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Abstract.

The Cl replacement reactions of N/N or N/O spirocyclic monoferrocenylcyclotriphosphazatrienes

(1-5) with the piperidine resulted in the geminal- (6-10) and tetra-piperidinophosphazenes with monoferrocenyl
pendant arm (11-15). The structures of all the new compounds were determined using spectroscopic techniques.
The ultrathin Langmuir-Blodgett (LB) films of two compounds (3 and 12) were prepared. The characterization
of the LB films using p-polarized grazing angle (GAIR) and horizontal attenuated total reflectance (HATR)
techniques was carried out. The molecular and crystal structure of the compound 6 was examined using X-ray
crystallography. In addition, the interactions between six compounds (6, 7, 11, 12, 14 and 15) and pBR322

plasmid DNA were investigated by agarose gel electrophoresis.

Keywords.

1. Introduction

The chemistry of hexachlorocyclotriphosphazenes (N;
P;Clg; trimer) and octachlorocyclotetraphosphazenes
(N4P,Clg; tetramer) has been widely studied since
1960.! Trimer and tetramer are used as scaffolds for
the construction of numerous substituted cyclotriphos-
phazenes.? The sequential Cl replacement reactions of
trimer and tetramer with mono-functional reagents pro-
duce the partly and fully-substituted phosphazenes.?
However, the reactions carried out with di-, tri- and
multi-functional reagents give different geometrical and
optical isomers, e.g., spiro-, ansa-, dispiro-, trispiro,
ansa-spiro and bino-architectures.>* In addition, trimer
and tetramer are also used as building blocks for den-
drimers® and phosphazene polymers.® In recent years,
the coordination complexes of the aminocyclophosp-
hazene have attracted interest as an active research
area.’ In the last two decades, the stereogenic properties
of cyclophosphazenes have been widely investigated,®

=
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and recently a nice review was published as well.”
Although the stereochemical terms such as prochiral-
ity, enantio-, diastereo- and homotopic atoms or sub-
stituents and pseudo-asymmetric centers were known
for a long time in organic chemistry, they were incorpo-
rated into phosphazene derivatives only in two papers. '°
On the other hand, phosphazene derivatives and poly-
meric phosphazenes are used as inflammable textile
fibers and elastomers, '! antibacterial !* and anticancer '3
reagents, lubricants, '* membranes, ' synthetic bones, '°
ion-transferring agents for rechargeable lithium batter-
ies'” and photophysic.'® Ferrocene (Fc) derivatives are
used in organometallic chemistry,' photochemistry,’
redox-active probe materials?' and electron transfer
mediators for nonlinear optical devices? as well.

In the meantime, the ultrathin films of inorganic
and organic materials were obtained with different
methods such as thermal evaporation, adsorption from
solution, electrodeposition, sputtering, self-assembly,
molecular beam epitaxy and Langmuir—Blodgett (LB)
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techniques.” The LB films are very useful materials in
industry e.g., as detectors, sensors and electronic circuit
components.?* Our group published two papers about
the LB thin films of trimeric phosphazene derivatives. >

The literature survey shows that there are very limited
number of reports about the pendant armed spirocy-
clotriphosphazenes, their reactions, and spectral and
structural properties.?® Actually, several papers have
been reported by our group. >4

This paper deals with the condensation reactions of
the tetrachloro monoferrocenyl pendant-armed spiro-
phosphazenes (1-5) with piperidine for determining
their biological activities and DNA interactions, and also
for preparing the LB thin films of the partly and fully-
piperidino-substituted compounds. Thus, the bis- (6-10)
and tetrakis-piperidino-substituted (11-15) N/N and
N/O spirocyclotriphosphazenes with monoferrocenyl
pendant arm were obtained from the substitution reac-
tions. The structures of all the new phosphazenes (6-15)
were analyzed using mass spectrometry, elemental anal-
yses, Fourier transform (FTIR) and one-dimensional
(1D) 'H, *C{'H}, and *'P{'H} NMR techniques. The
molecular and crystal structures of 6 were established
by X-ray crystallography. The purpose of combining the
trimer with the ferrocenyl group is to create compounds
with new properties from these two groups. Accord-
ing to our previous studies, > 8¢ 2 it has been observed
that geminal products have occurred from the reac-
tions of the ferrocenylphosphazenes with the secondary
amines. So, ferrocenyl pendant-armed spiro precursors
have also been chosen for the formation of geminal
products instead of non-geminal products with piperi-
dine. In addition, piperidine substituents increase the
basic character of the phosphazene ring as well. As
understood in this study, these novel compounds may
be used for different purposes in the future in addition
to the above-mentioned uses, taking into account their
different properties. To confirm this view, due to the dif-
ficulties in preparing LB films of all compounds, only
two phosphazenes 3 and 12 were selected as examples
and LB films were prepared. The LB films of other ana-
log phosphazenes can also be prepared.

2. Experimental
2.1 Reagents

Ferrocenecarboxaldehyde  (Aldrich),  hexachlorocyclo-
triphosphazatriene (Aldrich) and aliphatic amines (Fluka)
were purchased and used without further purification. THF
was dried over 3 A molecular sieves. All the reactions were
monitored with thin-layer chromatography (TLC) on Merck
DC Alufolien Kiesegel 60 Byss sheets using toluene as
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solvent. The column chromatography was performed on
Merck Kiesegel 60 (230—400 mesh ATSM) silica gel pur-
chased and used without further purification.

2.2  Instruments

The melting points were measured with a Gallenkamp
apparatus using a capillary tube. The elemental analyses were
performed by Leco CHNS-932. The 'H, '3C and 3'P NMR
spectra were recorded on a Varian Mercury FT-NMR spec-
trometer (SiMe4 as an internal standard and 85% H3POy4
as an external standard), operating at 400.00, 100.59 and
161.92 MHz. The spectrometer was equipped with a 5 mm
PABBO BB inverse-gradient probe. Standard Bruker pulse
programs were used.>® APIES mass spectrometric analyses
were performed on a Waters 2695 Alliance Micromass ZQ
spectrometer. IR spectra with KBr pellet were recorded on a
Perkin-Elmer Fourier Transform Infrared (FTIR) Spectrome-
ter equipped with transmission accessories. A commercially
available computer-controlled round alternate trough manu-
factured by NIMA (Model TKB 2410A) was used for the
preparation of the LB films. In order to elucidate the structures
of the LB films, FTIR, p-polarized GAIR and HATR spectra
were recorded. Transmittance spectra at normal incidence and
p-polarized GAIR spectra at an incidence angle of 82° were
measured on a Perkin Elmer Spectrum One FTIR Spectrom-
eter equipped with a Deuterated Triglycine Sulfate (DTGS)
detector. A ZnSe polarizer was employed for the polarization
measurements of the LB films. Both GAIR and HATR spectra
were collected for 1000 interferograms with a resolution of
4 cm~! using the same sample. A Perkin Elmer horizontal
attenuated total reflectance attachment was used for HATR
measurements. The angle of incidence was 45° with ZnSe
crystal. In this technique, LB film on aluminum covered glass
substrate was pressed on ZnSe crystal using a very sensitive
computer controlled pressure arm to obtain a good contact
between the sample and the infrared element (ZnSe crystal)
at the interface that was essential requisite for the technique. 2°

Antimicrobial susceptibility testing was performed by the
BACTECMGIT 960 (Becton Dickinson, Sparks, MD) system
using the agar-well diffusion method (Section S1, Supplemen-
tary Information). The DNA binding abilities were examined
using agarose gel electrophoresis (Section S2, Supplementary
Information).

2.3 LB film deposition

The floating Langmuir monolayers of 3 and 12 were obtained
in pure chloroform (3.5 and 3.6 mg/mL). The investigations
of the surface pressure-area (m1—A) isotherms, the Langmuir
monolayers at the air-water interface and the stabilities of the
monolayer of 3 and 12 were performed. To determine these
parameters, the solutions of the compounds in chloroform
were added dropwise (62 L) using a Hamilton microsyringe
on to the subphase surface. After that, for the evaporation of
the solvent, the solution waited 2—3 min. The m—A isotherms
were obtained with a compression rate of 50 cm? min~! until
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Scheme 1. The CI replacement reaction pathway of monoferrocenyl-cyclotriphosphazenes.

the given surface pressure value was reached. The Wilhelmy
Method was used for the measure. The estimated standard
deviations were found to be 0.1 mN m~! for pressure and
+0.1 cm? for the area. While the targeted pressure was
reached, after approximately 17 min, the stable monolayer
occurred. The monolayer was stable for 1.5 h. This stability
or the surface equilibrium at the interface is very important
because of the ordered film deposition. Otherwise, a little
change of this parameter affects the whole deposition process.
The LB films of 3 and 12 on the substrates were obtained with
the thicknesses of four monolayers. The substrates were glass
slide coated with a 50 nm film of thermally evaporated alu-
minium. The dipping rate was adjusted to 10 mm min~! when
the deposition was performed. The LB films were deposited
by only upstroke at ambient temperature. Thus, all the trans-
ferred monolayers were Z-type.

2.4 X-ray crystallography

Suitable crystals of compounds (3, 6 and 12) were obtained
from acetonitrile at room temperature. Crystallographic data
were recorded on a Bruker Kappa APEXII CCD area-detector
diffractometer using Mo Ka radiation () = 0.71073A) at
T = 173(2) K (for 6) and T = 296(2) K (for 3 and
12). Absorption corrections by multi-scan3? were applied.
Structures were solved by direct methods and refined by full-
matrix least squares against F2 using all data.3'2 All non-H
atoms were refined anisotropically. Aromatic, metyhylene
and methyl H atoms were positioned geometrically at dis-
tances of 0.93 (aromatic CH), 0.97 (CH,) and 0.96 (CH3)
from the parent C atoms; a riding model was used during the
refinement process and the Uiso(H) values were constrained
to be 1.2 Ueq (for aromatic and methylene carrier atoms) and
1.5 Ueq (for methyl carrier atoms). Crystallographic data of 6
are; Empirical formula : Co4H33Cl,FeN7P3, formula weight:
644.27, crystal system : monoclinic, space group : C2/c, a (A)
: 27.5472(5), b (A) : 11.0280(3), ¢ (A) : 20.4061(4), o (°) :
90.00, B (°) :90.00, ¥ (°):90.00, V (A3):5965.4(2),Z: 8, u

(ecm™1):0.873 (Mo K,), p(Calc.) (g cm™3): 1.435, number of
reflections total : 27883, number of reflections unique: 5278,
Rint: 0.0253, 2 Oax (°) : 50.06, Tinin/ Tmax: 0.8765/0.9543,
number of parameters : 335, R [F> > 20(F?)]: 0.0519, wR :
0.1381.

2.5 Preparation of the compounds

The tetrachloro NN and NO spirocyclic monoferrorrocenyl
pendant-armed  spirocyclotriphosphazenes (1-5) were
obtained from the reactions of monoferrocenylamines with
trimer according to the methods reported in the literature. >¢ 33
See Scheme 1 for structures.

2.5a Synthesis of 6: 0.31 mL of piperidine (3.10 mmol) in
THF (25 mL) was added to 1 (0.850 g, 1.55 mmol) and tri-
ethylamine (0.87 mL) in dry THF (100 mL) with stirring and
refluxing for 10 h. The reaction was followed on TLC silica gel
plates using toluene-THF (7:1). After the solvent was evap-
orated, the product was purified by column chromatography
with toluene-THF (7:1). Yield: 0.82 g (82%), M.p. 162 °C.
Anal. Calc. for CysH3gN7FeP3Cly: C, 44.74; H, 5.94; N,
15.22. Found: C, 45.01; H, 5.86; N, 15.34. APIES-MS (frag-
ments were based on 3>Cl and >°Fe, Ir %): m/z 644 ((MH]™,
100.0). FTIR (KBr, cm™'): 3079 (C-H arom.), 2960, 2854
(C-Haliph.), 1187 (P=N), 553 (asymm.), 511 (symm.) (PCI).
'H NMR (CDCl3, ppm, numberings of protons are given in
Scheme 1): § 1.56 [m, 4H, NCH,CH,CH> (pip)], 1.62 [m
8H, NCH,>CH, (pip)], 2.53 (d, 3H, 3Jpy = 12.0 Hz, CH3),
2.98-3.18 (m, 2H, NCH>), 2.98-3.18 [m, 8H, NCH, (pip)],
2.98-3.18 (m, 2H, CH3NCH,), 3.85 (dd, 1H, 3 Jpy = 7.2 Hz,
2Jun = 13.8 Hz, HS), 391 (dd, 1H, 3Jpy = 7.0 Hz,
2Jyn = 13.8 Hz, H5), 4.12 (5H, H4), 4.09 (2H, H3), 4.13
(2H, H2). 13C NMR (CDCl3, ppm, numberings of carbons
are given in Scheme 1): § 24.81 [NCH,CH, CHj (pip)], 24.96
[NCH,CH,CH; (pip)], 26.13 [d, 3 Jpc = 6.8 Hz, NCH,CH,
(pip)], 26.29 [d, 3Jpc = 6.1 Hz, NCH,CH, (pip)], 31.43
(d, 2Jpc = 3.9 Hz, CH3), 4348 (d, >Jpc = 13.0 Hz,
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CH3;NCH,), 4431 (d, 2Jpc = 6.1 Hz, C5), 45.12 [NCH,
(pip)], 45.24 [NCH, (pip)], 47.06 (d, 2Jpc = 12.2 Hz,
NCH,), 68.41 (C4), 68.25 (C3), 69.89 (C2), 83.72 (d, 3 Jpc =
11.8 Hz, C1).

2.5b Synthesis of 7: For the synthesis, the procedure used
for 6 was followed; using 2 (0.77 g, 1.37 mmol), piperidine
(0.27 mL, 2.74 mmol) and triethylamine (0.77 mL). Yield:
0.76 g(84%),M.p. 154 °C. Anal. Calc. for CpsHyoN7FeP3Cly:
C, 45.61; H, 6.12; N, 14.89. Found: C, 45.36; H, 6.43; N,
14.62. APIES-MS (fragments were based on 35Cl and S°Fe, Ir
%): m/z 658 ((MH]*, 100.0). FTIR (KBr, cm~!): 3078 (C-H
arom.), 2933, 2850 (C-H aliph.), 1170 (P=N), 578 (asymm.)
518 (symm.) (PCl). '"H NMR (CDCls, ppm, numberings of
protons are given in Scheme 1): § 1.15 (t, 3H, 3JHH =
7.2 Hz, CH3), 1.55 [m, 4H, NCH,CH,CH, (pip)], 1.63
[m, 8H, NCH,CH, (pip)], 2.86-3.06 (m, 2H, NCH,CH3),
2.86-3.06 (m, 2H, NCH,), 3.09 [m, 4H, NCH, (pip)], 3.18
[m, 4H, NCH, (pip)], 2.86-3.06 (m, 2H, 3Jyg = 7.2 Hz,
C>HsNCH»),3.71 (dd, 1H, 3 Jpy = 6.8 Hz, 2 Jyy = 14.0 Hz,
H5), 3.86 (dd, 1H, 3 Jpg = 6.8 Hz, 2Juyn = 14.0 Hz, H5),
4.10 (5H, H4), 4.09 (1H, H3), 4.12 (1H, H3), 4.34 (2H,
H2). 3C NMR (CDCl3, ppm, numberings of carbons are
given in Scheme 1): § 13.81 (d, 3Jpc = 5.3 Hz, CH3),
24.83 [NCH,CH;,CH; (pip)], 24.98 [NCH,CH>CH; (pip)],
26.16 [d, 3Jpc = 6.8 Hz, NCH,CH, (pip)], 26.32 [d,
3Jpc = 6.9 Hz, NCH,CH, (pip)], 39.23 (d, 2Jpc = 4.6 Hz,
NCH,CH3), 43.52 (d, 2Jpc = 13.0 Hz, NCH,), 43.65 (d,
2Jpc = 12.9 Hz, CoHsNCH,), 44.28 (d, 2Jpc = 6.1 Hz,
C5), 4528 [d, 2Jpc = 2.3 Hz, NCH, (pip)], 45.95 [d,
2 Jpc = 2.5 Hz, NCH, (pip)], 68.41 (C4), 68.00 (C3), 68.38
(C3), 69.34 (C2), 69.94 (C2), 83.50 (d, 3Jpc = 9.2 Hz, C1).

2.5¢ Synthesis of 8: The work-up procedure was simi-
lar to that of compound 6, using 3 (0.72 g, 1.28 mmol),
piperidine (0.25 mL, 1.56 mmol) and triethylamine
(0.44 mL). Yield: 0.66 g (78%), M.p. 101 °C. Anal. Calc. for
Co5HyoN7FeP3Cly: C, 45.61; H, 6.12; N, 14.89. Found: C,
45.28; H, 6.33; N, 15.03. APIES-MS (fragments were based
on 3°Cl and *°Fe, Ir %): m/z 658 (IMH]*, 100.0). FTIR
(KBr, cm™!): 3089 (C-H arom.), 2956, 2879 (C-H aliph.),
1197 (P=N), 561 (asymm.) 512 (symm.) (PCl). 'H NMR
(CDCl3, ppm, numberings of protons are given in Scheme
1): 8 1.53 [m, 4H, 3Jgg = 5.0 Hz, NCH,CH,>CH, (pip)],
1.58 [m, 8H, 3Jyy = 5.7 Hz, NCH,CH, (pip)], 1.66 [m,
2H, NCH,CH>(spiro)], 2.52 (d, 3H, 3 Jpy = 12.4 Hz, CH3),
2.89 (m, 2H, CH3NCH,;), 2.92 (m, 2H, NCH;), 3.12 [m,
4H, NCH; (pip)], 3.16 [m, 4H, NCH, (pip)], 3.74 (dd, 1H,
3Jpu = 5.8 Hz, 2Juyy = 13.6 Hz, H5), 3.88 (dd, 1H,
3 Jpy = 6.0 Hz, 2Jug = 13.6 Hz, H5), 4.13 (5H, H4), 4.10
(1H, H3), 4.22 (2H, H2). 3C NMR (CDCl3, ppm, number-
ings of carbons are given in Scheme 1): § 24.46 (NCH>CHy>),
24.94 [NCH,CH,CH> (pip)], 25.06 [NCH,CH,CH, (pip)],
26.82[d, 3 Jpc = 9.1 Hz, NCH,CH; (pip)], 26.94 [d, 3 Jpc =
9.0 Hz, NCH;,CH; (pip)], 36.37 (CH3), 44.95 (CH3NCH,),
45.42 [NCH; (pip)], 45.67 [NCH; (pip)], 46.09 (C5), 49.95
(NCH>), 68.52 (C4), 68.39 (C3), 68.45 (C3), 69.88 (C2),
70.02 (C2), 84.93 (d, 3 Jpc = 11.6 Hz, C1).
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2.5d Synthesis of 9: The procedure used for 6 was
followed; using 4 (0.85 g, 1.59 mmol), piperidine (0.31 mL,
3.18 mmol) and triethylamine (0.90 mL). Yield: 0.83 g
(83%), M.p. 108 °C. Anal. Calc. for Cp3H35NgOFeP3Cly:
C, 43.76; H, 5.59; N, 13.31. Found: C, 43.95; H, 5.67; N,
13.24. APIES-MS (fragments were based on 3°>Cl and ®Fe,
Ir %): m/z 31 ((MH]*, 100.0). FTIR (KBr, cm~!): 3079
(C-H arom.), 2982, 2853 (C-H aliph.), 1192 (P=N), 572
(asymm.), 528 (symm.) (PCl). "H NMR (CDCls, ppm, num-
berings of protons are given in Scheme 1): § 1.54 [m, 4H,
NCH,CH,CH, (pip)], 1.62 [m, 8H, NCH,CH, (pip)], 2.86—
3.06 (m, 2H, 3 Jyy = 4.8 Hz, NCH,), 3.04 [m, 4H, NCH,
(pip)], 3.15 [m, 4H, NCH, (pip)], 3.75 (dd, 1H, 3Jpy =
7.2 Hz, 2 Jyy = 13.4 Hz, H5), 3.88 (dd, 1H, 3 Jpy = 6.8 Hz,
2Jyn = 13.4 Hz, H5), 4.11 (5H, H4), 4.13 (2H, H3), 4.20
(m, 2H, 3Jpy = 6.8 Hz, Juyn = 4.8 Hz, OCHy), 4.33
(2H, H2). 3C NMR (CDCl3, ppm, numberings of carbons
are given in Scheme 1): § 24.78 [NCH,CH;, CH; (pip)], 24.93
[NCH,CH,CH; (pip)], 25.99 [d, 3 Jpc = 6.5 Hz, NCH,CH,
(pip)], 26.25 [d, 3Jpc = 6.4 Hz, NCH,CH, (pip)], 44.06
(d, >Jpc = 5.7 Hz, C5), 45.51 [NCH; (pip)], 45.71 [NCH,
(pip)], 45.56 (d, 2Jpc = 14.8 Hz, NCH>), 64.29 (OCH>),
68.67 (C4), 68.37 (C3), 68.56 (C3), 69.46 (C2), 69.93 (C2),
83.20 (d, 3 Jpc = 10.3 Hz, C1).

2.5e Synthesis of 10: For the synthesis, the procedure used
for 6 was followed; using 5 (0.65 g, 1.19 mmol), piperi-
dine (0.23 mL, 2.38 mmol) and triethylamine (0.67 mL). The
first product eluted was the mono-DASD-substituted deriva-
tive (5a). Yield: 0.61 g (79%), M.p. 162 °C. Anal. Calc. for
Cu4H37NgOFeP3Cly: C, 44.67; H, 5.78; N, 13.02. Found: C,
44.89; H, 5.77; N, 12.85. APIES-MS (fragments were based
on 33Cl and *°Fe, Ir %): m/z 644 (IM] ™, 100.0). FTIR (KBr,
cm™): 3092 (C-H arom.), 2952, 2844 (C-H aliph.), 1186
(P=N), 548 (asymm.), 521 (symm.) (PCI). "H NMR (CDCl3,
ppm, numberings of protons are given in Scheme 1): 1.54 [m,
4H, NCH,CH,CH; (pip)], 1.62 [m, 8H, NCH,CH> (pip)],
1.93 [m, 2H, 3 Jyy = 6.0 Hz, NCH,CH> (spiro)], 2.92-3.22
(m, 2H, NCH>), 2.92-3.22 [m, 8H, NCH; (pip)], 3.68 (dd,
1H, 3Jpy = 6.0 Hz, 2Jyn = 13.2 Hz, HS), 3.93 (dd, 1H,
3Jpu = 5.6 Hz, 2Jyn = 13.2 Hz, H5), 4.09 (5H, H4), 4.11
(1H, H3), 4.12 (1H, H3), 4.21 (1H, H2), 4.25 (1H, H2), 4.31
(m, 2H, 3 Jpy = 6.8 Hz, 3 Jyy = 6.0 Hz, OCH,). 13C NMR
(CDCl3, ppm, numberings of carbons are given in Scheme
1): 6 24.83 [NCH,CH>CH> (pip)], 24.96 [NCH,CH>CH;
(pip)], 26.01 [d, 3 Jpc = 6.4 Hz, NCH,CH, (pip)], 26.29 [d,
3Jpc = 7.1 Hz, NCH,CH, (pip)], 26.09 (d, 3Jpc = 3.8 Hz,
NCH;CHy), 45.04 [NCH; (pip)], 45.18 [NCH (pip)], 45.06
(NCH>), 47.24 (C5), 67.11 (d, 2 Jpc = 7.1 Hz, OCH>), 68.44
(C4), 68.12 (C3), 68.36 (C3), 69.82 (C2), 70.60 (C2), 82.59
(d, 3Jpc = 11.5 Hz, C1).

2.5f Synthesis of 11: A solution of piperidine (1.45 mL,
14.63 mmol) in dry THF (25 mL) was added to a solution
of 1 (1.00 g, 1.83 mmol) and triethylamine (0.72 mL) in dry
THF (100 mL) with stirring and refluxing for 18 h. After the
solvent was evaporated, the product was purified by column
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chromatography with toluene-THF (2:1). The first product
eluted was the geminal-piperidino-substituted derivative (6).
Yield: 0.25 g (21%). The second product was the tetrakis-
piperidino-substituted derivative (11). Yield: 0.96 g (71%),
M.p. 160 °C. Anal. Calc. for C34Hs53NgFeP3: C, 55.06; H,
7.88; N, 17.00. Found: C, 54.75; H, 7.51; N, 17.36. APIES-
MS (fragments were based on S6Fe, Ir %): m/z 742 ((MH] T,
100.0). FTIR (KBr, cm™!): 3072 (C-H arom.), 2929, 2848
(C-H aliph.), 1195 (P=N). I'H NMR (CDCl3, ppm, num-
berings of protons are given in Scheme 1): 6 1.51 [m, 8H,
NCH,CH;,CH, (pip)], 1.58 [m, 16H, NCH,CH, (pip)], 2.51
(d,3H, 3 Jpy = 11.2 Hz, CH3),2.93 (m, 2H, 3 Jpyy = 10.4 Hz,
3 Jun = 6.4 Hz, CH3NCH>), 3.09 (m, 2H, 3 Jpy = 10.4 Hz,
3Jun = 6.4 Hz, NCH>), 3.07 [m, 8H, NCH, (pip)], 3.16
[m, 8H, NCH, (pip)], 3.72 (d, 2H, 3Jpy = 5.2 Hz, HS),
4.09 (m, 5SH, *Jyy = 1.8 Hz, *Juy = 1.8 Hz, H4), 4.06
(m, 2H, 3Juyu = 3.6 Hz, *Juyu = 1.8 Hz, H3), 4.15 (m, 2H,
3Jun = 3.6 Hz, *Jyn = 1.8 Hz, H2). 3C NMR (CDCl3,
ppm, numberings of carbons are given in Scheme 1): § 25.33
[NCH,;CH;CH; (pip)], 25.47 [NCH,CH,CHj; (pip)], 26.69
[d, 3Jpc = 8.4 Hz, NCH,CH, (pip)], 26.77 [d, 3Jpc =
6.7 Hz, NCH,CH, (pip)], 32.38 (d, 2Jpc = 3.8 Hz, CH3),
44.35 (d, 2 Jpc = 10.7 Hz, CH3NCHy,), 45.62 [NCH, (pip)],
45.74 [NCH; (pip)], 45.95 (d, > Jpc = 4.5 Hz, C5), 47.29 (d,
2 Jpc = 12.0 Hz, NCH3), 68.52 (C4), 68.10 (C3), 69.84 (C2),
85.03 (d, *Jpc = 12.2 Hz, C1).

2.5g Synthesis of 12: For the preparation of 12 the procedure
used for 11 was followed; using 2 (0.70 g, 1.25 mmol), piperi-
dine (0.99 mL, 10.00 mmol) and triethylamine (1.41 mL). The
first product eluted was the geminal-piperidino-substituted
derivative (7). Yield: 0.15 g (18%). The second product was
the tetrakis-piperidino-substituted derivative (12). Yield: 0.71
g (75%), M.p. 186 °C. Anal. Calc. for C35HgoNoFeP3: C,
55.63; H, 8.00; N, 16.68. Found: C, 55.63; H, 8.30; N, 16.45.
APIES-MS (fragments were based on S6Fe, Ir %): m/z 756
(IM]7, 100.0). FTIR (KBr, cm~!): 3087 (C-H arom.), 2954,
2840 (C-H aliph.), 1193 (P=N).'H NMR (CDCl3, ppm, num-
berings of protons are given in Scheme 1): § 1.10 (t, 3H,
3Jun = 7.1 Hz, CH3), 1.51 [m, 8H, NCH,CH,CH, (pip)],
1.58 [m, 16H, NCH,CH, (pip)], 2.86 (m, 2H, 3 Jyy = 7.1Hz,
NCH,CHj3), 2.93 (m, 2H, 3 Jguy = 6.4 Hz, 3 Jpy = 10.0 Hz,
C,H5NCH,), 3.00 (m, 2H, 3Jgg = 6.42 Hz, NCH,), 3.06
[m, 8H, NCH, (pip)], 3.15 [m, 8H, NCH; (pip)], 3.73 (d,
2H, 3Jpy = 4.8 Hz, HS), 4.09 (5H, H4), 4.06 (1H, H3),
4.15 (2H, H2). 3C NMR (CDCl3, ppm, numberings of car-
bons are given in Scheme 1): § 14.39 (d, 3Jpc = 7.6 Hz,
CH3), 25.32 [NCH,CH2CH> (pip)], 25.46 [NCH>CH,CH»
(pip)], 26.67 [d, 3 Jpc = 6.6 Hz, NCH>CH, (pip)], 26.77 [d,
3Jpc = 6.7 Hz, NCH,CH, (pip)], 39.88 (d, 2Jpc = 5.0 Hz,
NCH,CHj3), 43.70 (d, 2Jpc = 12.2 Hz, NCH)), 44.38 (d,
2Jpc = 11.5 Hz, C,HsNCHy), 45.92 (d, 2Jpc = 5.8 Hz,
C5), 45.60 [NCH23 (pip)], 45.77 [NCH> (pip)], 68.52 (C4),
68.09 (C3), 69.91 (C2), 84.99 (d, 3Jpc = 12.9 Hz, C1).

2.5h Synthesis of 13: The procedure used for 11 was
followed; using 3 (0.70 g, 1.25 mmol), piperidine (0.99 mL,
10.00 mmol) and triethylamine (1.41 mL). The first product
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eluted was the geminal-piperidino-substituted derivative (8).
Yield: 0.16 g (16%). The second product was the tetrakis-
piperidino-substituted derivative (13). Yield: 0.69 g (73%),
M.p. 191 °C. Anal. Calc. for C3sHgoNoFeP3: C, 55.63; H,
8.00; N, 16.68. Found: C, 55.79; H, 8.09; N, 16.35. APIES-
MS (fragments were based on 50Fe, Ir %): m/z 756 ((MH] T,
100.0). FTIR (KBr, cm~!): 3087 (C-H arom.), 2929, 2819
(C-H aliph.), 1193 (P=N). 'HNMR (CDCl3, ppm, num-
berings of protons are given in Scheme 1): § 1.50 [m,
8H, 3Jyn = 5.6 Hz, NCH,CH,CH, (pip)], 1.55 [m, 16H,
3 Jqn = 5.6 Hz, NCH,CH> (pip)], 1.65 [m, 2H, NCH,CH,
(spiro)], 2.50 (d, 3H, 3Jpy = 12.8 Hz, CH3), 2.93 (m, 2H,
CH3NCH;),2.97 (m, 2H, NCH>), 3.10 [m, 8H, NCH; (pip)],
3.13 [m, 8H, NCH, (pip)], 3.77 (d, 2H, *Jpy = 5.6 Hz,
H5), 4.09 (m, 5H, *Jyy = 1.6 Hz, *Jyy = 1.2 Hz, H4),
410 (m, 1H, 3Jgg = 2.0 Hz, *Jyu = 1.6 Hz, H3),
422 (m, 2H, *Jyg = 2.0 Hz, *Jyg = 1.2 Hz, H2).
13C NMR (CDCl3, ppm, numberings of carbons are given
in Scheme 1): § 24.33 (NCH,CH>), 25.14 [NCH2,CH2CH>
(pip)], 25.23 [NCH,CH, CH; (pip)],26.48 [d,3 Jpc = 9.2 Hz,
NCH,CH, (pip)], 26.51 [d, 3Jpc = 9.2 Hz, NCH>CH,
(pip)], 36.46 (CH3),44.96 (CH3NCH>), 45.56 [NCH> (pip)],
45.59 [NCH2; (pip)], 46.17 (CS), 50.88 (NCHy), 68.29 (C4),
68.39 (C3), 70.14 (C2), 85.07 (d, 3Jpc = 11.9 Hz, C1).

2.51 Synthesis of 14: The work-up procedure was similar to
that of compound 11, using 4 (0.90 g, 1.69 mmol), piperidine
(1.34 mL, 13.52 mmol) and triethylamine (1.90 mL). The
first product eluted was the geminal-piperidino-substituted
derivative (9). Yield: 0.17 g (16%). The second product was
the tetrakis-piperidino-substituted derivative (14). Yield: 0.69
g (73%), M.p. 204 °C. Anal. Calc. for C33H55NgOFeP3: C,
54.40; H, 7.61; N, 15.38. Found: C, 54.59; H, 7.40; N, 15.07.
APIES-MS (fragments were based on °Fe, Ir %): m/z 729
(IMH]*, 100.0). FTIR (KBr,cm™"): 3070 (C-H arom.), 2929,
2848 (C-Haliph.), 1191 (P=N). I NMR (CDCl3, ppm, num-
berings of protons are given in Scheme 1): § 1.51 [m, 8H,
NCH,CH;,CH, (pip)], 1.60 [m, 16H, NCH,C H, (pip)], 3.02—
3.12 (m, 2H, 3 Jyy = 6.4 Hz, NCH,), 3.18 [m, 16H, NCH,
(pip)], 3.80 (d, 2H, 3 Jpy = 5.2 Hz, H5), 4.09 (5H, H4), 4.08
(2H, H3), 4.15 (m, 2H, 3Jpy = 9.6 Hz, 3 Jyy = 6.4 Hz,
OCH>), 4.20 (2H, H2). 13C NMR (CDCl3, ppm, numberings
of carbons are given in Scheme 1): § 25.09 [NCH,CH;CH;
(pip)], 25.22 [NCH,CH, CH; (pip)],26.30[d,* Jpc = 6.8 Hz,
NCH,CH; (pip)], 26.56 [d, 3Jpc = 7.6 Hz, NCH,CH,
(pip)], 45.23 (C5), 45.17 [NCH;, (pip)], 45.49 [NCH; (pip)],
46.16 (d, 2Jpc = 13.7 Hz, NCH>), 63.23 (OCH»), 68.34
(C4), 68.05 (C3), 69.65 (C2), 84.36 (d, 3 Jpc = 11.5Hz, C1).

2.5j Synthesis of 15: The procedure used for 11 was fol-
lowed; using § (0.75 g, 1.37 mmol), piperidine (1.08 mL,
10.95 mmol) and triethylamine (1.54 mL). The first product
eluted was the geminal-piperidino-substituted derivative (10).
Yield: 0.19 g (22%). The second product was the tetrakis-
piperidino-substituted derivative (15). Yield: 0.71 g (70%),
M.p. 218 °C. Anal. Calc. for C34Hs7NgOFeP3: C, 54.99; H,
7.74; N, 15.09. Found: C, 55.26; H, 7.59; N, 14.81. APIES-
MS (fragments were based on SOFe, Ir %): m /z 743 ((MH] T,
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100.0). FTIR (KBr, cm™'): 3089 (C-H arom.), 2954, 2844
(C-H aliph.), 1193 (P=N). 'HNMR (CDCl3, ppm, num-
berings of protons are given in Scheme 1): 1.59 [m, 8H,
NCH,CH,CH> (pip)], 1.58 [m, 16H, NCH,CH> (pip)], 1.73
[m, 2H, 3 Jyg = 5.6 Hz, 3 Jyy = 5.6 Hz, NCH,>C H, (spiro)],
2.89-3.04 (m, 2H, 3Jyy = 5.6 Hz, NCH,), 2.89-3.04 [m,
16H, NCH> (pip)], 3.73 (d, 2H, 3Jpy = 6.4 Hz, HS), 4.08
(5H, H4), 4.07 (1H, H3), 4.17 (m, 2H, 3Jpy = 10.8 Hz,
3 Jqu = 5.4 Hz, OCH,), 421 (1H, H2). 13C NMR (CDCl3,
ppm, numberings of carbons are given in Scheme 1): § 25.16
[NCH,CH,CH; (pip)], 25.24 [NCH,CH,CH (pip)], 26.33
[d, 3Jpc = 7.7 Hz, NCH,CH, (pip)], 26.55 [d, 3Jpc =
7.1 Hz, NCH,CH; (pip)], 26.25 (NCH2CHy), 45.23 [NCH;
(pip)], 45.57 [NCH> (pip)], 45.39 (NCH>), 47.78 (C5), 65.69
(d, 2Jpc = 7.0 Hz, OCHy), 68.27 (C4), 68.91 (C3), 70.46
(C2), 83.96 (d, * Jpc = 14.1 Hz, C1).

J. Chem. Sci. (2018) 130:152
3. Results and Discussion

3.1 Syntheses

The tetrachloro N/N (1-3) and N/O (4 and 5)
spirocyclotriphosphazenes are the fertile starting com-
pounds for the preparation of partly and fully-substituted
phosphazenes. They have four reactive Cl atoms and
they can give the substitution reactions with differ-
ent mono, bidentate and multidentate ligands. Thus,
the reactions of one equimolar amount of the com-
pounds 1-5 with two equimolar amounts of piperidine
afford the geminal-piperidino-substituted cyclotriphos-
phazenes (6-10), regioselectively. The thin-layer chro-
matography (TLC) exhibits no other compounds in the
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Figure 1.

(a) "H-decoupled and (b) coupled 3'P NMR spectra of 9 and14.
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Table 1. 3'P-NMR (decoupled) spectral data of the phosphazenes. [Chemical shifts () reported in Hz]?.
(™ "
FcCHy— ) NR{ FCCHZ—K i NRp
¥ M(B or X) FA
 \ O Q AN O
a . L | N L ||P“w
[ P\
a7 AN/ X N O\I XN/ I‘O
o
gem-substituted tetrakis-substituted

ferrocenylphosphazenes ferrocenylphosphazenes
Compound  Spin System 8(ppm) 2Jpp(Hz)

PCl, P(NR), (spiro) P(NR),
6 AMX 25.40(dd) 22.06(dd) 18.57(dd) 41.3;43.7;51.0
7 AMX 25.26(dd) 21.26(dd) 18.60(dd) 40.1; 43.7; 51.0
8 AMX 26.62(dd) 18.26(dd) 16.18(dd) 43.7;48.6; 51.9
9 ABX 26.03(dd) 25.16(dd) 19.41(dd) 49.0; 50.4; 51.6
10 AMX 23.58(dd) 13.90(dd) 19.13(dd) 39.2;45.4;52.9
11 AX>, - 27.08(t) 23.04(d) 40.1
12 AX,y - 27.02(t) 23.04(d) 41.7
13 AXy - 22.97(t) 21.19(d) 36.4
14 AX>o - 31.62(t) 23.26(d) 46.2
15 AXy - 20.12(t) 22.40(d) 43.8

a31p NMR measurements in CDCl3 solutions at 293 K.

reaction mixture. The reaction yields of the compounds
6-10 are found to be in the range of 78-84%. On the other
hand, the reactions of one equimolar amount of the com-
pounds 1-5 with excess piperidine give the geminal-
(6-10) and fully-piperidino-substituted cyclotriphos-
phazenes (11-15) (Scheme 1). The fully-substituted
products (11-15) occur predominantly, and the reaction
yields are calculated as 71, 75, 73, 73 and 70%, respec-
tively. In these reactions, triethylamine, Et;N, was used
as an HCI acceptor. As an example, the coupled and
decoupled *'P NMR spectra of the reaction mixture of
4 with excess piperidine are depicted in Figure 1, show-
ing that the geminal (9) and fully-piperidino-substituted
ferrocenylphosphazenes (14) are present in the mixture.

Besides, each of the geminal products (6—10) contains
one stereogenic P-centers and they ought to behave as
the enantiomeric mixtures (R and S). Luckily, the struc-
ture of 6 is exactly solved by X-ray crystallography (see
section 3.4), and its absolute configuration is found to
be as S.

The microanalysis, FTIR, APIES-MS and NMR data
are coherent with the proposed structures of the com-
pounds. The mass spectra of 6,7, 8,9, 11, 13, 14 and 15
disclose the protonated molecular ion ((MH]") peaks,
whereas the mass spectra of 10 and12 exhibit the molec-
ular ion peaks (M™).

3.2 NMR and IR spectroscopy

The 'H-decoupled 3'PNMR data of the new
phosphazenes (6-15) are given in Table 1. The *'P NMR
spectra of 6, 7, 11, 12 and 14 are presented in Figure
S1 (Supplementary Information). The spin systems
of all the geminal (except 9) and tetrakis-piperidino-
substituted ferrocenylphosphazenes were designated as
AMX and AX,, respectively. Besides, the compound 9
has an ABX spin system. The 12- line resonance pat-
ternin the >'P NMR spectrum of the geminal-substituted
compounds (6-10) arise from the doublet of doublets
for each phosphorus atom. As expected, the fully-
substituted phosphazenes (11-15) have a triplet for one
P(spiro) atom and a doublet for two other P atoms.
The 'H-coupled *'P NMR spectra were also recorded
in order to determine the geminal structures of the
compounds 6-10. The §P(spiro)-shifts of the geminal-
and tetrakis-piperidino-substituted phosphazenes, bear-
ing the six-membered spiro-rings, are smaller than those
of the five-membered ones. Moreover, the average *Jpp
coupling constant of 11-15 is 41.6 Hz.

Taking into account the coupling constants, chemical
shifts and multiplicities; the *C and 'H NMR signals
of the new phosphazenes are definitely assigned, and
the *C and '"H NMR spectra of the two phosphazenes
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Table 2. LB Film Parameters.

J. Chem. Sci. (2018) 130:152

Compound Spreading Solution Volume Target Pressure Area per Molecule from Deposition Type and
and Concentration (mN/m) Isotherm (AZ / molecule) Deposition Cycles

3 62 uL; 3.5 mg/mL 2.0 12.5 Z; 4

12 62 nL; 3.6 mg/mL 19.0 13.5 Z;6

were given in Figures S2 and S3 (Supplementary
Information). The two piperidino-groups bonded to the
same phosphorus atom show two groups of NCH,CH,
CH,, NCH,CH, and NCH, (pip) signals with small
separations in the *C NMR spectra. The methyl car-
bons, NCH3;, of 6, 8, 11 and 13 were assigned between
31.43 and 36.46 Hz. The ferrocenyl carbon peaks, C1,
C2, C3 and C4, were also determined in the range of
68.00-70.60 ppm. Additionally, the average *Jpc cou-
plings between the NCH, spiro-carbon and the P atoms
of the phosphazenes containing the five-membered spiro
rings (6, 7,9, 11, 12 and 14) is 13.0 Hz. The * Jpc values
between the ipso-C (C1) and P atoms are observed for
all the phosphazene derivatives, and the average *Jpc
values of the geminal and tetrakis-compounds are cal-
culated as 10.9 Hz and 12.5 Hz, respectively.

The '"HNMR spectra of 6-10 are highly complex
because of the diastereotopic protons. The chemical
shifts of NCH , protons are assigned between 2.50 ppm
and 2.53 ppm, and the average 3 Jpy value of all the fer-
rocenylphosphazenes is calculated as 11.6 Hz. The H5
protons of the fully-substituted- phosphazenes (11-15)
are determined at ca. 3.75 ppm as doublets. The average
3 Jpus value of all the phosphazenes is 6.2 Hz.

3.3 The Interpretations of FTIR, GAIR and HATR
Spectra of LB films of 3 and 12

The determination of the LB film deposition parameters
given in Table 2 is very crucial. The area per molecule on
the subphase may reveal information on the conforma-
tion adopted by the molecules. The values of the area of 3
and 12 were determined, extrapolating the most steeply
rising part of the m—A isotherms to the zero pressure.

The m—A isotherm of 12 is depicted in Figure 2, as an
example. The best value of the deposition pressure of 12
is found to be 16 mN/m. Figure 3 illustrates the reduced
area of the monolayer during the deposition of the LB
films of 12 in the ranges of one and four layers dur-
ing the four monolayers transferring. It was understood
from the surface pressure—time (1t—t) and area—time (A—
t) curves of 12 (Figure 4) that the monolayers of the
molecules were considerably stable.
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Figure 3. The reduced area of the monolayers during the
deposition of the LB films of 12 between one and four layers,
while four monolayers were transferring on to the substrate.

The transfer ratio (TR) is the best measure of
transferring a Langmuir—Blodgett film to a substrate.
This ratio is given by the following formula:

TR = (Area of monolayer removed from subphase
at constant pressure)/(Area of substrate immersed in
water)

The TR ought to be measured for each substrate pass
through the air—water interface. Nevertheless, it must
be kept in mind that the measured transfer rate is an
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Figure 4. The n—t and A—t curves of monolayers of 12.

aggregate value over the entire immersed surface and
ought to be interpreted most of the time. For instance,
if there is 100% deposition on one side of the substrate
and the film 100% is stripped from the other side, it is
possible to measure a TR of 0%.

The monolayers area of 12 removed from subphase
at constant pressure (same for 4 layer) ~ 40-42 cm?

The area of substrate [superforest (Cole-Parmer) 75
x 25 x 1 mm?®)] immersed in water = 7.5 cm x 2.5cm x
2 (two side immersed) = 37.5 cm?

For good deposition, TR should be 0.95-1.05. In
compound 12, TR is calculated as 1.06 and greater than
1.00 because molecular stability changes when substrate
immersed the subphase. This is nearly the same for all
deposition cycle.

On the other hand, the deposition type (Z) and
deposition cycle values of 3 and 12 given in Table 2
are comparable to those of mono- and gem-DASD-
substituted phosphazene derivatives.?® The deposition
type of four phosphazene derivatives is Z, whereas the
deposition cycles of the partly-substituted phosphazenes
and the fully-substituted one (12) are found to be as 4
and 6, respectively.

The FTIR spectra of the piperidinocyclotriphosp-
hazenes were recorded on KBr pellet. The GAIR and
HATR spectra of the LB ultrathin films of 3 and 12
were obtained. Figures 5, 6 and 7, respectively, illus-
trate the FTIR, p-polarized GAIR and HATR spectra of
12, as examples. In Table 3, the characteristic bands of
12 were given, and the characteristic p-polarized GAIR
and HATR spectral data of 3 and 12 were also listed in
Tables 4 and 5.

The asymmetric methyl [v(CH;)] and methylene
[v(CH,)] stretching bands of 3 and 12 emerge at ca.
2963 and 2928 cm™! in the FTIR spectra, respectively.
In-plane bending frequencies of §(CH,) and §(CH;)
are observed in the ranges of 1469-1329 cm~' for 3
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Figure. 5.. The infrared spectrum of 12 in a KBr pellet by
transmission.
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Figure 6. p-Polarized GAIR spectra of LB film of 12.
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Figure 7. HATR spectra of LB film of 12.

and 1448-1377 cm™! for 12. The characteristic v(P=N)
strong bands of the phosphazene rings are assigned
at 1232 cm™', 1170 cm™' and 860 cm™' (for 3) and
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Table 3. The characteristic vibrational wavenumbers (cm~!) of FTIR, GAIR and HATR spectra of 12.

KBr Pellet (Solid Sample) (cm™') GAIR of LB Films (cm~') HATR of LB Films (cm™") Assignments

2963s 2964m 2963m v, (CH3)

2928s 2930m 2927m v, (CH»)

2846s 2849m 2849m vs(CH»)

1448s 1450w 1448m 6(CH3), §(CHy)
1377s 1377w 1377m 8(CH3), §(CH»)
1200s,b 1201s 1187s V(P=N), (CH)ying, (CC)ying
1156-1027s 1159-1028m 1154-1022s (CH)ring, (CCring
861s 864w 861m v(P=N)

v, stretching; &, in-plane bending; b, broad; w, weak; m, medium; s, strong; Subscript: a, asymmetric; s, symmetric.

Table 4. p-Polarized GAIR Bands for LB Films of 3 and 12.

Compound IR Bands
Belongs
Rings (cm™!)

Methyl and Methylene Groups (cm™!)

IR Bands for Phosphazene Ring (cm™!)

(CH) ve (CC) v4(CH3) v4(CH2) vs(CH3) vs(CHy) §(CHy) ve §(CH3)

v(P=N) va(P-Cl)

3 1180-1003m 2963m 2923w -
12 1201-1028m 2964m 2930m -

2855w
2849m

1406, 1351w
1450,1377w

1236,1180s,858w -
1201s, 864w -

v, streching; §, in-plane bending; b, broad; w, weak; m, medium; s, strong; Subscript: a, asymmetric; s, symmetric.

Table 5. HATR Bands for LB Films of 3 and 12.

Compound IR Bands
Belongs
Rings (cm™ B

Methyl and Methylene Groups (cm™ )

IR Bands for Phosphazene Ring (cm™!)

(CH) ve (CC) v,(CH3) v,(CH,) vs(CH3) vs(CHo) 8(CHp) ve 8(CH3)  v(P=N) va(P-Cl)
3 1179-1003s 2958w 2921w —  2850sh - 1234,1179,857m 657m
12 1187-1022s  2963m 2927m  —  2849m  1448,1377m 1187s,861m -

v, streching; &, in-plane bending; b, broad; w, weak; m, medium; s, strong; Subscript: a, asymmetric; s, Ssymmetric.

1200 cm™" and 861 cm™' (for 12). The (CC),y, and
(CH)ying vibrations are found to be in the ranges of 1150—
1062 cm~! and 1156-1027 for 3 and 12, respectively.
The bands at ca. 660 cm~! and 430 cm™! in accordance
with the published literature values,**** and they may
be attributed to characteristic asymmetric and symmet-
ric stretching frequencies of v(P-Cl), respectively.

The GAIR and HATR spectra are excellent data for
investigating the orientation of ultrathin films at the
molecular level.*® The comparative p-polarized GAIR
and HATR spectral data of 3 and 12 were listed in
Tables 4 and 5, indicating the clear ‘coupling modes’ of
v(P=N) stretching bands at both spectra. As expected,
the asymmetric v(P-Cl) stretching band of 3 is observed
at 657 cm~! in the HATR spectrum, implying that the
PCl, groups of LB films of 3 parallel oriented to the
substrate surface. The v(P=N) bands disclose at 1236,

1234, 1180 and 1179 cm™!'; 1201 and 1187 cm™! for
3 and 12, respectively. As seen in Tables 4 and 5,
methyl [v(CH3)] and methylene [V(CH,)] modes are
interpreted in the ranges of 2963-2850 cm™! (for 3)
and 2964-2849 cm~! (for 12). Compared to GAIR and
HATR intensities of v(CH;) and v(CH,) bands, both
of the band modes are likely to be nearly parallel to
the substrate surface for 12. But, in 3, these bands
appear dominant on p-polarized GAIR spectrum, and
they ought to be nearly parallel to the normal of the
surface. The §(CH,) and §(CH;) modes were found
to be at 1406 and 1351 cm~! (for 3), and 1450 and
1377 cm™! (for 12). Eventually, the spectral data of
3 and 12 indicate that both of the phosphazenes were
deposited with the monolayers on the aluminium cov-
ered glass substrates as the Z deposited ultrathin LB
films.
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Figure 8. ORTEP-3*! drawing of 6 with the atom number-
ing scheme. Displacement ellipsoids are drawn at the 30%
probability level.

3.4 X-Ray structure of the compound 6

The molecular and crystal structure of 6 was established
using X-ray crystallography. The ORTEP diagram of 6
is depicted in Figure 8 with the atom-numbering. The
P1/N1/P2/N2/P3/N3 [Figure S4a; ¢, = 173.34(3.10)°,
6, = 44.66(2)°] phosphazene ring of 6 is nearly pla-
nar with total puckering amplitude Q; of 0.068(0.002)
A.37 The five-membered spiro-ring (P3/N4/C3/C2/N5)
is also almost planar (Figure S4b, Supplementary Infor-
mation). Compound 6 has one chiral P-center, and the
chirality at P3 is S. The space group is C2/c. It is among
the Sohncke space groups, implying that only one enan-
tiomer of 6 is crystallized from the racemic mixture.
The chiral and non-chiral compounds crystallized in the
well-known Sohncke space groups are discussed in the
literature. *®

The endocyclic N2-P3-N3 [113.18(15)°] and N1-
P1-N3 [115.46(16)°] bond angles of 6 are narrow,
whereas P1-N3-P3 [126.94(19)°] bond angle expands
with respect to the corresponding values in the standard
compound, N3P;Cls.** On the other hand, there are reg-
ular variations with the distances from P2: P2-N2 =~
P2-N1 < P3-N3 ~ P1-N3 < P3-N2 = PI—-NI.
The average endocyclic P-N bond length [1.588(3)A]
in the phosphazene ring is considerably shorter than the
average exocyclic P-N bond length [1.636(3) A). Con-
sequently, the bond lengths and bond angles values are
in good agreement with the reported data in the litera-
ture. 40

3.5 Antimicrobial activity

In vitro antimicrobial activities of 6, 7, 9, 10, 11, 12,
14 and 15 were studied against eight different bacteria
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and three fungi (Table S2, Supplementary Information).
Ampicillin and chloramphenicol were used as standard
antibacterial agents, Ketaconazole was used as an anti-
fungal control. All the compounds have generally weak
activities against the tested strain. However, the com-
pound 11 has activity against all of the yeast strains.
In addition, the compounds 9, 11 and 15 exhibit activ-
ity as Ketoconazole against C. albicans ATCC 10231
at high concentration. Consequently, according to the
results given in Table S2 (Supplementary Information),
most of these phosphazenes show weak to mild inhibi-
tion against tested bacterial and fungal strain.

The findings obtained in this paper are comparable
with the literature data. It was found that the pyrrolidino
and 1,4-dioxa-8-azaspiro[4,5]decane(DASD)-substitu-
ted cyclotriphosphazenes bearing ferrocenyl spirocyclic
pendant arms were found to be active against some bac-
teria and fungi.** 23° 3342 While, tetra-morpholinoferro-
cenylphosphazenes exhibited no effect against these
bacteria.?’® Consequently, the antibacterial and anti-
fungal activities seem to be considerably depending on
the formation of hydrogen bonds with the substituents
(pyrrolidino, morpholino, DASD and piperidino groups)
bonded to the P-atoms and the active centers of bacterial
cell components.

3.6 Interactions of DNA with the compounds 6, 7, 9,
10, 12, 14 and 15

The interactions of the phosphazenes 6, 7, 9, 10, 12, 14
and 15 with supercoiled DNA were investigated using
the agarose gel electrophoresis. Figure 9 shows the elec-
trophoretic mobility of the closed circular form I and
open circular form II bands for the incubated mixtures
of plasmid DNA at various concentrations of the com-
pounds. In the electrophoretograms Lane P applies to
untreated plasmid DNA as a control and Lanes 14 apply
to plasmid DNA incubated with the compounds ranging
from 2500 uM to 312 WM. The presence of the smaller
bands from form I and bigger bands from form II was
observed in 9, 10, 12, 14 and 15 in the concentration
range tested. The decreasing intensities of form I were
also observed in compound 12, 14, and 15. Compounds
6 and 7 are found to be more damaging to plasmid DNA,
causing DNA cleavage (existence of form III linear DNA
in Lanes 1 and 2) and increased the mobilities and inten-
sities of form II of the DNA. In addition, there is no
form I DNA at the highest concentrations of 6 and 7. As
shown in Figure 9, at a concentration above 625 WM,
the compound 6 shows the DNA nuclease activity which
converts supercoiled form I DNA into the linear form
IIT DNA. The nuclease activity does not occur when
DNA incubated with either 625 M or 312 M of 6. It
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Figure 9. Gel electrophoretic mobility of plasmid DNA when incubated with various concentrations of 6, 7, 9, 10, 12, 14
and 15 (P: untreated plasmid DNA, Lanes 1-4: DNA treated by compounds at the concentration as follows: 2500, 1250, 625
and 312 uM). The top and the bottom bands correspond to Form II (open circular) and Form I (covalently closed circular) and

form III (linear), respectively.
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Figure 10. The electrophoretograms for BamHI (P/B) and Hindlll (P/H) digested mixtures of DNA after
treatment with the compounds. Lane P applies to untreated plasmid DNA and the other lanes apply to BamHI

and Hndlll digestion of untreated DNA.

is apparent that the compound 6 has begun to damage
the DNA, causing it to lose its compact form and move
slower through the gel and all of the plasmid DNA has
been converted to the nicked form (Lane 4). Subsequent
lanes begin to show a smear on the gel indicative of DNA
double-strand cleavage. In the case of compound 7, as
shown in Figure 9, at all concentration tested, compound
shows DNA nuclease activity which converts super-
coiled form I DNA into the linear form III DNA. It is
apparent that the compound 7 has strong DNA damage,
causing it to lose its compact form and slow mobility
through the gel and all of the plasmid DNA has been con-
verted to the nicked form (Lanes 3 and 4). Subsequent
lanes also exhibit a smear on the gel indicative of DNA
double-strand cleavage (Lanes 1 and 2). Similar results
were found to be for the analogous DASD-substituted
ferrocenylphosphazene derivatives.’® As known, the
mobility and conformational changes may exhibit the
binding activity of the compounds with hydrogen bond-
ing and/or intercalation through the active sites of the
DNA.

3.7 Restriction digest analysis

In order to assess the compounds 6, 7, 9, 10, 12, 14
and 15 showing affinity toward guanine-guanine (GG)

and/or adenine-adenine (AA) regions, the restriction
endonuclease analyses of the DNA-compound incu-
bated mixtures by Hindlll and BamHI enzymes for
1 hatthe 37 °C are carried out. When plasmid DNA was
digested with BamHI or Hindlll only one band corre-
sponding to linear (form III) band was formed, whereas
in the undigested plasmid DNA generally two bands
corresponding to supercoiled and partially nicked form
I and form II were observed. When plasmid DNA inter-
acted with the compounds 6, 7, 9, 10, 12, 14 and 15
followed by BamH]I digestion, two bands corresponding
to forms I and II were observed at all the compounds.

BamHI and Hindlll enzymes bind the specific 5'-
A/AGCTT-3', 5'-G/GATCC-3' sequences and cleave the
adenine and guanine sites, respectively, as a result, Form
I and Form II converts to a linear form of DNA (Form
IIT) (Figure 10, PB). Eventually, the results reveal that
the enzymes do not cleave the DNA for all the com-
pounds indicating these phosphazenes binding to G/G
and A/A nucleotides

4. Conclusions

In this
substituted

paper, the partly (6-10) and fully-
(11-15)  ferrocenyl pendant-armed
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spirocyclotriphosphazenes were prepared by the
reactions of the unsymmetrical N/N (1-3) and N/O (4
and 5) spirocyclotriphosphazenes with piperidine. It is
an important result that the formation of
geminal-products occurs only when the partly-
substituted phosphazene compounds containing bulky
ferrocenyl-pendant-armed group are reacted with the
two equimolar amounts of piperidine. Despite all the
efforts made in this study, the theoretical expected
non-geminal products (cis and/or trans) could not
be obtained. In addition, the fully-substituted phosp-
hazenes (11-15) obtained in this paper ought to be
strong phosphazene-bases as well. In the future stud-
ies, the phosphazene-bases can give the protic molten
salts (PMOS) with inorganic and organic acids, and
they can be used as phosphazenium base catalysts and
ionic liquids. The preparations and the characteriza-
tions using GAIR and HATR techniques of ultrathin
and highly ordered Langmuir—Blodgett films of 3 and
12 are the most important part of this paper. As
known, the phosphazene thin films are likely to be
useful components in electronic and optical devices.
In addition, DNA and the phosphazenes were ana-
lyzed by agarose gel electrophoresis whih illustrated
the ability of phosphazenes to break double-stranded
DNA.

Supplementary Information (SI)

Crystallographic data for the structure reported herein have
been deposited with the Cambridge Crystallographic Data
Centre as Supporting Information, CCDC No. 1813168 (for
6). Copies of the data can be obtained through application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. (fax: +44
1223 336033 or e-mail: deposit@ccdc.cam.ac.uk or at http://
www.ccdc.cam.ac.uk). Listings of the 3'P, 13C and '"H NMR
spectra of the some phosphazenes (Figures S1, S2 and S3),
the ring conformations and packing diagram of 6 (Figure
S4), selected the bond lengths (A) and the angles (deg) for6
(Table S1), the antimicrobial activities of 6,7,9,10, 11,12,14
and15 (Table S2), antimicrobial activities (Section S1) and
DNA-compound interactions (Section S2). Supplementary
Information is available at www.ias.ac.in/chemsci.
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