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Abstract: This is a study of new hexachlorocyclotriphosphazene (NsPsCls) derivatives bearing ethyl
p-hydroxybenzoate and ferrocenyl pendant groups. Characterizations of the products [mono- 2, di-
(geminal 3a; non-geminal trans®-3b, trans®-3c and cis-3d), tri- 4 and tetra- 5 substituted
phosphazene derivatives] were performed using elemental analysis and spectral methods. The
structures of the two compounds (2 and 5) were explained by the use of X-ray diffraction
techniques.
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INTRODUCTION Monospiro products have four reactive P-ClI
bonds. The reactions of Mmonospiro
Halogenocyclophosphazenes are remarkable cyclophosphazenes with monodentate reagents
multi-branched phosphorus—-nitrogen  produce mono-, di- (gem-, nongeminal cis- or
compounds used in the synthesis of nongeminal trans-), tri- and tetra- substituted
cyclophosphazene derivatives, from phosphazene derivatives (8, 9).

organocyclophosphazenes to dendrimeric

cyclophosphazenes. Each phosphorus atom is Because of  their structural features,
connected to two exocyclic substituents such as  organocyclophosphazenes are used as
chlorine, fluorine or bromine atoms. The polydentate ligands for coordination complexes
sequential replacement of these halogen atoms and multi-branched cores for dendrimers.
in halogenocyclophosphazenes with different Recently, organocyclophosphazene-containing
reagents can produce new phosphazene coordination complexes have been used as
derivatives (1, 2). The reactions of N;P;Cls with chemosensors for different metals (10-12) and
bidentate reagents produce different luminescent materials (13). Also, cyclic
geometrical and optical isomers, e.g., spiro- phosphazene core-based materials are widely
(mono, di or tri) and bino-structures (3-7).
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implemented in OLED technology (14-16) and
in biomedical applications (17, 18).

In previous studies, geometrical and optical
isomers of mono- and
dispiroferrocenylphosphazenes were produced,
and their chirality was investigated using 3'P-
NMR spectroscopy and X-ray crystallography
(19, 20). Langmuir-Blodgett thin films, DNA
interactions, and the cytotoxic and antimicrobial
activities of mono- and
dispiroferrocenylphosphazenes were also
investigated (21-23).

In this study, the reactivity of the P-Cl groups
present in chlorocyclophosphazenes was taken
advantage of to prepare new phosphazene
derivatives. In the first step,
monospiroferrocenylphosphazene derivative 1
was obtained by the reaction of
hexachlorocyclotriphosphazene with
potassium[3-(N-ferrocenylmethylamino)-1-

propanoxide with a formula FcCH.NH(CH,)sOK
(24). In the second step, the gradual CI
replacement reactions of compound 1 with ethyl
p-hydroxybenzoate resulted in partly and fully
substituted phosphazene derivatives (25). The
structures of the synthesized products were
characterized using elemental analysis, FTIR
and Nuclear Magnetic Resonance (*'P-, *C- and
'H-NMR) techniques. The solid-state structures
of the two phosphazene derivatives (2 and 5)
were investigated by X-ray crystallography.

MATERIAL AND METHODS

Reagents used for synthesis
Hexachlorocyclotriphosphazatriene
(phosphonitrilicchloride)  (Aldrich); ethyl p-
hydroxybenzoate, (Aldrich) and
ferrocenecarboxaldehyde (Acros organics) were
used without further purification. The solvents
(THF, ethanol, toluene, n-hexane, acetonitrile,
and benzene) were dried by standard methods.
Reactions have been monitored with TLC (Merck
silica gel 60 B254 sheets). The column
chromatography was performed on Merck silica
gel 60 (0.040-0.063 mm).

Physical measurements

Melting points were measured with a
Gallenkamp apparatus using a capillary tube.
The 'H, *C and *'P NMR spectra were recorded
on a Bruker DPX FT-NMR (300 MHz)
spectrometer (SiMe4 as internal and 85% H;PO,
as external standards). The IR spectra were
recorded on Perkin Elmer FTIR spectrometer
(4000-650 cm™).
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X-ray crystallography

Suitable crystals of 2 and 5 were selected for
data collection which was performed on a D8-
QUEST diffractometer equipped with a graphite-
monochromatic Mo-Ka radiation. The structures
were solved by direct methods using SHELXS-
97 (26) and refined by full-matrix least-squares
methods on F2 using SHELXL-2013 (27). All
non-hydrogen atoms were refined with
anisotropic parameters. The following
procedures were implemented in our analysis:
data collection: Bruker APEX2 (28); program
used for molecular graphics were as follows:
MERCURY programs (29); software used to
prepare material for publication: WinGX (30).

Synthesis of compounds

The spiroferrocenylphosphazene derivative 1
was synthesized from the reactions of
hexachlorocyclotriphosphazene with potassium
salt of [3-(N-ferrocenylmethylamino)-1-
propanoxide according to the literature (24).

Synthesis of compound 2; A solution of ethyl p-
hydroxybenzoate (0.325 g, 1.95 mmol) in dry
THF (100 mL) was added to a solution of 1
(1.00 g, 1.95 mmol) with K-CO; (1.08 g) in dry
THF (100 mL). Reaction mixture was refluxing
for 12 h with stirring. Reaction mixture was
purified by column chromatography with
benzene used as eluent. The product eluted was
mono-ethyl  p-hydroxybenzoate  substituted
derivative 2 (0.499 g, 1.95 mmol, 37.7%, mp
146-147 oC). Anal. Calcd for 2
C23H26N404FEP3C|3: C, 4077, H, 387, N, 8.27.
Found: C, 40.55; H, 3.93; N, 8.14. FTIR (cm™):
3098 (C-H arom.), 2906 (C-H aliph.), 1711
(C=0), 1598; 1500 (C=C arom.), 1200 (P=N).

Synthesis of compounds geminal- (3a) and
nongeminal- (trans®-3b, trans®-3c and cis-
3d); The work-up procedure was similar to that
of compound 2, using 1 (1.00 g, 1.95 mmol),
ethyl p-hydroxybenzoate (0.65 g, 3.90 mmol)

and K;CO; (1.58 g). Reaction mixture was
purified by column chromatography with
benzene/THF (80/1). The disubstituted

compounds were not separated but they have
been identified by 3'P-NMR spectrum from
different elusion. [geminal (3a); non-geminal
(trans®-3b, trans®-3c and cis-3d)] (0.60 g,
40.8%). Anal. Calcd for mixture of 3a, trans®-
3b, trans"-3c and cis-3d C32H35N407F€P3C|2: C,
47.61; H, 4.37; N, 6.94. Found: C, 48.39; H,
4.84; N, 6.66. FTIR (cm-1): 3083 (C-H arom.),
2980; 2981; 2934; 2853 (C-H aliph.), 1714
(C=0), 1601; 1502 (C=C arom.), 1198 (P=N).

Syntheses of compounds 4 and 5; The work-up
procedure was similar to that of compound 2,
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using 1 (0.70 g, 1.36 mmol), ethyl p-
hydroxybenzoate (0.70 g, 4.21 mmol) and
K>CO; (2.30 g). The tri- 4 (0.41 g, 35.9%, mp
89-90 °C) and tetra- 5 substituted (0.23 g,
17%, mp 110-111 °C) compounds were purified
from reaction mixture by column
chromatography (benzene/THF (30/1)). Anal.
Calcd for 4 CsHasN4OsoFePsCl: C, 52.55; H,
4.73; N, 5.98. Found: C, 51.88; H, 4.51; N,
5.85. FTIR (cm-1): 3082 (C-H arom.), 2982;
2903 (C-H aliph.), 1716 (C=0), 1601; 1501
(C=C arom.), 1199 (P=N). Anal. Calcd for 5
CsoHs3N4O13FePs: C, 5629, H, 501, N, 5.25.
Found: C, 56.07; H, 5.19; N, 4.86. FTIR (cm™):
3082 (C-H arom.), 2981; 2936 (C-H aliph.),
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1709 (C=0), 1600; 1501 (C=C arom.), 1198
(P=N).

RESULTS AND DISCUSSION

Synthesis

The precursor molecule
spirocyclicferrocenylphosphazene 1, which has
four P-Cl bonds, was synthesized according to
the procedure (24). The reactivity of the P-CI
groups was then used to produce mono- 2, di-
[geminal (3a); non-geminal (trans®-3b,
trans®-3c and cis-3d)], tri- 4 and tetra- 5
substituted phosphazene derivatives (Scheme
1).

a., | N
|c|, \L IL/R N ™Sy
) a~” [y Ny
I gem-3a
@—CHQ—-Q @—cm-ﬂ
q Fe \P/ . Fe \P/ :
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1 cis-3d

Scheme 1. The synthesis route of compounds mono- 2, di- [geminal (3a); non-geminal (trans®-

3b, trans®-3c and cis-3d)], tri- 4 and tetra- 5.

The reaction of a 1:1 molar ratio of compound 1
and ethyl p-hydroxybenzoate produced the
corresponding monosubstituted phosphazene 2
as a major product and disubstituted
phosphazenes as minor products. These minor
products, which were observed by TLC, were
separated from the major product by
chromatographic methods. The reaction of a
1:2 mol ratio of compound 1 and ethyl p-
hydroxybenzoate produced the expected
disubstituted phosphazenes. Disubstituted
phosphazenes were not separated from the
reaction  mixture using chromatographic

methods. When the 3'P-NMR analyses of two
different samples taken from the column were
examined, geminal- 3a and nongeminal-
(trans®-3b, trans®-3c and cis-3d) isomers
were observed. When a 1:3.3 mol ratio of
compound 1 and ethyl p-hydroxybenzoate was
used in the reaction, tri-substitute 4 and tetra-
substitute 5 phosphazenes were synthesized.
Compound 2 was crystallized from an
acetonitrile/THF mixture (5:1); compound 5
was crystallized from an n-hexane/ THF mixture
(10:1) at room temperature.
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Spectroscopic Analysis

The 'H-decoupled 3'P-NMR spectral data for
mono- 2, di- [geminal (3a); non-geminal
(trans®-3b, trans®-3c and cis-3d)], tri- 4 and
tetra- 5 are listed in Table 1. The *P-NMR
signals of all compounds were found on the
NMR spectrum (Figure 1-3). Disubstituted
phosphazene isomers [geminal (3a); non-
geminal (trans®-3b, trans®-3c and cis-3d)]
could not be purified from the reaction mixtures
using column chromatography. When the 3'P-
NMR spectrum of two different samples
obtained by column chromatography were
analyzed, cis- and trans- isomers were

P(NO)

P{OAr)(Cl)

P(NO) P(OAN(Cl)
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observed in first sample while geminal isomers
as well as cis- and trans- isomers were
observed in the second sample. The mono- 2,
geminal- 3a and tri- 4 substituted phosphazene
derivatives showed a 12-line resonance pattern
consisting of a doublet of doublets for all the P
atoms. Trans®-3b and trans®-3c have three
stereogenic P-centers, exhibiting a total of 16
signals, and indicating that trans®-3b and
trans®3c are diastereoisomers (9). The
nongeminal-cis 3d and tetra-substituted
ferrocenylphosphazene 5 gave rise to one
triplet and one doublet.

o, |

1l

20 8]

(a)

20

P(OAr),
P(OAr),
i
P(NO) |
|
I
(.
-
n
i |
L
L; 2‘0 (I)
(b) (c)

Figure 1. The *P{1H} NMR spectra of mono- 2 (a), tri- 4 (b) and tetra- 5 (c) substituted

phosphazenes, respectively.

trans®-3b (W), trans®-3c (W) and cis-3d (® )

cis-3d,
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@
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@
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Figure 2. (a) The *P-NMR spectra of the mixture of trans®-3b, trans’-3c and cis-3d; (b) 21.5-

18.0 ppm; (c) 15.0-13.0 ppm.
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gem-3a (*), trans°-3b (W), trans’-3c (W) and cis-3d (#)
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Figure 3. (a) The *P-NMR spectra of the mixture of gem-3a, trans®-3b, trans®-3c and cis-3d;
(b) 28.0-18.0 ppm; (c) 15.0-13.0 ppm; (d) 4.5-3.5 ppm.

Table 1. The 3P-NMR (decoupled) spectral data of mono- 2, di- [geminal (3a); non-geminal
(trans®-3b, trans®-3c and cis-3d)], tri- 4 and tetra- 5. (Chemical shifts are reported in ppm and J
values in Hz; *'P-NMR measurements in CDCl; solutions at 293 K)

FcHC N o FcHC—N, O FcHC_ N O FcHC—N © FcHXC—N _© FcHX—N O
b4 : v ¥ v
P b4 4
g YT N N N - - N
\\1|?\ |1L/R cla,\1|’ ||/1"- Cl\P | R c1\| ||/01 c1\1L u/n R u/n
a”aNxNa o i ox N 2 B BN o EINCENE r A Tnox v RTXSNX g
E gem-3a trans®-3b eis-3d 4 5
transh-3c
5 (ppm)
Compound 2Jep (HZ)  Spin
System
PCl, P(NO)spiro) P(OAr) P(OAr)(Cl)
2
2 25.24 (dd) 17.65 (dd) - 11.53 (dd)  72.9; 47.4; ABX
66.8
gem-3a 27.41 (dd) 13.95 (dd) 3.83 - 77.8; 65.6; AMX
(dd) 58.3
trans®-3b - 20.76 - 19.16 76.5 AB;
trans®-3c - 14.31 - 13.87 43.7 AB;
cis-3d - 13.99 (t) - 20.13 (d) 65.6 AB,
4 - 16.49 (dd)  6.38 22.72 (dd)  85.1; 72.9; ABX
(dd) 65.6
5 - 18.78 (t) 8.58 (d) - 69.3 AX>
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The expected signals from the carbon atoms
and hydrogen atoms were present in the 3C
and 'H NMR spectra (Table S1 and S2) of all
the new compounds. The carbon peaks for the
carbonyl (COCH.CHs) and phenyl groups in the
ethyl benzoate groups were observed ranging
from 165.84 to 165.70 ppm and from 154.51 to
120.75 ppm, respectively. Also, the carbon
peaks for the ferrocenyl group were observed in
a range from 82.47 to 67.15 ppm as expected.

All the synthesized substituted phosphazenes
have aliphatic protons that are diastereotopic,
so the 'H-NMR spectra of the new compounds
are highly complex. When the 'H-NMR spectra
of the synthesized compounds were examined,
three different peaks were observed for the H2,
H3 and H4 protons of the ferrocenyl group at
3.92 to 4.31ppm. The protons of H4 are
equivalent and were observed as a single peak.
The H6 protons belonging to the substituent
were observed as quadrupole peaks at 4.25 to
4.44 ppm, and the H7 protons were observed as
triple peaks at 1.35 to 1.44 ppm. The H2 and
H3 protons of the aromatic rings were observed

P £ S

(@)
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in the range from 7.20 to 8.17 ppm.

The IR spectra of the new phosphazene
derivatives displayed characteristic bands
between 1200 and 1198cm™ and between
1174 and 1169cm™. These vibration bands
were attributed to the stretching frequencies
(asymmetric and symmetric) of the P-N bonds
in the phosphazene rings. At the same time the
substitute ethyl p-hydroxybenzoate groups
have characteristic IR absorbance peaks in the
range from 1709 to 1716cm™ due to the
stretching of the C=0 bonds.

X-ray structures of compounds 2 and 5

The molecular structures of 2 and 5, with the
atom numbering schemes, are shown in Figure
4. The crystallographic data are given in Table
S3, and the selected bond lengths and angles
are listed in Table S4 for compounds 2 and 5.
The crystallographic analyses reveal that
compounds 2 and 5 are very similar. Compound
2 crystallizes in the space group P2:/c, while
compound 5 crystallizes in the space group Pn.

(b)

Figure 4. The molecular structures of 2 (a) and 5 (b) showing the atom numbering schemes.

In compound 2, the phosphazene ring is in a
flattened-boat conformation [¢@ = -—-62.7(3)°
and 6 = 60.2(3)°] having a total puckering
amplitude QT of 0.180(1) A. In compound 5,
the values of the ring puckering parameters are
¢ = 191 (2) to 196 (3)°, 8 = 78.3 (3) to 80.0
(3)° and QT = 0.121 to 0.114 (5) &, indicating
that each phosphazene ring has a chair
conformation. The P1/01/C12-C14/N4 ring was

in a chair conformation [¢ = 36.5(1)° and 6 =
89.6(1)°] having a total puckering amplitude
QT of 0.659(2) A in 2, while in 5, the values of
the ring puckering parameters were ¢ = 191(2)
to 196(3)°, 8 = 78.3(3) to 80.0(3)° and QT =
0.121(4) to 0.114(5) A. In the phosphazene
rings, the P-N bond lengths were in the range
of 1.561(3) to 1.612(3) A [average value is
1.582(3) A] (Table S4).
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Figure 5. The C-H---Cl hydrogen bonds and C-H:--n interactions in the compound 2 (a); 5b. an
infinite 1D supramolecular network in the compound 5 (b).

As shown in Figure 5, the C-H-:-Cl hydrogen
bonds produced a centrosymmetric R,?(14) ring
in 2 (a), while the intermolecular C-H:--O
hydrogen bonds produced a 1D supramolecular
network running parallel to the [101] direction
in 5 (b). Compounds 2 and 5 also contain C-

SX T TN A A
A “T:E'“’f Afxfj}T/‘ :
> A '
(b)

H---n (Table 2) and n---n interactions. Each
n---n contact between the ferrocenyl rings may
stabilize the structure, with a center to center
distance of 3.287(2) A in 2 and 3.303(6) and
3.308(6) A in 5.

Table 2. The hydrogen bonds and C-H---n interactions parameters for compounds 2 and 5 (4, ©)

D-H- - -A D-H H---A D--:A D-H--:A
Compound 2

C13-H13A---CI3 0.99 2.77 3.649 (4) 148
C14-H14A---Cg(2)' 0.99 2.87 3.624 134
Compound 5

C29—H29---N1 0.93 2.59 3.228 (11) 126
C50—H50B:--019 0.96 2.52 3.39 (2) 151
C72—H72A---06' 0.97 2.56 3.497 (19) 162
C79—H79--:N5 0.93 2.58 3.221 (12) 126
C84—H84::-N6 0.93 2.61 3.163 (11) 119
C13-H13A---Cg(1)' 0.97 2.92 3.661 (13) 134
C62-H62B---Cg(2)" 0.97 2.93 3.710 (13) 138

Symmetry codes:

(i) —x+1, -y, —z+1; Cg(2)=C6-C10 for 2; (i) x—1/2, -y, z+1/2; (ii) x—-1/2,

1-y, z+1/2; Cg(1)=C33-C38; Cg(2)=C83-C88 for 5.

CONCLUSIONS

The Cl replacement reactions of
monoferrocenylphosphazene 1, which has four
P-CI bonds with ethyl benzoate, resulted in the
formation of new cyclotriphosphazene
derivatives: [mono- 2, di- [geminal (3a);
nongeminal (trans®-3b, trans®-3c and cis-
3d)], tri- 4 and tetra- 5]. The structures of
these new compounds were characterized using
elemental analyses, FTIR and NMR (!H-, *3C-

and 3P-) techniques. The peaks observed in
the 3P-NMR spectrum were evaluated by
comparison with the results obtained in
previous studies. The presence of geminal
(3a), non-geminal (trans®-3b, trans®-3c and
cis-3d) compounds was detected in the
reaction mixtures. Furthermore, the molecular
geometries of 2 (monosubstituted
ferrocenylphosphazene) and 5 (tetrasubstituted
ferrocenylphosphazene) were determined from
the X-ray crystallography data.
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