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Ferrocenylalkyl azoles: bioactivity,
synthesis, structure

Lubov’ V. Snegur®*, Yury S. Nekrasov?, Nataliya S. Sergeeva®,

Zhanna V. Zhilina?, Vera V Gumenyuk?, Zoya A. Starikova?,
Alexander A. Simenel?, Nataliya B. MorozovaP®, Irina K. Sviridova® and
Valery N. Babin?

The toxicity of ferrocenylethyl benzotriazole (1) and other ferrocene compounds including ferrocenylmethyl benzimidazoles
(4,5,6,11), ferricenium salts (3,9,10) and ferrocenylmethyl adenine (7), was studied. All ferrocene complexes under investigation
showed low or medium toxicities. On the basis of an earlier model of chemical carcinogenesis, the antitumor activity of
ferrocenylalkyl azoles 1, 8 and ferricenium salts 9, 10 was studied in vivo in the so-called sub-capsular test on human tumors.
This effectiveness was compared with that of cisplatin. A series of ferrocenylalkyl azoles were synthesized by interacting azoles
either with a-hydroxyalkyl ferrocenes FcC(OH)R1R; in organic solvent in the presence of aqueous HBF, in quantitative yields
or with trimethyl(aminomethyl)ferrocene iodide in an aqueous-basic medium in good yields. The X-ray determinations of
molecular and crystal structures of «-(1-benzotriazolyl)ethylferrocene (1) and «-(1-naphthatriazolyl)ethylferrocene (12) were
performed. Copyright (©) 2008 John Wiley & Sons, Ltd.
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Introduction

Chemical aspects of biological activity play an important role in
the research for new active compounds. The results of investiga-
tions, theoreticall"?! and experimental,™ testifying to antitumor
(antineoplastic) effects of ferrocene derivatives were published
in the 1980s. Kopf-Maier and co-workers® were the first to dis-
cover the antiproliferative efficiency of ferrocene compounds
by the example of ferricenium salts. The investigations that
followed included a variety of biological tests of ferricenium
salts.[ Several years previously, Babin et al. formulated principles
for the molecular design of antitumor compounds and theo-
retically predicted that ferricenium salts, ferrocene derivatives
with different substituents and diferrocenes could demonstrate
antitumor activity."! During the following three decades the
number of metallocene compounds with antitumor effects has
been enlarged and now includes alkylferrocenes,® ferroceny-
lalkyl azoles,'®=8) macromolecular ferrocene bioconjugates!® and
ferrocene-modified cisplatin.l'”’ Several detailed reviews devoted
to the bio-organometallic chemistry of ferrocene compounds have
been published.['!-14 Recently, some preliminary mechanistic
investigations also appeared.l’>1°!

In this paper a development of our biological work!>¢-817]
is presented. Azoles including imidazole, pyrazole and adenine,
which are the central ingredients in many drugs, have been
chosen as the objects for chemical modification by ferrocene. Fer-
rocene compounds, additionally to antitumorand antianemic!'81!
properties, also demonstrate membrane permeability,'?” and low
toxicity.[2=4821.221 Ferrocene-modified heterocycles and also fer-
ricenium salts were synthesized for biological tests. Those were
(Fig. 1) ferrocene derivatives of benzotriazole FcCH(CHs3)BTr (1),
naphthatriazole FcCH(CHs)NaphthaTr (12), benzimidazoles (4, 11)

and polyfluoroimidazoles (5 and 6), adenine Fc-CH,-Ad (7), as
well as ferricenium salts-ferricenium triiodide (9), symmetrically
substituted 1,1'-diethyl ferricenium triiodide (10) and 1,1',3,3'-
(tetra-tert.butyl)ferricenium triiodide (3), 1N-benzotriazolyl ethyl-
ferricenium tetrachloroferrate (2) obtained by one-electron oxida-
tion of 1 and finally bis-(ferrocenylethyl)benzotriazolium tetraflu-
oroborate ( 8).

Acute toxicities were defined by Prozorovsky's express
method!??! using the increasing doses of the substances. For those
preparations where the determination of LDsg turned out to be
impossible due to the small solubility of the complexes in water,
maximum tolerated doses (MTD) were found. All studied com-
pounds 1-11 belong to medium toxicity (LDso 178-300 mg kg™
for ferricenium salts 2, 3, 9 and benzotriazolium salt 8) or low toxic-
ity (MTD 400-1500 mgkg ™' foruncharged compounds1,4-7,11)
series (Table 1). The antitumor activities of benzotriazole deriva-
tives 1, 8 and ferricenium salts 9, 10 were studied in vivo using sub-
renal capsular assay (SCA; Table 2). The best results were shown by
compound 1. With this compound, the inhibition of tumor growth
was shown to be up to 100% and then the regression achieved
was 45%. These results are comparable with those of cisplatin. The
X-ray structural data for 1N-(ferrocenylethyl)benzotridazole (1)
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Figure 1. Azolyl alkylferrocenes, ferricenium salts and bis-(ferrocenylalkyl) benzotriazolium salt.

Table 1.  Acute toxicities (LDsp) and maximum tolerated dose of ferrocene compounds
No. Compound LDso (mg kg™") MTD (mg kg™ Synthesis [Lit.]
1 Fc-CH(CH3)BTr - 630 18251 Exp. part
2 [Fc-CH(CH3)BTr]TFeCly~ 178 Exp. part
3 1,1,3,3'-BusFc iz~ 216 Exp. part
4 Fc-CH,-(2-S-BimH) - 800 Exp. part,34
5 Fc-CH(CH3)-(CHF-O-CF3)-Bim - 1000 (291
6 Fc-CH,-2-(CHF-CF3)-Bim - 1500 (291
7 Fc-CH,-Ad - 1500 Exp. part
8 {[Fc-CH(CH3)15BTr}tBF4~ 300 (2:35]
9 Fcls™ 1785331 2,361
10 1,1-EtyFctls™ - 800 2
1 FcCH,Bim 400! @l
12 Fc-CH(CH3)NaphthaTr Will be defined - Exp. part
13 Ferrocene, (7°-CsHs),Fe 420
14 Fc™CCl3CO,~ 24081 @l
15 Fc-C(0)-CgH4COO]~Na™ 601321 G371
Cisplatin, cis-Pt(NHs),Cl, 12-15
CfS'Pt(NH2C5 H4)2C|2 480
Cyclophosphane 182
5-Fluorouracile 288
LDsq was found by the V. B. Prozorovsky's express method.l?*!
MTD, maximum tolerated dose (for those preparations where the determination of LDs, turned out to be impossible due to the small solubility of the
complexes in water).
LDs values for cyclophosphane and 5-fruorouracil were determined in experiments with rats (literature data).
Fc-C(0)-Cg H4COO]*Na+°4H20 (ferroceronum) was used as an antianemic drug in hospitals in the Soviet Union in the 1970s until the early 1990s.

and its naphthatriazole analog 12 are presented in Figs 2 and 3).
The phenomenon of migration of the ferrocenylalkyl unit from
benzotriazole to adenine and the reverse one - from adenine to
benzotriazole — was experimentally found. We believe that the low
toxicity of ferrocene compounds can be connected with this fact.

Results and Discussion
A model

Over the period 1974-1978,V.N.Babin et al. elaborated a model of
chemical carcinogenesis."? According to it, the neoplastic changes
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Table 2. Results of antitumor SCA upon human tumors (operating materials) of «-(1N-benzotriazolyl)ethyl ferrocene (1), bis-(a-
ferrocenylethyl)benzotriazolium tetrafluoroborate (8), ferricenium triiodid (9) and 1,1’-diethylferricenium triiodid (10). Daily doses (total doses)
were 0.5, 1.5,3.0 and 4.5 mg kg_1 (2.0-18.0 mg kg")
Treatment effectiveness
Ferrocene Compound Human tumor in SCA Inhibition (%) Regression (%) Stimulation (%)
FcCH(CH3)BTr(1) NSLC 45
NSLC 20
Es.C 16
(FCCHCHs),BTr1"BF4~ (8) NSLC 65
NSLC 13
End.C 72
Es.C 36
Fctl37(9) NSLC 70
NSLC 16
End.C 108
Es.C 30
1,17-EtyFcl3™ (10) NSLC 15
NSLC 10
End.C 107
Es.C 30
Cisplatin NSLC 23
NSLC, non-small-cell lung cancer; End.C, endometrial cancer; Es.C, esophageal cancer.
oy NI
ci4
Figure 2. Molecular structure of «-(1-benzotriazolyl)ethylferrocene (1).
Selected bond lengths (‘A) and bond angles (deg): C(7)-C(8)
1.503(6), C(7)-N(1) 1.488(6), C(7)-C(9) 1.495(6), N(1)-N(2) 1.359(5),
N(2)-N(3) 1.323(6), C(9)-C(7)-N(1) 108.7(4), C(8)-C(7)-N(1) 111.2(4), -

C(9)-C(7)-C(8) 116.0(4), C(7)-N(1)-N(2) 118.1(4), C(7)-N(1)-C(1) 130.9(4),
C(1)=N(1)-N(2) 110.8(4), N(1)-N(2)-N(3) 107.6(4).

of cells caused by the action of various chemical carcinogens
(polycyclic aromatic hydrocarbons, amino aromatic compounds,
heavy metals) bring about DNA injuries and the decay of a
great number of cells. At the same time, the mechanism of
recombinational repair in some cells is induced. This occurs
through migration and incorporation of large DNA fragments
into injured segments of a genome.

The authors! suggested that this mechanism of reparation
is inherent just in carcinogen-transformed cells and ensures not
only the effective reparation of the genome, but also allows
such tumor cells to overcome the so-called Hyflic threshold?* of
reproductive death. Thus the transformed cells gain immortality at
apopulationlevel. The system of recombinational repair stimulates

Cs)

Figure 3. Molecular structure of o-(1-naphthatriazolyl)ethylferrocene (12).
Selected bond lengths (‘A) and bond angles (deg): C(16)-C(14) 1.503(6),
C(14)-C(15) 1.510(6), C(14)-N(1) 1.481(5), N(1)=N(2) 1.347(5), N(2)-N(3)
1.303(5), N(1)-C(12) 1.371(5), N(3)-C(13) 1.387(6), C(16)-C(14)-C(15)
114.7(4), C(16)-C(14)-N(1) 110.8(3), C(15)-C(14)-N(1) 109.2(4),
C(14)-N(1)-N(2) 121.4(3), C(14)-N(1)-C(12) 128.3(3), N(1)-N(2)-N(3)
110.2(4), N(2)-N(3)-C(13) 107.0(4).

migration of mobile geneticelements and favors the heterogeneity
of populations, being an important genetic marker of tumor
cells. In accordance with the above model, the impeding such a
‘migratory-recombination’ activity in the cell genome is required
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for the normalization of the cell behavior. It was suggested!" that
molecules are capable of being transferred into a cell nucleus
and bonding to DNA just at the cleavage sites could impede
the integration of free DNA elements into the genome. These
molecules should have:

e bulky structural fragments able to prevent the contacts
between the migrating DNA fragments and cleavage sites
of the residential DNA;

e coordination centers for forming bonds at the DNA cleavage
sites, the replication not being blocked.

The mono- and bi-nuclear functionalized ferrocene compounds
including ferricenium salts were considered as potential antitumor
drugs."

We have developed a strategy for synthesis of novel metalloor-
ganic compounds for chemotherapy of tumors directed towards
the normalization of genotypic and phenotypic behavior of tumor
cells.[1:26-8]

Ferrocenylethyl benzotriazole,?>2¢! FcCH(Me)BTr (1), was cho-
sen as a model of the antitumor compound. This molecule has the
following fragments (Scheme 1):

(1) the hydrophilic (benzotriazolyl) group providing transport
in aqueous media gne the lipophilic (ferrocenyl) moiety
ensuring membrane permeability;

(2) the groups which are capable of forming ionic bonds (after
oxidation to the ferricenium form) and hydrogen bonds
(after protonation of the azolyl moiety) with phosphate
groups at cleavage points of DNA, for example, the
~P-0"---FcT(E)BTr ~ or ~P-0~---H-N* ~ types;

(3) the plane heterocyclic ring which can intercalate between
the planes of DNA nucleic bases;

(4) the bulky ferrocenyl fragment the size of which corresponds
geometrically to the distance between the DNA plane
nucleotides (0.34 nm);

(5) the swinging alkyl bridge for the formation of the lig-
and-receptor complexes.

Synthesis

We used a version of the a-ferrocenylalkylation reaction of
azoles (benzotriazoles, fluoro-containing benzimidazoles) in an

aqueous-organic media in the presence of strong inorganic
acids.[8252829 Using this method, we prepared a variety of
neutral ferrocene-containing benzotriazoles, fluoro-containing
benzimidazoles and diferrocenyl-substituted salt of benzotriazole.
Some of these have been prepared for invivo experiments
(Fig. 1): 1N-ferrocenylethyl benzotriazole FcCH(Me)BTr (1),
ferrocenylethyl naphthatriazole FcCH(Me)NaphthaTr (12) (it
is known that naphthalene diimide carrying two ferrocenyl
moieties at its ends forms a relatively stable complex with
double-stranded DNAB?Y), benzimidazole-containing ferrocenes
FcCH,-S-BimH (4) (4 is prepared from 2-merkaptobenzimidazole;
the C-S-bond is realized in 4), polyfluoro benzimidazoles
FcCH,Bim(CHFOCF3) (5) and FcCH,Bim(CHFCF3) (6) with fluoro-
containing substituents at the 2-position of benzimidazole.
Ferrocenylmethyl imidazole FcCH,Bim (11) and ferrocenylmethyl
adenine FcCH,Ad (7) were prepared from heterocycle (benzimi-
dazole, adenine) and (ferrocenylmethyl)threemethylammonium
iodide FcCH,;N(CHs3);1 in boiling water. Ferricenium salts
FCcCH(CH3)BTr]TFeCl,~ (2), FcTlz™ (9), Et,Fc™ls~ (10) and
t-BusFcl3™ (3) were obtained by one-electron oxidation of
initial ferrocene compounds -1, ferrocene and alkylferrocenes
(ferricenium salts showed DNA cleaving activity®"). Ferrocene
derivative [FcCH(CH3)-BTr-CH(CHs3)Fc]*BF4~ (8) was synthesized
as compound 1 using 100% excesses of ferrocenylethanol and
fluoroboric acid.

Structures

Compounds 1 (Fig.2) and 12 (Fig.3) are presented ferrocene
fragments connected to heterocycles — benzotriazole and naph-
thabenzotriazole with the —CH(CH3)- bridge. Cyclopentadienyl
rings in these compounds (1, 12) are almost parallel (the dihedral
angles are 2.3 and 1.4°, respectively). Iron atoms are disposed
between Cp-rings close to the unsubstituted ring in compound 1
and to the substituted one in compound 12. Bond length Fe-C
is 2.013-2.049 ‘A. The dihedral angles between the substituted
Cp-rings and benzotriazole and naphthabenzotriazole planes are
equal to 71.7 and 80.2°, respectively for 1 and 12.

The exocyclic C-N(1) bonds in molecules 1 and 12[1.488(6) and
1.481(5) "A] are somewhat longer than in ferrocenylmethyl imida-
zole (1.474 "A)® and ferrocenylmethyl benzimidazole (1.450 “A).1®!

swinging group,
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Scheme 1. a-(1N-benzotriazolyl)ethylferrocene (R = CHs) (1). Possible transportation routes and interactions in the cell?”) (reproduced with permission

from Russ. Chem. J.).
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In vivo studies
Toxicity

By theiracute toxicities, ferrocene and alkylferrocenes according to
the Khodge and Sterner classification belong to either low toxicity
or nontoxic compounds. Ferricenium salts belong to the medium
toxicity series.3] Preliminary in vitro investigations showed the
low cytotoxicity of such types of ferrocene compounds as ben-
zimidazolium and benzotriazolium bis-ferrocene-containing salts
(8), ferricenium and symm.-diethylferricenium triiodides (9,10),
and ferrocenylenemethylene oligomer.””! As we have found, for
ferrocenylalkyl azoles, a pronounced decrease in toxicity is ob-
served as compared with the toxicity of ferrocene (even by
1.5-4 times). The lethal doses (LDsg) and the MTD values are
given in Table 1. These data were defined for ferrocene com-
pounds at a single intraperitoneal dose. A number of compounds
have been studied comprising neutral FcCH(CH3)-benzotriazole
(1), FcCH, -benzimidazole (11), FcCH, —mercapto-benzimidazole
(4), FcCH,-polyfluoro-containing benzimidazoles (5, 6), ade-
nine derivative FcCH,Ad (7) and salts of three types, namely,
(1) ferricenium triiodide Fc™l3™ (9) and symmetrically substi-
tuted alkylferricenium triiodides (10, 3); (2)the ferricenium
salt of benzotriazole derivative [Fc-CH(CH3)BTrl FeCly™ (2);
and, finally, the salt of benzotriazolyl cation with two fer-
rocenyl fragments [Fc-CH(CHs3)-BTr-CH(CH3)FCI™BF;~ (8). The
lethal doses (literature data) for some ferrocene com-
pounds - ferrocene, (2-carboxybenzoyl)ferrocene sodium salt (fer-
rocerone) FcC(0)CeH4CO,Na’4H,0, ferricenium trichloroacetate
FctCCl3CO,™ - and antitumor drugs - cisplatin, cyclophosphane,
5-fluorouracile - are also included in Table 1.

Invivo experiments showed that most of the investigated
compounds displayed low toxicity. These ferrocene compounds
were tolerated well by animals. During the examination period
(14 days), they did not cause any noticeable alterations in both
visual appearances of mice or the condition of their internal
organs. All the compounds were found to have toxicities almost
1-2 orders of magnitude lower than those for clinically used
drugs. For example, for the neutral ferrocenylalkyl azoles, the MTD
values fall within the range from 630 mg kg~' for FcCH(CH;)-
benzotriazole (1) to 1500 mg kg ™' for fluorobenzimidazole (6) and
adenine (7) derivatives. The LDso of cyclophosphane is 182 mg
kg™"; that for cisplatin is 12-15 mg kg™ (Table 1).

The toxicities of ferricenium salts prepared by one-electron
oxidation of the ferrocene nuclei increase approximately twofold,
as compared with that of ferrocene. Ferricenium salts 2,3, 9 and 14
have LDso 178-240 mg kg™ excluding 1,17-Et,Fctl3™ (10) (MTD
800 mg kg~ '; cf. the LDsq of ferrocene — 420 mg kg™ '). The toxicity
obviously depends on either the structure (substituent effects) of
the compounds (see Table 1) or the character of the anion (see
Table 13). The same correlation, as we have found, takes place
for azole-substituted ferrocenes. Thus, the maximum tolerated
dose for neutral «-(1N-benzotriazolyl)ethylferrocene (1) is 630 mg
kg~'. At the same time the corresponding ferricenium salt, (1N-
benzotriazolyl)ethylferricenium tetrafluoroborate (2), shows LDsg
178 mg kg™', i.e. it is by a factor of 3.5 more toxic than the neutral
analog 1. It should be noted that the toxicity levels of ferricenium
triiodide (9) and FcCH(CHs) -benzotriazolium tetrafluoroborate (2)
are the same, 178 mg kg™".

In general, the modification of organic compounds by the
ferrocenyl moiety, (CsHs)Fe(CsH4), produces an ambiguous ef-
fect. In several cases, such modification rather significantly (even
strongly) decreases their toxicity. These data were first found

by Yashchenko et al.?"! in the investigation of antitumor drugs
embichine and sarcolysine modified by introduction of the fer-
rocenyl group. On the other hand, the water-soluble compound
o-carboxybenzoylferrocene sodium salt tetrahydrate, used for cor-
rection of pathological iron deficiently conditions (ferroceronum),
is 7 times more toxic than ferrocene (LDs, for ferroceron 60 mg
kg*1 (32)),

Thus the nature of both organometallic and organic moieties
influences the toxicity of the whole compound. This is possibly
comes from the change of lipophilic properties of the hydrophilic
compounds caused by the modification with ferrocenyl moiety.

Subrenal capsular assay

The activities of ferrocenylethyl benzotriazole FcCH(CH3)BTr
(1), diferrocenyl benzotriazolium tetrafluoroborate
[Fc-CH(CH3)-BTr-CH(CH3)FcltBF,~ (8), ferricenium salts Fctlz™
(9) and 1,17-EtzFcTl3™ (10) in the so-called subrenal capsular
assay on human tumors were studied. The groups of mice were
preliminarily y-irradiated (4.5 Gy dose), which resulted in a
temporary immunodepressive effect. All groups comprised five
to seven animals each. Two fragments of a human solid tumor
(1 x 1mm?) were implanted under a kidney capsule of each
mouse. The tested doses varied from 0.5 to 4.5. mg kg™~ for each
mode of tumor, the total doses being between 2.0 and 18.0 mg
kg~". Solutions (ethanol-physiological solution) of the ferrocene
compounds were administered intraperitoneally to each group
of treated animals four times every day beginning from the day
after implantation of the tumors. Over six days a comparison
was made between the dynamics of the tumor growth for the
following groups of animals: treated, untreated (negative control)
and treated with cisplatine (positive control) (Table 2). The effects
were evaluated as percentages of the tumor growth inhibition or
stimulation and the regression of the implantates. The index of
tumor growth inhibition was calculated as (C — T)/C, %, where C
and T are the average sizes of tumors in groups of control and
treated animals, respectively.

The experiments showed that uncharged ferrocenylethyl
benzotriazole (1) exhibited dose-dependent effectiveness with
respect to two histological types of non-small-cell lung cancer
(NSLC) and esophageal cancer (Es.C.) (Table 2). For NSLC, this
effect increased to a marked degree with the dose enhancement
in the investigated range and reached to 45% regression at a total
dose of 18.0 mg kg™". Such an effect is comparable with the clinical
use of cisplatin (23% regression in our experiments). Moreover,
it should be noted that ferrocenylethyl benzotriazole (1) almost
never stimulated the neoplasm growth.

All substances under investigation were ineffective towards the
endometrial cancer. Ferricenium salts 9 and 10 stimulated the
growth of implantates by more than 100%. Only benzotriazolium
salt 8 inhibited this cancer by up to 72%.

The stomach and esophageal cancers are considered as most
chemo-resistant tumors. Most of the known chemotherapeutic
drugs do not have an essential antiblastomic effect on these
tumors. Application of complex chemotherapy schemes leads to
positive results, at best, for 30% of patients. In our experiments with
esophageal cancer, when benzotriazolium salt [Fc-CH(CH3)1,BTr
1(8), ferricenium salt Fc™ls~ (9) and neutral ferrocenylethyl
benzotriazole Fc-CH(CH3)1,BTr (1) were used, 100% inhibition
of the tumor growth was found and regression was 36, 30 and
16%, respectively.

Appl. Organometal. Chem. 2008; 22: 139-147

Copyright (© 2008 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/aoc




Applied
Organometallic
Chemistry

L.V.Sneguretal.

NH, NH,

N N N N
O 10 =100 - O
N N N N N N

L H L H

Fc
17,1

R Fc R
7,16

R=H(7,17), CH; (1, 16); Fc = (CgHs)Fe(CsH,)

Scheme 2. Ferrocenylalkylation of adenine under the acidic conditions.

Alkylating effects of ferrocene derivatives

The exocyclic bond lengths N(1)-C(7) between the benzotriazole
nitrogen atom 1N- and the bridge C-atom in FcCH(CH3)-BTr (1)
(1.488 "A, Fig. 2), the adenine nitrogen N(9)-C and ferrocenylalkyl
bridge carbon atoms in FcCH,-Ad (7) (1.486 "A)B38! and in
FcCH(CH3)-Ad (16)13®) (1.490 ‘A) are somewhat longer than in
ferrocenylmethyl benzimidazole (1.450 "A)®®! and than the aver-
age bond calculated for 52 N-9-substituted adenine molecules
(1.459 "A; Cambridge Structural Database). These data are in good
agreement with the increased lability of these bonds, making
possible the transfer of the ferrocenylalkyl group from the benzo-
triazole to another substrate.?®! Moreover, benzotriazole is living
group.*? Indeed compound 1 reacts with adenine in CH3OH-HCl|
mixture, affording the derivative 16, yielding 12% (Scheme 2).
Compounds 16 and 7 readily react in their turn with benzotriazole
under similar conditions, affording compound 1 and its methyl
analog 17, FcCH,-BTr, at 67 and 60% yields, respectively. More-
over, ferrocenylethyl adenine (16) reacts with benzotriazole to
give ferrocenylmethyl benzotriazole (1) at 50% yield without acid.

It is noteworthy that 9N-methyladenine did not show any
alkylating ability with respect to benzotriazole under acidic
conditions. These facts may indicate the reversible character of
the ferrocenylalkylation process.

The low toxicity of neutral ferrocene compounds can be
connected with these experimental facts. We believe that the
formation of labile covalent bonds between purine bases and
ferrocenylalkyl fragments, such ‘soft’ ferrocenylalkylation, will not
cause necrotic cell destruction, which normally accounts for the
toxic effect of the alkylating type of antitumor cytostatics. More-
over, the ferrocenylalkylation process does not block replication
completely but can hinder recombination. On the other hand, the
introduction of the bulky ferrocene labels into DNA can trigger
the activity of the Ca- and Mg-dependent endonucleases, the
enzymes playing a crucial role at the early stages of apoptosis, i.e.
the process of the pre-programmed cell destruction.

Experimental

"H NMR spectra were obtained on Bruker WP-200SY and WM-
250 instruments. El mass spectra were taken on a Kratos MS-890
spectrometerat 70 eV, and IR spectra were recorded with an UR-20
spectrometer (Karl Zeiss).

Synthesis

The starting ferrocenylmethanol FcCH,OH was obtained from
trimethylferrocenylmethylammonium iodide.*"! Acylation of fer-
rocene with acid chloride was carried out.[*?! Ferrocenylethanol
FcCH(CH3)OH was prepared by reduction of acyl ferrocene with
lithium aluminum hydride in diethyl ether or THF.[43:29]

Naphthotriazole was synthesized from 2,3-
diaminonaphthtalene and sodium nitrite in acetic acid using a
modified published procedure for preparing benzotriazole.[*¥
El MS, m/z: 169 [MT], CioH;N3; 141 (relative intensity 100%)
[M — No1™; 114 [M — Ny — HCNJ™.

9N-methyladenine

9N-methyladenine was prepared according to the literature;[4%!
m.p. 298-300°C, m.p.[**) 298-300°C.

1N-(Ferrocenylethyl)benzotriazole (1)182°!

FcCH(CH3)BTr was obtained by the reaction of 1-ferrocenylethanol
with benzotriazole in methylene dichloride in the presence of 45%
fluoroboric acid at room temperature for 10 min. Yield: 93%.
Yellow crystals, m.p. 131-132°C. Anal.: C, 65.74; H, 5.24; Fe, 16.56;
N, 12.06%. Calcd for CigHi7FeNs: C, 65.28; H, 5.17; Fe, 16.86;
N, 12.69%. EI MS, m/z: 331 (relative intensity 100%) [M*]; 303
[M — N,1%; 238 [M — Ny — Cpl™; 213 [M — CsHgN31™; 165.5 M2+,
"H NMR (acetone-dg, 8, ppm): 1.31 (d, J = 7.0 Hz, 3H, CHs); 4.19
(s, 2H, CsH4); 4.23 (s, 5H, CsHs); 4.43 (s, 2H, CsHa); 5.60 (m, H, CH);
7.33-8.00 (m, 4H, Ph). IR (KBr, v, cm~"): 3090, 2985, 2950, 1500,
1460, 1381, 1320, 1276, 1240, 1170, 1150, 1109, 1008, 994, 825.

1N-(Ferrocenylmethyl)benzotriazole (17)!3%°!

FcCH,BTr, was obtained in the same way from benzotriazole and
ferrocenylmethanol. Yield: 96%. Yellow crystals, m.p. 134-135°C.
Anal.: C, 64.47; H, 4.90; Fe, 17.87; N, 12.89%. Calcd for C;7H;5FeNs:
C, 64.38; H, 4.77; Fe, 17.60; N, 13.25%. EI MS, m/z: 317 (relative
intensity 100%) [M"]; 289 [M — N,1*; 252 [M — Cp]*; 158.5 [M]?*.
TH NMR (acetone-dg, 8, ppm): 4.17 (s, 2H, CsHa); 4.24 (s, 5H, CsHs);
4.43 (s, 2H, CsHa); 5.72 (s, 2H, CH3); 7.33-8.00 (m, 4H, Ph). IR (KBr, v,
cm~1):3093, 2996, 1458, 1337, 1240, 1218, 1162, 1104, 1002, 815.

a-(1N-benzotriazolyl)ethylferricenium tetrachloroferrat (2)

a-(1N-benzotriazolyl)ethylferricenium tetrachloroferrat (2) was
prepared on the analogy of ferricenium tetracloroferrat.[4?!
The mixture of a-ferrocenylethyl benzotriazole (1) (1.0 mmol),
hydrochloric acid (conc. 2.0 mmol), p-benzoquinone (0.55 mmol)
and FeCl3 (anhydrous; 1.1 mmol) were stirred in methylene
dicloride at room temperature for 4 h. A green powder precipitate
was washed with cold methylene dichloride, a mixture of diethyl
ether—pentane 2: 1 and pentane. The solvents were removed and
the residue was dried in vacuo. Anal.: C, 34.25; H, 2.70; Cl, 33.28; Fe,
21.07%. Calcd for CgHq7ClsFeaN3 1/3 HCI FeCl32/3 CoHa(OH),: C,
33.99; H, 2.75; Cl, 33.50; Fe, 21.63%. IR (KBr, v, cm~'): 3113, 2952,
1620-1655, 1465, 1425, 1355, 1309, 1250, 1227,1200, 1092-1041,
1013, 861, 759, 395.

Ferricenium salts

Ferricenium salts Fctl3~ (9), 1,17-EtoFct I3~ (10) and 1,1/,3,3/-
'BuyFctl3™ (3) were synthesized by oxidation of the respective
ferrocenes with benzene solution of iodine according to a standard
method.[>3¢

Ferricenium triiodide (9)123°!

Dark-violet crystals, m.p. 169-171°C (acetone) with decompo-
sition. Anal.: Fe, 9.77; |, 67.11%. CqoHqoFels. Calcd: Fe, 9.85; |,
67.17%.

www.interscience.wiley.com/journal/aoc
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1,1'-Diethylferricenium triiodide (10)1*”]

Dark-violet crystals, m.p. 49 °C with decomposition. Anal.: C, 27.03;
H, 2.83; Fe, 9.05; |, 60.96%. C14H1gFels. Calcd: C, 26.99; H, 2.91; Fe,
8.99;1,61.12%.

1,1,3,3'-Tetra(tert.buthyl)ferricenium triiodide (3)

Dark green powder, m.p. 207 °C with decomposition. IR (KBr, v,
cm~1):3104, 2982, 2887, 1492, 1471, 1400, 1375, 1304, 1262, 1209,
1178,1066, 1037, 939, 888.

S-(Ferrocenylethyl)-2-thiobenzimidazole (4)

FcCH(CH3)-(2-S-BimH) was synthesized from ferrocenylethanol
and 2-thiobenzimidazole as the benzotriazole analog 1, crys-
tallized from benzene. Yield 97%. Yellow powder, m.p. 150 °C.
Anal.: H, 5.24; Fe, 14.10; N, 7.64%. CioH;gFeN,S°0.5 CgHs. Calcd:
H, 5.27; Fe, 13.92; N, 6.98%. 'H NMR (acetone-ds, 8, ppm):
1.84 (d, J = 8.3Hz3H,CH3); 4.12-4.70 (m,9H,CsHs5,C5Ha), 6.68
(m,1H,CH), 6.90-7.28 (m,4H,Ph), 7.36 (c,TH,NH). EI MS, m/z: 362
[M+] C19H18FQN25.

1-Ferrocenylmethyl-2-(trifluoromethoxyfluoromethyl)benzimidazole
(5)%)

FcCH,-2-(CHF-O-CF3)Bim was prepared from ferrocenylmethanol
and 2-(trifluoromethoxyfluoromethyl)benzimidazole according to
the procedure for compound 1. Yield 93%. Yellow powder,
m.p. 125-127°C. Anal.: C, 56.03; H, 3.72; F, 16.95; N, 6.16%.
C20H16F4F6N20. Calcd: C, 56.03; H, 3.73; F, 17.58; N, 6.48%. 1H
NMR (acetone-dg, &, ppm): 4.15 (s,2H,CsH,); 4.28 (s,5H,CsHs); 4.55
(s,2H,CsHa); 5.50 (s,2H,CH,); 7.35 (m,2H,Ph), 7.60 (s,1H,CHF), 7.75
(m,2H,Ph). EI MS, m/z: 432 [M 1. CooH16F4FeN;0.

1-Ferrocenylmethyl-2-(«-hydrotetrafluoroethyl)benzimidazole
(6, )[29]

FcCH,-2-(CHF-CF3)Bim was prepared from ferrocenylmethanol
and 2-(a-hydrotetrafluoroethyl)benzimidazole according to the
procedure for compound 1. Yield 99%. Yellow powder, m.p.
125-127°C. Anal: C, 57.84; H, 4.12; Fe, 13.45; N, 6.37%.
C20H15F4F8N2. Caled: C, 57.72; H, 3.87; Fe, 13.42; N, 6.73%. 1H
NMR (acetone-dg, &, ppm): 4.16 (s,2H,CsH4); 4.23 (s,5H,CsHs); 4.51
(s,2H,CsH,4); 5.56 (m,2H,CH,); 6.78 (m, TH,CHF); 7.38 (m,2H,Ph), 7.80
(m,2H,Ph). EI MS, m/z: 416 [M™]. CaoH1sF4FeN,.

9N-(ferrocenylmethyl)adenine (7)1*®!

FcCH,-Ad was prepared from adenine and (ferrocenyl-
methyl)threemethylammonium iodide FcCH;N(CHs)sl in boiling
water over 5 h. After chromatographic resolution the yield was
40%. Yellow crystals, after crystallization from acetone m.p.
242-244°C. "H NMR (benzene-dg, 8, ppm): 1.95 (d, J = 6.3 Hz,
3H, CH3); 3.92 (s, 5H, CsHs); 4.08-4.44 (m, 4H, CsH,4); 5.67 (m, 1H,
CH); 7.50 (s, 1H, C(8)H); 8.79 (s, TH, C(2)H). EI MS, m/z: 333 [M™].
C15H15FeN5.

9N-(Ferrocenylethyl)adenine (16)138!

FcCH(CH3)-Ad was prepared from adenine and ferrocenylethanol
in methylene dichloride in the presence of 45% fluoroboric acid as
described above for ferrocenylethyl benzotriazole (1). Yield: 30%,

yellow crystals, m.p. 194-196 °C. Anal.: C, 58.62; H, 4.96; N, 20.12%.
Cq7H17FeNs. Caled: C, 58.79; H, 4.89; N, 20.17%. "H NMR (CDCls, §,
ppm): 1.85 (d, J = 5.9 Hz,3H,CH3) 4.08-4.37 (m, 9H, Fc); 5.54 (m,
1H, CH); 7.01 (s, 2H, NH,); 7.98 [s, 1H, C(8)H]; 8.15 [s, TH, C(2)H]. El
MS, m/z: 347 [M+] C17H17F€N5.

1,3-Bis(a-ferrocenylethyl)benzotriazolium tetrafluoroborate (8)

1,3-Bis(a-ferrocenylethyl)benzotriazolium tetrafluoroborate
(8)23! was obtained as compound 1 using twofold excesses of
ferrocenylethanol and fluoroboric acid, m.p. 117-119°C (with
dec), m.p.B> 117-119°C. Anal.: H, 4.57; N, 7.27; Fe, 17.36%.
C3oH30BF4FesNs. Caled: H, 4.79; N, 6.66; Fe, 17.70%. 'H NMR
(acetone-dg, 8, ppm): 2.26 (d, J = 7.1 Hz, 6H, 2CH3) 4.15 (c, 10H,
2CsHs); 4.25-4.60 (m, 8H, 2C5Ha); 5.64 (m, 2H, CH); 8.00-8.38 (m,
4H, Ph).

a-(1-Naphthatriazolyl)ethylferrocene (12)

a-(1-Naphthatriazolyl)ethylferrocene (12) was obtained by the
reaction of 1-ferrocenylethanol with naphthatriazol in methylene
dichloride in the presence of 38% fluoroboric acid at room temper-
ature for several minutes, as described above for ferrocenylethyl
benzotriazole (1). The crude product was purified by column chro-
matography: Al,03, Brockman Il neutral, eluent CH,Cl, -benzene
1:3. The solution was concentrated and the product was precip-
itated by hexane. Yield 73%. Orange crystals, m.p. 154-155°C.
Anal.: C, 69.45; H, 4.87; N, 10.99%. Calcd for Cy;Hq9FeNs5: C, 69.29;
H, 4.99; N, 11.02%. EI MS, m/z: 381 [M']; 353 [M — N,]*; 288
[M —N; — Cpl™; 213 [M — C1oHgN31™; 212 (relative intensity 100%)
[M — C10H7N3]+; 169 [C10H7N3]+. 1H NMR (CDC|3, (3, ppm): 2.10 (d,
J =7.1Hz 3H, CHs3); 4.15-4.42 (m, 9H, Fc); 6.21 (m, H, CH); 7.42 (m,
2H, Naphtr); 7.82 (s, TH, Naphtr); 7.88 (m, TH, Naphtr); 8.01 (m, 1H,
Naphtr); 8.60 (s, 1H, Naphtr). IR (KBr, v, cm~): 3100, 3005, 2960,
1642, 1590, 1514, 1469, 1408, 1387, 1324, 1270, 1248, 1111, 1080,
980, 858, 825, 685.

Interaction of 9N-(ferrocenylethyl)benzotriazole (1) with adenine

To a solution of 0.166 g (0.5 mmol) ferrocenylethyl benzotriazole
(1) in 3 ml methanol were added a solution of 0.135 g (1.0 mmol)
adenine in 6 ml H,O and 0.22 ml hydrochloric acid (conc.).
The resulting mixture was boiled for 2.5 h; after neutralization
by 10ml 50% KOH the reaction mixture was extracted with
diethyl ether (3 x 20 ml), organic fraction was separated and
a solvent was removed. The solid was chromatographied
on column with Alzog neutral, Brokman Il. A mixture of
starting ferrocenylethyl benzotriazole (1), vinylferrocene and its
dimer was eluted by diethyl ether. EI MS, m/z: 331, 212, 424
accordingly.

The yellow zone was eluted by methanol. After removing a sol-
vent the yellow solid was isolated, 9N-(a-ferrocenylethyl)adenine
(16). Yield 0.021 g (12%), m.p. 194-196 °C, EI MS, m/z: 347 [M*1].
Ci7Hq7FeNs. TH NMR (benzene-ds, 8, ppm): 1.95 (d, J = 6.3 Hz, 3H,
CH3); 3.92 (s, 5H, CsHs); 4.08-4.44 (m, 4H, CsHa); 5.67 (m, TH, CH);
7.50[s, 1H, C(8)H]; 8.79 [s, 1H, C(2)H].

Variant ~ A: interaction  of  benzotriazole  with 9N-

(ferrocenylmethyl)adenine (7)

A 0.167 g (0.5 mmol) aliquot of 9N-(ferrocenylmethyl)adenine
(7) was dissolved in 5ml CH30H under heating, then a so-
lution of 0.06g (0.5 mmol) benzotriazole in 3ml H,O and
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0.18 ml hydrochloric acid (conc.) was added. The resulting mix-
ture was boiled for 2.5h; after neutralization by 5ml 10%
water solution KOH the product was extracted with 10 ml
Et,O. The organic layer was separated, the solvent was re-
moved, then the solid was washed with hexane (3 x 5ml)
and dried. 1N-(Ferrocenylmethyl)benzotriazole was prepared,
yield 0.10g (60%), m.p. 133-135°C, EI MS, m/z: 317 [M]'.
C]7H15F€N3.

Interaction of 9N-(ferrocenylethyl)adenine (16) with benzotriazole

Interaction of 9N-(ferrocenylethyl)adenine (16) with benzotriazole
was carried out as described for ferrocenylmethyl adenine
(7) from 0.174 g (0.5 mmol) 9N-(a-ferrocenylethyl)adenine and
0.06 g (0.5mmol) benzotriazole in the presence of 0.18 ml
hydrochloric acid, obtaining 1N-(a-errocenylethyl)benzotriazole,
yield 0.11g (67%), m.p. 131.5-132°C, EI MS, m/z: 331 [M]".
C18H17F6N3.

Variant B: interaction benzotriazole with 9N-(ferrocenylethyl)
adenine (16)

Interaction benzotriazole with 9N-(ferrocenylethyl)adenine (16)
was carried out as described above without hydrochloricacid. After
boiling the mixture was treated with 10 ml methylene dichloride,
the organic layer was separated, solvent was removed, then the
solid was washed with hexane (3 x 5 ml) and dried. Ferrocenylethyl
benzotriazole was prepared at yield 50%, m.p. 131.5-132°C, El
MS, m/z: 331 [M]+ C18H17F6N3.

Interaction of 9N-methyladenine with benzotriazole under acidic
conditions

Interaction of 9N-methyladenine with benzotriazole under acidic
conditions was carried out as described in variant A. The
crude product was analyzed by El MS, m/z: 133 [M]". C;H7Ns
corresponding to 1N-methylbenzotriazole was not found in the
solid.

Structure

Crystal data for compounds 1 and 12 are shown in Figs2
and 3 and Table 3. Single-crystal X-ray diffraction experiments
were carried out with a CAD4 Enraf-Nonius diffractometer, using
graphite monochromated Mo-K,, radiation at 293 K; no absorption
correction was applied.

The structure was solved by direct method and refined by
the full-matrix last-squares technique for nonhydrogen atoms
in the anisotropic approximation. All H atoms were placed
in the geometrically calculated positions and included in the
refinement using the riding model approximation with Uiso(H) =
1.2Ueq(C) for the methyne and Uiso(H) = 1.5Ueq(C) for
methylene and methyl groups, where Ueq(C) is the equivalent
isotropic temperature factor of the carbon atom bonded to the
corresponding H atom. All calculations were carried out on IBM PC
using SHELXTL program.!4!

Toxicity

For the assessment of toxicity intact DBA and C57/Bl mice
were used. Ferrocene compounds were dissolved in DMSO or
ethanol (10mg cm~3) and diluted with physiological solution
to give a final range of concentrations. Compounds were

Table 3. Crystallographic data for crystal structure determinations 1
and 12

FcCH(CHs)NaphthaTr,

FcCH(CHs)BTr, 1 12
Formula C18H17FEN3 C22H19FGN3
Formula weight 331.20 381.25

Crystal appearance
Crystal size (mm?3)

Light yellow plate
0.50 x 0.40 x 0.25

Orange prism
0.50 x 0.40 x 0.20

Crystal system Monoclinic Monoclinic
Space group P432,2 P2,/c
a(’A) 8.9107(8) 10.188(3)
b(R) 8.9107(8) 10.917(3)
c('A) 30.742(4) 14.489(4)

B (deg) 920 94.93(2)

Vv (A3) 2440.9(4) 1605.5(8)

Z 4 4

Dealc (g cm™3) 1.497 1416
u(mm=1) 1.218 0.939

F (000) 1144 712

Omax (deg) 58 50
Number of reflections 18906 3031
Independent reflections 3218 2795

Rint 0.0557 0.0428
Number of parameters 163 208

R1 (> 20(l) 0.0515 (2517) 0.0493 (1969)
wR2 0.1298 0.1220
GOF 0.992 1.035
Apmaxs Apmin (€ ‘A73) 1.503/—0.317 0.414/—0.248

administered intraperitoneally. The LDsy was found by V. B.
Prozorovsky's express method.?3! Eight groups of animals were
used in each experiment, three mice in each group on the
dose. The experimental dose interval was 5.0-1500mg kg~'.
MTD values were found for those compounds where the
determination of LDso turned out to be impossible due to
the small solubility of the complexes in water or physiological
solution.

Supplementary material

Crystallographic data and refinement parameters for compounds
1and 12are presented in Table 3. Atomic coordinates are available
from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK, deposition numbers: CCDC-635 472
(compound 1) and 635 473 (compound 12).
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