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Abstract -The reactions of hexachlorocyclotriphosphazatriene with ethane-,
i,3-propane- and 1,4-butanediols give the following derivativea: (1)

spiroe N3P3[D(CH2)n0]x016_2x (x=1,2 and 33 n = 2,3 end 4), anaa

N3P, [O(GH2)30]C.14, _api_ro-ans; N3P3[0(GH2)30]2012, bridged
N3P3015[0(0112)E0}N3P3015 (o = 3 and 4) and dangling N3P3[0(GH2)£OH]CI5

(n =3 and 4). The 31p and 'H nur spectra of the above compounds were
inveatigated.

INTRODUCTION
The reactions of hexachloroeyclotriphosphazatriene, N3P5Clg, (1), with monofunctional reagents,

2 By contrast, those of difunctional reagents have

have received a great deal of attention.
been until recently comparatively neglected. The products of the reactions with aliphatic
primary dlanines were initially ascribed erroneous ansa-structures.” A subsequent
relnvestigation showed that the compounds were, in fact, spiroc derivatives;4 this was confirmed
by Z-ray crystallographys‘7. Much of the other work with difunctional reagents has been

summarised ele!ewhe;ra.8

Some mono- and tris-spiro compounds were reported with aliphatic diols, however, with only very
limited spectroscoplc and no erystallographic data.?~1% Our earlier mvestigation520'21 of
the hexachloride, N3P3Clg (1) and the octachloride, N4P4018, with monefunctional alechols had
shown that unless molsture was rigorously excluded during the synthesis of the
alkoxyphosphazenes, the properties of the resultant products showed little resemblance to thoas
of the pure compounds.

* Dedicated in friendship and admiration to Derek Barton on the occasslon of his
70th Birthday,
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DISCUSSION

Difunctional reagents can give rise in principle to four structural types:

(1) spiro, (ii} anea, (i11) bridged and (iv) dangling.® With diolas the only products
reported had been mono- and tris—derivatives of the first typs. The other three, especially
ansga, were of considerable chemlcal interest; in sddition, the bls-spiro derivatives had the

most complex and interesting 8 nor spectra.

We thersfore subjected the reactions of the hexachloride, N4P,Clg (1) to a systematic
investigation with athane—, 1,3-propane- and 1,4i-butanediocls. Freliminary reports of this
work have appeared.22

We noted during our synthetic work that traces of molsture caused the following complications:
(i) a greater number of products; (i1} an apparent retardation of the rate of formation of the
desired products; (iii) difficulties in purification by recrystallisation, in particular the
inability to grow eryatals sultable for X-ray crystallography. A comblnation of rigorous
drying of reagents and sclvents, chromatography, sublimatlon and recrystalllsation, gave
eventually pure products suitable for spectroscoplc and crystallographie studies. The
compounds ares rather less acluble than analogous compounds based on diamines or amine alechols
and hence present greater diffliculties in purification. This pertainsg particularly to the bls-

and tris-spiro derivatives.

We igolated a total of 15 compounds, which inecluded examples of all 4 structural types: 9
spire, N3P3[0(0H2)20]£c16—§ (x = 1,2 and 33 n = 2,3 and 4)(2 - 10); 1 anaa, N3P310(0H2)30}G14
(11): 1 spiro-ansa, N3P3[0(GH2)30]2012 (12); R bridged, N3P3015[0(CH2)110]N3P3015 {n = 3 and 4),
(13, 14) and 2 dangling, N3P3[0(CH,) OHICls (n = 3 and 4) (15, 16) n addition, we observed,
but did not isolate in & pure form, -:1 bridge N3P3015[0(GH2)20]N3P3015 and a dangling
derivative, N4P5[0(CH;),0HICls, baged an ethylemedicl. The eplro derivatives are by far the
majJor products, especlally for the ethylene- and propylenediols. Bridged derivatives assume
pignificant importance with butylensdiol. The spiro-ansa compound (12) ig present in
considerably smaller amounts than its dispiro isomer (6). The ansa derivative (11) is isolated
in only trace amounts. Bridged compounds are obtained in better ylelds than danglers.

Crystal structures of 7 of theae (g_“:,*)222,23. (2)24, (é)zz-c-, (_']_g)25, and (13)2224 have been
reported, as well as the 35Cl ngr spectra of three of these (3-4)26.

As with ethylenadismine snd sthanolamine, the five-membered ring substituent, the ethylenes-

dioxy group, differed markedly from the slx- and seven-membered homologues and from related
acyelic compoundﬂ.l*’z?'ao
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We had shown earlier that with ethylenedismine only a mono-, NBPBENH(Cﬂz)zNH]014, with
ethanclamine, a mono-, N3P3[0(0H2)2NH](314 and traces of two isomeric bim-derivatives,
N3P3[0(CH2)2NH]2012 could be imolated. More forcing reaction conditions lead to reainous,
polymeric gluea.l* We had smggesnted8 that the structural meiety P-NH in a five-membered ring
was responsible for the polymerlsation reaction and thiz was borne out by subsequent studies
with N,N'-dimethylethylenediamine31 and N—methyletha.nolamine,32 where mong=-, bls- and tris-
derivatives were characterlsed. Thus, the formation of the three spiro ethanedioxy derivatives
follows the same predicted pattern. These three derivatives, especlally the tris (8), appear
to be unstable on storage, probably due to hydrolysis. The unique nature of five-membered ring
phosphates hes been recognised eince the seminal work by Westhelmer's group37 on the klnetics
of their hydrolysis.

By contrast, diamines?®33 and amino alconols?®r?4 giving rise to six-membered apiroc
substituents, suffer much less from this side reaction, which leads to polymeric products. The
next higher homologues give, in addition to aplro, algo bridged derivativea,35 which with the
higher diamines, HoN(CHy),NH, (n > 5) become the exclusive product.a.36

3'p NMR SPECTRA

The chenlcal uniqueness of the five-membered phosphorus~containing rings 1s mirrored in their
3p por chenical shifts. Attention to this in mononuclear phosphates waa drawn some time
ago.27'29 In eyclotripheaphazatriene derivatives, the gix- and seven-membered ring epiro-
derivatives give well-resolved spectra.31 By contrast, those of the ethylenediamine and
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ethanolamine derivatives gave only a single broad line at medlum magnetic field, because of the
small chemical shift separation between the ZPCl, and the =Psplrc g'rou]:o."+ We have now been
able to analyse these spectra at high field. Similar remarks pertain to the mono~ and
particularly to the bis-ethylenedloxy derivetives. The 31? nnr data of the 15 alkanedioxy
derivatives, together with that of the starting material (1) are presented in Table 1. The
31p chemical shifts for some of these compounds have been related to thelr exocyellie OPO bond
angles.23

Iable 1: 31 nor data? for the diol derivatives of N3P4C1

Compound 01,2 sPepirol 6P(OR)CIR Z7[(Repiro-PC1,)?1¢  ZI[R(OR)C1-PCL,)E
(1) 19.9 - - - -
{2) 26.5 24.5 - 68.0 -
(5) 31.3 30.95 - 76.8 -
(8) - 37.4 - - -
(3) 241 3.4 - 69.2 -
é) 26.5 9,1 - 70.8 -
(9 - 141 - - -
{4) 24.1 10.3 - 70.5 -
(1) 27.8 16.0 - 76.9 -~
(10} - 21.7 - - -
(11) 29.5 - 30.05 - 56.9
(12) - 10.1 31.2 - 73.0
(15) 23.5 - 16.1 - 61.7
(13) 23.4 - 16.0 - 63.0
(16) 23.5 - 15.9 - 62,1
(14). 23.5 - 15.9 - 61.9
NP5 [0(CH,) NHICL,

2449 2444 - 56.2 -
N3P3[NH(CH2)2NH]GI4
23.5 22.9 - 471 -

Footnote: &2it 161,98 MHz in GD013 referenced to external 851 HBPOA'
Dinppo £ 1inHa. & 27[P(OR)CI-Pspire] = 73.0 Hz.
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The 'P nor spectre at 24.15 MHz of the three monospirodioxy derivatives, NP3[0(CHp) 01C1,
(n=2, 3 and 4), are given in Figure 1, those &t 162.0 MHz of N3P3[0(CH2)20]014,
N3P3[0(0H2)2NH]014 and N3P3[NH(G!12)2N’H]014, in Figure 2. At low or medium field strengths these
glve riee AZB spin systems temndlng to A3.

[13] e} (]
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Pigura 1 P ner spectre of (s} EyP501,(0(CH,),0), Figura 2 P nar spectra of (a) H3P3C2, [G(OR,),0]
() H3P501, [0(CH,}50), and (D) WyP4C1, [O(CH,) AH] and
(e) xarjcl,.[o(cnzuoj at 2415 MHs, solvent [*H N3P3Cl, {NE{CH,);MH] st 162.0 MHz solvent
GDCly, referanced to sxternal B5% A3P0,. CDCly, refarenced to extarnal B85% HyPO,.

The following pointa are noteworthy: (1} The =Pspiro nuclei are deahielded in the order 6~
membersed > 7-membered >> 5-membered splro rings. (11} The effect of the splro substituents on
the 5?012 nuclel ehows the eame order, glving rise to some of the most deshlelded =PCi, nucled
recorded. {iv} Whilst the chemieal ghifts of the ZPepiro nuclel cover a large range (34 ppu),
the shifts of the =P{OR)CL nuclel vary little from &= 16, if the OR group is acyclic, but
changea drastically for the 2 ansa compounds to  630-31. This may be related to the ring
compression, which has been observed,zzd— and is due to the trans-annular link. (v) All two bond

coupling congtants, 2; (FF), are large and in the range of 57-77 Haz.

1§ NMR SPECTRA

We have shown earller that alkoxyphosphazenes can show virtual coupling effects.38'39 The
nethoxy (as the dimethylamino) derivatives exhibit hump-like absorptions between the outer
doublets,’? whilst the ethoxyderivatives, gem- N4P3Ph, (0Et),, gem-N;PyPh,(0Et), and
N3P3(0Et)6, phow the expected fine line aplitting.38 The OCH, protons of the alkansdioxy
groups appesared to be very suitable to demonstrate virtual coupling. A priori, one would have
expected the ble and tris derivatives to show multiplicities arlsing from virtual coupling te
two, respectively three, phosphorus nuclei. This is obaerved for the 1,3-propylenedioxy and
the 1,4-butylenedioxy derivatives, where there are considerable chemical shift differences
between the =PCl, and the Z=Pepiroc absorptions. The situation is more complex for the
ethylenedloxy compounds, because of the proximity of the absorption signals of the two
cherically different types of 3p nuclei. Similar obgervationa have been made previoualy.w'“

4
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The mono-1,3-propylenedioxy, (3} and the mono-1,4-butylenedioxy compounds (4) have

relatively simple proton spectra, with some four bond coupling, ’*g (PH), observable. That of
the monoethylenedioxy derivative, (2), is complicated by the above mentioned effect.

The spectra of the tris spiro compounds are agaln relatively simple, additional fine structure
being chaerved due to long range virtual coupling, aa the three Z=Pspiro nuclei are equivalent
and are strongly coupled. That of the ethylenedioxy derivative, {(8), gives a beautiful example
of thils phenomenon, without the need for homonmuclear proton-proton decoupling38 (Figure 3).

4.8 LTl 2.2 .9

[ [ 2 .0
Figure 3 Y ner spactrun of HJP_;[D(CHQ)ZD]] at 400 [

HA3 in CDC1y.  THB as internal refsrence. Figurs § % par apostra of 1'3"3012[0(052)3012, ()

noreal spestrum, and {b) heponuclear
decouplsd mpeactra at 200 MAz in CDG13. TMS
an intermal refsrence.
The expected quartet structure of the OCH, protons becomes also clear in the
tris-1,3-propylenedioxy (8) and the tris-1,i-butylenedioxy-derivatives (9), on homonuclear

decoupling of the CCH, protons.

The 'H nur apectra of the bls-derivatives are by far the most complex and also the most
interesting. The protons of the OCH, and the CCH, methylene groups are non-equivalent due to
their being part of a cyclic molety and therefore the two protons of each methylene group see a
different environment. This 1s most pronounced for the 6-membered and least for the 5-membered
ring. Thus, over and above the coupling effects obmerved for the monc and tris derivatives,
sach methylene group glves rise to an AB quartet structure. This is demonstirated for the bis-
1,3~-propylenedioxy—-derivative, (6), (Figure 4a). Homonuclear decoupling considerably
pimplifies the spectrum (Figure 4b) and allows the virtusl coupling effect to two phosphorus

nuclei to be obeserved.
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The BQIEQ) coupling constants differ with ring size (Table 2).

HETERQCYCLES, Vol, 28, No. 1, 1989

Thoss of the ethylenedioxy

derivatives are the smallest (10.8-11.6 Hz), those of the 1,3-propylenedioxy compounds are only

marginally larger (10.6~12.9 Hz), whilst those of the 1,i-butylenedioxy derivatives are

markedly inereased to 17.7-18.5 Hz.

above.

Table 2:

Compound

(2)
(5)

~ e~
-
e
— e

[ il
o

The acyclics are smaller (9.0 - 9.2 Hz) than any of the

1H nmr data for the diol derivatives®

srogs,?

apiro

ansa

4.48
hodedy
440
4.53
4.51
4.9
FAY L
4e24
479
4eld
454
4031
449
4.48
4.50
b4e24
4.38
4.35
4025
426

b
80CH~

2.07
2.09
1.92
1.96
1.96
1.91
1.87
2.28
2.10
2.01

2.21
2.02
2.22
2.20

1.94
1.94

somR

4.30

4£.30

|3 (3PR) |2
11,2
10.8
11.6
12,9
10.7
10.7
12.7
18.5
18.4
17.7
20.1
21.2
12,8
i2.8
20,0
21.0
9.1
9.1
9.2
9.0

14 (PH) [2

1.6
<0.3
<0.3
<0.3
<0.3
<0.3
<0.3
<0.3
<0.3

1.5

<0.3
<0.3
1.5
1.5
<0.3
0.3

Footnote: 2At 250.13 MHz. in GD013 solvent, referenced to TMS. byn ppm.

£ in Hs.

In three of the propylenedioxy derivatives (6, 11 and 12) the OCH, protons and to a somewhat

lesser extent the CCEZ protons show non-equlvalence.
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EXPERIMENTAL

Cherlcals were obtalned as followa:

benzene, light petroleum (bp 40-60°C), anhydrous dlethyl ether (May & Baker Ltd.),
tetrahydrofuran (Fluka-Garantie 99.5%}, acetonitrile, deuteriated solvents for nar
spectroscopy, propans-1,3-dlol, butane-1,4~diol (Aldrich Chem. Co. Ltd.}, pyridine, ethanediol
{B.D.H. Chemical Co. Ltd.), hexachlorocyclotriphoaphazatriene {Shin Nissc Kako Co. Ltd.}.

Solvents were dried by conveniicnal methods.

A1l reactions were monitored by using Kleselgel 60 F 254 (silica gel) precoated tle plates and
aprayed with ninhydrin (0.5w/vZ) in butanol sclution and developed at approximately 130°C.
Separation of products were carried out by flash column chz'omatcngrap}q,y""2 using Kiegelgel 60.
Melting points were carrled out on a Relchert-Kofler micro heating stage and a Mettler FB 82
hot stage connec;tad to a FP 800 central processor both fitted with a polarising microscope. b:
Nmr spectra wers recorded using a JEOL FY-200 spectrometer (operating at 199.5 MHz), a Bruker
WH 250 spectrometer (operating at 250.48 MHz - Kings College, London) and a Varlan XL 400
spectrometer (operating at 399.95 MHz - Universlty College, lLondon). Samples were disasolved in
GD013 and placed in 5 mm nor tubea. Measurements were carrisd out using a CDGJ.B lock, TMS as

internal reference and sample concentrations of 15-20 mg/cma.

37p Nur spectra were recorded using a JEOL JNM FX-60 apectrometer {operating &t 24.15 MH=m), &
Varian XL-200 spectrometer {operating at 80,98 MHz - University College, London}, & Bruker WH
400 spectrometer (operating at 162.0 MHz - Queen Mary College) and & Varian VIR 400 (operating
at 162.0 MHz - University College, London), 85% H3P04 was used ag an external reference.

The mass spectira were recorded using a VG 7070H Mass Spectrometer with Finningan INCOS Data
Syatem at University Ccllege, London and a VG ZAB IF mass spectrometer at the School of

Pharaacy.

Reactions with ethanediol: - (a) 1 equivalent. To N3P3016 {10g, 288 nM) in CHACL, {100 ml)
waa added ethanediol (1,78g, 28.8 mM) and pyridine (5g, 63.3 mM) ir CH,Cl, (50 ml). The
reaction was monitored by tlc and 3p nar apectroascopy. After 48 h, the bulk of pyridine
hydrochloride was flltered off, the remainder being removed by column chromatography uaing a
mixture of CHzclzlEtzo (2:1). To separate individual phosphazenes, the product was
rechromatographed using Et,0 as sluent. Thres main fractions were pbtained (1) H3P3Clg, {11)
the monecapirc derivative, N3P3[0(632)20]0145nd (111) the bis spiroderivative,
N3P3[0(GH2)20)2012. Fractions (i) and (ii) contained two trace components, which were
identified by 3P nar gpectroscopy and mass spectrometry as the bridge derivative
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N3P3015[O(GHE)ZO]N3P3015(M+, 680) and the dangler N3P3[0(032)20H1015(M+, 371). FPraction (it}
further purified by sublimation 110-120°C/20 mm followed by recrystallisation

from CH,Cl, to glve (2), mp 169-170°C (1it.14 166°C) TYield 25%.

(k) 2 equivalents. Procedure as for (a). Three fractions were obtained frem column
chromatography using GHzclzlEtzo {2:1) as eluent:

(1) N3P4Clg, (i1) {2) and (311} (5). (141) Was recryetallised from CHaCly, fallowed by
sublimation at 170°G/20 muw and again recrystallised from CHyClp, mp 227-228°C {decomp), yleld
15%.

(e) 3 equivalenta. Reaction procedure as in (a). The reaction mixture was freed from
floating amine hydrochloride and then filtered through a glass crucible. The precipitate was
weshed with CH,Cl, and traces of (5} were removed to give (8), yleld 20%.

Reactions with propane-1,3-diol:- (d) 1 equivalent. To (1) (60 g, 173 mM) in anhydrous Et,0
(300 ml) was added with stirring pyridine (27.4 ml, 347 wM) in Et20 (25 m1)., The diol {13.2
g, 173 M) in Et,0 (25 nl) was then added with stirring (1h). After standing (12 h), the
pixture was refluxed until tlec indlcated completion of the reaction. O(n attalning rooun
temperatues, the pyridine hydrochleride was removed by flltration and the filtrate concentrated
to 50 ml. One third of the filtrate was column chromatographed ueing 60 g of silica gel and
oluted with light petroleum/benszens (2:1). Four major fractions were obtained: (i) H3P4Clg
{62), (i1) the dangler {15) an oil {12%), (ii1) the bridge compound {13), mp 69°C, yield 18%,
and (iv) a mixture of two lsomeric compounds. {iv) Wae rechromatographed using benzene as
eluent. The ansa lsomer (11) was lsolated first and recrystalliged from light petroleum, mp
135°C, yleld 42. The mecond compoment wae the momo sprio derivative (3), mp 155-156%C (11t.14
156 °C), yleld 41%.

(¢) 2 equivalents. Procedure as for (d). There were isolated the previous compounds (15),
(13) and (3), together with the dispiro derivative (6), recrystallised from light petroleum, mp
227°C (decomp), yleld 58%.

(£) 3 equivelents. Procedure as for {a}, FElution with Et,0 gave three fractions: (i) the
spiro-anss compound {12), the dispiro (6) and the trispiro (9). Compound (12} was recrystallised
from diethyl ether, mp 173.5-174.5°C, yleld 1%. Compound (9) recrystsllised from CH5Cl,, mp
250-265°C (decomp), yield 45Z.

Reactions with butame-1,4-dlol:- (g) 1 equivalent. Procedure as for {d). Three fractions were
obtained: (1) the dangler {16}, an oil, yield 11%; (ii) the bridge derivative (14),
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recrystallised from a mixture of light petroleun/CH,Cl, (2:1), mp 82°¢, yleld 32% and (iii} the
monospire compound (4), recrystallised from light petroleum/CHyCl, (2:1), mp 160.0-160.,5°¢C,
(11114 156°C), yield 35%

() 2 equivalents. Procedure as for (). The dispiro compound (7) was recrystallised from
light petroleum/CH,Cl, {(2:1), mp 21 59¢(decomp),
yield 38%.

(1) 3 equivalents. Procedure as for (_a_). The trispiro derivative (_‘_I_C}_) was recryatalliged
from CHyCly, mp 245-255°C (decomp), yleld 25%.

Characterisation details are given in Table 3.

Table 3: Characterisation details for compounds [2)-({16)

Elemental analysis/percentage Composition

M Calc. Found
Compound Formula Calc.2 Obs. e H N c H N
(2) CyH405N3P5CL, 335 335 7.1 2 12,5 7.6 1.3 12,6
(1) C3HgOaN3P5Cl, 349 349 0.3 1.7 12.0 0.3 1.7 12.0
14) C4HgOyN3P5CL, 363 363 13,2 2.2 1.5 3.3 2,1 11,7
(5) €4HgO4N3P4Cl, 325 325 142 2.5 12,9 147 2.45 12.9
(6) CgHy 204N3P4CL, 353 353 20,3 3.4 1.9 20,6 3.6  12.05
(23 CgHy 04N4P5C1, 381 381 25.1 4.2 11.0 25.2 4.0 1
(8) CgHy,0N3P; 315 315 22.9 3.8 13,3 22.85 3.8 13.3
(9) CgHq0gN3P; 357 387 303 5. 1.8 30,4 4.9 1.8
(10} €y 2854065323 393 99 364 6. 10.5 3.2 6.0 10.5
(11) C3HgO,N3P5CL, 349 349 10.3 1.7 12,0 10,4 1.7 12,05
(12) Cgl1 204N3P5C1, 353 353 20.3 3.4 1.9 20,4 3.6 11,8
(13) C38g0,NgP6C1y g 69¢ 694  5.15 0.9 12,0 5.35 0.9 12.05
(14) CqHgONgPECLy 708 708 6.7 1.1 11.8 7.0 1.1 11.8
(15) C3H;0,N4P4Cl ¢ 385 385 9.3 1.8 10.85 9.7 1.7 10.4
(16) C4Hg0aN3PyClg 399 399 12.0 2.2 1.0 12,3 2.4 10,5

8pased on the mass of the moust abundant isctopa,
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