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ABSTRACT: Octachlorocyclotetraphosphazene (1) was reacted with butylamines [n-butyl,
i-butyl, sec-butyl, and t-butyl] in a 1:0.8 mol ratio in THF to obtain cyclotetraphosphazenes
bearing a P-NH group, N4P4Cl7(NHR) [R = n-butyl (2a), i-butyl (2b), sec-butyl (2c), t-butyl
(2d)](2a−d). The cyclotetraphosphazene derivatives 2a, 2b, and 2c were treated with
sodium hydride giving rise to a new type of cyclophosphazene compounds (P8N8 ring)
consisting of three fused tetramer rings (3a−c). Whereas reaction of sodium hydride with the
t-butylaminocyclophosphazene derivative (2d) gave a P−O−P bridged compound (4)
presumably as a result of hydrolysis reaction associated with moisture in the solvent. It is
likely that the 16-membered cyclooctaphosphazene derivatives (3a−c) are formed by a proton abstraction/chloride ion
elimination, intramolecular nucleophilic attack, ring opening and intermolecular condensation processes, respectively.

■ INTRODUCTION

Heterocyclic cyclophosphazenes have numerous applica-
tions,1−11 such as biomedical materials,1 flame retardants,2

liquid crystals,3,4 lubricants,5 electrical conductors,6 recharge-
able batteries,7 and coordination chemistry.8,9 This in turn has
stimulated the development of, and interest in, new
heterocyclic cyclophosphazene structural types by both the
academic and industrial communities.12−18 The rigid stereo-
chemistry at the phosphorus centers is one of the most
important features of these compounds. Also, the different
functionalities at the phosphorus centers make these hetero-
cyclic compounds fascinating with respect to both structural
and electronic properties.
Hexachlorocyclotriphosphazene (N3P3Cl6) is the most

popular compound in the cyclophosphazene series, and its
reactions have been studied in great detail.1−8,10−18 There are
far fewer studies of the reactions of the corresponding
octachlorocyclotetraphosphazene (N4P4Cl8).

9,19−23 The reac-
tions of N4P4C18 are more complex due to the greater number
of possible products, and the resulting products have a wider
range of structural possibilities due to skeletal flexibility of the
eight-membered ring.21−23

Recently, we have developed a new synthetic route for the
preparation of heterocyclic structures having a P−N backbone
including bis-cyclophosphazenes bridged with a four-membered
cyclophosphazane ring in a spiro arrangement and an eight-
membered cyclophosphazene ring in an ansa arrangement as
well as asymmetrically bridged cyclophosphazenes by deproto-
nation reactions of amino cyclotriphosphazene derivatives.24−26

Furthermore, deprotonation of a cyclotriphosphazene with a
bulky group such as t-butylamino in the side chain results in the
formation of a nearly planar cyclohexaphosphazene derivative
by a ring expansion during the reaction.26

The interesting structures obtained by deprotonation
reactions of cyclotriphosphazene derivatives containing a P−
NH group in the side chain prompted us to investigate this
reaction with analogous cyclotetraphosphazene derivatives.
Therefore, we studied the deprotonation reactions of mono
amino cyclotetraphosphazene derivatives (2a−d) (Scheme 1)

and compared the results to previous work.26 Deprotonation
reactions of n-butyl−, i-butyl− and sec-butylaminocyclotetra-
phosphazenes (2a−c) lead to the first formation of the new
fused ring cyclooctaphosphazene (3a−c) as shown in Scheme
2. However, the t-butylaminocyclotetraphosphazene derivative
(2d) hydrolyzed during the deprotonation reaction leads to an
oxo bridged dimer (Scheme 3).
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Scheme 1. Synthesis of Compounds 2a−d
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■ EXPERIMENTAL SECTION
Materials. Octachlorocyclotetraphosphazene (Otsuka

Chemical Co., Ltd.) was purified by fractional crystallization
from n-hexane. Dichloromethane (Merck), triethylamine
(Merck), n-hexane (Merck), n-butylamine (Merck), i-butyl-
amine (Merck), sec-butylamine (Aldrich), t-butylamine
(Merck), 1,8,9-antracenetriol (A. Aesar), and 2,5-dihydrox-
ybenzoic acid (Merck) were used as received. THF (Merck)
was distilled over Na−K alloy in an argon atmosphere. Sodium
hydride was dispersed 60% in mineral oil (Merck), and prior to
use, the oil was removed by washing with dry n-hexane
followed by decantation. CDCl3 for NMR spectroscopy was
also obtained from Merck. Analytical Thin Layer Chromatog-
raphy (TLC) was performed on Merck silica gel plates (Merck,
Kieselgel 60, 0.25 mm thickness) with F254 indicator. Column
chromatography was performed on silica gel (Merck, Kieselgel
60, 230−400 mesh; for 3 g of crude mixture, 100 g of silica gel
was used).
Methods. Elemental analyses were obtained using Ele-

mentarVario MICRO Cube. Mass spectra were recorded on a
Bruker MicrOTOF LC/MS spectrometer using electro spray
ionization (ESI) method for compounds 2c, 2d, and 4; 35Cl
values were used for calculated masses. It was observed that
these molecules had seven chlorine atoms. Mass analyses were
recorded on a Bruker MALDI−TOF (Matrix-Assisted Laser
Desorption/Ionization-Time-Of-Flight) spectrometer using
2,5-dihydroxybenzoic acid as a matrix for compounds 2a, 2b,
3a, 3b and 1,8,9-antracenetriol as the matrix for compound 3c.
1H and 31P NMR spectra were recorded in CDCl3 solutions on
a Varian INOVA 500 MHz spectrometer using TMS as an
internal reference for 1H and 85% H3PO4 as an external
reference for 31P. The free trial version of the gNMR 4.1
spectral simulation program (from Adept Scientific) was used
for calculation of all coupling constants.

X-ray Crystallography. Intensity data were recorded on a
Bruker APEX II QUAZAR diffractometer. Absorption
correction by multiscan was been applied,27 and space groups
were determined using XPREP implemented in APEX2.28

Structures were determined using the direct methods procedure
in SHELXS-97 and refined by full-matrix least-squares on F2
using SHELXL-97.29 All non-hydrogen atoms were refined with
anisotropic displacement factors, and C−H hydrogen atoms
were placed in calculated positions and allowed to ride on the
parent atom. The final geometrical calculations and the
molecular drawings were carried out with PLATON,30

MERCURY,31 and DIAMOND (Version 3.1)32 programs.
Structure determinations have been deposited with the
Cambridge Crystallographic Data Centre with references
CCDC 973128, 973129, and 1025485 for structures 3b, 3c,
and 4 respectively.

Syntheses of 2-Amino-2,4,4,6,6,8,8-heptachloro-
cyclotetraphosphazenes (2a−d). Octachlorocyclotetra-
phosphazene, (1) (2.000 g, 4.31 mmol) and triethylamine
(0.349 g, 3.45 mmol) were dissolved in 300 mL of dry THF in
a 500 mL three-necked round-bottomed flask. The reaction
mixture was cooled in an ice-bath and the appropriate amine
(n-butylamine/i-butylamine/sec-butylamine/t-butylamine)
(0.252 g, 3.45 mmol) in 10 mL of dry THF was dropped into a
stirred solution under an argon atmosphere. The reaction was
stirred for an additional 4 h at room temperature and followed
by TLC on silica gel plates using n-hexane−dichloromethane
(5:1) which showed one new product. The reaction mixture
was filtered; the solvent was removed under reduced pressure,
and the crude product was subjected to column chromatog-
raphy using n-hexane−dichloromethane as the eluent. The first
compound of the column was unreacted compound 1 and the
second was the 2-amino-2,4,4,6,6,8,8-heptachlorocyclotetra-
phosphazenes (2a−d) was isolated as an oil.

Scheme 2. Synthesis of Compounds 3a−c

Scheme 3. Synthesis of Compound 4
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2a: Yield: 1.29 g, 75%. Anal. Calcd for C4H10Cl7N5P4: C,
9.60; H, 2.02; N, 14.0%, M, 500.2. Found: C, 12.52; H, 2.15; N,
12.79%. MALDI-TOF-MS (m/z): [M + H]+, 501.7. 1H NMR
(CDCl3, 298 K); δ (ppm) 0.88 (t, 3H, −CH3,

3JH−H = 7.4 Hz),
1.33 (m, 2H, -CH2-CH3,

3JH−H = 7.5 Hz), 1.49 (q, 2H,
−CH2−,3JH−H = 7.2 Hz), 2.99 (m, 2H, −CH2-NH,

3JH−H = 6.7
Hz, 2JP−H = 13.3 Hz), 3.12 (br, 1H, NH). 31P NMR (CDCl3,
298 K) ; AM2X spin system, δ (ppm) −3.54 [PCl(NHR)],
−5.37 [2PCl2], −8.00 [PCl2], 2JPCl(NHR)PCl2 = 36.8 Hz, 2JPCl2PCl2
= 32.0 Hz.
2b: Yield: 1.21 g, 70%. Anal. Calcd for C4H10Cl7N5P4: C,

9.60; H, 2.02; N, 14.0%, M, 500.2. Found: C, 12.53; H, 2.54; N,
13.54%. MALDI-TOF-MS (m/z): [M + H]+, 501.0. 1H NMR
(CDCl3, 298 K); δ (ppm) 0.97 (d, 6H, −CH3,

3JH−H = 6.7 Hz),
1.82 (m, 1H, −CH−, 3JH−H = 6.7 Hz), 2.87 (q, 2H, −CH2−,
3JH−H = 6.8 Hz, 2JP−H = 12.6 Hz), 3.22 (br, 1H, NH).31P NMR
(CDCl3, 298 K); AM2X spin system, δ (ppm) −3.18
[PCl(NHR)], −5.45 [2PCl2], −7.97 [PCl2],

2JPCl(NHR)PCl2 =
37.2 Hz, 2JPCl2PCl2 = 31.9 Hz.
2c: Yield: 1.09 g, 63%. Anal. Calcd for C4H10Cl7N5P4: C,

9.60; H, 2.02; N, 14.0%, M, 500.2. Found: C, 11.90; H, 2.35; N
12.99%. ESI-MS (m/z): [M-2H]+, 497.9. 1 H NMR (CDCl3,
298 K); δ (ppm) 0.89 (t, 3H, −CH2−CH3,

3JH−H = 7.4 Hz),
1.16 (d, 3H, −CH-CH3,

3JH−H = 6.6 Hz), 1.46 (q, 2H, -CH2-,
3JH−H = 7.1 Hz), 2.96 (br, 1H, NH), 3.32 (m, 1H, -CH-). 31P
NMR (CDCl3, 298 K); A2A′B spin system, δ (ppm) −5.51 to
−6.22 [PCl(NHR) and 2PCl2 groups not distinguished], −8.15
[PCl2]. (The sec-butylamino group is a center of chirality and
so the two PCl2 groups are anisochrous.33,34)
2d: Yield: 0.74 g, 43%. Anal. Calcd for C4H10Cl7N5P4: C,

9.60; H, 2.02; N, 14.0%, M, 500.2. Found: C, 11.18; H, 2.12; N,
13.41%. ESI-MS (m/z): [M-2H]+, 497.9. 1 H NMR (CDCl3,
298 K); δ (ppm) 1.41 (d, 9H, −C-CH3,

4JH−H = 1.6 Hz), 3.24
(d, 1H, NH, 2JP−H = 9.9 Hz). 31P NMR (CDCl3, 298 K); A2MX
spin system, δ (ppm) −9.81 [PCl(NHR)], −8.56 [PCl2], −7.07
[2PCl2],

2JPCl(NHR)PCl2 = 37.0 Hz, 2JPCl2PCl2 = 32.5 Hz.
Syntheses of Compounds 3a−c. Compound (2a−c)

(1.00 g, 2 mmol) was dissolved in 1 mL of dry THF in a 50 mL
three-necked round-bottomed flask. The reaction mixture was
cooled in an ice-bath, and NaH (60% oil suspension, 0.08 g, 2
mmol) in 3 mL of dry THF was quickly added to a stirred
solution under an argon atmosphere. The reaction was stirred
for a further 2 h at room temperature and followed by TLC on
silica gel plates using n-hexane−dichloromethane (3:1), which
showed one new product. THF (10 mL) was added to the
reaction mixture slurry in order to filter, and the mixture was
stirred for a while. The reaction mixture was filtered; the
solvent was removed under reduced pressure, and the crude
product was subjected to column chromatography using n-
hexane−dichloromethane (3:1) as the eluent. The products
3a−c were isolated as white crystals from n-hexane−dichloro-
methane.
3a: Yield: 1.67 g, 90%, mp 198 °C. Anal. Calcd for

C8H18Cl12N10P8: C, 10.36; H, 1.96; N, 15.10%, M, 927.5.
Found: C, 10.87; H, 2.03; N, 14.95%. MALDI-TOF-MS (m/z):
[M]+, 927.3. 1 H NMR (CDCl3, 298 K); δ (ppm) 0.88 (t, 6H,
-CH3,

3JH−H = 7.4 Hz), 1.27 (m, 4H, CH3−CH2-,
3JH−H = 7.4

Hz), 1.81 (quintet, 4H, N−CH2−CH2-,
3JH−H = 8.0 Hz), 3.49

(m, 4H, N−CH2-).
31P NMR (CDCl3, 298 K); A2A2′B2B2′ spin

system, δ (ppm) −9.61[PCl2], −7.44[PNCl], 2JP(NCl)PCl2 = 14.2
Hz, 2JP(NCl)P(NCl) = 8.8 Hz
3b: Yield: 1.63 g, 88%, mp 225 °C. Anal. Calcd for

C8H18Cl12N10P8: C, 10.36; H, 1.96; N, 15.10%, M, 927.5.

Found: C, 10.66; H, 2.10; N, 14.50%. MALDI-TOF-MS (m/z):
[M + H]+, 928.3. 1H NMR (CDCl3, 298 K); δ (ppm) 0.96 (d,
12H, −CH3,

3JH−H = 6.8 Hz), 2.52 (m, 2H, −CH-,3JH−H = 6.9
Hz), 3.43 (m, 4H, −CH2−).31P NMR (CDCl3, 298 K);
A2A2′B2B2′ spin system δ (ppm) −8.07 [PCl2], −6.92 [PNCl],
2JP(NCl)PCl2 = 11.7 Hz, 2JP(NCl)P(NCl) = 7.7 Hz
3c: Yield: 1.39 g, 75%, mp 247 °C. Anal. Calcd for

C8H18Cl12N10P8: C, 10.36; H, 1.96; N, 15.10%, M, 927.5.
Found: C, 10.72; H, 2.02; N, 14.90%. MALDI-TOF-MS (m/z):
[M + H]+, 928.2. 1H NMR (CDCl3, 298 K); δ (ppm) 0.95 (t,
6H, −CH2−CH3,

3JH−H = 7.4 Hz), 1.23 (d, 6H, −CH-CH3-,
3JH−H = 7.1 Hz), 1.61, 1.94 (m, 4H, -CH2-), 3.97 (m, 2H, -CH-
). 31P NMR (CDCl3, 298 K); A2B2X2X2′ spin system, δ (ppm)
−3.02, −4.92 [PNCl], −13.29 [PCl2], 2JPNP values could not be
calculated accurately due to broad peaks.

Synthesis of Compound 4. Compound 2d (1.00 g, 2
mmol) was dissolved in 1 mL of dry THF in a 50 mL three-
necked round-bottomed flask. The reaction mixture was cooled
in an ice-bath and NaH (60% oil suspension, 0.08 g, 2 mmol)
in 3 mL of dry THF was quickly added to a stirred solution
under an argon atmosphere. The reaction was stirred for a
further 2h at room temperature and followed by TLC on silica
gel plates using n-hexane-dichloromethane (3:1). A new
product was not observed in the TLC analysis. THF (10
mL) was added to the reaction mixture slurry in order to filter
and the mixture was stirred for a while. The reaction mixture
was filtered; the solvent removed under reduced pressure and
TLC analysis was done for mixture again. A little new product
moving under of the starting compound on TLC was observed
at this time. The crude product was subjected to column
chromatography using n-hexane-dichloromethane (3:1) as the
eluent. The unreacted starting compound 2d was eluted from
the column followed by compound 4.
4: Yield: 0.19 g, 10%, mp 138 °C. Anal. Calcd for

C8H20Cl12N10OP8: C, 10.16; H, 2.13; N, 14.81%, M, 945.5.
Found: C, 10.93; H, 2.22; N, 14.50%. ESI-MS (m/z): [M −
2H]+, 942.9.

1H NMR (CDCl3, 298 K); δ (ppm) 1.41 (s, 18H, -CH3),
3.23 (br, 2H, NH). 31P NMR (CDCl3, 298 K); A2A′2BB′XX′
spin system, δ (ppm) −6.95 to −7.82 [PNCl] and [2PCl2],
−21.22 [PNO]. 2JPNP values could not be calculated accurately
due to broad peaks.

■ RESULT AND DISCUSSION

Synthesis and Characterization of the Reaction
Products by 1H and 31P NMR Spectroscopy. The reaction
mixtures were investigated by TLC and proton-decoupled 31P
NMR spectroscopy, and the structures of the isolated products
were determined by elemental analysis, MS, and 1H and 31P
NMR spectroscopy. All the analytical information is provided in
the synthesis section for each new compound.
The mono amino cyclotetraphosphazene derivatives

[N4P4Cl7(NHR); R = n-butyl, i-butyl, sec-butyl, and t-butyl
(2a−d)] were prepared from the reaction of octachloro-
cyclotetraphosphazene (tetramer) with butyl amines in the
presence of triethylamine at 1:0.8 mol ratio in THF at room
temperature for 4 h. The compounds 2a-d, having mono butyl-
amino group in the side chain, were reacted directly with
sodium hydride in a 1:1 mol ratio in THF at room temperature
for 2h under an argon atmosphere. The deprotonation reaction
of compounds 2a, 2b, and 2c resulted in the formation of a new
class of tricyclic compounds (3a−c) having a 16-membered
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cyclooctaphosphazene (P8N8) ring fused ring assembly bridged
by two aminoalkyl groups (Scheme 2). The new compounds
are formed in high yields, are stable, and do not react with
added gaseous HCl. Compound 2d underwent hydrolysis to a
give an oxo bridged dimer rather than the fused ring assembly
reaction under the deprotonation conditions.

The proton-decoupled 31P NMR spectra of the compounds
2a, 2b, and 2d exhibit AM2X (A2MX) type spin systems due to
three different phosphorus environments within the molecule
as expected. Doublets of doublets for two equivalent PCl2
groups at ca. −5.37 ppm (for 2a), −5.45 ppm (for 2b), −7.07
ppm (for 2d) and triplets for another PCl2 group at ca. −8.00

Figure 1. (a) Proton-decoupled 31P NMR spectrum of compound 3b (b) 1H NMR spectrum of compound 3b.

Table 1. X-ray Crystallographic Data and Refinement Parameters for Compounds 3b, 3c, and 4

compound 3b 3c 4

empirical formula C8H18Cl12N10P8 C8H18Cl12N10P8 C8H20Cl12N10OP8
fw 927.48 927.48 945.50
temp (K) 150(2) 150(2) 120(2)
cryst syst triclinic monoclinic monoclinic
space group P1 P21/n P21/c
a (Å) 8.4525(9) 10.0452(4) 23.3284(10)
b (Å) 10.6253(11) 11.8944(5) 8.6540(4)
c (Å) 11.0201(12) 13.9454(6) 19.2089(9)
α (deg) 109.534(5)°
β (deg) 108.377(5)° 96.701(2)° 114.088(2)°
γ (deg) 105.271(5)°
vol (Å3) 806.43(15) 1654.84(12) 3540.3(3)
Z 1 2 4
density (calcd, mg/m3) 1.910 1.861 1.774
absorption coefficient (mm−1) 1.453 1.416 1.327
F(000) 460 920 1880
cryst size (mm3) 0.09 × 0.26 × 0.28 0.08 × 0.24 × 0.26 0.09 × 0.15 × 0.20
θmax (deg) 25.03 24.99 28.36
reflns collected 11 304 23 186 61 281
independent reflns 2833 2914 8841
Rint(merging R value) 0.0330 0.0296 0.0464
data/restraints/params 2833/0/174 2914/4/192 8841/8/365
R (F2\>2σF2) 0.0201 0.0222 0.0442
wR (all data) 0.0556 0.0582 0.1067
goodness-of-fit on F2 1.096 1.051 1.027
Δρ max/min (eÅ−3) 0.332/−0.349 0.389/−0.271 1.244 /−1.024
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ppm (for 2a), −7.97 ppm (for 2b), −8.56 ppm (for 2d) and
PCl(NHR) group at ca. −3.54 ppm (for 2a), −3.18 ppm (for
2b), −9.81 ppm (for 2d) are observed. The proton coupled
signals of PCl(NHR) groups are observed as multiplets,
whereas the signals of the PCl2 groups remain unchanged.
The proton-decoupled 31P NMR spectrum of 2c has an A2A′B
spin system. The signals of two PCl2 groups and PCl(NHR)
group are observed between −5.51 and −6.22 ppm as
multiplets and the signals at ca. −8.15 ppm belong to the
other PCl2 group.
The proton-decoupled 31P NMR spectra of compounds 3a

and 3b consist of two multiplets corresponding to four PNCl
group and four PCl2 group (A2A2′B2B2′ spin system), whereas
those for 3c, which contains a chiral center in each alkyl chain,
consists of three sets of multiplets (A2B2X2X2′ spin system)
corresponding to meso and racemic diastereoisomers. The
proton-decoupled 31P NMR spectrum of compound 3b is given
as an example in Figure 1a. The proton-decoupled 31P NMR
spectrum of compound 4 exhibits a complex A2A′2BB′XX′ type
of spin system. The MS data indicates that compound 4 is a
dicyclotetraphosphazene derivative having 12 Cl atoms (from
the number of Cl isotope peaks and the relative intensity of
each peak) and the 31P NMR spectra indicate that they are
symmetrical. The P−O−P bridged cyclophosphazene structure
was confirmed by X-ray crystallography.
The -NH- protons appeared between 2.96 and 3.24 ppm in

the 1H NMR spectra of compounds 2a-d. In general, the 1H
NMR spectra of compounds 3a−c are similar to compounds
2a-c, with the exception of the absence of the -NH- protons are
as expected for 3a-c, the CH3 protons were observed between
0.88 and 0.96 ppm and the protons which are adjacent to
nitrogen atoms are observed between 3.43 and 3.97 ppm.
Although the 31P NMR spectra are clean, there is 1H NMR
evidence of low level impurities in 2a−d. These are most like
due to residual solvent in the oily products. This is also
reflected in the elemental analyses. The 1H NMR spectrum of
3b is shown as an example in Figure 1b. The 1H NMR
spectrum of compound 4 is very similar to compound 2d. The
CH3 protons were observed at 1.41 ppm and the NH proton at
3.23 ppm.
Characterization of Compounds by X-ray Crystallog-

raphy. The molecular structures of compounds 3b, 3c, and 4
were established by X-ray structure analysis. The appropriate
crystallographic data, selected bond and conformational
parameters are summarized in Table 1 and Tables S1−S3,

respectively. The molecular structure of compound 3a was also
confirmed by X-ray analysis, but the crystal structure could not
be fully elucidated due to crystallographic problems which were
probably due to poor crystal quality.
Compound 3b has a triclinic system, space group P1, and

compound 3c has a monoclinic system, space group P21/n, with
molecules in both structures sitting on inversion centers
(Figure 2). The molecular structures show that both
compounds 3b and 3c (Figure 2) contain a 16-membered
cyclooctaphosphazene ring (P8N8) bridged by two P−N−P
moieties to form a novel type of tricyclic compound containing
three fused 8-membered rings. The cyclooctaphosphazene rings
of both molecules have four equivalent stereogenic centers
[P1(R), P4(S), P1#(S) and P4#(R)], but the molecules are
meso due to the center of inversion. The P−N bond lengths of
the cyclooctaphosphazene are in the range of 1.554(2)−
1.582(2)Å, which are similar to those observed for previous
cyclooctaphosphazene derivatives (Table S1) and indicate
equivalent electron distribution in the cyclooctaphosphazene
ring.35−38 On the other hand, the P−N bond lengths of the
bridges are in the range of 1.682(2)−1.687(1) Å (Table S1),
indicating the single bond character of P−N−P bridges.
In these structures, the 16-membered cyclooctaphosphazene

rings have similar chair conformations, as shown for compound
3b in Figure S1. The phosphorus atoms are almost coplanar in
each 8-membered internal and terminal rings and the nitrogen
atoms are displaced alternatively above (+) and below (−) the
main plane of the phosphorus atoms. The deviation of each
nitrogen atom is given in Table S2. Based on the main plane of
the phosphorus atoms, two 8-membered terminal rings are
completely parallel, owing to inversion symmetry of the
structures, and the internal 8-membered ring is located at an
angle of 63.46° to these terminal rings for 3b and 63.77° for 3c
(Figure S1). The chair conformation is consolidated by
narrowing of the N−P−N angles of the phosphorus atoms
bounded to the bridgehead nitrogen atoms, P1 and P4; the
average N−P−N angle is 114.80 (±0.49)° for these
phosphorus atoms, whereas the average of the other three is
121.14 (±0.63)° (Table S1). Similarly, the P−N−P bond
angles of the cyclooctaphosphazene ring vary from 127.6(1)° to
139.4(1)° reflecting relief of the strain in the structure. The P−
N−P bond angle belonging to the bridging nitrogen (N1) atom
is 115.0(8)° in 3b and 114.7(9)° in 3c, and the sum of the
bond angles around these nitrogen (N1) atoms is 354.25° for

Figure 2. Crystal structures of 3b and 3c with the atom-numbering scheme. Displacement ellipsoids are drawn at the 50% probability level at 150 K.
The hydrogen atoms have been omitted for clarity. In compound 3c, the alkyl groups have two orientations which are labeled as A and B, C1A has R
chirality, and C1B has S chirality [symmetry code (#) is −x, −y + 1, −z + 1 for 3b and −x + 2, −y + 1, −z + 1 for 3c].
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3b and 359.06° for 3c, indicating their trigonal planar
geometry.
The molecular structure of compound 4 (Figure 3)

confirmed that it is the unexpected P−O−P bridged

compound, which has been synthesized for the first time in
the cyclotetraphosphazene system. One cyclotetraphosphazene
ring has a slightly twisted boat conformation, while the other
one has a flattened chair conformation. Two cyclotetraphos-
phazene rings are bridged via an oxygen atom from phosphorus
atoms adjacent to the P(NHR) groups. The P−O−P bond
angle [135.06(13)°] and the average P−O bond length
[1.594(±0.003)Å] are similar to values for P−O−P bridged
cyclotriphosphazene derivatives in the literature (Table S3).25

Compound 4 has four stereogenic centers as two pairs of two
different centers of chirality but the molecules are meso [first
equivalent centers P1(R), P5(S) and second equivalent centers
P2(R), P6(S)]. The crystal has a centrosymmetric space gruup,
P21/c.
It is likely that the P−O−P bridged compound 4 is

hydrolysis product resulting from trace amounts of moisture
in the solvent (tetrahydrofuran), and a proposed reaction
mechanism is given in the next section.
Formation of the Cyclooctaphosphazenes. On the

basis of our previous studies on deprotonation reactions of
cyclotriphosphazenes,24−26 the formation of three possible
isomers (spiro bridged; 2,4-ansa bridged; 2,6-ansa bridged) are
also expected for the tetrameric analogues (Scheme S1). On the
other hand, it has been demonstrated previously that the
deprotonation of secondary amine derivatives of cyclo-
tetraphosphazenes leads to intramolecular displacement of a
chloride and formation of 2,6 bridged bicyclic compounds.39−46

In this case, deprotonation reaction of cyclotetraphosphazenes
containing exosecondary amino group such as 2a−d can follow
inter or intramolecular reaction pathways so the question
remains how did compounds 3a−c occur?
Intramolecular nucleophilic reactions of 2,6-diamino-sub-

stituted and 2,4,6,8-tetra-amino-substituted cyclotetraphospha-
zenes gave only the 2,6-bridged bicyclic phosphazenes.39−46

The 2,4-bridged bicyclic phosphazenes have not previously

been observed. However, compounds 2a−d having a secondary
amine group can give either a 2,4-bridged or the 2,6-bridged
compound in an intramolecular deprotonation reaction
(Scheme 4).

A proton abstraction/chloride ion elimination process is
reasonable in the first step followed by the 2,4-bridge formation
via an intramolecular reaction. This gives highly strained four-
membered monophosphazenes followed by formation the P8N8
rings, which are stabilized by the two N−P−N bridged by an
intermolecular reaction in the second step (Scheme 5).
Alternatively, the intermolecular reaction of the 2,4 bridged
species may be concerted but will still be driven by the charge
distribution shown in Scheme 5. In any case, it is difficult to
envision any process by which a 2,6 bridged intermediate could
lead to the fused ring structures of 3 since there are no 2,6
linkages observed.
Another possibility would be the direct reaction of the

deprotonated species with the starting material; however, the
product of this process would have a structure which is different
from the observed structure of 3 (Scheme 6 and Scheme S1).
According to the literature, bicyclic phosphazenes (Scheme

4) are not formed when the exosecondary amino group is α-
branced (e.g., R = Pri, Ph).41 In this study, the deprotonation
reaction of n-butyl, i-butyl, sec-butyl derivative of the cyclo-
tetraphosphazenes 2a−c led to formation of cyclooctaphos-
phazenes (3a−c) by a mechanism proceeding through an
intermediate bicyclic phosphazene. The deprotonation reaction
of t-butyl derivative of cyclotetraphosphazene (2d) did not give
the fused ring cyclooctaphosphazene compound presumably
because of steric effects of the t-butyl group. The reaction
medium is very basic and the P−O−P bridged compound (4)
was obtained as a result of a hydrolysis reaction associated with
advantageous moisture in the solvent tetrahydrofuran. Com-
pound 4 is the first examples of P−O−P bridged cyclo-
tetraphosphazene. The proposed hydrolysis reaction mecha-
nism (SN2) for the formation of P−O−P bridged compound
(4) is shown in Scheme 7. However, the hydrolysis reactions of
similar derivatives of cyclotriphosphazenes take place by a SN1
mechanism.25

Furthermore, when sodium hydride was added to a 1:1 mol
ratio mixture of mono i-butylamino derivative of cyclo-
triphosphazene with a mono substituted i-butylamino derivative
of cyclotetraphosphazene (2b), the exclusive formation of the
spiro bridged bis cyclotriphosphazene and compound 3b was
observed. The 31P NMR spectrum (Figure S2), and TLC
investigations did not show evidence for any additional
products. This result indicates that the reaction is very selective
for mono amino cyclotri- and tetraphosphazene derivatives and
strongly suggests an intramolecular process in the fused ring
formation.

Figure 3. Crystal structure of 4 with the atom-numbering scheme.
Displacement ellipsoids are drawn at the 30% probability level at 150
K. The methyl groups of the one t-butyl have two orientations which
are labeled as A and B. The hydrogen atoms have been omitted for
clarity.

Scheme 4. 2,4 and 2,6-Bridged Bicyclophosphazenes
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■ CONCLUSION

The new fused ring cyclooctaphosphazene compounds are

formed in high yield (90% for 3a, 88% for 3b, and 75% for 3c)

and they are very stable (mp: 198 °C for 3a, 225 °C for 3b, and

247 °C for 3c). They have four PCl2 groups at the corners of a
planar rectangle and four PCl groups at the middle, which make
them potential precursors for preparation of macromolecular
and supramolecular systems with different structural and
mechanical properties. Deprotonation reactions bring a new

Scheme 5. Proposed Mechanism for Formation of Compounds 3a−c

Scheme 6. Alternative Pathway

Scheme 7. Proposed Reaction Mechanism for Formation of P−O−P Bridged Compound 4
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perspective to the chemistry of cyclophosphazenes, which are
important heterocyclic inorganic ring systems, and the
syntheses of new stable bridged cyclophosphazene compounds
have been achieved. It has been demonstrated that higher
heterocyclic systems can be synthesized via deprotonation
reactions depending on the size of the cyclophosphazene ring
precursor, and these results open up a general synthetic route
for new heterocyclic structures.
Furthermore, these new type of cyclooctaphosphazenes (3a−

c) have 12 available reactive phosphorus-chlorine bonds
allowing for a wide spectrum of available reactions. This
property is being investigated by reactions with various di- and
monofunctional reagents in order to explore the possibility that
the new compounds can be used as precursors in the synthesis
of macromolecular and supramolecular systems. This work
along with the recently characterized large ring traditional
chlorophosphazenes47 indicates that significant advances in the
chemistry of macrocylic phosphazenes may be expected.
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(25) Besļi, S.; Coles, S. J.; Davies, D. B.; Kılıc,̧ A.; Shaw, R. A. Dalton
Trans. 2011, 40, 5307−5315.
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