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ABSTRACT

The reactions of octachlorocyclotetraphosphazatetraene, N,P,Cl; (1) with difunctional aliphatic
reagent, HO-(CH,),-OH (3) have aroused a good deal of attention, and four types of products have
been realized: one 2-open chain-(1-oxy-5'-hidroxy-pentane)-2,4,4,6,6,8,8-heptachlorocylotetraphospha
zatetraene, N,P,Cl,[O(CH,),OH] (4); one 2,2-mono-spiro-(1',5'-pentanedioxy)-4,4,6,6,8,8-hexachlorocyclotet
raphosphazatetraene, N,P,CI.[O(CH,).O] (5); its isomers 2,4-mono-ansa-((',5'-pentanedioxy)-2,4,6,6,8,8-
hexachlorocyclotetraphosphazatetraene (6) and 2,6-mono-ansa-(1,5-pentanedioxy)-2,4,6,6,8,8-hexach
lorocyclotetraphosphazatetraene (7); one 2,2,6,6-dispiro-(1',5'-pentanedioxy)-4,4,8,8-tetrachlorocyclo-
tetraphosphazatetraene, N,P,Cl,[O(CH,).0], (8); two isomeric 2,4,6,8-bisansa-(1',5'-pentanedioxy)-2,4,6,
8-tetrachlorocyclotetraphosphazatetraene (9) and 2,6,4,8-bisansa-(1',5'-pentanedioxy)-2,4,6,8-tetrachloro-
cyclotetraphosphazatetraene (10); one 4,4,8,8-dispiro-2,6-ansa- (1',5'-pentanedioxy)-2,6-dichlorocyclotetra-
phosphazatetraene, N,P,Cl,[O(CH,).0l, (11), one 2,2,4,4,6,6-trispiro-(1',5'-pentanedioxy)-8,8-dichlorocyclo-
tetraphosphazatetraene, N,P,CL,[O(CH,);0l, (12); and a 2,2,4,4,6,6,88-tetraspiro-(7,
5'-pentanedioxy)-cyclotetraphosphazatetraene derivative, N,P,[O(CH,).0],, (13). The respective structures
were deduced by means of elemental analysis, mass spectrum, and 3'P, 'H, and "C nuclear magnetic
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resonance spectroscopic investigations.

GRAPHICAL ABSTRACT

Introduction

The reactions of six- and eight-membered cyclophosphozene
ring systems, N3P3Clg (2) and N4P4Clg (1), with difunctional
reagents have been of significant interest, particularly from the
perspective of observing regioisomerism in nucleophilic sub-
stitution reactions as well as the formation of spiro, ansa, and
bridged derivatives and their mixtures.!~3->-818,3%49

The octachlorocyclophosphazene (1) is more reactive than
hexachlorocyclophosphazene (2); the former can also, in prin-
ciple, give rise to a much larger number of products, and
hence structure determination is more difficult.!=>* In contrast
to the reactions of cyclophosphazenes (NPX;); (X = CI or
F) with monofunctional reagents, reactions with difunctional
reagents generally proceed pairwise and can lead to “spiro,

CONTACT Sedat Ture @ sedat.ture@bilecik.edu.tr @ Department of Chemistry, Faculty of Arts and Sciences, University of Bilecik, Gulumbe Campus, Bilecik, Turkey

© 2016 Taylor & Francis Group, LLC


http://dx.doi.org/10.1080/10426507.2015.1054483
mailto:sedat.ture@bilecik.edu.tr

130 S.TURE

“ansa,” or “intermolecular” condensation products in which
the phosphazene ring is retained.!?- 18444608 Since the rela-
tively larger ring flexibility coupled with the larger number of
replaceable chlorines makes the reaction of octachlorocyclote-
traphosphazene, NyP,Clg (1), more complex than that of hex-
achlorocyclotriphosphazene, N3P;5Clg (2), the treatment of the
former with difunctional reagents can lead to a more diverse
range of products.!?>4+46%53.54 For example, the reactions of
tert-butylamine with (2) actually gives geminal 2,2-N;P3;(NH-
t-Bu),Cly at the bis stage of substitution,” while the analogous
reaction with (1) gives the non-geminal 2,4- and 2,6-N4P,(NH-
t-Bu),Cls,*™!° and hence it may be expected that the formation
of an “ansa” product would be more favored in the reactions of
difunctional reagents with (1) than with (2). Due to the reactiv-
ity of octachloride (1), it can also be nodded that different type
of spiro-ansa, cross-linked products (1,5-ansa, cis-, and trans-
bis-ansa) and tetrakis-ansa derivatives are also possible at this
stage of substitution,!5-40-52:54
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Figure 1. Structures of compounds.

The reactions of octachlorocyclotetraphosphazene (1) with
1,3-propane- and 1,4-butane-diols* gave only spiro derivatives
(mono, bis, tris, and tetrakis).> The reactions of octafluorocy-
clotetraphosphazenes, N4P4Fg with the silyl derivative of 2,2,3,3
tetrafluorobutane-1,4-diol gave both mono-spiro and singly
bridged products.*

However, reactions of octafluorocylotetraphosphazene
(N,P,Fg) with tetrafluorobutane-1,4-,*! with octafluorohexane-
1,6-diols,*® and with the present studies in different molar
ratios gave mixtures of regioisomers comprising compounds
with spiro and/or ansa moieties, viz. mono-spiro, mono-ansa,
bis-spiro, bis-ansa, tris- and tetrakis-spiro, dispiro-mono-ansa,
and mono-spiro-bis-ansa derivatives.

In this paper, the synthesis and structural characterization of
10 new ansa- and spiro-cyclic cyclotetraphosphazene derivatives
4-13 are reported (Figure 1). A detailed comparative analysis of
the >'P,'H, and '*C nuclear magnetic resonance (NMR) spectra
is also discussed.
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Figure 2. Replacement patterns of octachlorotetraphosphazene (1).

Results and discussion

From the reactions of N4P,Clg (1) with pentane-1,5-diol, four
types of products are formed: one 2-openchain-(1"-oxy-5'-
hidroxy-pentane)-2,4,4,6,6,8,8-heptachlorocylotetraphosphazat
etraene, N4P,Cl;[O(CH;)sOH], (4,0.23 g, 7.2%); three isomeric
N4P4Cls[(O(CH,)s0];  2,2-mono-spiro-(1’,5'-pentanedioxy)-
4,4,6,6,8,8-hexachlorocyclotetraphosphazatetraene, (5, 0.79 g,
23.2%), 2,4-mono-ansa-((1,5 -pentanedioxy)-2,4,6,6,8,8-
hexachlorocyclotetraphosphazatetraene, (6, 0.60 g, 18.3%)
and 2,6-mono-ansa-(1',5'-pentanedioxy)-2,4,6,6,8,8-
hexachlorocyclotetraphosphazatetraene, (7, 0.61 g, 19.7%);
three isomeric, N4P4Cl4[(OCH,)50],, 2,2,6,6-dispiro-(1",5-
pentanedioxy)-4,4,8,8-tetrachlorocyclotetraphosphazatetraene,
(8, 092 g 269%), 2,4,6,8-bisansa-(1’,5-pentanedioxy)-
2,4,6,8-tetrachlorocyclotetraphosphazatetraene, (9, 12 g,
35.2%) and  2,6,4,8-bisansa-(1',5'-pentanedioxy)-2,4,6,8-
tetrachlorocyclotetraphosphazatetraene, (10, 0.81 g, 23.3%);
two isomeric, N4P4Cl,[(OCH,)s0]3, 4,4,8,8-dispiro-2,6-ansa-
(1',5'-pentanedioxy)-2,6-dichlorocyclotetraphosphazatetraene,
(11,0.73 g,33.7%) and 2,2,4,4,6,6-trispiro-(1’,5 -pentanedioxy)-

8,8-dichlorocyclotetraphosphazatetraene, (12, 0.35 g,
16.2%); a  2,2,44,6,6,8,8-tetraspiro-(1',5 -pentanedioxy)-
cyclotetraphosphazatetraene derivative, N4P4[(OCH,)50ly,

(13, 0.26 g, 12.3%). In general, during the purification and
separation of the products, the proportional quantity of the
open chain, mono-ansa, and tris-spiro derivatives decreased.
This is attributed to the structural flexibility of N4P4Cls (1) and
the reactivity of P-Cl bonds (after substitution of one of the
chlorine atoms, the remaining P-Cl bonds become very reactive
and give multiple substituted products).***>-52 The percentage

Table 1. Selected 3'P NMR parameters of compounds 4-132.

yields of 4-13 in 1:1, 1:2, and 1:3 mole ratios are presented in
Table 5.

31p NMR studies

3P NMR spectra of tetramer derivatives (2) with four spins
are obviously more complicated than those of the trimer (1)
with only three spins. There is also a possibility that in addi-
tion to two-bond 2J(PP), four-bond coupling *J(PP) might
further complicate the spectra.!®>! We did not observe any
of the latter in our analysis; examples of this are, however,
known.>*28-29%b From the above group of compounds, A;MX
(A;BX), AAXX (AABB’), A; X, (A3B,), and Ay types of spec-
tra were observed. Replacement patterns of octachloride (2) are
presented in Figure 2. Selected *'P NMR data for compounds
4-13 may be found in Table 1.

The proton-decoupled *'P NMR spectra of compounds 4,
5, and 12 show an A,BX (A,;MX)-type spin system. In these
derivatives, two phosphorus nuclei would be magnetically
equivalent (=PCl, groups in the mono-spiro and open chain
and =Pspiro in the tris-derivatives), while the other two phos-
phorus nuclei are different, and different groups of triplets
were observed in the proton-decoupled *!P NMR spectrum of
compound 4. The proton-coupled spectrum showed that only
part of signals at low frequency collapsed as a triplet structure
associated with the =P(OR)CI group, whereas all other sig-
nals associated with the =PCl, groups remained unchanged.
The proton-decoupled 3'P NMR spectrum of this compound
showed that the two equivalent =PCl, groups were situated rel-
atively at high frequency, and the two overlapping *' P NMR sig-
nals at low frequency related to the remaining =PCl, group. The

Compound s QL2 8 P(OR),? 8 P(OR)CP? 2J(P(OR),-PCl,) 2J(PX,-PX,)°

] —6.5

@ —52()° —79 57.2 (X, = Cl,-(OR)CI
—77(1)°

5) 492 —6.0 584 287 (X, =Cl,)
—24(1)

(6)1,3-ansa -09 —6.4 39.6 (X, = Cl,-(OR)CI

(7)1,5-ansa —73 —24 54.1 (X, = Cl,-(OR)CI

8) -18 -75 60.2

9 -0.9

(10) —071

(1 5.1 —35 81.4 (X, = spiro-(OR)CI

(12) —05 59()° 552 90.8 (X, = spiro)

26 (2)°
(13) 78

3ln CDCl; (referenced to external 85% H3PQ,) at 161.83 MHz (room temperature), in ppm.

®In Hz.
Relative number of nuclei are in parentheses.
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Figure 3. 3'P NMR spectra of compound 7: (a) 3'P-TH spectrum, (b) *'P{'H} spectrum, in CDCl; at 161.83 MHz (room temperature), referenced to external 85% H,PO,.

phosphorus-proton-coupled spectra help to identify the
=Pspiro, =PCI2, and =P(OR)CI groups by leaving =PCI2
groups unchanged, while =Pspiro and = P(OR)CI groups
exhibited further splitting.

The proton-coupled 3'P NMR spectrum of compounds 5
and 12 allow unambiguous assignments to =Pspiro and =PCl,
moieties, indicating three different phosphorus environments
in compound 5, one of which corresponds to a substituted P
atom (1P, at —6.0 ppm); according to the proton coupled *'P
NMR spectrum, the other two signals at —4.94 ppm (2P) and
—2.4 ppm (1P) remained unchanged. In compound 12, two of
them correspond to two different =Pspiro groups (2P at 2.6 ppm
and 1P at 5.9 ppm), and the other unchanged signal at —05 asso-
ciated with the =PCl, group.

The proton-decoupled *'P NMR spectra of compounds 7, 8,
and 11 exhibit A, x, type. The spin-spin coupling constant is
readily obtained from the difference between the outer and mid-
dle transitions, and is equal in both multiplets for compound 11.
The 3'P NMR spectra of A, X, type, viz. that of compounds 7
and 11 are presented in Figures 3 and 4. The 3'P NMR spec-
tra of compound 6 exhibiting the AAXX’ (AABB’) spin system
comprises two basic multiplets, which are identical in appear-
ance and display mirror image symmetry with respect to their
frequency canters V, and Vx and as a result of spin-spin inter-
action among neighboring =P(OR)Cl and =PCl, nuclei, which
is the solid confirmation of the structure. The proton-coupled

31P NMR spectrum showed 10 lined signals for each basic mul-
tiplet. The =PCl, groups were associated with the (AA)) part of
spectrum and resonate at —0.95 ppm, while the (XX’) part col-
lapsed with further splitting at —6.41 ppm.

The A4-type spin systems are very simple, which give rise
to a single line transition. An A4 spin system arises when the
four phosphorus nuclei of the tetramer have identical or very
similar environments. Isomeric bis-ansa structures 9 and 10,
where the identical = P(OR)CI nuclei resonate at —0.71 and
—0.98 ppm, giving rise to single line transitions. The tetrakis-
spiro compound 13 displays an A4 spin system as well, resonat-
ing at 7.8 ppm. Comparison of selected >'P NMR parameters of
spiro and ansa derivatives of octachlorocyclotetraphosphazene
(1) with relative diols are presented in Tables 1 and 2.

"H NMR studies

The spiro (5) and ansa (6) derivatives basically would be
expected to have similar 'H NMR multiplets to the analogue
spiro or ansa derivatives of trimer (2).>*!~*3 The extra phos-
phorus nucleus would provide a chance for more isomers to be
formed at the stage of bis-spiro and ansa derivatives, which may
have different '"H NMR spectra depending on the position of the
second spiro group. In this system, the methylene protons occur
in three different chemical environments depending on where
they are situated: -, 8-, or y-.



Figure 4. 3'P{'H} NMR spectrum of compound 11in CDCl, at 161.83 MHz, (room tem-
perature), referenced to external 85% H,PO,,.

When comparing with derivatives of lower homologue,
N;P;Clg (2) with pentane-1,5-diol,** we did not observe much
change in the present series of compounds for the chemical
shifts of «-, B-, or y-methylene protons. As in the case of the
homologue N4P4Clg (1) with the bis(2-hydroxyethyl) ether, the
present series shows that the 3J(POCH,) values are higher for
the mono-spiro 5 (17.1 Hz) and mono-ansa 6 (15.4) deriva-
tives. The mono-spiro (5) and tetrakis-spiro (13) derivatives
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give rise to a simple proton NMR spectra, similar in appear-
ance to those described for the analogue trimer (2) deriva-
tives.*1=** In the bis-spiro derivative 7, the degree of complex-
ity depends on the second spiro group. If the second spiro
group is remote from the first spiro ring, then the spectrum is
relatively simple, and therefore in compound 7, the o-methylene
protons are magnetically equivalent. They would see chlorine
atoms on both sides, and give rise to a six-line multiplet from
coupling with the phosphorus nucleus and adjacent POCCH,
protons. On the other hand, the f-methylene protons (POCH,-
CH,-CH,) are also magnetically identical and give two quin-
tet spectra at 1.61 ppm due to coupling with two «-protons,
two y -protons, and with the phosphorus nucleus. In the case
of the y-methylene protons, a quintet structure is observed at
1.31 ppm. This signal does not exhibit any kind of coupling with
the phosphorus nucleus, since the protons are too far away from
the phosphorus nucleus, and therefore no further splitting is
expected.

As for derivatives of N4P,Clg, (1) with the bis(2-
hydroxyethyl) ether, the 'H NMR spectra of the mono-ansa
6, cis-1,3;5,7-ansa 9, and cis-1,5;3,7-ansa 10 compounds show
complex and unresolved spectra due to the non-equivalence
of «- and B-methylene protons. Discussions are as those of
the ansa derivatives of trimer (1).4'-*3 The bis-ansa derivatives
show somewhat more complicated 'H NMR spectrum than
mono-ansa derivatives. This is probably due to the virtual
coupling effects; the chemical shift between the non-equivalent
methylene groups of ansa rings is increased by replacing two
chlorine atoms by a second ansa ring. Chemical shift differences
and coupling constants are presented in Table 3.

3C NMR studies

The 1*C NMR spectra are similar to those in our earlier investi-
gations. With the help of these earlier investigations,* the inter-
pretation of the present derivatives has been made easier. In
general, for all pentane-1,5-diol derivatives, three carbon envi-
ronments were observed at 50.27 and 100.53 MHz, except for
the open chain 4 (where five different carbon environments
were observed), tris-piro 12, and the spiro-ansa 11 derivatives
depending on whether they are a-, 8-, or y - relative to oxygen
atoms. 1*C NMR spectra of open chain 4 and 1,3-mono-ansa 6
derivatives are presented in Figures 5 and 6.

As in the case of the proton NMR spectrum of spiro-ansa
derivative 11, the a- and S-carbon nuclei of the spiro ring may
show nonequivalence due to different chemical environments
(ansa moiety and chlorine atoms respectively) above and below
the plane of the ring. Thus, if sufficiently resolved, the spiro-ansa
compounds may show eight carbon environments; three from
the ansa group («-, 8-, and y -carbons) and five from spiro moi-
ety (two a-, two -, and one for y-nuclei).

We observed in our earlier studies, on the bis(2-
hydroxyethyl) ether with octochloride (1), that the chemical
shifts of «- and B-carbon nuclei were close together, as both are
adjacent to oxygen atoms. By contrast, for the pentane-1,5-diol
system, different chemical environments are well separated.

The investigations of chemical shifts § POC and POCC in the
tris-spiro derivative 12 are noteworthy as more deshielded POC
signals arise from the two spiro groups, which are flanked on
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Table 2. Comparison of selected 3'P NMR parameters of spiro and ansa derivatives of octachlorocyclotetraphosphazene (1) with relative diols.

31p Chemical shift (ppm) 2Jpyp (H2)
Compound 2 x PCl, (1) 1x PCl, (2) P(OR), 3) 12 13
Mono-spiro (AZBC spin system)
N,P,Cl4[O(CH,), 01 —43 —55 -105 299 590
N,P,Cl,[O(CH), 0 —41 ~57 —2.05 293 625
N,P,Cl4[O(CH,);01° —49 —6.0 287 584
—24
N,P,Cl4[O(CH,),0(CH,),01° —51 —66 -2 257 549
N,P,Cl¢ (OCH,CF,CF,CH,0)¢ -1.9 —52 —6.1 30.5 63.5
N4P4CI6[OCH2(CF2)4CH20]d —4.60 —6.29 —2.80 28.6 583
Cis-dispiro (AA’BB'spin system) PCl, (1) P(OR), 2) 1,2 2,2 11
N,P,Cl,[0(CH,);01,2 —47 —6.6 58.2 82.85
N,P,Cl,[0(CH ) 0J,° —26 14 607 8920
N,P,Cl,[O(CH ) 0(CH,),0,P —51 74 5637 7044
N,P,Cl¢(OCH, CF CF, CH ,0)¢ —1.6/-16 —2.0/-2.0 70.2 93.4 352
Trans-dispiro (AZB2 spin system) PCl, (1) P(OR), 2) 1.2 11
N,P,Cl,[0(CH,);0],2 -23 -9.6 57.9 36.5
N,P,Cl,[0(CH,),01,° -1.0 Accidental -1.0
isochrony

N4P4CI4[O(CH )501,° -1.8 -75 60.25
N,P,Cl,[0(CH,),0(CH,), O] —44 —94 49.1 34.6
N,P,Cl¢(OCH, CF CF, CH O) 15 —5.6 63.3
T ris-spi o (A, BX spln system) PCl, (1) 1x P(OR), () 2xP(OR), (3) 1,2 23 13
N4P4CI2[O(CH ;0152 72.6 —-21 —57 537 794
N,P,CL,[0(CH,),01,2 —0.2 55 22 542 86.1
N,P,Cl,IO(CH ) 01, —05 59 26 552 908
N, P CIZ(OCH CF CF CH O) 2.1 1.9 —14 85.2 62.6
Te tr kis-spiro (A spln system) P(OR),
N,P,[0(CH,),0l, 7.1
N,P,Cl4[O(CH,) O]4 78
N,P,[O(CH,),0(CH,) O]4 2.9

P4(OCH2CF2CF2CH 0),° 35
Mono-ansa (AA'BB’ spin system) PCl, (1) P(OR)CI (2) 12 2,2 11
N,P,Cl4[O(CH,)s o1b 13-ansa 0.9 —64 396
N,P,Cl [O(CH, ) ol° 1,5-ansa -73 —24 54.1
N,P,Cl¢[0(CH,),0(CH,), olP 1,3-ansa 4.60 -76 57.6
N4P4CI6[O(CH2)2 (CH, ) olP 1,5-ansa —2.77 -93 489
N,P,Cl¢(OCH,CF,CF, CH ,0)¢ 1,3-ansa -39 0.1 309 15.5 15.5
N4P4CI6[OCH2(CF2)4CHZO]d 1,5-ansa 039 -09 36.8
Bis-ansa (A4 spin system) P(OR)CI
N4P4C|6[O(CH2)SO] cis-1,3-5,7-bis ansa -0.9
N,P,Cl,[0(CH,),0(CH,) O]2 cis-1,3-5,7-bis ansa -15
N P CI ,[O(CH ) (CH ) O] cis-1,5-3,7 bis ansa —1.1
N P CI [OCH ( 4 CH O] cis-1,3-5,7-bis -22

ansa

Tetrakis-ansa (A, spin system) P(OR),
N4P4[OCH2(CF2)4CHZO]4d —12

9,40,54

(1) with relative diols’ , and the present work

aAt 80.98 and 161.83 MHz, 3'P NMR chemical shifts (ppm) in CDCl3 with respect to external 85% H3PO4.

bAt161.83 MHz (room temperature), 31p NMR chemical shifts (ppm) in CDCl3 with respect to external 85% H3POj,.

€At 202.38 MHz, 3'P NMR chemical shifts (ppm) in CDCl3 with respect to external 85% H3POy,

dAt202.38 MHz, 3'P NMR chemical shifts (ppm) in CDCl3 with respect to external 85% H3PO4; ZJpnp values are checked by spin simulation.

€At 202.38 MHz, 3'P NMR chemical shifts (ppm) in THF-dg.

one side by =PCl, moiety. Those of the same groups have more
shielded POCC nuclei as well.28® The tetrakis derivative exhibits
a quintet signal for POC nuclei due to virtual coupling with four
3P nuclei.

The three-bond coupling constants *J(PCC) are very much
larger than the two-bond couplings 2J(PC), and hence the
expected multiplicities can be readily seen in the former, but
only rarely in the latter. Most pronounced are the differences in
two- and three-bond coupling constants in compound 4, which
is significantly larger than in spiro and ansa compounds.

When comparing the results of the present study with earlier
one on lower homologue trimer (2) derivatives with pentane-
1,5-diol system,** coupling constants show much larger differ-
ences than chemical shifts. Two bond couplings 2J(POC) are
marginally lower in tetramer derivatives. The eight-membered
spiro and ansa rings are stable in each of the octachloride (1)
and hexachloride (1) but rather more stable in the lower homo-
logue trimer (2) toward the diols investigated. The *C NMR
chemical shifts and their coupling constants are presented in
Table 4.
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Table 3. Selected 'H NMR parameters of compounds 4-13?.

Compound 8 POCH,? 8 POCCH,® 8 POCCCH,® 3J(POCH,)¢
(4) 43 1.8 15 13.9
45 (-OH)
(5) 4.4 1.6 1.5 171
(6) 42 1.6 13 15.4
(7) 42 1.6 13 13.0
(8) 43 1.6 1.5 135
(9) 42 1.6 13 16.5
(10) 42 1.6 1.30 16.3
(11) spiro-part 43 1.6 14 15.1
ansa-part 42 1.6 13 13.6
(12) 43 1.6 1.5 Complex multiplets
(13) 44 17 1.5 Complex multiplets
3ln CDCl; (referenced to internal TMS), at 199.5 and 399.95 MHz (room temperature).
®In ppm.
‘In Hz.
Experimental spectrometer operating at 399.5 MHz (King’s College, London).
Samples were dissolved in CDCl; and placed in 5-mm NMR
Materials tubes. Measurements were carried out using CDCl; lock, TMS

Chemicals were obtained as follows: Reagent-grade solvents
were used throughout the work, THE, benzene, light petroleum
(b.p. 40-60°C), anhydrous diethyl ether and chloroform (May
and Baker Ltd., London), 1,4-dioxane (Fisons Scientific Appa-
ratus), deuteriated solvents for NMR spectroscopy, pentane-1,
5-diol (Aldrich Chem. Co. Ltd., Gillingham, England), pyri-
dine, dichloromethane (B.D.H. Chemical Co. Ltd. East York-
shire, England), octachlorocyclotetraphosphazatetraene (Shin
Nisso Kako Co. Ltd., Tokyo). Solvents were dried by conven-
tional methods.

Methods

All reactions were monitored by using Kieselgel 60° 254 (sil-
ica gel) pre-coated TLC plates and sprayed with Ninhydri-
dine (0.5% w/v) in butanol solution, and developed at approxi-
mately 130°C. Separation of products was carried out by column
chromatography using Kieselgel 60. Melting points were deter-
mined with a Reichart-Kofler micro heating stage and a Met-
tler FB 82 hot stage connected to an FP 800 central proces-
sor, both fitted using a polarizing microscope. 'H NMR spec-
tra were recorded using a JEOL FX-200 spectrometer operat-
ing at 199.5 MHz, a Bruker WH 250 spectrometer operating
at 250.48 MHz (King’s College, London), and a Varian XL-400
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Figure 5. 3C NMR spectrum of the open chain derivative 4 in CDCl; at room tem-
perature at 100.13 MHz.

as internal reference, and sample concentrations of 15-20 mg
cm’. *'P NMR spectra were recorded using a Varian XL-200
spectrometer operating at 80.96 MHz (King’s College, London)
and a Varian 400 spectrometer operating at 162.0 MHz (King’s
College, London); 85% H3;PO, was used as external reference.
13C NMR spectra were recorded using a JEOL FX-200 spectrom-
eter operating at 50.10 MHz and a Varian VXR 400 spectrometer
operating at 100.577 MHz (King’s College, London). TMS was
used as internal reference. The mass spectra were recorded using
a VG 7070H mass spectrometer with Finingan INCOS Data Sys-
tem at King’s College, London, and a VG 2AB IF mass spectrom-
eter at the School of Pharmacy. Microanalyses were carried out
by King’s College, London micro analytic service.

Reactions of octachlorocyclotetraphosphazatetraene with
pentane-1,5-diol

One equivalent of compound 2

Tetramer (2), (4 g, 8.7 mmol) and pentane-1,5-diol, (3), (0.90 g,
8.7 mmol) were placed in dichloromethane (150 mL) in a
300-mL three-necked round-bottom flask and the solution
was stirred at room temperature for approximately 1 h. The
reaction mixture was cooled in an ice-bath, and anhydrous
pyridine (1.39 g, 17.5 mmol) in dichloromethane (40 mL) was
added dropwise as a hydrogen chloride acceptor. The reaction
mixture was allowed to warm to room temperature and left for
a further 15-h stirring. The reaction resulted in the formation
of a precipitate. After 15 h, TLC showed the completion of
the reaction. On attaining room temperature, the pyridine
hydrochloride was removed by filtration and the filtrate was
concentrated to 15 cm®. Examination of the reaction mixture
showed essentially the formation of three major and one minor
products. The filtrate was concentrated to 8 mL and applied
to a column packed with silica gel (60 g) and eluted with
dichloromethane/benzene (3:1). Four products were separated
and recrystallized from benzene/diethylether (2:1) in the follow-
ing order: (i) 2,6-mono-ansa-(1’,5-pentanedioxy)-2,4,6,6,8,8-
hexachlorocyclotetraphosphazatetraene, N4P4Cls[O(CH,)s0]
(7), m.p. 168-171°C; vyield, 0.61 g, (19.7%); Found C, 12.15;
H, 1.98; N, 11.36%; M+, 492; CsH;00,N4P,Cls requires;
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Figure 6. >C NMR spectrum of mono-1,3-ansa derivative 4 in CDCl, at room temperature at 100.13 MHz.

C, 12.19; H, 2.03; N, 11.38%; M, 492. 'H NMR (CDCl;),
8 POCH,: 4.2, § POCCH,: 1.6, § POCCCH,: 1.3, *J(PH):
13.0 Hz. 3P NMR, (CDCl;), § PCl,: —7.3, § P(OR)CL: —2.4,
2J[PCL,-P(OR)CI]: 54.1 Hz. *C NMR (CDCl;), § POC:
67.9, § POCC: 27.3, § POCCC: 17.6, 2J(PC): 3.7 Hz, *J(PC):
7.5 Hz. (ii) 2-mono-spiro-(1’,5-pentanedioxy)-4,4,6,6,8,8-
hexachlorocyclotetraphosphazatetraene, N4P4Cls[O(CH,)sO]
(5), m.p. 190-191 °C; yield, 0.79 g (23.2%); Found C, 12.07; H,
2.01; N, 11.36%; M+, 492; C5H1002N4P4C16 requires; C, 12.19;
H, 2.03; N, 11.38%; M, 492. 'H NMR (CDCl3), § POCH,: 4.4,
8 POCCH,: 1.6, 8§ POCCCHo: 1.5, *J(PH): 17.1 Hz. *'P NMR,
(CDC13), 52 x PClzl —49, 1) 1XPC12: —24, 1) P(OR)Z —6.0,
2J[PCl,-P(OR),]: 58.4 Hz, 2J[PCl,-PCl,]: 28.7 Hz. 1*C NMR
(CDCl3), § POC: 67.6, § POCC: 29.1, § POCC: 18.1, 2J(PC):
4.1 Hz, 3J(PC): 7.9 Hz. § POCC: 29.1, § POCC: 18.1, 2J(PC):
4.1 Hz, *J(PC): 7.9 Hz. (iii) 2-openchain-(1"-oxy-5"-hidroxy-
pentane)-2,4,4,6,6,8,8-heptachlorocylotetraphosphazatetraene,
N4P,Cl;[O(CH,)sOH] (4), m.p. 236-239°C; yield, 0.23 g
(7.2%); Found: C, 11.31; H, 2.1; N, 10.61%; M™T 528;
CsH;;0,N4P4Cl, requires, C, 11.36; H, 2.08; N, 10.60%;
M, 528. 'H NMR (CDCl;), § POCH,: 4.3, § POCCH,: 1.8, §
POCCCH,: 1.46, (-OH): 4.5, 3J(PH): 13.9 Hz, C4 = 24.6, C5 =
32.4, C¢ = 44.9. 3'P NMR (CDCl,), § PCl,: —5.2, § P(OR)CL:
—7.9, 2J[PCl,-P(OR)Cl]: 57.2 Hz. 1*C NMR (CDCls), § POC:
69.6, 6 POCC: 29.9, § POCCC: 26.3, Cy4: 244, Cs: 324, Cq:
44.9 ?J(PC): 6.8 Hz, *J(PC): 9.1 Hz. (iv) 2,2,6,6-di-spiro-(1',5 -
pentanedioxy)-4,4,8,8-tetrachlorocyclotetraphosphazatetraene,

N4P4Cl,[O(CH2)50], (8), m.p. 210-211°C; yield, 0.92 g,
(26.9%); Found C, 23.01; H, 3.87; N, 10.68%; M™*, 524;
C10H2004N4P4C16 requires C, 22.9; H, 3.82; N, 10%; M,
492. 'TH NMR (CDCl;), § POCH,: 4.31, § POCCH,: 1.61, §
POCCCHS,: 1.53 3J(PH): 13.5 Hz. 3'P NMR (CDCls), § PCl,:
—1.8, 8 P(OR),: —7.5, 2J[P(OR),-PCL,]: 60.25 Hz. 3°C NMR
(CDCl3), § POC: 68.3, § POCC: 29.2, § POCCC: 18.2, 2J(PC):
4.9 Hz, *J(PC): 7.1 Hz.

Two equivalents of compound 2

Following the same procedure as illustrated in reaction (a),
tetramer (2) (4 g, 8.7 mmol), pentane-1,5-diol (3), (1.80 g,
17.4 mmol), pyridine (2.74 g, 34.60 mmol), stirring time
was 24 h. In addition to compound (5), three new prod-
ucts were observed by TLC. The solvent was removed under
reduced pressure and the resulting white solid material was
subjected to column chromatography, using a mixture of
dichloromethane/benzene (4:1) as an eluent. Products were
recrystallized from benzene containing a few drops of light
petroleum (b.p. 40-60°C). Four main phosphazene fractions
were obtained: (i) 2,2-mono-spiro-(1’,5'-pentanedioxy)-
4,4,6,6,8,8-hexachlorocyclotetraphosphazatetraene, (5,
11.2%). (ii) 2,4-mono-ansa-((1’,5'-pentanedioxy)-2,4,6,6,8,8-
hexachlorocyclotetraphosphazatetraene, N4P4Cls[O(CH,)sO]
(6), m.p. 159-161 °C, yield, 0.60 g (18.3%); Found: C, 12.21;
H, 2.05; N, 11.36%; M+ 459; C5H1002N4P4Cl6 requires, C,
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Table 4. Selected C NMR parameters of compounds 4-132.

Compound s POCP 5 POCCP 8 POCCch 2J(POC) 3J(POCH,)¢
(4) 69.6 29.9 263 6.8 9.1
C, =246,
G, =324,
Co =449
(5) 67.6 29.1 18.1 4.1 7.9
(6) 68.1 271 182 34 77
(7) 67.9 273 17.6 37 7.5
(8) 68.3 29.2 18.2 4.9 7.1
9) 67.0 27.6 7.7 34 00
(10) 67.2 274 171 37 00
(1) spiro part 67.8 293 17.8 42 7.0
ansa part 67.2 27.6 173 3.6 00
(12) 67.1 29.3 4.6 00
66.8 29.0 4.8 00
(13) 66.2 (qui) 28.8 17.5 47 00
2ln CDCl3 (room temperature) at 50.1 and 100.577 MHz.
bin ppm.
‘In Hz.

12.19; H, 2.03; N, 11.38%; M, 4.92. 'H NMR (CDCl3), &
POCH,: 4.23, § POCCH,: 1.62, § POCCCH,: 1.27, *J(PH):
154 Hz. 3P NMR (CDCl3), § PCl,: —0.95, § P(OR)CL:
—6.41, 2J[PCl,-P(OR)Cl]: 39.6 Hz.'*C NMR (CDCl;), §
POC: 68.1, § POCC: 27.1, § POCCC: 18.2, 2J(PC): 3.4, 3J(PC):
7.7 Hz. (iii) 2,4,6,8-bisansa-(1’,5 -pentanedioxy)-2,4,6,8-
tetrachlorocyclotetraphosphazatetraene, N4P4Cly [O(CH;)50],
(9), m.p. 226 °C, yield 1.2 g (35.2%,); Found: C, 22.96; H,
3.87; N, 10.68%; M+ 528; CyoHz0O04N4P4Cly requires C,
22.9; H, 3.82; N, 10.68%; M, 528. 'H NMR (CDCl;), 8
POCH,: 4.2, § POCCH,: 1.6, § POCCCH,: 1.3 3J(PH):
16.5 Hz. 3P NMR, (CDCl3), § P(OR),: —0.98. 3C NMR
(CDCl3), 8§ POC: 67.0, § POCC: 27.6, § POCCC: 17.7,
2J(PC): 3.4, 3J(PC): 00 Hz. (iv) 2,6,4,8-bisansa-(1’,5'-
pentanedioxy)-2,4,6,8-tetrachlorocyclotetraphosphazatetraene,
N4P4Cl4[O(CH2)20(CH2)ZO]2 (10), m.p. 238—2390C, Yleld
0.81 g (23.3%); Found: C, 22.93; H, 3.81; N, 10.68%; M* 528;
C10H2004N4P4C14 requires C, 229, H, 382, N, 1068%, M, 528.
'HNMR (CDCl;), § POCH,: 4.2, § POCCH,: 1.6, POCCCH,:
1.3 3J(PH): 16.3 Hz. 3'P NMR, (CDCls), § P(OR),: —0.7. *C
NMR (CDCl3), 8 POC: 67.2, § POCC: 27.6, § POCCC: ?J(PC):
3.7,3J(PC): 00 Hz.

Three equivalents of compound 2

The apparatus for this preparation comprises a 500-mL three-
necked round-bottom flask provided with an efficient stirrer and
a water condenser fitted with a calcium chloride tube.

Table 5. Percentage yields of 4-13 in 1:1, 1:2, and 1:3 mole ratios.

Compound (%) 11 12 13
4 7.2

5 232 1.2

6 183

7 19.7 12
8 26.9 19
9 352

10 233

n 337
12 16.2
13 123

N,P,Clg (1) (4 g, 8.7 mmol) and pentane-1,5-diol, (3) (2.70 g.
26.1 mmol) were dissolved in dichloromethane (150 mL) and
placed into 500-mL three-necked round-bottom flask and
the solution was stirred at room temperature for approx-
imately 1 h. To the remaining suspension, six equivalents
of pyridine (4.12 g. 52.2 mmol) in dichloromethane were
added dropwise with stirring. The mixture was then allowed
to reflux at 60°C for approximately 20 h, until the reaction
was completed. TLC revealed essentially the formation of
four major and one minor products, which could be isolated.
The solid material was extracted with a further quantity of
dichloromethane, the dichloromethane solutions were com-
bined and the insoluble material was filtered off and the solvent
removed from the filtrate. Individual phosphazene derivatives
were separated by column chromatography using a mixture of
benzene/dichloromethane 5:2 as a mobile phase. Two known
and three new products were obtained and recrystallized
from benzene containing a few drops of light petroleum (b.p.
40-60°C): (i) 2,6-mono-ansa-(1’,5'-pentanedioxy)-2,4,6,6,
8,8-hexachlorocyclotetraphosphazatetraene (7, 12%). (ii) 2,2,6,
6-di-spiro-(1',5'-pentanedioxy)-4,4,8,8-tetrachlorocyclotetra-
phosphazatetraene, (iii) 4,4,8,8-di-spiro-2,6-ansa-(1’,5-penta-
nedioxy)-2,6-dichlorocyclotetraphosphazatetraene, ~N4P,Cl,
[O(CH2)s0]5 (11), m.p. 274-275°C, yield 0.73 g (33.7%);
Found: C, 32.4; H, 5.41; N, 10.07%; M+ 556; C15H3006N4P4C14
requires, C, 32.37; H, 5.39; N, 10.07%; M, 556. 'H NMR
(CDCl3), (spiro part) § POCH,: 4.3, § POCCH,: 1.6, §
POCCCH,: 1.4, 3J(PH): 15.1 Hz, (ansa part) § POCH,: 4.2, §
POCCH,: 1.6, § POCCCH,: 1.3, 3J(PH): 13.6 Hz.3'P NMR,
(CDCl3), 8§ P(OR),: 5.1, § P(OR)Cl: —3.5, 2J[P(OR), P(OR)Cl]:
81.4 Hz. 3C NMR (CDCl3), spiro-part, § POC: 67.8, § POCC:
29.3, § POCCC: 17.8, ?J(PC): 4.2, *J(PC): 7.0 Hz, ansa-part, §
POC: 67.2, § POCC: 27.6, § POCCC: 17.3, 2J(PC): 3.6, *J(PC):
00 Hz. (iv) 2,2,4,4,6,6-tri-spiro-(1’,5 -pentanedioxy)-8,8-
dichlorocyclotetraphosphazatetraene, N4P4Cl,[O(CH2)50]5
(12), m.p. 256°C, yield 0.35 g (16.2%); Found: C, 32.36; H,
5.43; N, 10.07%; M+ 556, C15H3006N4P4C14 requires, C,
32.37; H, 5.39; N, 10.07%; M, 556. 'H NMR (CDCl3), §
POCH,: 4.3, § POCCH,: 1.6, § POCCCHS,: 1.5, 3J(PH): com-
plex multiplets. *'P NMR, (CDCl;), § PCl,: —0.5, § P(OR),



138 S.TURE

(1): 5.9, § P(OR);, (2): 2.6, 2J(P(OR),-PCl,): 55.2, 2J(P(OR),-
P(OR),): 90.8 Hz. ¥*C NMR (CDCl;), § POC: 67.1/66.8,
8 POCC: 29.3/29.0, 2J(PC): 4.6, *J(PC): 00 Hz. (v) 2,2,4,4,6,6,
88-tetra-spiro-(1,5-pentanedioxy)-cyclotetraphosphazatetraene
derivative, N4P,Cls[O(CH2)50]4 (13), m.p. 291-292°C, yield
0.26 g (12.3%); Found: C, 40.79; H, 6.81; N, 9.52%; M™* 588;
C20H4008N4P4Cl4 requires, C, 4081, H, 68, N, 9.52%; M, 588.
'HNMR (CDCl3), § POCH,: 4.4, § POCCH,: 1.7, § POCCCH,:
1.5 3J(PH): complex multiplets. >'P NMR, (CDCl;), § P(OR),:
7.8. 3C NMR (CDCl;), § POC: 66.2 (qui), § POCC: 28.8, §
POCCC: 17.5, 2J(PC): 4.7, *J(PC): 00 Hz.

Acknowledgments

The author is grateful to Shin Nisso Co. Ltd. for gifts of octachlorocy-
clotetraphosphazatetraene (1). He is indebted to the School of Pharmacy
for mass spectrometric data obtained under the auspices of the University
of London intercollegiate research services. The author would also like to
extend his thanks to Don Ship and Dr. H.G. Parkes for NMR data.

Funding

The author wishes to express gratitude to Prof. (Dr.) D. B. Davies for his
financial support, helpful suggestions, and insight during his postdoctoral
studies.

References

1. (a) Chandrasekhar, V,; Karthikeyan, S.; Krishnamurthy, S.S.; Woods,
M. Ind. ]. Chem. 1985, 24A, 379-383; (b) Alkubasisi, A.H.; Deutsch,
W.E; Hursthouse, M.B.; Parkes, H.G.; Shaw (nee Gozen) L.S;
Shaw, R.A. Phosphorus, Sulfur, Silicon Relat. Elem. 1986, 28, 253-
260; (c) Chivers, T.; Hedgeland, R. Can. J. Chem. Soc. 1972, 50,
1017-1025.

2. Alkubaisi, A.H.; Shaw, R.A. Phosphorus, Sulfur, Silicon Relat. Elem.
1989, 45, 7-14.

3. Millington, D.; Sowerby, D.B. J. Chem. Soc. Dalton Trans. 1972, 2036-
2040.

4. (a) Krishnamurthy, S.S; Sundheendra Rao, M.N. Shaw, R.Aj;
Vasudeva Murthy, A.R.; Woods, M. Inorg. Chem. 1978, 17, 1527-1532;
(b) Krishnamurthy, S.S.; Ramachandran, K,; Sau, A.C.; Sudheendra
Rao, M.N,; Vasudeva Murthy, A.R.; Keat, R.; Shaw, R.A. Phosphorus
Sulfur Relat. Elem. 1978, 5, 117-119.

5. Cameron, T.S.; Mannan, Kh.; Sau, A.C.; Vasudeva Murthy, R.A.; Shaw,
R.A.; Woods, M. J. Chem. Soc. Chem. Commun. 1975, 975-976.

6. Krishnamurthy, S.S.; Sau, A.C.; Vasudeva Murthy, A.R.; Shaw, R.A;
Woods, M.; Keat, R. J. Chem. Res. 1977, (S) 70-71; (M) 0860-0884.

7. Krishnamurthy, S.S.; Ramachandran, K;; Woods, M. J. Chem. Res.
1979, (S) 92;(M) 1258-1266.

8. Krishnamurthy, S.S.; Ramachandran, K,; Sau, A.C.; Vasudeva Murty,
AR, Shaw, R.A; Woods, M. J. Inorg. Chem. 1979, 18, 2010-2014.

9. Sundram, PM.; Krishnamurthy, S.S; Vasudeva Murty, R; Shaw,
R.A.;; Woods, M. Phosphorus, Sulfur, Silicon Relat. Elem. 1980, 8,
375-382.

10. Krishnamurthy, S.S.; Ramachandran, K;; Woods, M. Inorg. Chem.
1982, 21, 406-410.

11. Krishnamurthy, S.S.; Ramachandran, P,; Dhathathreyen, K.S.; Woods,
M. Indian J. Chem. A 1983, 22, 1-5.

12. Narayanaswamy, P.Y;; Krishnamurthy, S.S.; Dhathathreyen, K.S. Inorg.
Chem. 1985, 24, 640-642.

13. Contractor, S.R.; Kilic, Z.; Shaw, R.A. J. Chem. Soc. Dalton Trans. 1987,
2023-2029.

14. Krishnamurthy, S.S.; Sau, A.C.; Vasudeva Murthy, A.R.; Keat, R.; Shaw,
R.A.; Woods, M. J. Chem. Soc. Dalton Trans. 1976, 1405-1413.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.
31.
32.
33.
34.
35.

36.
37.
38.
39.
40.
41.
42.
43.

44.
45.

46.

Krishnamurthy, S.S.; Sau, A.C.; Vasudeva Murthy, A.R.; Keat, R.; Shaw,
R.A.; Woods, M. J. Chem. Soc. Dalton Trans. 1977, 1980-1985.
Ramabrahman, P; Krishnamurthy, S.S.; Woods, M. Z. Naturforsch,
1981, 36b, 894-895.

Fincham, J.K.; Shaw, R.A. Phosphorus, Sulfur, Silicon Relat. Elem. 1989,
41, 317-326.

(a) Kumara Swamy, K.C; Krishnamurthy, S.S.; Vasudeva Murthy, A.R ;
Shaw, R.A.; Woods, M. Ind. ]. Chem. (A), 1986, 25, 1004-1011; (b)
Kumara Swamy, K.C.; Krishnamurthy, S.S. Indian. J. Chem. Sect. A,
1984, 23,717-728.

Dhathathereyan, K.S.; Krishnamurthy, S.S.; Woods, M. J. Chem. Soc.
Dalton Trans. 1982, 2151-2157.

Carroll, A.P; Shaw, R.A.; Woods, M. J. Chem. Soc. Dalton Trans. 1973,
2736-2740.

de Ruirer, B.; Kuipers, G.; Bijaart, ].H.; van de Grampel. J.C. Z. Natur-
forsch. 1982, 37b, 1425-1429.

Krishnamurthy, S.S.; Ramachandran, K.; Vasudeva Murty, A.R.; Shaw,
R.A.; Woods, M. J. Chem. Soc. Dalton Trans. 1980, 840-844.

Lavin, K.D; Riding, G.H.; Parvez, M.; Allcock, H.R. J. Chem. Soc.
Chem. Commun. 1986, 117, 74-77.

Castera, P; Faucher, ].P; Labarre, J.E; Perly, B. J. Mol. Struct. 1987, 160,
365-371.

Harris PJ.; Williams, K.B. Inorg. Chem. 1984, 23, 1495-1502.
Contractor, S.R.; Hursthouse, M.B.; Parkes, H.G.; Shaw (nee Gozen),
L.S.; Shaw, R.A.; Yilmaz, H. J. Chem. Soc. Chem. Commun. 1984,
11, 675; Phosphorus, Sulfur, Silicon Relat. Elem, 1986, 28, 267-
275.

Contractor, S.R.; Hursthouse, M.B.; Shaw (nee Gozen), L.S.; Shaw, R.A.
Phosphorus Sulfur Silicon Relat. Elem. 1986, 28, 213-220.

(a) Fincham, ].K.; Hursthouse, M.B.; Parkes, H.G.; Shaw (nee Gozen),
L.S.; Shaw, R.A. Acta Cryst. 1986, B42, 462-472; (b) Fincham, J.K;
Hursthouse, M.B.; Parkes, H.G.; Shaw (nee Gozen), L.S.; Shaw, R.A.
J. Chem. Soc. Dalton Trans. 1988, 1169-1178.

(a) Biddlestone, M.; Keat, R.; Rose, H.; Rycroft, D.S.; Shaw, R.A. Z.
Naturforsch. 1976, 31b 1001. (b) Biddlestone, M.; Keat, R.; Parkes,
H.G.; Rose, H.; Rycroft, D.S.; Shaw, R.A. Phosphorus Sulfur Silicon
Relat. Elem. 1985, 25, 25-31.

Labarre, ].E; Guerch, G.; Sournies, E, Lahana, R.; Enjalbert, R.; Galy,
J. J. Mol. Struct. 1984, 116, 75-88.

Westheimer, EH. Accounts Chem. Res. 1968, 1, 70-78.

Shaw, R.A. Pure and Appl. Chem. 1980, 52, 1063-1097.

Cameron, T.S.; Cordes, R.E.; Jackman, EA. Acta Cryst. 1979, B35, 980-
982.

Cameron, T.S.; Manan, Kh. Acta Cryst. 1977, B33, 443-446.

Deutsch, W.E; Hursthouse, M.B; Kilic, Z.; Parkes, H.G.; Shaw (nee
Gozen) L.S.; Shaw, R.A. Phosphorus Sulfur Silicon Relat. Elem. 1987,
32, 81-85.

Karplus, M. J. Phys. Chem. 1959, 30, 11-15.

Karplus, M. J. Phys. Chem. 1960, 64, 1793-1794.

Karplus, M. J. Am. Chem. Soc. 1963, 85, 2870-2871.

Besli, S.; Ibisoglu, H.; Kilic, A.; Un, I; Yuksel, E. Polyhedron 2010, 29,
3220-3228.

Besli, S.; Davies, B.D,; Ibisoglu, H.; Un, B.; Yuksel, E; Kilic, A. Polyhe-
dron 2013, 50, 364-373.

Al-Madfa, H.A; Shaw, R.A,; Ture, S. Phosphorus Sulfur Silicon Relat.
Elem. 1990, 53, 333-338.

Shaw, R.A.; Ture, S. Phosphorus, Sulfur, Silicon Relat. Elem. 1991, 57,
103-109.

Ture, S. Phosphorus Sulfur Silicon Relat. Elem. 2013, 188, 1156-
1171.

Shaw, R.A. Phosphorus Sulfur Silicon Relat. Elem. 1989, 45, 103-136.
Ibisogul, H.; Yenilmez Ciftci, G.; Kilic, A.; Tanriverdi, E.; Un, L; Dal,
H.; Hokelek, T. J. Chem. Sci. 2009, 121, 125-135.

(a) Allcock, H.R.; Lavin, K.D.; Riding, G.H.; Whittle, R.R.; Par, M.
Organometallics 1986, 5, 1626-1635; (b) Allcock, H.R.; Turner, M.J;
Visscher, K.B. Inorg. Chem. 1992, 31, 4354-4364; (c) Kilic, A.; Kilic, Z.;
Shaw, R.A. Phosphorus Sulfur Silicon Relat. Elem. 1991, 57, 111-117;
(d) Chandrasekhar, V.; Thomas, K.R. J. Struct. Bonding (Berlin) 1993,
81,41-113; (e) Labarre, ].E; Sournies, E. In: G.W. Gokel (Ed.), Advances
in Supramolecular Chemistry, Vol. ; JAI Press: Greenwich, UK, 1993;



47.

48.
49.

(f) Sampath Kumar, E.; Muralidhara, M.G.; Chandrasekhar, V. Polyhe-
dron 1995, 14, 1571-1576; (g) Brandt, K.; Czomperlik, I.P; Sicoy, M.;
Kupka, T.; Shaw, R.A; Davies, D.B.; Hursthouse, M.B.; Sykara, G.D. J.
Am. Chem. Soc. 1997, 119, 12432-12440.

Herberhold, M.; Hofmann, A.; Milius, W.Z. Anorg. Allg. Chem. 1997,
623, 1599-1608.

Chandrasekhar, V; Krishnan, V. Adv. Inorg. Chem. 2002, 53, 159-211.
Elias, A.].; Twamley, B.; Shreeve, .M. Inorg. Chem. 2001, 40, 2120-
2126.

50.

52.

53.
54.

PHOSPHORUS, SULFUR, AND SILICON 139

Silah, H.; Ture, S. Phosphorus Sulfur Silicon Relat. Elem. 2014, 189, 198-
214.

. Keat, R,; Shaw, R.A.; Woods, M. J. Chem. Soc. Dalton Trans. 1975,

1582-1589.

Besli, S.; Coles, S.J.; Davies, D.B.; Eaton, R.J.; Hursthouse, M.B.; Kilic,
A.; Shaw, R.A. Polyhedron 2006, 25, 963-974.

Brown, D.E.; Allen, C.W. Inorg. Chem. 1987, 26, 934-937.

Ture, S. Phosphorus Sulfur Silicon Relat. Elem. 2014, 189, 1746-
1767.



	Abstract
	Acknowledgments
	Funding
	References

