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Abstract

The standard molar enthalpy of formation of [Ti(1’-CsHs), (OOCCH,;NHj3),]Cl, in the crystalline state, at T = 298.15 K, was
determined as A¢H? {[Ti(n’-CsHs),(OOCCH,NH;3),]Cla, cr} =—(1447.6 +8.1) kJ - mol~!, by reaction-solution calorimetry. A dis-
cussion of the energetics of the direct interaction of the antitumour agent Ti(1°-CsHs),Cl, with glycine is also presented.
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1. Introduction

Some metallocene dichloride complexes of the early
transition metals, M(n’-CsHs),Cl, M =Ti, V, Nb,
Mo), have been extensively studied as potential antitu-
mour agents [1,2]. The titanium derivative, Ti(n’-
CsH;),Cly, in particular, has proved to be one of the
most efficient complexes of this type against a variety
of tumours [1-5], and it is the first complex of a tran-
sition metal other than platinum to have been intro-
duced into phase II clinical trials [4-6]. In a number of
cases titanocene dichloride was found to be at least
as active and less toxic than cisplatin, cis-[Pt(NH3),Cl,],
a drug that has been used in the treatment of several
types of human cancer for the last 25 years [1]. However,
in contrast to the well-characterised platinum-based
anticancer drugs, the active species responsible for the
antitumour properties of Ti(n’-CsHs),Cl, in vivo has
not been identified, and the mechanism for the thera-
peutic action of metallocenes is poorly understood
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[4,5]. It has nevertheless, been established that the
titanium species is carried into the cells upon intra-
venous administration, thus suggesting that, in wvivo,
Ti(n’-CsHs),Cl, may be stabilised by interaction with a
biomolecule. Proteins or enzymes that are relevant for
the function and synthesis of nucleic acids have been
considered possible binding targets for the titanocene
dichloride [4-6]. This fostered the synthesis of a num-
ber of model complexes, [Ti(n’-CsHs),(aa),]Cl, (aa=
o-amino-acid), aiming to gain insight into the reactivity
of Ti(n’-CsHs),Cl, towards biological molecules that
possess both oxygen and nitrogen donor groups [7-9].
These complexes have also been found to exhibit anti-
tumor activity, although less pronounced than that of
the parent Ti(n>-CsHs),Cl, [6].

In this paper, we report the determination of the
standard enthalpy of formation of the glycine contain-
ing complex [Ti(1’-CsHs),(OOCCH,;NHj3),]Cl, in the
crystalline state, by reaction-solution calorimetry. Based
on this result, the energetics of the direct interaction of
Ti(n>-CsHs),Cl, with glycine is discussed, in light of a
possible in vivo stabilisation and transport of the me-
tallocene dichloride, through the formation of a car-
boxylate coordinated [Ti(n’-CsHs),(protein)] species.
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2. Experimental

Elemental analyses were made with a Fisions In-
struments EA1108 apparatus. The FT-IR spectra were
carried out in a Jasco 430 spectrophotometer calibrated
with polystyrene film. The UV-Vis spectra were re-
corded in a Jasco V530 instrument. The 'H NMR
spectra were obtained at ambient temperature on a
Varian 300 MHz spectrometer.

Ti(n’-CsHs),Cly (Aldrich, mass fraction 0.97) was
sublimed prior to use. Glycine (Aldrich, mass fraction
>(.985) was dissolved in water at 298 K, precipitated
upon addition of ethanol, and dried in vacuum at 133.3
Pa and 303 K. The [TI(T]S-C5H5)2(OOCCH2NH3)2]C12
used in the calorimetric studies was prepared according
to the following procedure, which was adapted from the
literature [6-8]. A suspension of Ti(n’-CsHs),Cl, (2.003
g, 8.05 mmol) and glycine (1.19 g, 15.9 mmol) in 12 cm?
of methanol (Jos¢ Manuel Gomes dos Santos, mass
fraction 0.995) was kept under magnetic stirring inside a
Schlenk tube, under nitrogen atmosphere, during 5 h, at
284 K. The precipitated orange solid was filtered off,
washed 10 times with 5 cm? of chloroform (Pronalab,
mass fraction 0.99) to remove any remaining Ti(n’-
CsHj5),Cl,, then five times with 5 cm?® of methanol, and
finally dried in vacuum at 133.3 Pa and 303 K. The mass
fractions of C, H, and N in TiC;4H,oN,04Cl,, obtained
by elemental analysis were: calculated C, 0.4213; H,
0.0505; N, 0.0702; found C, 0.4218; H, 0.0508; N, 0.0696
(average of two measurements). The 'H NMR spectrum
in D,O was as follows (chemical deviations, o, relative
to tetramethylsilane and using water as the internal
standard): é/ppm =6.60 (s, CsHs); 3.70 (s, CH;). The
UV-Vis spectrum in distilled and deionised water
showed a local maximum at A = 372 nm, the intensity
increasing sharply for shorter wavelengths due to the
charge transfer transitions typical of bis(cyclopentadie-
nyl) complexes. The main peaks in the infrared (IR)
spectrum, in KBr were: v/em~!=3425 ms, 3080 ms,
1673 vs, 1442 m, 1129 ms, 840 s. The 'H NMR, UV-Vis
and IR results are in good agreement with those pub-
lished in the literature [7,8].

The reaction-solution calorimetric experiments were
performed using the apparatus previously described
[10,11]. The calorimetric solvent was an HCI - 3.45H,0
aqueous solution (Panreac p.a.). In a typical experiment
the sample was sealed in a thin walled glass ampoule and
weighed to #107> g on a Mettler AT201 balance. The
reaction or solution process under study was started by
breaking the glass ampoule in 125 cm?® of the calori-
metric solvent. This was preceded by an electrical cali-
bration, in which a potential difference of ca. 2.6 V was
applied to a 48 Q resistance during ca. 200 s.

The final state of the reaction of [Ti(n’-CsHs),(OO-
CCH;,;NH;),]Cl, with concentrated hydrochloric acid
(HCl-3.45H,0, Panreac p.a.), in conditions as similar

as possible to those of the reaction-solution calorimetric
experiments, was determined by UV-Vis spectroscopy.
A volume of 2.5 cm?® of HCI- 3.45H,0 was added to 2.5
cm?® of a 1.211-1072 mol-dm™ aqueous solution of
[Ti(n*-CsHs),(O0OCCH,;NHj;),]Cl,. The visible spec-
trum of the resulting mixture matched that of a stoi-
chiometrically identical solution of Ti(n’-CsHjs),Cl, and
glycine in HCI - 3.45H,0.

3. Results and discussion

The standard atomic masses recommended by the
TUPAC Commission in 2001 were used in the calcula-
tion of all molar quantities [12].

Reaction-solution calorimetric measurements of the
enthalpies of the reactions

[Ti('l’]s-C5H5)2 (OOCCHQNH3 )2] C12 (CI') +
2HCI - 3.45H,0 (aq) = Ti(n’-CsHs),Cl, (cr)+
2HOOCCH,NH;CI (aq) (1)

HOOCCH,NH, (cr) + HCI - 3.45H,0 (aq) =
HOOCCH,NH;Cl (aq) (2)

led to the results in tables 1 and 2, from which
AH? (1) =—(267+23) kJ-mol™' and AH:(2)=
—(18.04 £0.86) kJ-mol™! were derived. The uncer-
tainties quoted represent twice the standard deviation of
the mean.

In the UV-Vis spectroscopy experiments carried out
to determine the final state of reaction (1) it was found
that Ti(n’-CsHs),Cl, was very slightly soluble in
HCI-3.45H,0 (see Section 2). However, breaking am-
poules containing stoichiometric amounts of this com-
plex in HCI-3.45H,0 led to AsuHy =0 within the
experimental error. This indicated that the enthalpic
effect associated with the presence of an insignificant
amount of Ti(n’-CsHs),Cl, in solution at the end of
reaction (1) could be neglected and the complex assumed
to be formed in the crystalline state.

TABLE 1

Results of the calorimetric study of reaction (1)
melg & ATy 1K —AH; (1)1

(J-K (kJ -mol™")

0.11893 432.52 0.0173 25.11
0.09935 436.88 0.0171 30.01
0.11549 437.77 0.0170 25.72
0.13153 436.96 0.0181 24.00
0.06709 432.12 0.0112 28.79

“Mass of [Tl(T]5-C5H5)2(OOCCH2NH3)2]C12

b Energy equivalent of the reaction-solution calorimeter.
¢ Adiabatic temperature change.

4Standard molar enthalpy of reaction (1).
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TABLE 2

Results of the calorimetric study of reaction (2)
milg &b AT,/K —AH: (2)¢

J-Kh (kJ -mol~")

0.04372 421.23 0.0239 17.29
0.04505 426.67 0.0252 17.92
0.04323 438.84 0.0253 19.28
0.04380 413.51 0.0240 17.01
0.04289 435.83 0.0227 17.32
0.04280 442.13 0.0250 19.39

“Mass of glycine.

b Energy equivalent of the reaction-solution calorimeter.
¢ Adiabatic temperature change.

4Standard molar enthalpy of reaction (2).

Based on the A:H? (1) and A.H (2) values indicated
above it was possible to derive the enthalpy of the
standard state reaction:

Ti(n’-CsHs),Cl, (cr) + 2HOOCCH,NH, (cr) =
[Ti(n*-CsHs),(OOCCH,NH3),]Cl, (cr) (3)

as AH2(3)=—(94+29) kJI-mol'. Using AcH
[Ti(n’-CsHs),Cl,, cr] = —(383.2+7.5) kJ - mol~! [13] and
AtH? (HOOCCH,NH,, cr)=—(527.5+0.5) kJ-mol!
[14], it is finally concluded that A¢H: {[Ti(n’-CsHs),-
(OOCCH;,NH;),]Cly, cr} =—(1447.6 +8.1) kJ -mol~!.
The analysis of the energetics of reaction (3) indicates
that, at least in the solid state, there is a slightly fa-
vourable (9.4 kJ - mol~!) enthalpic interaction between
Ti(n’-CsHs),Cl, and glycine. The fact that this inter-
action is weak supports the observation that the ami-
noacid ligands in the complex rapidly dissociate in water
and in the presence of nucleotides. It also supports the
suggestion that the in vivo stabilisation of titanocene
dichloride through the formation of a carboxylate co-

ordinated [Ti(n>-CsHs),(protein)] species may not occur

[4].
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