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Received 7 July 2006; revised 10 August 2006; accepted 13 August 2006

Available online 30 August 2006
Abstract—The self-complementary oligonucleotide CGCATATATGCG was used as a model to establish the binding interactions
of antitumor molybdenocene dichloride and DNA. The free dodecamer was first characterized using 1H, NOESY, and DQF-CO-
SY NMR experiments, which enable to pinpoint the guanines and adenines as well as the cytosines and thymines signals in the
aromatic region. Molybdenocene dichloride was characterized in saline and buffer solutions as function of pH by 1H NMR spec-
troscopy. In 10 mM NaCl/D2O solution at pH of 6.5 and above, Cp2Mo(OD)(D2O)+ is in equilibrium with its dimeric species,
[Cp2Mo(l-OH)2MoCp2]2+. In 25 mM Tris/4 mM NaCl/D2O at physiological pH, a new stable species is formed, coordinated by
the buffer, Tris(hydroxymethyl)aminomethane. The interactions of molybdenocene dichloride species with CGCATATATGCG
were studied at different pH. At pH 6.5, in 4 mM NaCl/D2O solution, 1H NMR spectra of CGCATATATGCG exhibit downfield
shifts in the signals associated mainly to adenines and guanines, upon addition of molybdenocene dichloride. At pH 7.4, in
25 mM Tris/4 mM NaCl/D2O, molybdenocene species causes broadening and small downfield shifts to the purines and pyrimidine
signals, suggesting that molybdenocene dichloride can get engaged in binding interactions with the oligonucleotide in a weak
manner. 31P NMR spectra of these interactions at pH 7.4 showed no changes associated to Mo(IV)-OP coordination, indicating
that molybdenocene–oligonucleotide binding interactions are centered, most likely, on the bases. Cyclic voltammetry titration
showed a 4.9% of molybdenocene–oligonucleotide interaction. This implicates that possible binding interactions with DNA
are weak.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Molybdenocene dichloride (1) is a sandwich complex
that belongs to a new class of organometallic antitumor
agents.1–5 These sandwich complexes (M = Ti, V, Nb,
Mo) have demonstrated interesting antitumor activity
profiles with less toxic effects than cis-platin.1–18

Currently the biochemical aspects of these species are
being investigated leading to new hypothesis about the
possible mechanisms of action. Early precedents on
the coordination chemistry of molybdenocene dichloride
with biologically important molecules have reported the
binding of nucleotides to Mo(IV) center.19–21 However,
in subsequent studies using NMR spectroscopy,
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Harding and co-workers claimed that molybdenocene
does not bind oligonucleotides at pH above 6.0 thus,
ruling out DNA as a primary target place for this metal-
locene. But notably, their NMR molybdenocene–oligo-
nucleotide binding studies were carried out in saline
(NaCl) unbuffered solutions.18,22 On the other hand,
Harding and co-workers have proposed glutathione as
a target biomolecule and carrier of molybdenocene spe-
cies.23 In marked contrast, in the latest report by the
same group, it was shown that glutathione functions
as deactivating molecule and not a transport agent.24

In order to investigate, in more detail, the binding capabil-
ities of molybdenocene dichloride to DNA, we have
monitored the interaction of the self-complementary oli-
gonucleotide CGCATATATGCG with molybdenocene
dichloride at pH 6.5 and at physiological pH in buffer
solution. Our NMR and cyclic voltammetry experiments
were carried out under buffer conditions and provide new
insights with regard to the possible molybdenocene–
DNA binding interactions.
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2. Results

In order to explore the binding capability of molybdeno-
cene dichloride to DNA we have performed a thorough
characterization of molybdenocene dichloride and the
oligonucleotide CGCATATATGCG (as model com-
pound for DNA) as function of pH in saline and Tris buff-
er solutions. Figure 1 describes the behavior of Cp2MoCl2
in NaCl solution as function of pH. At pH of 3.0, two sig-
nals are observed in the Cp region. Since the initial com-
plex is in 10 mM NaCl (D2O) solution, the signals
correspond, most likely, to the Cp2MoðD2OÞ22þ and
Cp2Mo(D2O)(Cl)+ species. Incomplete chloride hydroly-
sis is expected in this saline solution.22 As we increase the
pH, the aqua-chloro species starts to vanish and the bis-
aqua species increases accompanied by Cp hydrolysis.
At pH 6.5 a new species appeared at 6.53 ppm and must
likely correspond to Cp2Mo(D2O)(OD)+ species and the
intensity of this signal increases in concentration at ex-
pense of the Cp2MoðD2OÞ22þ species (5.82 ppm), as the
pH is raised to 7.4. According to Marks and co-workers,
the predominant species at physiological pH is Cp2Mo
(H2O)(OH)+,20 therefore we expect that Cp2Mo(D2O)
(OD)+ species is present in D2O solution. Cp2Mo(D2O)
(OD)+ species should exist in equilibrium with the dimeric
species [Cp2Mo(l-OD)2MoCp2]2+, as reported by Tyler
and co-workers.25 For simplicity, we will use Cp2Mo-
Cl2(aq) referring to Cp2Mo(D2O)(OD)+ and its dimeric
species. Substantial amount of Cp protonolysis is ob-
served at physiological pH as well as other transient
molybdenocene species at pH of 5.5.

Molybdenocene dichloride was also characterized in
25 mM Tris/4 mM NaCl solution as function of pH.
Figure 1. 1H NMR molybdenocene dichloride (8 mM) spectra in a

10 mM NaCl/D2O solution as a function of pH. Black dots show the

cyclopendienyl hydrolysis products.
Figure 2. At low pH, a mixture of species most likely cor-
responding to the Cp2MoðD2OÞ22þ and Cp2Mo(D2O)
(Cl)+ are evident. At pH of 6.5 and above one species pre-
dominates at 5.69 ppm while the other two signals van-
ished. The exact structure of this molybdenocene species
is unknown, but the chemical shift does not correspond
to Cp2Mo(D2O)(OD)+, Cp2MoðD2OÞ22þ or Cp2Mo(D2O)
(Cl)+ complexes. We believe that some sort of ‘Cp2Mo-
Tris’ complex is formed (the Tris(hydroxymethyl)amino-
methane chelating Mo(IV) through the oxygen and
nitrogen atoms). Our proposed molybdenocene species
is supported based on the fact that Cp2Mo(D2O)(OD)+

is coordinated by amines and alcohols at pH of 7.0.25

The existence of ‘Cp2Mo–Tris’ complex is further corro-
borated by mass spectrometry analysis. Mass spectrum
of ‘Cp2Mo–Tris’ complex shows a m/z peak at 348 which
corresponds to the [Cp2Mo–Tris+H]+ species. MS/MS of
this species result in a major species at 229 (m/z), indicat-
ing the presence of [Cp2Mo�H]+ species. In any event,
there is substantial amount of molybdenocene species at
pH 7.4 and very minimum amount of Cp protonolysis
under this buffer condition.

Likewise, the oligonucleotide was characterized as func-
tion of pH. We determined 26 �C, the optimum temper-
ature where the oligonucleotide has enough resolution at
pH of 6.5 and above. The 1H spectra of the oligonucleo-
tide at pH 5.5 in saline solution (Supplementary Materi-
al) showed poor resolution in the aromatic region, only
the thymines and cytosines can be identified. At pH of
6.5 and higher, the spectrum in this region becomes re-
solved and changes in the ds are observed when the
pH is raised from 6.5 to 7.4, Figure 3. The oligonucleo-
tide has been further characterized using COSY DQF
and NOESY experiments.

Three doublets are observed in the 7 ppm region corre-
sponding to the H(6)’s of the cytosines which are cou-
pled to H(5): 7.62–5.90, 7.36–5.47, and 7.29–5.47 (two
H(5) coincidentally overlap). The other three singlets
are the thymines, see Table 1.

The NOESY spectrum of the oligonucleotide CGCA
TATATGCG in 25 mM Tris-d11/4 mM NaCl buffer
solution in D2O at pH 7.4 is presented in Figure 4. This
spectrum allowed us to determine the adenines and gua-
nines signals via NOE with the corresponding thymines
and cytosines. NOESY spectrum in this region revealed
that guanines are located at d 7.973 (Guanine (10)),
8.003 (Guanine (2)), and 8.012 (Guanine (12)) ppm as
corroborated by the corresponding cross-peaks through
the anomeric protons (H1) of the sugar: Cytosine(1),
H(6) 7.401 and Cytosine(3), H(6) 7.330 ppm—Guan-
ine(2); Thymine(9), 7.287 and Cytosine(11), H(6)
7.665 ppm-Guanine(10); and Cytosine(11), H(6)
7.665 ppm-Guanine(12). The remaining resonances
from 7.89 to 8.30 ppm correspond to the H(2) and
H(8) of the adenines.

The interaction of Cp2MoCl2(aq) with the oligonucleo-
tide was investigated by 1H NMR spectroscopy. The 1H
NMR spectra of CGCATATATGCG at pH 6.5 (Fig. 5)
upon addition of increasing amounts of molybdenocene



Figure 2. 1H NMR spectra of molybdenocene dichloride (8 mM) dissolved in 25 mM Tris/4 mM NaCl/D2O as a function of pH. The scale is in ppm.

Figure 3. 1H NMR aromatic region spectra of CGCATATATGCG (1 mM), 25 mM Tris/4 mM NaCl/D2O solution, at pH 6.5 and 26 �C, assigned

by letters. Table 1 shows the tabulated assignments of these signals.

Table 1. 1H-NMR chemical shifts of the free oligonucleotide for the nitrogen bases at pH = 7.4, 6.5, and 5.5

Nitrogen base

(tentative assignment)

Peak pH 7.4 d (Tris/NaCl) (ppm) pH 6.5 d (NaCl) (ppm) pH 5.5 d (NaCl) (ppm)

T7(H6) A 7.182 7.120 7.120

T5(H6) B 7.229 7.150 7.150

T9(H6) C 7.327 7.251 7.251

C3(H6) D 7.347 7.290 7.290

C1(H6) E 7.425 7.360 7.360

C11(H6) F 7.688 7.622 7.622

A6(H8) G 7.963 7.884 —a

G10(H8) H 7.973 7.894 —a

G2(H8) I 8.003 7.930 —a

G12(H8) J 8.012 7.943 —a

A4(H2) K 8.050 8.003 —a

A6(H2) L 8.059 8.008 —a

A8(H2) M 8.078 8.023 —a

A4(H8) N 8.298 8.232 —a

A8(H8) O 8.334 8.281 —a

a Signals could not be determined.
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dichloride (at pH 6.5), in saline solution, showed small
changes in the aromatic region corresponding to the
purine bases. Signals H, I, K, and M (G10, G2, A4, and
A6) showed downfield shifts, suggesting these bases are
involved in binding to Mo(IV) center. The other signals
remained in the same original positions.

Likewise, the interaction of molybdenocene species with
the oligonucleotide was pursued, in saline solution, at
pH of 7.4 using 1H NMR spectroscopy but failed to exhib-
it evidence of molybdenocene–oligonucleotide binding.
Similar results were obtained by Harding and co-workers
using d(CGCATATGCG)2 in 50 mM NaCl solution.22

Surprisingly, the interaction of the oligonucleotide with
molybdenocene species at physiological pH in Tris buffer
solution, Figure 6, afforded very different results. Table
2 summarizes the chemical shifts of free and bound
oligonucleotide species. In contrast to the above
experiment and previous reports,18,22 the addition of



Figure 4. 750 MHz NOESY spectrum of CGCATATATGCG in 25 mM Tris-d11 buffer/4 mM NaCl solution in D2O at pH 7.4, 26 �C.

Figure 5. 1H NMR aromatic region spectra of CGCATATATGCG (1 mM), 25 mM Tris/4 mM NaCl/D2O, at pH 6.5 upon addition of aliquots of

molybdenocene dichloride in 25 mM Tris/4 mM NaCl/D2O solution.
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molybdenocene aliquots (in buffer solution) to CGCA-
TATATGCG produced broadening and small down-
field shifts on G, K, and N signals (purine bases) but
in addition, new resonances attributed to the H(8) of
the guanines/adenines are evident. The J, I, N, and O
signals decrease in intensity suggesting that these are
being transformed into new species. Furthermore, the
cytosine and thymine H(6)s broaden first and eventually
minor signals in the cytosine/thymine H(6)s region in-
crease in intensity, at high molybdenocene ratio. How-
ever, these changes in the 1H NMR spectra are subtle
which suggest weak molybdenocene–oligonucleotide
binding. The coexistence of the original signals with
the new emerging signals suggests that two species are
present in solution. The two species are in a ratio of
about 12:1. The emerging signals could arise from
molybdenum coordination to the purine bases or a
phosphoester bond cleavage promoted by molybdeno-
cene dichloride.26

To rule out the phosphoester bond cleavage, the interac-
tion was also monitored by 31P NMR spectroscopy. The
31P NMR spectra of the addition of molybdenocene
dichloride to CGCATATATGCG, Figure 7, showed
minor changes in the original signals proceeding from
the oligonucleotide which suggests that, only weak coor-



Figure 6. 1H NMR aromatic region spectra of CGCATATATGCG (1 mM) at pH 7.4, in 25 mM Tris/4 mM NaCl, upon addition of aliquots of

molybdenocene dichloride in 25 mM Tris/4NaCl solution, pH 7.4. Asterisk represents new signals.

Table 2. 1H NMR chemical shifts of the free and ‘bound’ oligonucleotide for the nitrogen bases at pH 7.4

Nitrogen base

(tentative assignment)

Peak pH 7.4 Chem.

Shift (ppm), free oligo

pH 7.4 Chem. Shift (ppm),

oligo + Cp2MoCl2

Change Dd (ppm)

Thymine 7.107 New signal

Thymine 7.167 New signal

T7(H6) A 7.182 7.181 �0.001

T5(H6) B 7.229 7.226 �0.003

T9(H6) C 7.327 7.328 0.001

C3(H6) D 7.347 7.349 0.002

C1(H6) E 7.425 7.422 0.003

C11(H6) F 7.688 7.688 0

Cytosine 7.754 New signal

Cytosine 7.783 New signal

Guanine 7.854 New signal

A6(H8) G 7.963 7.973 0.010

G10(H8) H 7.973 7.973 0

G2(H8) I 8.003 8.003 0

G12(H8) J 8.012 8.013 0.001

A4(H2) K 8.050 8.060 0.010

A6(H2) L 8.059 8.060 0.001

A8(H2) M 8.078 8.076 0.002

Guanine 8.218 New signal

A4(H8) N 8.298 8.303 0.005

A4(H8)0 N 0 8.319 0.021 (N 0- N)

A8(H8) O 8.334 8.329 �0.005

Guanine 8.474 New signal
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dination of molybdenocene to the bases could promote
these displacements but no new signals proceeding from
the phosphoester bond cleavage were observed. Table 3
presents the change in chemical shifts of the resonances
upon oligonucleotide coordination, although absolute
assignment of 31P signals cannot be made with these
data. Notably, the Dd(ppm) are so small and Mo–OP
coordination should lead to larger displacements in the



Figure 7. 31P[1H] NMR spectra of CGCATATATGCG upon addition of Cp2MoCl2 in 25 mM Tris/4 mM NaCl at pH 7.4.

Table 3. 31P[1H] NMR chemical shifts of the free and ‘bound’

oligonucleotide at pH 7.4. Labels (P) do not correspond to any

particular assignment

Peak Chem. Shift

(ppm), free oligo

Chem. Shift (ppm),

oligo + Cp2MoCl2

Change Dd (ppm)

P1 �1.633 �1.633 0

P2 �1.681 �1.694 �0.013

P3 �1.718 �1.730 �0.012

P4 �1.742 �1.767 �0.025

P5 �1.803 �1.791 0.012

P6 �1.864 �1.840 0.024

P7 �1.925 �1.900 0.025

P8 �1.998 �1.949 0.049

P9 �2.180 �1.986 0.194

P10 �2.314 �2.010 0.304

P11 �2.581 �2.192 0.389
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chemical shifts. Attempts to obtain a NOESY spectrum
of this mixture were hampered by the large signals aris-
ing from Cp’s, Tris, and residual water. Additionally,
mass spectrometry analysis provided no reliable results
due to the amount of salts’ presence in the mixture. Nev-
ertheless, the spectral changes observed in the 1H NMR
spectra remain unchanged after 72 h. Therefore, it is
clear that molybdenocene–Tris species, in buffer solu-
tion at pH of 7.4, could interact with the nucleotide
bases in a weak manner. It should be pointed out that,
different to cis-platin, molybdenocene dichloride appar-
ently has no preference for guanine over adenine bases.

To corroborate our qualitatively NMR results, we inves-
tigated the molybdenocene–oligonucleotide interaction
by electrochemical methods. Recently, we developed a
methodology to access quantitative the molybdeno-
cene–DNA interaction using cyclic voltammetry (cv).27

This methodology is simpler than ICP-AES and atomic
absorption but still provides accurate results regarding
Mo–nucleic acid interactions.
Table 4 below and Figure S2 (Supplementary Material)
describe the electrochemical behavior of molybdenocene
dichloride in presence and absence of CGCATA-
TATGCG, in buffer solution. Although the experimen-
tal conditions of the electrochemical analysis is
different to the NMR spectroscopy, it is evident that
the oxidation potential and current change when the oli-
gonucleotide is present in solution.

The interaction of Cp2MoCl2(aq) in Tris solution (pre-
sumably Cp2Mo–Tris) with increasing amounts of oligo-
nucleotide showed a change in Epa and Ipa between
13–20 mV and 0.24–0.57 lA, respectively, for the first
two-thirds of the titration. After the addition of
1000 lL of oligo, a net change in Epa of 32 mV and
Ipa of 0.97 lA was observed. Since the potential is more
sensitive to coordination environment than current, we
can calculate the % of interaction using the potentials
for the free Cp2MoCl2(aq) and Cp2MoCl2(aq)-oligo-
nucleotide as previously reported, Eq. 1.27

Cp2MoCl2(aq) in Tris buffer can attain only 4.9% of
interaction to CGCATATATGCG under these
experimental conditions. Thus, molybdenocene species,
under physiological conditions, can bind CGCATATA
TGCG weakly, as suggested using NMR spectroscopy
results.
3. Discussion

In the past, we determined the degree of DNA–molyb-
denocene binding using electrochemistry27 and ICP-
AES.28 Under dialysis conditions, at buffer solution
and physiological pH, both analytical techniques
showed that molybdenocene dichloride binds to calf-
thymus DNA in 4–10% depending on the molybdeno-
cene ancillary ligand. Although the nature of the
interaction was basically unknown in buffer solution,



Table 4. Change in potential (a) and current (b) for the electrochemical titration of Cp2MoCl2 (5.00 · 10�4 M in 4 mM NaCl/100 Tris buffer, pH 7.4)

with buffer (for dilution corrections) and oligo (2.43 · 10�4 M in 4 mM NaCl/100 Tris buffer, pH 7.4) with aliquots of 250 lL

(a) Potential Epa (mV)/aliquots lL DEpa (mV) % int.

Sample: Cp2MoCl2 + buffer Cp2MoCl2 + oligo

705(4)/0 lL

685(6)/250 lL 698(5)/250 lL 13 1.5

680(4)/500 lL 694(4)/500 lL 14 2.1

670(5)/750 lL 690(2)/750 lL 20 3.0

655(2)/1000 lL 687(3)/1000 lL 32 4.9

(b) Current I (lA)/aliquots lL DI (lA)

Sample: Cp2MoCl2 + buffer Cp2MoCl2 + oligo

�4.89(7)/0 lL

�4.7(1)/250 lL �4.4(1)/250 lL 0.3

�4.1(1)/500 lL �3.86(8)/500 lL 0.24

�4.05(2)/750 lL �3.48(9)/750 lL 0.57

�4.24(6)/1000 lL �3.27(9)/1000 lL 0.97
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we know from our ICP and electrochemical studies that
molybdenocene binds DNA but in a weak manner.
Now, our NMR results suggest that indeed molybdeno-
cene species can interact with oligonucleotides at pH 7.4
under buffer solution but the interaction is weak in nat-
ure. In addition, the binding interaction is centered on
the bases and not on the phosphoesters.

To corroborate the NMR results, cyclic voltammetry
titrations of ‘Cp2Mo–Tris’ with oligonucleotide were
performed, leading to 4.9% of interaction. Therefore,
our NMR results at physiological pH, in buffer solution,
corroborate, in a qualitatively manner, what we have
been determined quantitatively by other analytical
methods, weak molybdenocene-oligo binding
interactions.

Recent report on the coordination chemistry of molyb-
denocene dichloride with biologically important mole-
cules has suggested that DNA is not the primary
target for its antitumor activity.29 Competition studies
with dAMP, ribose monophosphate, glutathione, and
histidine demonstrated favorable coordination to the
cysteine thiol group over the phosphate (O) or heterocy-
clic (N) groups. 29 While molybdenocene dichloride has
preference for the thiol groups, it has been shown that
glutathione (GS) reacts with Cp2MoCl2(aq), forming
Cp2Mo(GS)2, which has no cytotoxic properties.24

Therefore, glutathione deactivates Cp2MoCl2(aq) and
should not be the transport agent in the blood plasma.
In the plasma there are many biomolecules that could
have potential to coordinate and stabilize/transport
Cp2MoCl2(aq). Additionally, recent studies on intracel-
lular distribution of metallocene antitumor agents
(Cp2MCl2, M = Ti, V, Nb, Mo) have shown that molyb-
denum is localized in the nuclear region.30 It is not clear
what species is inside the cell and what type of interac-
tion molybdenocene is engaged inside the nucleus.

Notably, while molydenocene dichloride in saline solu-
tion at pH of 7.4 showed no evidence of binding to
the oligonucleotide, molybdenocene species in Tris buff-
er can indeed show some degree of binding interactions,
although very weak. While ‘Cp2Mo–Tris’ represents a
model compound and is not the species present in the
blood plasma, our results suggest that molybdenocene
dichloride could be stabilized by a coordinating biomol-
ecule present in the blood, thus reaching the nucleic acid
region. While extrapolation of these results from oligo-
nucleotide to a larger macromolecule such as DNA must
be taken with caution, we believe that DNA cannot be
completely ruled out as a possible target place and these
results point to a more complex scenario.
4. Experimental

4.1. Materials

Molybdenocene dichloride, DCl, NaOD, and Tris-d11

were obtained from Aldrich and used as received. The
HPLC purified and lyophilized self-complementary
dodecamer CGCATATATGCG with OH on the ending
5 0 and 3 0 positions was purchased by BioSynthesis Corp.
This oligonucleotide has no free phosphate on the termi-
nal positions.

4.2. Nuclear magnetic resonance (NMR) analysis—
interaction between molybdenocene and GCGATAT
ATCGC

Stock solutions of 25 mM Tris-d11/4 mM NaCl (pH 7.4)
and 10 mM NaCl (pH 6.5) in D2O were prepared for the
oligonucleotide dissolution. Solutions of 0.5% DCl and
1% NaOD were used to control the pH of the interac-
tions. About 1 mM solution of CGCATATATGCG
was prepared by dissolving the pre-weighed amount of
the oligonucleotide in the above stock solutions at 5 �C.

Molybdenocene dichloride solutions were prepared
using the saline and buffer solutions to obtain a concen-
tration of 1 · 10�2 M. This was performed by 30 min
sonication, ice was used to maintain a low temperature
during sonication and 1% NaOD solution was used to
adjust the pH.

For the interaction studies, aliquots of molybdenocene
solution were added to the NMR tube containing oligo-
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nucleotide and analyzed by nuclear magnetic resonance.
Experiments were made at 26 �C and pH of 6.5 and 7.4.
The interaction study at pH 7.4 was performed on a
Bruker 750 MHz spectrometer while the studies at 6.5
were performed on a Bruker 500 MHz instrument. The
pH was measured before and after the addition of
molybdenocene aliquots. To control temperature, the
variable temperature unit (VT) was used. TSP was used
as external reference. NOESY experiment for the oligo-
nucleotide (in Tris-d11/NaCl) was obtained on a Bruker
750 MHz spectrometer at 26 �C using the following
parameters: 2048 complex t2 points, 256 t1 increments
and linear predicted to 512, 64 transients, relaxation de-
lay 1 s, and mixing time of 250 ms. Square sinebell func-
tion was used to process the data in both dimensions.
Watergate was used to suppress solvent signal. 31P
NMR spectra were performed on a Bruker 500 MHz
spectrometer using 4096 complex t2 points, delay 1 s,
and 256 transients, under proton decoupling conditions.

A Bruker Avance 500 MHz equipped with a QXI probe
was used for the 1D and 2D (COSY) experiments. To re-
solve some resonance overlapping, a Bruker 750 MHz
equipped with a triple resonance probe was used
from the NMRFAM at the University of Wisconsin-
Madison.

4.3. Cyclic voltammetry—interaction between molybde-
nocene and GCGATATATCGC

The water used throughout the experiments was double-
distilled and deionized. The instrument used for the
analysis was a voltammetric analyzer model BAS 50 W
of Bioanalytical Systems, Inc. with a three-stand elec-
trode cell. The three electrodes used were glassy carbon
as the working electrode, an Ag/AgCl as a reference
electrode, and a Pt wire as an auxiliary electrode. The
working electrode was polished with 0.05 lm alumina
slurry for 1–2 min and then rinsed with double-distilled
and deionized water. This cleaning process is done be-
fore each cv experiment and a sweep between 0 and
1000 mV is performed on the buffer to detect any possi-
ble deposition of molybdenum or nucleobase on the
electrode surface. Blank cv experiments were carried
out in fresh buffer solutions and the demonstrated to
be electrochemically inactive between 0 and 1000 mV.

All the cyclic voltammetry samples were prepared using
a buffer solution of 100 mM Tris and 4 mM NaCl (as
supporting electrolyte) at pH 7.4 (adjusted with
1 M NaOH) and measurements were performed in
triplicate.

Calibration of the voltammetric analyzer was performed
using a 3 mM solution of FeSO4 in 1 M HCl, using plat-
inum as a working electrode and Ag/AgCl in 3 M NaCl
as reference. The E� determined in this cell, in a cv
experiment, was 493 mV with respect to Ag/AgCl refer-
ence. Since Ag/AgCl reference (in 3 M NaCl) is at
209 mV with respect to NHE, the potential of the FeSO4

in 1 M HCl is 702 mV vs NHE. The literature potential
of Fe2+/Fe3+ in 1 M HCl is 700 mV. The experimental
uncertainty for the potential measurements is ±2.0 mV.
Cp2MoCl2(aq) solutions were prepared at a
5.00 · 10�4 M concentration (in 100 mM Tris/4 mM
NaCl, pH 7.4) for the oligonucleotide interaction study.
Before analyzing the interaction between molybdeno-
cene complexes and the oligo, we must considered the
dilution factor. For this 3 mL of the molybdenocene
complex dissolved in Tris buffer was added to the elec-
trochemical cell and four aliquots of 250 lL of the buffer
solution were added stepwise to the cell (to a total of
1000 lL) giving a final concentration of 3.75 · 10�4 M
of the metallocene (the dilution factor is also consider
for the Metal–Oligo interaction samples). The titration
(interaction) between Cp2MoCl2(aq) and the oligo was
made by adding four aliquots of 250 lL of CGCATA-
TATGCG to 3 mL of the molybdenocene complex in
the cell giving a final concentration of 3.75 · 10�5 M
on molybdenocene complex and approximate
6.1 · 10�5 M on the oligo. The potentials of the molyb-
denocene complex solutions containing 250 lL aliquots
of the oligo and buffer (oligo free) are compared to
determine the % of interaction, equation given below,
in this manner correcting for dilution factors.

% interaction¼EðCp2MoCl2þoligoÞ�EðCp2MoCl2þbufferÞ�100

EðCp2MoCl2þbufferÞ
ð1Þ
CGCATATATGCG solution was prepared by dis-
solving the solid in a buffer solution of 100 mM Tris
and 4 mM NaCl at pH 7.4 (adjusted with 1 M
NaOH) at 5 �C, leading to a concentration of
2.43 · 10�4 M.

The cv analyses were performed using the following
parameters: the initial potential was 0 mV and the max-
imum potential was 1000 mV, the sweeping speed was of
100 mV/s and, each sample was purged with nitrogen
gas ultrapure (UHP 99.999%) for 120 s to remove oxy-
gen from the solution.
4.4. Mass spectrometry analysis

Mass spectral data were obtained on a Bruker Daltonics
Esquire 6000. The Cp2MoCl2 complex was dissolved in
25 mM Tris buffer solution at pH of 7.4 and added
methanol and 0.2% of formic acid for mass spectral
analysis. The following conditions were used: electro-
spray ionization (ion source type), in a direct infusion
mode and using ion-trap method to analyze in the posi-
tive ion mode. The molecular ion spectrum of m/z 348
[M+H]+ was observed for the Cp2Mo-Tris in buffer/
methanol solution. MS/MS experiment was performed
on the isolated ionic species (molecular ion peak, m/z
348) resulting in the product ions m/z: 230(8),
229(100), 228(43), 227(75), 226(24). Mass spectrum of
[Cp2Mo-Tris+H]+, m/z (%): 350(44), 348(100), 347(46),
346(73), 345(63), 344(32), 342(57). The Molecular
Weight Calculator Program available on http://jjorg.-
chem.unc.edu/personal/monroe was used to determine
the theoretical isotopic distribution pattern for the
[M+H]+ m/z peaks, which are consistent with our
results.

http://jjorg.chem.unc.edu/personal/monroe
http://jjorg.chem.unc.edu/personal/monroe
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10. Köpf-Maier, P.; Köpf, H. Naturwissenschaften 1980, 67,

415.
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