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Abstract The antitumor activities of bent metallocenes
[Cp-M—Cp]*" (M = Ti, V, Nb, Mo) and complexes of them
with guanine, adenine, thymine and cytosine nucleotides
have been probed using electronic structure calculations.
DFT/BP86 calculations have revealed that the bent metal-
locene—nucleotide interaction strongly depends on the
stability of the hydrolyzed form of the bent metallocene
dichloride [Cp,M]*" species, and in turn the stability of the
[Cp-M]*" species strongly depends on the electronic
structure of [Cp,M]*". Detailed electronic structure and
Walsh energy analyses have been carried out for the
hydrolyzed forms of four [Cp-M-Cp]*" (M = Ti, V, Nb,
Mo) species to find out why the bent structure is unusually
stable. Energy changes that occur during the bending
process in frontier molecular orbitals as well as the p(7)—
d(mt) overlap have been invoked to account for the
anticipated antitumor activities of these species. The
bonding situation and the interactions in bent metal-
locene—nucleotide adducts were elucidated by fragment
analysis. Of the four nucleotides complexed with the four
bent metallocenes, adenine and guanine show better
binding abilities than the other two nucleotides. Metal-
locenes of second-row transition metals exhibit better
binding with pyrimidine-base nucleotides. In particular,
the Lewis acidic bent metallocenes interact strongly with
nucleotides. The antitumor activity is directly related to the
binding strength of the bent metallocene with nucleotide
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adducts, and the computed interaction energy values
correlate very well with the experimentally observed
antitumor activities.
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Introduction

Cancer has emerged as a major public health problem in
developing countries, as well as in industrialized nations.
According to the World Cancer Report, cancer rates could
increase by a further 50% to 15 million new cases by the
year 2020. Chemists are attempting to synthesize new drugs
that will not only eradicate tumors, but when used in
combination with other agents, may turn many cases of
rapidly fatal cancer into “manageable” chronic illnesses.
One notable group of compounds that have been investi-
gated as anticancer drugs are the bent metallocenes.

Under physiological conditions, bent metallocene diha-
lides (CpoMX;; X = halogens) undergo rapid and extensive
hydrolysis similar to that of cis-platin, and at low pH they
exist as [Cp.M]*", which possesses a bent structure [1]. In
this form, they show a high degree of similarity to cis-platin
in terms of structure and binding properties. This has led to
the speculation that metallocene drugs utilize DNA as their
primary biological target, and that they bind with DNA in a
similar manner to cis-platin [1, 2].

Bent metallocene dihalides (Cp,MX,; Cp = n°-CsHs; M =
Ti, V, Nb, Mo; X =F, Cl, Br, [, NCS and N3) are highly active
against numerous tumor cell lines, so a variety of antitumor-
active bent metallocene—nucleotide complexes have been
synthesized and reported [1]. The antitumor activities of these
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complexes have been studied extensively [1-20]. The vastly
different chemical stabilities of each of these metallocenes at
physiological pH and their different coordination chemistries
point to significantly different mechanisms of antitumor action
for each metallocene [21-27]. There is some evidence for the
interaction of vanadocene dichloride with DNA in vivo [28],
but there is a lack of structural information on such DNA
complexes. At the same time, the interactions of four bent
metallocenes with DNA nucleotides have been reported, and
these species have been structurally characterized [1].

Titanocene dichloride is the only metallocene that is in
clinical trials, and further work aimed at checking its
suitability for use as a drug for cancer treatment is in
progress. The poor stability of this drug at pH 67 is one of
the issues that has slowed the development of a suitable
formulation for administration and the design of titanocene-
based drugs with improved activity.

The stability of [Cp,M]*" very much depends on the
electronic configuration of the metal [29, 30]. The bonding
in normal metallocenes has been investigated and reported
in numerous theoretical and experimental papers [31-34].
Therefore, it is interesting to consider how the bending
conformation affects their electronic structures, which in
turn influence their stability, reactivity and drug action.

In normal metallocenes, the 7t orbitals of two parallel
CsHs ligands which have Dsd geometry yield three sets of
approximately degenerate orbitals: a low-lying filled pair of
a;, and a,, symmetry, a set of filled orbitals, e;, and ey,
and a high-lying set of empty antibonding orbitals of
symmetry e, and e»,. These interact with metal orbitals
such as ey (dy, d,.), €5 (2, dyy) and a;, (d2). In the
complex, there are strong interactions with metal s and p
orbitals as well as with the e;, set. The remaining three d
orbitals of the metal, the a;, and the e, set, remain
essentially nonbonding. Thus, the d-level splitting is e,, <
a1y < e1,. When normal metallocenes are bent, the orbitals
of the e, set are stabilized and those from the a;, and e,,
sets are destabilized. This destabilization is due to the
increased o antibonding upon bending. Further, the
stabilizing/destabilizing nature of the orbitals depends
largely on the metal ion, the oxidation state of the metal,
and the bending angle. It has been noted that certain metal
ions in specific oxidation states prefer bent conformations.
Though Hoffmann et al. [29, 30] and Bercaw et al. [35]
have tried to qualitatively explain the bent shapes of certain
metallocenes, a quantitative investigation of this in relation
to the reactivity of bent metallocenes is still awaited.

In the work reported in this paper, the electronic
structures of bent metallocenes and their antitumor activi-
ties were explored using density functional theory at the
BP86 level. The changes in the electronic structures of
antitumor-active metallocenes with respect to the bending
process were derived using electronic structure analysis.
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The stabilities of [Cp.M]*" (M = Ti, V, Nb, Mo) species
were correlated with their nucleotide interactions. Further,
the bonding situation in bent metallocene—nucleotide com-
plexes was examined using fragment analysis and available
experimental crystal structure information. This provides
some useful insights into the mechanism of antitumor
action of these bent metallocenes.

Computational details

All density-functional calculations were carried out using
the Amsterdam density functional (ADF 2007) package
[36-38]. A generalized gradient approximation (GGA)
functional consisting of Becke’s exchange and correlation
expression proposed by Perdew, Burke, and Ernzerhof [39]
was utilized. Basis sets of triple-C and one polarization
function (TZP) were employed. Relativistic effects were
included by means of the zero-order regular approximation
(ZORA) [40—42]. Metallocene—nucleotide bonding interac-
tions were analyzed with the energy decomposition scheme
of the ADF program, which is based on the EDA method of
Morokuma [43] and the ETS method of Ziegler [44]. The
instantaneous interaction energy AEj, can be divided into
three components:

AEint = AEelstat + AEPauli + AEorb

AE . gives the electrostatic interaction energy be-
tween the fragments, which is calculated with the frozen
electron-density distribution in the geometry of the com-
plex. This can be used as an estimate of the electrostatic
contribution to the bonding interactions. The second term in
the above equation, AEp,; gives the repulsive orbital
interaction between occupied orbitals of the two fragments
due to antisymmetrization. The last term gives the
stabilizing orbital interactions, AE,y, which can be
considered to be an estimate of the covalent contribution
to the bonding. Thus, the ratio AFE./AE, may be used
to describe the relative electrostatic/covalent character of
the bond [45-47]. Frenking and coworkers [48—51] have
reviewed the use of EDA analysis to understand chemical
bonding in many classes of chemical compounds.

Results and discussion

The geometries of the bent metallocene species [Cp,M]**
(M =Ti, V, Nb, Mo) were optimized at the BP86/TZP level,
and all of them were found to have bent geometries. The
bending angle (¥) and other important parameters of the ions
are listed in Table 1. To examine the effect of the degree of
bending on the total and various orbital energies, the bent
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Table 1 Bending angles (Y), angle ¢(Cp-M-Cp), bond distances (dcp-—w), and out-of-plane bending angles (¢) of the ring hydrogens in the

optimized geometries of [Cp-M]*" species at the BP86/TZP level

Y P dcp'_M 0

(Cp-M-

Cp)
[Cp.Til* | 267 | 1266 | 20 | 26
[CpaV]I* | 434 | 932 22 | 09
[CpoNb]** | 448 | 904 2.1 | 09
[CpaMol® [ 395 | 101.0 | 2.0 | 1.1

Angle Y (Y= %) and 0 in degrees and bond length in A, M =Ti, V, Nb, Mo

metallocenes [Cp,M]*" were optimized at fixed Cp-M-Cp
angles; calculations were performed every 10° in the interval
120-180°. The variation of the total energy of the system
with bending angle is presented in Fig. 1. This clearly shows
that the bent shape is more stable than the linear one for
[Cp,M]*" (M = Ti, V, Nb, Mo). The most stable bending
angles for the four metallocenes range from 135.2° to
153.3°. The frontier molecular (FMO) orbital energies for
the minimum energy structures of [Cp,M] 2" (M = Ti, V,
Nb, Mo) are presented in Table 2.

The basic trend for all of the systems is for the frontier
molecular orbitals to become much closer during bending
compared to those in normal metallocenes, and this leads to
the unusual reactivity of these species. The molecular
orbitals descending from the e, set are stabilized upon
bending, while those descending from a;, and e,, are
destabilized. For the lower orbitals, la;, b, and 2a,, this
trend is the result of increased o antibonding as the Cp—-M—
Cp angle changes from 180° [18]. According to the
literature [29, 30], the order of stability with respect to
molecular orbitals of bent metallocenes will be: bonding
orbitals (la; > b, > 2a;) > antibonding orbitals (b; > a,).
The FMO energies for the four metallocenes (Table 2)
clearly reflect the above trend. From a symmetry point of
view, the bent metallocenes extend their coordination
tetrahedrally, where the b, and 2a; MOs are involved in
bond formation with the incoming ligand orbitals. The
bending process destabilizes the bonding 2a; molecular
orbital and stabilizes the antibonding b; molecular orbital.
Hence, the reactivity of the bent metallocene depends on
the energy gap between the higher-lying bonding molecular
orbital (2a;) and the lower-energy antibonding molecular
orbital (b;). This is well reflected in the values listed in
Table 2. Based on the energy difference between the 2a,
and b; orbitals, the order of reactivity for the four

metallocenes is: [Cp,V] " > [Cp,Nb] ** > [Cp,Mo] ** >
[Cp,Til*".

The optimized geometry of titanocene [Cp,Ti]*" shows a
bending angle Y of 26.7°, which is due to the lack of
nonbonding electrons (la;) in the metal to repel the
electrons of the Cp ring. The distance between the metal
and the Cp ring (dcp ) is 2.0A. The [Cp,Ti]*" species has
the smallest bending angle (26.7°) of the metallocenes,
leading to the largest energy gap (2.06 eV) between the 2a;
and b, orbitals. The complexes [Cp,V]*" and [Cp,Nb]**
have larger bending angles of 43.4° and 44.8°, respectively,
and this leads to the smallest energy gap between the MOs
2a; and b,. A comparison of [Cp,Ti]*" with [Cp,V]*"
shows that the larger bending angle in the latter is due to
the repulsion between the nonbonding electron (d') and the
bond electron in the M—Cp molecular orbitals. However,
[Cp-Mo]*" is less bent than [Cp,Ti]** and [Cp,V]*"
because of the larger size of Mo(IV) than all of the other
M(IV) ions considered here. The large size of the metal
means that it will effectively overlap with the Cp ™ ring even
though it experiences high repulsion from the nonbonding
electrons. Another interesting observation (Table 1) is that
the H atoms attached to the Cp-ring carbons are bent out of
the plane (outward) of the Cp ring. A detailed theoretical
study performed by Schleyer et al. [52] concluded that the
bending occurs in the outward direction when the central
metal atom is bonded to a small ring and has highly diffuse
orbitals, while the bending occurs in the inward direction
when the central metal atom is bonded to a large ring and
has less diffuse orbitals. In the antitumor-active bent
metallocenes considered here, the Cp  ring protons show
outward bending due to the effective overlap of highly
diffuse empty d orbitals with the Cp ring. The outward
bending angle # depends on the effective overlap of the d
orbital of M(IV) with the filled p(7r) orbital of the Cp ring
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Fig. 1 Bending energy profiles for [Cp,M]*" (M = Ti, V, Nb, Mo)

and their symmetries. The minimal value of @(Cp-Ti—Cp)
leads to the maximal outward bending of the Cp-ring
hydrogens (f). The minimal bending of the Cp ring from
the normal 180° plane allows the effective overlap of the p
(7r) orbital of Cp with the d(7r) orbital of the metal for p(7r)—
d(7t) bond formation. The effective overlap of the p(7r) and
d(7) orbitals directly reflect the maximal outward bending

Table 2 BP86/TZP frontier molecular orbital energies (eV) for the
minimum energy structures of [Cp,MJ** (M = Ti, V, Nb and Mo)
species

ady)  bi(dy)  2a1(d>)  bady)  la(d’L)
[Cp,Ti**  -11.45 -11.50 -13.56  —13.97 -15.64
[CpVI*F -1026 —11.68 —12.80 —11.65 —14.37
[Cp.NbP"  —11.24 1128 -12.81 —13.58 —15.25
[CpoMo*"  -11.29 -11.30 -1327 -13.33  -15.09
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of the ring hydrogens. This trend is clearly observed and
listed in Table 1.

The variations in the frontier molecular orbital (FMO)
energies as a function of the bending angle observed here
are very similar to those reported by Lauther and Hoffmann
[18] for the bending of normal metallocenes into bent
structures. The frontier molecular orbital energies of the
bent metallocenes clearly explain the stability and reactivity
of the [Cp.M]*" species (Table 2), considering the FMO
energy gap values. The results observed imply that the d'
electrons of the transition metal systems [Cp,V]*" and
[Cp,Nb]** show higher bending than the ° [Cp,Ti]*" and
d* [Cp,Mo]*" systems. The order of reactivity is therefore
determined by the FMO gap. Among the four bent
metallocenes, the [Cp,V]*" shows the highest reactivity as
it has the smallest FMO gap (1.10 eV), while the FMO gaps
of [Cp,V]*" and [Cp,Nb]*" are low compared to that of
[Cp,Ti]*" due to the availability of a lone nonbonding
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Fig. 2 Hirshfeld charge analysis
of various bent metallocene
LUMO orbitals

[Cp,Til*

[Cp 2V]2+

electron (d"). The FMO gap of [Cp,Mo]*" is high compared
with those of [Cp,V]*" and [Cp,Nb]*" due to the
availability of lone-pair (d) electrons. The four bent
metallocenes all have Lewis acidic character since they
are electron deficient with respect to the 18-electron rule. In
order to explain the Lewis acidic character of the four
metallocene species, Hirshfeld charge analysis was carried
out (Fig. 2). Hirshfeld charge scanning of the molecular
orbitals of bent metallocenes shows that all of the Cp-ring
carbons have negative electron density (red color), while
the metals have a positive electron density (blue color).

In summary, it is clear that the hydrolyzed forms of
[CpMT*" (M = Ti, V, Nb, Mo) species are much more
reactive than the corresponding bent metallocene dichlor-
ides, as well as the normal metallocenes. The bending of
the [Cp,M]*" species leads to FMO energy changes, and
this is the primary reason for the unusual reactivity of bent
metallocenes. The p(7r)—d(7t) bonding of bent metallocene
is directly affected by the bending process, which is evident
from the outward bending of the Cp-ring hydrogens. The
maximal outward bending value of [Cp,Ti]*" indicates the
maximal p(7t)—d(7) overlap between the metal and the Cp
ring. The minimal M—Cp ring distances (2.0A) also support
the above conclusions. The order of reactivity for the
[CpoMJ*" (M = Ti, V, Nb, Mo) species largely depends on
the energy gap between the bonding molecular orbital (2a;)

I0.8920
' 0.4420

I 0.7470

. 0.3770

. 0.0072 I -0.00

0.7670

[Cp.Nb]*

0.4230

o=
0-1950 0.3870

0.0322

. 0.0076

[szNIO]2+

and the antibonding molecular orbital (b;). All of the
antitumor-active metallocene species preferentially exist in
a bent shape in order to fulfill the octet electron rule, in
agreement with previously reported results [29, 30]. The
bent shapes of the metallocene species and their resulting
Lewis acidic character are important for bent metallocene—
nucleotide interactions, and thus for their antitumor drug
activities.

Antitumor activity of metallocene dichlorides

To investigate why the bent metallocenes show antitumor
activity, four types of bent metallocene—nucleotide adducts
were considered—those with adenine, guanine, cytosine,
and thymine nucleotides, respectively: Cp,M(5'-dAMP),
CpoM(5'-dGMP), Cp,M(5'-dCMP), and Cp,M(5'-dTMP)
(M = Ti, V, Nb, Mo; see Fig. 3). The X-ray structures of
these complexes are known [1].

In the complex, the M(IV) ions are 7t-bonded to two Cp
ligands and o-bonded with one nitrogen atom and one
phosphate oxygen atom in the nucleotide unit. All bent
metallocenes show high positive charges in their hydro-
lyzed forms, and in these forms they exhibit Lewis acidic
character through empty or partially filled nonbonding
orbitals (Fig. 4). The Lewis acidic bent metallocenes
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Fig. 3 Bonding modes of bent
metallocenes with various
nucleotides

OH H

OH H

Cp,M(5'-dCMP)

interact with nucleobases and with phosphate oxygen
through acid-base interactions. Optimized geometries of
sixteen bent metallocene—nucleotide complexes are pre-
sented in Figs. 5 and 6, and the main bonding parameters
are provided in Table 3 along with a reference diagram. The
nature of the bonding between the bent metallocenes and
the nucleotides and the strengths of these complexes were
analyzed by fragment analysis (Table 4). The bent metal-
locene was considered to be one fragment and the
nucleotide part to be another fragment, with no symmetry
considerations. The sixteen individual combinations of bent
metallocene—nucleotide complexes and the order of their
interaction energies are presented in Table 5. In order to
explain the nature of the bonding in bent metallocene—
nucleotide complexes, the AEq . /AEy, ratios were calcu-
lated, and these are presented in Table 6.

The adenine nucleotide—bent metallocene complexes
CpoM(5'-dAMP) (M = Ti, V, Nb, Mo) were constructed
using available crystallographic information [1]. Geometric
optimizations were carried out at the BP86/TZP level. The
main optimized geometric parameters of adenine nucleo-
tide—bent metallocene complexes are presented in Table 3.
Energy decomposition analysis (EDA) was carried out
using the optimized geometries obtained, and the results of
this analysis are presented in Table 4. The EDA results for
CpoM(5'-dAMP) (M = Ti, V, Nb, Mo) adducts show that
the order of the interaction energies of the bent metal-
locene—adenine nucleotide complexes is V > Ti > Nb > Mo.
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OH H

Cp,M(5'-dTMP)

The adenine nucleotide preferentially binds with first-row
transition metal metallocenes rather than those of second-
row transition metals. Adenine nucleotide—bent metallocene
complexes show high dyy_o and dy; bond distances for
steric reasons. The Cp,V(5'-dAMP) complex has the
strongest interaction energy AFE;, and the largest orbital
interaction energy among the four metallocenes. The Cp,Ti
(5'-dAMP) complex has a lower Pauli repulsive interaction
AEp,y; than Cp,V(5'-dAMP) due to its d° electronic
configuration. The lower interaction energy values of the
Cp,oNb(5'-dAMP) and Cp,Mo(5'-dAMP) complexes indi-
cate that the nonbonding electrons (d' and d°, respectively)
repel the incoming ligand. The high AE;, value of the
Cp,V(5-dAMP) complex arises because [Cp,V]*" is the
most reactive bent metallocene species; this species readily
accepts the N7 lone pair from the adenine base and another
two electrons from a phosphate oxygen anion to form a
tetrahedral bent metallocene—nucleotide complex.

A similar analysis was performed for the Cp,M(5'-
dGMP) M = Ti, V, Nb, Mo) adducts. The main structural
parameters and energy decomposition analysis results for
these species are presented in Tables 3 and 4. The
computed values show that the interaction energy AFEj,
and the repulsive interaction AEp,y); vary for [szV]2+ and
[Cp,NbJ*" in a similar manner to what was seen for the
CpoM(5'-dAMP) adducts. This is an obvious explanation
for the structural similarities of purine-base nucleotides.
The interaction energy of Cp,V(5'-dGMP) is very high
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Fig. 4 Bent metallocenes with
their nonbonding electrons

<&

do

compared to those of other adducts due to the higher
reactivity and smaller FMO gap of [Cp,V]**. The high
AEsa¢ interaction energy and the low AFEp,,; repulsive
interaction energy of the Cp,Ti(5'-dGMP) adduct are due
to the high positive charge resulting from the empty d
orbital of [Cp,Ti]*". In general, the fragment analysis

Cp:Nb(5'-dGMP)

Cp:Mo(5'-dGMP)

@ 2+ 7 2+ 7 2+ @ 2+
\Ti \ \ \

& |4 =

results show that the first-row transition metal (Ti and V)
bent metallocenes exhibit the strongest interactions with
purine-base (adenine and guanine) nucleotides. The
strongest interaction of all occurs between [Cp,M]*" and
guanine nucleotide.

The computed energy decomposition analysis results for
CpoM(5'-dCMP) and Cp,M(5'-dTMP) (M = Ti, V, Nb, Mo)
adducts are presented in Table 4. These two adducts show

Cp:Nb(5'-dTMP) Cp:Mo(5'-dTMP)

Fig. 5 BP86/TZP-optimized geometries for bent metallocene—purine-
base nucleotide complexes

Fig. 6 BP86/TZP-optimized geometries for bent metallocene—pyrim-
idine-base nucleotide complexes
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Table 3 Selected bond parameters for bent metallocene—nucleotide complexes

Type of adducts Y 0 depm | 8 | duw | dmeo :

(Cp-M-Cp) : .
Cp.Ti(5'-dAMP) 47.8 84.4 21 02| 261 2.27 " @:‘\;.\\\“‘“
Cp.Ti(5'-dGMP) 434 93.2 20 [ 11| 215 2.15 A" Nucleotide
Cp,Ti(5'-dTMP) 59.0 62.0 2.1 (271 207 1.98 ! \
Cp.Ti(5-dCMP) 51.3 77.4 2.1 23] 219 1.98 P
Cp.V(5'-dAMP) 44.6 90.8 20 (03| 2.87 2.03 '
Cp2V(5'-dGMP) 43.7 92.6 20 |35 237 1.96
Cp2V(5'-dTMP) 50.0 80.0 1.8 |38 2.06 2.01
Cp,V(5'-dCMP) 40.6 100.0 1.8 23] 2.18 2.03
Cp2Nb(5'-dAMP) 46.8 86.4 21 |14 242 2.28
Cp.Nb(5'-dGMP) 45.9 88.2 20 |35 232 2.14
Cp2Nb(5'-dTMP) 50.0 80.0 1.8 | 45| 2.19 2.04
Cp,Nb(5'-dCMP) 53.8 72.4 22 |32 219 1.98
Cp:Mo(5'-dAMP) | 44.6 90.8 20 |58 2.89 2.19
CpMo(5'-dGMP) | 43.7 92.6 20 |22 227 2.20
CpaMo(5'-dGMP)* | (42.0) [ (96.1) 2.0) | - | 219 | (2.08)
CpaMo(5'-dTMP) 50.0 100.0 1.8 45| 2.28 2.19
Cp>Mo(5'-dCMP) 56.0 68.0 22 |34 221 1.97

Angle Y(v- BDT_‘P) and 0 in degrees and bond lengths in A; (*experimental values)'

similar trends, and the results indicate that the Cp,Nb(5'-
dCMP) and Cp,Mo(5'-dCMP) adducts show higher inter-
action energies than the other two metallocenes, which is
because of the increased size of the second-row transition
metals and the geometrical effect from the pyrimidine base
on the nucleotide.

From an electronic structure perspective, the high AEj,
values of all of the bent metallocene nucleotide complexes
indicate that the interactions of the positively charged
[Cp.M]*" species with negatively charged phosphate
anionic oxygen and nucleobase nitrogen lone pairs are
significant. The bending angle of Cp—-M—Cp in the bent
metallocene in the complex is larger than that of the free

bent metallocene species, which is due to the steric
repulsion between the Cp rings and the nucleotide.
Generally, in all of the bent metallocene nucleotide
complexes, the dyy_o bond is shorter than the dyy_n bond
due to the stronger coordination of the phosphate anionic
oxygen to the metal than the nucleobase lone-pair electron.
One important and interesting observation is the type of
bond between the metal part of the metallocene and the
nucleotide. The interaction of the positively charged metal-
locene with the negatively charged nucleotide leads to high
AE;,; values, except for molybdocene—nucleotide com-
plexes and the titanocene—thymine nucleotide complex.
All of the complexes show higher AE,y, values than their

Table 4 Energy (kcal mol ") decomposition analysis of bent metallocene-nucleotide complexes

Ti v

AEint AEPauli AEorb AEelstat AEim AEPauli AEorb AEelstat
Cp,M(5'-dAMP) —374.15 160.40 —452.46 —82.09 —444.84 365.96 =577.01 —233.80
Cp,M(5'-dGMP) -221.26 86.31 -261.19 —46.31 —406.27 183.67 —376.93 —154.34
Cp,M(5'-dTMP) -310.73 219.46 —387.31 —142.89 —146.85 387.37 —274.30 —250.93
Cp,M(5’-dCMP) —299.18 126.17 —144.12 —155.06 —166.68 293.38 -212.52 —197.55

Nb Mo
CpoM(5'-dAMP) —183.62 150.35 -177.67 —156.30 —197.06 122.42 —151.78 -167.70
CpoM(5'-dGMP) —160.62 161.41 —140.92 —136.11 —136.05 104.87 —-110.10 -130.82
CpoM(5'-dTMP) -63.91 137.13 —169.58 —131.45 —227.93 394.42 —229.25 —393.10
Cp,M(5°-dCMP) —433.38 73.85 —408.89 —98.85 -401.97 175.34 —419.09 —158.22
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Table 5 Trends in the
variations of various interaction
energy components in bent

Energy terms

CpaM(5"-dAMP)

CpaM(5"-dGMP)

CpaM(5"-dTMP)

CpaM(5"-dCMP)

metallocene-nucleotide AEjn V>Ti>Nb>Mo
complexes at the BP86/TZP AEpyi V>Ti>Nb>Mo
fevel AEigiat V>Ti>Nb>Mo
AE oy, V>Mo>Nb>Ti
AEista/ AE oy Mo>Nb>V>Ti

V>Ti>Nb>Mo Ti>Mo>V>Nb Nb>Mo>Ti>V
V>Nb>Mo>Ti Mo>V>Ti>Nb V>Mo>Ti>Nb
V>Ti>Nb>Mo Ti>V>Mo>Nb Mo>Nb>V>Ti
V>Nb>Mo>Ti Mo>V>Ti>Nb V>Nb>Ti>Mo
Mo>Nb>V>Ti Mo>V>Nb>Ti Ti>V>Mo>Nb

AE;, values. The orbital contribution plays a vital role in
bent metallocene—nucleotide complex formation. According
to the molecular orbital energy levels of the bent metal-
locene and the symmetry requirements for o bonding, 2a,
and b, would be involved in o-bond formation. The anionic
oxygen of the phosphate unit and the lone pair of the
nucleobase nitrogen can easily approach the metal’s 2a;and
b, orbitals with appropriate symmetry. This is why the
AE,, values are higher than the AE;,; values. Except for the
Cp>Mo(5'-dCMP) complex, all of the molybdocene—nucle-
otide complexes show quite high AF ., values due to the
repulsion between the a, molecular orbital lone pair and the
incoming nucleotide part. The AE./AEq ratio values
(Table 5) clearly explain the character of the bonding
between the bent metallocene species and the nucleotides.
Except for molybdocene—nucleotide complexes and Cp,Ti
(5'-dCMP), all of the AE s/ AEo ratios are less than one,
and this highlights the nature of the bonding in nucleotide—
bent metallocene complexes. The tabulated values (Table 6)
show that the bonds between the nucleotides and bent
metallocenes are preferentially covalent rather than ionic.
Bent metallocene dichlorides hydrolyze under physio-
logical conditions to give [Cp,M]*" species that inhibit
DNA through coordination. The high negative values of
AE;,; seen for all sixteen bent metallocene—nucleotide
complexes clearly explain the coordination of bent metal-
locene with DNA, and they agree very well with previously
reported results. Among the metallocenes considered here,
[Cp,Ti]*" and [Cp,V]*" exhibit stronger interactions with
purine-base nucleotides, and [Cp,V]*" is very reactive
species that shows stronger interactions with all of the
nucleotides than [Cp,Ti]*". Among the four nucleobases,
the purine-base nucleotides interact effectively with first-
row bent metallocene species due to geometric factors and

Table 6 AFE g ./AE. values of bent metallocene—nucleotide
complexes

Ti \% Nb Mo
CpaM(5'-d AMP) 0.18 0.41 0.87 1.10
CpM(5"-d GMP) 0.17 0.40 0.96 1.18
CpM(5'-d TMP) 0.36 0.91 0.77 1.71
Cp,M(5"-d CMP) 1.01 0.92 0.24 0.37

N7 lone-pair availability. The AF.g/ AEo, values explain
the covalent nature of the bent metallocene—nucleotide
complexes. The pyrimidine—base nucleotides preferably
interact with second-row transition metal-containing metal-
locenes, and this leads to higher interaction energy values.
From an electronic structure perspective, the 2a; and b,
MOs of bent metallocenes are involved in o-bond forma-
tion, and the energy gap between these two MOs
determines the reactivity of the [Cp.M]*" species. The
interaction of the bent metallocene with the nucleotide is
dictated by the electronic structure of the active bent
metallocene species.

Summary and conclusions

Density-functional calculations at the BP86 level have been
carried out on a series of experimentally characterized bent
metallocene—nucleotide adducts to gain insights into the
unusual reactivities of bent metallocenes and their anti-
tumor activities. In order to understand the orbital electron-
ic structures of free bent metallocene ions, electronic
structure analysis and Walsh energy analysis have been
carried out on the optimized bent metallocene geometries.
The hydrolyzed form of the bent metallocene dichloride
[CpoMJ*" is involved in complex formation with nucleo-
tides. The bent metallocenes also coordinate with incoming
ligands in order to fulfill the 18-electron rule. The bending
process reduces symmetry, resulting in the splitting of five
molecular orbital levels. During the bending process, the
energy of the bonding molecular orbital (2a;) increases
while the energy of the antibonding molecular orbital (b,)
drops, decreasing the energy gap. The reduced energy gap
between these two orbitals is responsible for the high
reactivities of the bent metallocene species. According to
the FMO gap, the order of reactivity of the four bent
metallocenes is: [Cp,V] 2" > [Cp,Nb] ** > [Cp,Mo] ** >
[CpsTi**.

When bending is minimized, a higher p(7)-d(m) overlap
results, and this in turn maximizes the outward bending of
the Cp-ring hydrogens. Based on the computed outward
bending values, titanocene and molybdocene show higher
p(m)—d(m) overlaps than the other two metallocenes.
Minimizing the bending also results in greater outward
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bending of the ring hydrogens. Among the four bent
metallocenes considered here, [Cp,Ti]*" shows the smallest
bending angle Y and the largest p(7)-d(m) overlap.

Energy decomposition analysis of the nucleotide—bent
metallocene complexes suggests that the positively charged
bent metallocenes accommodate two pairs of electrons
when they bond with nucleotides, and that the metal center
assumes the Ty shape. The high interaction energies AE;
of all sixteen nucleotide-bent metallocene complexes
explain their coordination, and correlate well with their
comparative antitumor activities. Based on the AE;, values,
[Cp,V]*" shows the strongest interactions with all of the
nucleotides, and the purine-base nucleotides show prefer-
ential coordination with first-row transition metal-
containing metallocenes. The pyrimidine-base nucleotides
prefer to interact with second-row transition metal-
containing bent metallocenes. The AE g a/AEyp ratios
clearly show that there is a covalent bond between the bent
metallocene and the nucleotide.
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