation channels
respectivelyd —Epond = E(M-Motex?t) — E(MT) — E(Motex"); the (A, Ln3" + Motex; B, Ln?" + Motex; C, Ln™ + Motex") for all lanthanide
configurations are 4P, for La* and ¢ 1S, for Ac™, f7dls! 1Ds/(f7d? 193, elements from the calculated data for La, Gd, and Lu by linear regression
for Gd* andf’s? 8S;, for Cm*, and #4s21 S, (f14d? 3F,) for Lut and £4s? and interpolation (stars). The lanthanide ions are assumed to h&ve Ln
1, for Lr, respectively. 4fn, Ln?t 4f'5dl, and Lnt 4f"5c configurations, i.e., the same 4f

subconfiguration as that in the complex. For channel A, the values
dissociation paths considered, the calculated gas-phaseorrespond to the complex binding energies. For channels B and C, binding
binding energies for Ln-Motéx are higher than 10 eV, &rrges sblaned ater experimenialy and reorlall bianed conectons
proving that the Ln-MoteX complexes are very stable. FOr  and empty symbols, respectively.
An-Motex?t, the calculated gas-phase binding energies for
dissociation paths A, B, and C are on average about 1.5,Unfortunately, it is impossible to get binding energies for
1.2, and 1.8 eV, respectively, lower compared to those of the whole actinide series by doing corrections from the
Ln-Motex?™. actinide ion state considered in the interpolation to the
In previous work, it was observed that for a fixed valence experimentally observed ground state with the experimental
substate of the lanthanide atoms/ions and compounds as welenergy difference because most of the experimental values
as a fixed electronic state of the non-lanthanide fragment for actinide ions are unavailable. Nevertheless, besides the
the binding energy is nearly linear in the lanthanide nuclear dissociation into A&" + Motex™, we still can obtain from
charge®? This allows an interpolation of the Ln (An)-Mot&x the linear regression the gas-phase binding energies of two
binding energies for all elements of the 4f (5f) series from actinide(lll) motexafins for dissociation path C, where the
the data for La (Ac), Gd (Cm), and Lu (Lr) by linear free actinide ions have the same ground-statesGbcon-
regression. For Ln-Motéx, the correlation coefficients for  figuration (W = 0—14 for Ac—Lr) as that in the complexes
paths A, B, and C are 0.9954, 0.9995, and 0.9999, respec-as well as the same Zgalence subconfiguration as those of
tively. Correcting from the lanthanide ion state considered Act, Cm®, and Lr*, i.e., P4 (9.43 eV) and U (9.32 eV).
in the interpolation to the experimentally observed lamd However, considering that the trivalent oxidation state is not
Ln?* ground states with the experimental energy differences preferred for protactinium and uranium, it is suggested to
yields the typical sawtooth behavior of the binding energies investigate Ac-MoteX" as the best candidate for experimen-
also observed for other lanthanide compoudh@sf. Figure talists to get stabilization by motexafins.
2). Considering the most favorable dissociation path C in  An alternative way to derive the binding energies with
the gas phase, we conclude that Gd-Méteappears to be  respect to AR~ + Motex and A + Motex" starts from
the most stable lanthanide(lll) motexafin complex, closely the results for Af™ + Motex™ and makes use of the
followed by Th-MotexX". The Eu and Yb compounds should calculated electron affinity (2.83 eV) and ionization potential
be the least stable systems. (5.79 eV) of Motex, as well as estimates of the third and
For An-Motex", the correlation coefficients for paths A, second An ionization potentials derived from highly cor-
B, and C are 0.9956, 0.9690, and 0.9938, respectively.related SPP calculations including spiorbit corrections?
For the cases where the 5f subconfiguration does not change,
the derived values agree well with those obtained from the

(29) Dolg, M.; Stoll, H. Electronic structure calculations for molecules
containing lanthanide atoms. IfRlandbook on the Physics and
Chemistry of Rare EarthsGschneidner, K. A., Jr., Eyring, L., Eds.;
Elsevier: Amsterdam, The Netherlands, 1996. (30) Cao, X.; Dolg, M.Mol. Phys.2003 101, 961-969.
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Table 6. Selected Bond Lengths (A) and Angles (deg) for M-Mdtex
(M = La, Gd, Lu, Ac, Cm, Lr) Calculated at the B3LYP Level with the
Inclusion of Solvent Effects by Using COSMO

Cao et al.

reflect the size of the metal cation; i.e., the larger the ion,
the larger the bond length extension obtained; e.g., for
actinium(lll) and lutetium(lll), the metatnitrogen bonds
involving pyrrole nitrogen are on average increased by 0.06
and 0.03 A, respectively. The solvent effects on the metal
nitrogen bonds involving imine nitrogen are slightly smaller;
e.g., for Ac-Motex*, the Ac-N bond lengths are increased
by 0.06 and 0.04 A for bonds involving pyrrole nitrogen
and imine nitrogen, respectively.

Dissociation pathway A most likely would be preferred
in aqueous solution, and the calculated binding energies for
Ln-Motex?™ (La, 32.05 eV; Gd, 34.70 eV; Lu, 36.56 eV)
are almost as large as the experimentally observed Ln
hydration energies (La, 31.7 eV; Gd, 34.1 eV, Lu, 36.1%8V)
in agreement with the existence of water-soluble stable
lanthanide motexafin complexé#lthough for An-MotexX*
the experimental Aft hydration energies are still unavail-
able, the calculated binding energies (Ac, 30.24 eV; Cm,
33.28 eV; Lr, 35.47 eV) are very similar to the recently
calculated A&" hydration energies (Ac, 29.1 eV; Cm, 33.4
eV; Lr, 37.8 eV)? implying that actinide motexafin com-

La Ac Gd Cm Lu Lr plexes might be stable in water too. Under the assumption
N3 2607 2657 2500 2539 2426 2473 of nearly equal hydration energies of the Ln-Mdtexand
“421 g-ggg gggg gggg gigi ggig ggg; An-Motex?t complexes, these numbers even imply that Ac-
) ) . , , , A : g
N5 5654 2720 2540 2591 2464 o5pp MotexT is the most stgble of thg Six complexes in water.
N1 2659 2720 2544 2591 2466 2522 The COSMO results yield stabilities of Ln (An)-MotéEx
A(Ns) 0.92 0.97 0.61 0.64 0.15 041 with respect to Ln (A" and Motex of 3.91 (4.81), 4.09
(exp.)  (0.91) (0.58) (0.27) (3.94), and 4.15 (2.12) eV for La (Ac), Gd (Cm), and Lu
C16,C11 129.6  123.0 129.2 1296 1290 1295 (Lr), respectively, and support this view. It is noteworthy
ﬁgll\ﬁﬁ 11215865 1121%5 112155-5 llzlf-é llzlff 1121‘?-43 that the stabilites of the three Ln-Motéxsystems are almost
Np. 725 70.9 75.8 744 78.4 76.6 equal, whereas a clear decreasg of the stability is observed
Np,i 63.8 62.3 66.8 65.5 68.7 67.3 for An-Motex?* along the An series.
Ni 60.7 59.1 63.4 62.0 65.4 63.9

aFor explanations, cf. Table 2.

The electron affinity is an important chemical property
related to the LUMO, and high electron affinities were
obtained for Ln-MoteX" and An-MotexX* without taking into

approach described above (cf. Figure 3). A similar procedure account solvent effects, i.e., La (Ac)-Motex 7.59 (7.64)

can be applied for the lanthanide systems by using corre-

sponding previously published SPP ionization poterffials

eV; Gd (Cm)-Motex", 7.61 (7.70) eV; Lu (Lr)-MoteX,
7.69 (7.72) eV. The main contributions for the LUMO are

and also leads to good agreement with the estimates derivedrom atomic orbitals of the main-group elements, i.e., N1,

by using experimental data (Figure 2).
D. Solvent Effects. The calculations up to this point
considered Ln-MoteX and An-MotexX" as gas-phase spe-

N3, N5, C7, C9, C11, C16, C18, C20, C22, and C23.
Therefore, the added electron is most likely going to the
ligand rather than the metal, thus explaining the nearly metal-

cies. To examine solvent effects on structural and energeticindependent electron affinity. The solvent corrections pref-

properties, we adopted COSMO, a continuum solvation
model. The structures of all Ln-Moté&x and An-Motex"

erentially stabilize the doubly charged Ln (An)-Motéx
relative to the singly charged ones as expected. As a result,

considered here were reoptimized by taking into account athere is a net decrease by about 3.6 eV in the absolute
solvent of infinite permittivity; i.e., the results should be close magnitudes of the electron affinity in solution, but the relative
to those for aqueous solvation. It was found that the order remains unchanged (Table 5). The calculated high
geometries of the macrocyclic skeleton are only slightly electron affinity agrees with the conclusion obtained from

affected by the solvent, whereas the metatrogen bond
lengths are lengthened amti(Ns) is brought into close
agreement with the experimental values for Ln-Mételcf.

Table 6). For all complexes, the metalitrogen bonds

in vitro experiments, which have also proven that Ln-fex
is very easily and quasi-reversibly reduced to Ln-Ték;»
~ —0.27 V vs Ag/AgCl) and Ln-TexHK, ~ —0.75 V vs
Ag/AgCl).32

involving pyrrole nitrogen are on average increased by 0.05  Finally, we want to note that the results presented in this

A. The amplitude of the change for the metaltrogen bonds  section depend noticeably on the choice of the effective radii
involving pyrrole nitrogen caused by solvent effects does

(32) Sessler, J. L.; Tvermoes, N. A.; Guldi, D. M.; Mody, T. D.; Allen,
W. E. J. Phys. Chem. A999 103 787—794.

(31) Cao, X.; Dolg, M.Chem. Phys. LetR001, 115 7348-7355.
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used in the COSMO model. Our choice was based onand M" + Motex", the calculated values for the actinide
experimental and theoretical values for the solvation energiessystems are on average about 1.3, 1.0, and 1.8 eV, respec-
of the Lr**/An3* ions adopted from consistent data for free tively, smaller than those for the lanthanide complexes.
enthalpies of hydration stemming from similar sources. Actinium(lll) motexafin has been concluded to be the most
Different choices of these radii within reasonable limits lead stable actinide(lll) motexafin in the gas phase. It was found
to qualitatively similar results; e.g., Ac-Mot&x is most that both Ln-MoteX" (Ln = La, Gd, Lu) and An-MoteX"
stable, provided that they reflect the lanthanide/actinide (An = Ac, Cm, Lr) have a relatively low LUMO located
contractions and the fact that the #Arions are slightly larger ~ mainly on the macrocycle; i.e., the LUMO is only about 0.39
than the LA" ions. We feel that correctly modeling the eV higher than the HOMO, resulting in a high, nearly metal-
solvation for the systems studied here is a much more criticalindependent electron affinity g£7.6 eV.
point than the approximation of putting the 5f shell into the ~ The geometries of the macrocyclic skeletons of Ln-
PP core. However, developing better models of solvation, Motex?™ and An-MotexX" are only slightly affected by a
e.g., by treating the water molecules in the first coordination solvent with infinite permittivity taken into account by
sphere explicitly, is beyond the scope of the present work COSMO, whereas the position of the complexed cation
and clearly a task for the future. changes significantly; e.g., th§Ns) values of Ln-Motex"
are brought into close agreement with experimental data. In
addition, the solvent corrections result in a net decrease of
The molecular structures and chemical/physical propertiesabout 3.5 eV in the absolute magnitudes of the electron
(stability and electron affinity) of actinide(lll) motexafins  affinity in solution, whereas the relative order remains
(An-Motex2t, An = Ac, Cm, Lr) were calculated using a unchanged. Ac-Motex is found to be the most stable
DFT/B3LYP method in connection with scalar-relativistic complex and should be the best candidate for experimental-
energy-consistent 5f-in-core actinide PPs. The results haveists to get stabilization of At by motexafin.
been discussed with a comparison to Ln-Méteft.n = La,

Conclusions
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