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a b s t r a c t

The condensation reactions of the tetrachloro mono (1 and 2) and bisferrocenylspirocyclotriphosphaz- 
enes (3–5) with 1,4-dioxa- 8-azaspiro[4,5]decane (DASD) resulted in the formation of the partly and fully 
DASD-subst ituted phosphaze nes. The reactions of equal amounts of 1–5 and DASD produced the mono- 
DASD-subst ituted ferrocenylphosphazenes (1a–5a), as the major product. When the reaction s were car- 
ried out with 1 equiv of 1–5 and 2 equiv of DASD, corresp onding gemina l-phosphazenes (1b–5b) were 
isolated. Moreover, the reactions of 1 equiv of 1–5 and 3 equiv of DASD gave the tri- (1c–4c) and 
tetra-sub stituted (1d–5d) phosphazenes. When the excess DASD was used, the fully-substituted phosp- 
hazenes (1d–5d) were obtained. The chirality of 3a was evaluated using chiral HPLC column. The struc- 
tures of all the phosphazenes were verified by FTIR, MS, 1H, 13C and 31P NMR, and HSQC spectral data. The 
crystal structures of 4a, 2b, 5b, and 1d were determined by X-ray diffraction technique s. The 10 phospha- 
zene derivatives were scre ened for antimicrobial activity. Meanwhile, interactio ns between the com- 
pounds and pBR322 plasmid DNA were presented by agarose gel electrophoresis. The compounds 2b,
1d, 2d, and 4d were tested against HeLa cancer cell lines. Among these compounds, 4d had cytotoxic 
effect on HeLa cell after 24 h treatment. 

� 2013 Elsevier B.V. All rights reserved. 

1. Introduction 

Hexachlorocy clotriphosphazen e (trimer), N3P3Cl6, has been a
useful molecule for the preparation of the substitut ed phosphazene 
frameworks with mono-, di-, tri-, and tetra- functional reagents 
[1–11]. The monodenta te substituents may be replaced with all 
the Cl atoms, gradually, in different solvents [12]. When the 2 equiv 
of primary amines exchange with two Cl atoms, cis/trans and/or 
geminal cyclotriphos phazene derivatives can form via the path- 
ways of SN 1(P), SN 2(P) and/or proton abstracti on–chloride elimina- 
tion reaction mechanism s depending on the solvent polarities, base 
strength and nucleophiles [13–15]. The reactions of N3P3Cl6 with
primary amines are much more complex than the secondary 
amines [15]. The Cl replacemen t reactions of N3P3Cl6 with the sec- 
ondary amines afford mainly non-geminal phosphazenes with usu- 
ally trans products predominating. Aziridine is only one exception 

to this trend in the literature [15,16]. It reacts to produce both the 
geminal and the non-gemi nal isomers in approximat ely equal 
amounts [17]. In contrast to the reactions of trimer with secondar y
amines, only the geminal products could have been isolated from 
the reactions of tetrachloro bulky-crypta [18,19] and bulky-mo nof- 
erroceny l spirocyclotri phosphazenes [20,21] with pyrrolidine, mor- 
pholine, and 1-aza-12- crown-4, not depending on the bulkiness of 
these amines. Besides, there are some papers in the literature com- 
paring the reactivity of trimer and octachloroc yclotetraph ospha- 
zene (tetramer) [22,23]. On the other hand, cyclotrip hosphazene 
derivatives with pendant mono and bisferrocenyl groups have 
aroused a considerable amount of interest recently, not only from 
their synthetic, mechanistic , and electrochemi cal point of view 
but also with respect to their stereogenic properties and unusual 
structura l characterist ics [24–27].

We report herein: (i) the synthesis of mono- (1a–5a), gem- (1b–
5b), tri- (1c–4c), and tetra-DASD- substituted (1d–5d) mono and 
bisferroceny lphosphazenes obtained from the gradually Cl replace- 
ment reactions of the tetrachlorocy clotriphosphazen es containing 
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mono and bisferrocenyl pendant arms (1–5) with DASD 
(Scheme 1); (ii) the structure determination s of the compounds 
by elemental analyses, mass spectrometry, Fourier transform 
(FTIR), one-dimensional (1D) 1H, 13C, and 31P NMR, and two- 
dimensional (2D) heteronucle ar single quantum coherenc e (HSQC)
techniques; (iii) the solid-state and molecular structures of 4a, 2b,
5b and 1d; (iv) as an example, the stereogenic propertie s of 3a is
found out by chiral high pressure liquid chromatography (HPLC)
column; (v) the investigations of antibacterial and antifungal activ- 
ity of 10 phosphazene derivatives; (vi) interactions between the 
compounds 3a–5a, 2b, 4b, 3c, 4c and 1d–5d and pBR322 plasmid 
DNA, and (vii) the evaluations of the compounds 2b, 1d, 2d and
4d for cytotoxic activity against HeLa cancer cell lines. 

2. Experimental 

2.1. Reagents 

Hexachlorocy clotriphosphazatr iene (Aldrich), ferroceneca rbox- 
aldehyde (Aldrich), aliphatic amines (Fluka) and 1,4-dioxa-8- aza- 
spiro[4,5]decan e (DASD) (Merck) were purchase d and used 
without further purification. All reactions were monitored using 
thin-layer chromatography in different solvents and chromato- 
graphed using silica gel. All experiments were carried out in an ar- 
gon atmosphere .

2.2. Instruments 

The 1H, 13C, and 31P NMR spectra were recorded on a Bruker 
DPX FT-NMR spectrometer (SiMe4 as an internal standard and 
85% H3PO4 as an external standard), operating at 499.94, 125.72, 
and 202.38 MHz. The spectromete r was equipped with a 5 mm 

PABBO BB inverse-gradie nt probe. Standard Bruker pulse programs 
[28] were used. The IR spectra were recorded on Jasco FT/IR-430 
spectromete r in KBr disks and were reported in cm �1 units. APIES 
mass spectrometric analyses were performed on an AGILENT 1100 
MSD spectromete r. The melting points were measured on a
Gallenka mp apparatus using a capillary tube. 

2.3. X-ray crystallog raphy 

The suitable crystals of compounds 4a, 2b, 5b, and 1d were
crystallized from acetonitrile at room temperature. Crystallo -
graphic data were recorded on a Bruker Kappa APEXII CCD area- 
detector diffractome ter using Mo Ka radiation (k = 0.71073 Å) at 
T = 100(2) K. Absorption corrections by multi-sca n [29] were ap- 
plied. Structures were solved by direct methods and refined by 
full-matr ix least squares against F2 using all data [30]. All non-H 
atoms were refined anisotropi cally. H atom positions were calcu- 
lated geometrical ly at distances of 0.95 Å (CH) and 0.99 Å (CH2)
Å from the parent C atoms; a riding model was used during the 
refinement process and the Uiso(H) values were constrained to 
1.2Ueq(carrier atom) for CH and CH 2 groups. In compound s 1d
and 2b, H atoms of NH groups were located in difference Fourier 
maps and were freely refined. In compound 4a, the two Cl atoms 
of the phosphazene ring attached at P2 were disordered over two 
orientati ons. During the refinement process, the disordered Cl2, 
Cl20, Cl3 and Cl3 0 atoms were refined with occupancies of 0.62, 
0.38, 0.74 and 0.26, respectively .

2.4. Preparatio n of compoun ds 

The tetrachloro mono and bisferrocenyl phosphazenes (1–5)
were obtained from the reactions of mono and bisferrocenyl amines 
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Scheme 1. The formulae of DASD-substituted mono and bisferrocenylphosphazenes. 
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