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Abstract

Inthis paper we review our findings on the thermal rearrangement of some methoxycyclophosphazenes :

the tautomeric behaviour of various monohydroxy compounds ; the synthesis of triphenylphosphazenyl
ad spirocyclic phosphazenes; the reactions of octachlorocyclotetraphosphazene with primary and
xoondary amines to give chloro(amino)cyclotetraphosphazenes and bicyclic. phosphazenes ; and the
‘wparation and characteristion of chloro(phenoxy)cyclotetraphosphazenes and metal complexes
o (miﬂﬁwdophowhazenes). Structural elucidation of the products of these reactions by NMR
~¥trospeopy is highlighted. Results of kinetic studies are also described.

E?y._.;:dﬁ & Re‘f*”aﬂgemcnt of methoxycyclophosphazenes, tautomerisni, triphcny_lphf)sphazenyl,
. ?er 20d bicyclic rhosphazenes, cyclotetraphosphazenes, metal comrplexes, kinetics, NMR
| py.

L Infroduction

The chern: _ |
N,pdlcilg)mw of the inorganic heterocyclic compounds, hexachlorocyclotriphosphazenc,
3 3

Wit of i u;nd oc.tachlorocyclotetraphosphazene, N,P,Cl, (1D, l:LElS_ becn _the
°fhalogenoc nlerous In-depth studies in recent years!—4, The substitution I‘C‘a(::tl'OI‘lS
Hspectroscgu OPhosphazenes and the elucidation of the structurt_es of new degvdtwes

es, Thel.l;y " Crystallography continue to occupy a promment .place in thcsx:ﬁ
1:‘h';’gphazeu@ hhas. also been g burgeoning interest in the technological as:pec_ts ?4
The smcessfmc “Mslry as indicated by the steady increase in patent apphcatron; ;
0ck gng SYthesis and characterisation of many linear polyphosphazenes by

- Applieg " COworkers3 has undoubtedly inspired the major developments In the
| C Cmistry of
Phosphazene polymers.

14
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Our fundamental studies of the chemistry of the cyclophosphazenes are the bag; ¢
the binaticnal project between the Indian Institute of Science and Birkbeck Coley
University of London. In an earlier paper!, we presented an account of our invs
gations during the first part of this project. The current review Summarises our wogd
during 1978-1931.

2. Thermal rearrangement reactions of methoxycyclophosphazenes

Alkoxycyclophosphazenes are excellent flame retardants for viscose rayon and ot
textiles?. The thermal properties of these phosphazenes merit detailed investigations
in order to gain an insight into the factors that contribute to their flame retarda
bebaviour. Our studies have included: (a) a reinvestigation of the thermal tax
formations undergone by the methoxy homologues, [NP(OMe),]s, 7 = 3-6, and
(b) the thermal rearrangement of amino(methoxy)cyclotriphosphazenes™.

The fully substituted methoxy derivatives of chlorocyclophosphazenes ar¢ PTEP"”}'d
in 60-80% yield by treating the appropriate homologue, [NPCl,],, with sodium methou
in dry benzene. The hexamethoxide, N,P;(OMe)g(III), rearranges readily 3'[
150-160° C (1-2 mm Hg) to give the oxocyclophosphazane, N3Me3P303(OME)3m]
in 70% yield (fig. 1). The 270 MHz proton NMR spectrum® of compound !
mdicates that both -OMe and -NMe protons are in two environments (each I ue
ratio 1:2). A corresponding non-equivalence is also seen for —O¥CHj, and N
carbon nuclei. These observations suggest that the distorted boat structure found &
the solid is retained in solution. A variable temperature proton NMR study of
rearranged product (IV) indicates that the cyclotriphosphazane ring is highly rig-

The octamethoxide, N,P,(OMe),, undergoes rearrangement at 160° C (1-2 mo H%)
to give a mixture of two isomeric oxocyclotetraphosphazanes, NaMeap*O"(oMﬂ);
The pro:duct§ are separated by fractional crystallisation. In principle, there 3% gnl
geometric  1somers for an  oxocyclotetraphosphazane. ~ The most abunm,;.ﬂ
Isomer obtained in the thermal réearrangement has the 2.trans-4-Cis* 67” efs
structure ; the other isomer has the 2-cis-4-frans-6-trans-8 structure®, ThEse -
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fe. 1. The methoxyphosphaZENE-N-methyloxOphosphaZANE rearrangement.

i also formed in the rearrangement of N,P,(OMe); catalysed by methyl iodides,
The higher homologues, N;P;(OMe),, and N,P¢(OMe),, also undergo complete
rarrangement on heating (proton and carbon-13 NMR evidence) but a complex mixture
of isomeric cyclophosphazanes is obtained in each case?.

We have been unable to carry out similar rearrangement reactions using the esters
NP(OR), (R = Et, Pr*)?. These alkoxyphosphazenes appear to decompose when
tey are heated under vacuum ; the presence of N-alkylcyclotriphosphazanes could not
be detected in any experiment.

|

The rearrangement of geminal-N;P;R,(OMe), could give rise to four products
_(m!lldiﬂg geometrical and conformational isomers). Three of these products are
mrtally rearranged isomers (fig. 2). The presence of such intermediates in a re-
“mangement reaction has never been convincingly demonstrated by previous workers.
Eethermal rearrangement of geminal-N,P,Ph,(OMe), and geminal-N;P;(NHBu'),-
jth?;)a} have been investigatcd in the temperature range 150-200°C invacuo. The
- t tf@-ﬂ-‘r"f*l‘.'rm{itums are conveniently monitored by 270 MHz proton b.IMR
(5: \COPY". This technique shows conclusively that both oxocyclophosphazadienes
dﬂctsZA’ R =Ph or NHBu! : fig. 2B, R = NHBu) and the fully rearranged pro-

ok gﬁg D, R = Ph or NHBu) are obtained. A typical spectrum is shown

mﬁewﬁﬁg&mlnal derivative, trans-NyP3(NMe,),(OMe), (V), undergoes rearrange-
M‘“-hoursg?]iy (Bg. 4). Even after heating a sample at 150°C (1-2 mm {dg)_for
]-hpmtﬁn’m\: oulk of the starting material (V) can be recovered l?y c.:hs»tlllatu:r-nci
Bl at ¢q 52.R SPectrum of the oily hygroscopic residue (VI) consists -of a brota:O
‘LT o hﬁ(NMe) and a doublet at & 3- 48 (OMe); these signals are in the raol) ]
4 il atpéorus-.’,l NMR spectrum contains a doublet at 39 6[P (NMcZ)t('blc
e NMR d gt [P(O)OMe]. Only a fully rearranged compound is compall
3. In contrast, the nongeminal trans-derivative, N, P5(NMe,);(OME)s,

ot re
ar
a0ge even when heated at 200° C under reduced pressure’.
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FiGg. 2. Possible products from the thermal rearrangement of gem-N;P;R. (OMg),.

Our results on the thermal rearrangement of methoxycyclophosphazenes suggsii
electronic effects and steric factors associated with ring nitrogen atoms contrel
reactions. The evidence clearly implies that an intermolecular pathway is v
in the transformation of cyclophosphazene to cyclophosphazane. A recent shudy
Allcock and coworkers® using a mixture of N,P;(OCH;), and NyP;(OCDy denee

strates unequivocally that an intermolecular migration of methoxy groups oocus &
thermolysis.

3. Tautomeric forms of (hydroxy) cyclotriphosphazenes

The hydrolytic decomposition of the cyclic trimer, N,P;Clg (I), was i rcﬁ?::
at the end of the nineteenth century?®. The initial step is the formation 'ofa(h}w:
cyclotriphosphazene which then undergoes a rapid tautomeric shift to gtj.rca(h}}unh‘
oxocyclotriphosphazane, viz. NyH,P;O,(OH),. In an acidic medin® "~

: ¥
hydrolysis leads to ring cleavage and skeletal degradation; the final producs ae B
phoric acid and ammonia.

| ’ 5 ¥

We have studied some mono(hydroxy)cyclotriphosphazenes, NyP3RsR E(O;lgﬁr i
attegtlon has been given previously to the structures of these Compounds' c{,ﬂsid""jl
mEric forms can be envisaged (fig. 5 ; 1-4) albeit structwies 1 and 4 3 f

0
: . ot
unlikely!0,11, Dynamic phosphorus-31 NMR spectroscopy 1s a very useful ?
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fi. 3. The'H NMR spectrum (270 MHz, CDCl,-D,0) of a mixture of N, MeP, (NHBU'); (0) (OMe);
(wo isomers) and N,Me,P, (NHBU’), (0), (OMe).. The NMe * triplet* and doublet of doublets marked
Dare assigned 10 the fully rearranged dioxoshospha-1-ene [Fig. 2D ; R = NHBu‘]. [Adapted from
Mhatathreyan er al’ by permission of the Chemical Sotiety, London]. )

uting these tautomers. For example, the 31P{tH} NMR spectra of the alkoxy deri-
:nt:;‘ FipaPhE(OR)a(OH)’ vary considerably with temperature. At—40° C, exchange
¢ Obzeﬁ o between tWO‘HOHequivalent alpha-sites is relatively slo?v, thus perm'tting
han r?tlon of two distinct tautomeric forms (two overlapping ABX f‘:pecltra)t.
3mbienge *P0mes more rapid as the temperature is raised _(only f"eatureless slgnf, S a
\ mperature) ang individual tautomers are not distinguished. At 100 C, a

tingle i
ABX pattern is observed (fast exchange).

'8 Specteum | rature is shown
i of N.P —40° t room tempera :
! g. 6, 3 3Ph2(0Et)3(OH) at 40 C and al 10 ShO ) AS anticl-

Mg f,u;alues of 65 ang 2J(P-N-P) for each tautomer are also -
Wty OW Studiess=? of six-membered, cyclic phoSphorus-nitrogen comzpoun >
ngnne Or more P-N bonds With ph oSphaz ane character, the valuﬁ of J (P—P)
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Fig. 4. The thermal rearrangement of trans-N,Ps (NMe,), (OMe), (V),

across the phosphazane segment [= P-NH —P(0)=] 1s less than that acrg il ;
the formal phosphazene links. The considerable variation in the magnitude of g ¥
associated with phosphazene segments may reflect a difference in ring conforns,
for each ethoxy tautomer (fig. 6)'.

Other types of prototropic behaviour have been observed for the ‘ monohygun
derivatives, N;P,(NHBu%),(OMe),(OH) (VII) and N,P3(OMe)(OH) (VIID). Thezpy
NMR spectrum of the z-butylamino compound (VII) consists of twelve lines (i}
pattern) and does not alter significantly with temperature!. This evidence india
the absence of the exchange phenomenon. The tautomeric form with a proton a:
to =pP(NHBu’), and =P(0)(OMe) groups is clearly favoured by the NMR parames
This tautomeric form Is also anticipated on electronic grounds : the base strengthép:
effect of a #-butylamino group on an adjacent ring nitrogen atom1s (.:011sicierablY.E'-‘”ﬂf’vr
than that of a methoxy group!. Exchange between two equivalent ring nitroge i
is exhibited by the pentamethoxy derivative (VIII). Its 3P {IH} NMR spiT
at —40° C is of the ABX type as the exchange of the proton is °frozen’ thert
conferring nonequivalence on the phosphorus nuclei of the two == P(OMg), govp
At ambient temperature, exchange is fast and an AX.-type spectrum Is sect-

O OM .
| > p< ° \p/ e
N NH N/ \NH
Me0 l HBut
\l p<N Meo\p P/O e
e~ \ ~ NHBu! MO~ \N/ “NoMe

(Vi)
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Fic. 5. Tavtomeric forms of N,P,R,R'OH.

Our studies on these (hydroxy)cyclophosphazenes and on related compoundsf',_“
show that they exist as oxocyclophosphazadienes both in the solid statel® and n
wiition. The hydrogen atom is always bonded to a ring nitrogen atom alpha to the
Mosphoryl group. There is no evidence yet for the existence of the gamma-tautomer
e 5; structure 4). Although the hydrolysis reactions, of cyclophosphazenes ar

“mplex, phosphorus-31 NMR spectroscopy provides a powerful analytical tool for
their investigatiop,

4 Tri ;
T“thll)lphOSphazenylcyclophosphazenes

. :;;I;le;c and kinetit? studies suggest that the course of the aminolysis reactions c_)f chi(():)og-
o E?mﬂspllﬂz’tz:-:nes. 1s influenced more by the nucleophile than b}’ the subst}tueldliSUb:
’ﬁtumdmp “, Secondary amines usually react with the hexachloride (1) f:o give e
the r'rcli-"f'ifducts:. N;P,Cl,R,, which have nongeminal structures. Bn.ef repli:::'zene
N actions  of pentachloro(2’,2’, ‘-triphenylphosphazeny])cyclo'tr%phqsla s i
 paNFEty) (IX), with two equivalents of dimethylamine or piperidine in diethy

ther haye ;. 4 ‘ -
1 ¢ ’ - eming
“"d%, ndicated ap apparent exception to the normal > behaviour : only g

:tl"lphenylth?,Pspl‘qR(NPPha), R = NMe, or NCﬁHm, WwEre formed.
OSphinimine, Ph,P = NH, reacts with either the mon
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FIG. 6. The "P{*H} NMR spet trum (36' 4 MHz) of N,P,Ph,(OEt),0H in CDCly at —40°C 3 anb¥?
temperature. NMR jarameters are indicated on the structural diagrams.

derivativf: N3Py Cl(N Meﬂ)‘s cr the phosphazenyl compound (IX) to give nor gcm‘@]
productst® (fig. 7). ‘This Intriguing behaviour of the tri phcnylphﬂsphazenyl sU "
tuent led us to €xamine the amino[ysis reactions of N3P3C15(N PPh3) ([X) in more deld

i it
. The PhOSDhE‘I.ZElIl}’l derlvative (IX) is SyntheSiSed by a Kirsanov reactiOnE Of [he gi.m
bis(amido) compound, N,P,Cl(NH,), (Eq. 1). "

NyP;Cl,(NHy); + PhyPCl, - N,P;Cl(NPPh,) + other products.
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ondary amines_-dimethyla{nine, diethylamine and piperidine — react with
e SEC i methyl cyanide to give a mixture of geminal :
N,P,C(lasnf:g 8 rvatives, NyPsCLR(NPPhy) :
qono
N.P,CL,(NPPhg) + sRH — N,P;CL,R(NPPh;) + RH, HCI. )
3

cement is favoured™. The geminal isomer of NyP,Cl,R (NPPh,) is
in a reaction with two mol equivalents of dimethylamine or piperi-
diethyl ether (Table I).

q oneeminal repla

rormed exclusively
jige in benzeoe OF

The de[ivatiVeS, N3P3C]5—n.Rn (NPPh3)’ R = N_Me2’ H = 2:3:5 ’ R = NElz, NCBH],M
» = 2, have also been identlf_ied in reactions using higher stoichlometries of amine.
None of these products contain the EPCI(NPP.ha) group CH _and 1P NMR evidence),
. observation which ndicates the strong geminal directing influence of the — NPPh,

gmupl‘"-

Methylamine reacts with N,P,Cl,(NPPh,) (IX) in methylcyanide to give cis- and
rmsnongeminal isomers of NyPyCl,(NHMe)(NPPhy). Reaction of compound (IX)
sith +butylamine is extremely slow even in boiling methyl cyanide : the geminal
moducts, NyP5Cl ANHBu)}(NPPh,) (119 yield) and N,P,CL(NHBu),(NPPh,) (25%) are
isglated only when a large excess of r-butylamine is used™.

The geminal and nongeminal triphenylphosphazenyl derivatives, N;P,CL(NEt,;)
(NPPhy) are readily distinguished by 31P{H} NMR spectroscopy. Thiee phosphorus
twironments are observed for the former structure(dpgy, 16 °0, dxppra 12 45 Op(Eey (8PPRY)
103) inthe ratio 2:1:1. The nongeminal isomer possesses four phosphorus nuclei
n different environments and an ABMX-type spectrum is observed™. An interesting
[mfm of this spectrum is the coupling of = PCl, and = PCI(NEt,) to the exo-
;Zil'ﬁf—NP Phy laverage 4J(P-P) = 4-9Hz]. This four-tond coupling is close to
Lu;;ofr the geminal isomer’s. This difference in behavoiur may be related to different
i mations adopted by the —NPPh, group. Recently, Manoha and co-workers

eported the X-ray structure of N,P,Cl(NPPhy)%s, N,P,CL(NPPhy)'®, gem-

N
li;Pa(lzh(NPPha)zn and gem-N,P,Cl,(NEt,)(NPPhg)'®, and discussed these conforma-
nd aspects at leﬂgth-

The Carbon-

%25 ang theirB NMR spectra of several chloro(tripheny]ph05phazenyl)cyc10ph05pha-

opﬁratinamlno derivatives have been recorded using a Bruker WH 270 spectro-
iationg withg al 67'$9 MHz. The 3C parametcrs do not show any SIgl'llﬁC‘&nt
it g digtip :‘_hanges In the conformation of the —NPPh, substituent nor do tne€y
lirecyyy attaChc lon of positional iscmers!®. On the other hand, if pheny] groups are
phosph"fusc ¢d -to the phosphazene ring (N3P3Cls-, Ph,. n = 2, 3, 4, 6), the carl?on
_%?atives (I’upllng.c.onstam, 1J(C=P), can readily distinguish geminal and nongeminal
Wiltg g, . " addition, it js possible to differentiate geometric isOmers. The 13C

OI the .
* phenyl substituted cyclophosphazenes follow a regular trend and can
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FiG. 7. Formation of geminal and nongeminal isomers of N,P,Cly (NMe,) (NPPh,).

be largely explained on the basis of concomitant mesomeric electron release from ®
phenyl ring and inductive electron withdrawal by phosphorus®.

5. Spirecyclic phosphazenes

Four types of products are possible when a chlorocyclophosphazene reacts ¥4
bifunctional reagent?0: (i) replacement of two chlorine atoms from the same phospl}mﬁ
atom to give a spirocyclic derivative ; (if) replacement of two chlorin¢ atom 12
two different phosphorus atoms to give an ansa-type compound ; (i) repl&@ﬂ:d
of only one chlorine atom to give an open chain derivative ; and (iv) r‘?placelﬁﬁ
two (or more) chlorine atoms from different cyclophosphazene rings to 8Ve cyctc i
and cyclomatrix polymers by intermolecular condensation. We have dem onstfa_am,m&
that the aliphatic diamines (1,2-diaminoethane, 1,3-diaminopropane 20d l’woc)fﬁ‘
butfint’:? react initially with N,P,Cl, (I) in diethyl ether to give the mon{}.spit:o(clhf'
denvz}twes, N;P;CL[HN(CH,),,NH], n = 2-4.  Further reaction of the SPWS oo
lenediamino) compound, N,P,ClL,(HNCH,CH,NH), with 1,2-diamino€than¢ . o
non-crystalline, resinous materials which ha;den and become insolubI.e n o 0.}
s?lvepts On exposure to atmospheric moisture®!. In contrast, the bis'Splrgcycield g
dlaminopropane) derivative, N;P,ClL,[HN(CH,),NH],, is obtained in ¢4 40%, Y 7

the reaction of N,PyCl, (I) with an excess of 1,3-diaminopropane 1o boilir
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Tahle I
e yield of isomers of N3P3Cls R (NPPhs)
Retdtl
Relative yield (%) of
. Reaction T'O'ta] ) —
Amime (RH) solvent ® yield (%) gem.-18somer nongem,«
isomer
MeCN 415 37 63°
FLNH® PhH 56° 5 66 4
MeCN 66 36 64
PhH 37 100 0
MeCN 65 29 71°

__W

2 eflux temperature, b lit.%expt. (25°C), yield not stated, ¢ cis and irans isomers, d no reaction in

B0,

- form™. Tt would seem that a spirocyclic 1,3-diaminopropane substituent 1s less able
t loparticipate in cross-linking reactions owing to steric inhibition.

Reactions of the hexachloride (I) with ethanolamine® and N-methylethanolamine
bave also beep studied®®, The monospirocyclic (ethanolamino) compound, N3P§(;14
(NCH,CH,0), is obtained in 67% yield from a reaction of equimolar quantities

mNanCl“ (I) and ethanolamine and two mol. equivalents of n:iethylamine in
Wdrofuran. Tyo crystalline isomers of the bis-spiro(ethanolamino) compound,

MO{HNCH,CH,0),, have been isolated in small amounts from a reaction

& : . : .
U8 twice the amoynt of ethanolamine ; the major product Is 2 sticky resiL.

W0 Spi ; : :
| o 09¥lic structures are possible for these isomers depending on whether the

dN;thﬂitrog?n aloms have a ‘¢is® or ‘ trans’ disposition (ﬁg.'S). The ;eagigz
Si,"t‘% t?ile“(l) With three mol. equivalents of N-methylethanolammne in tetrahydro

h&spiro(NmﬂnO-Spirocyclic derivative, N,P;Cl,(MeNCH:CH.0), AR yile3§0£eai
i g v methylethanolamino) derivative is obtained in 60% yield from a 1:0 %%

0 boiling t i the °ols
" at 1t has
Wtyrerr oo oahydrofuran and an X-ray study shows th isomers of

fig. 8: R = : tris-spirocyclic
RMe > X=Me). A mixture of the two UrIS=SpRO="
NCH.CH,0), is obtained in boiling chloroform. Cross-linking processts do
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Fic. 8. Trans- and cis-isomers of N,P;Cl, (RNCH.CH;0),, R =H or Me,

not occur in these reactions with N-mcthylethanolamine and resinous products g
not obtained?°. |

The geminal diphenyl compound, N;P;Ph,Cl,, reacts readily with 1,2-diaminoetys,
or ethanolamine to give the spirocyclic product, N;P3Ph;Cl,(HNCH,CH.X), X zy.El
or O, in 65-70% yield®*'. The analogous reaction with N-methylethanolamine is s
what slower and a mixture of products is obtained®®. Two open chain derivathe
N,P,Ph,Cl;(MeNCH,CH,OH) and N;P;Ph,Cl;(MeNCH,CH,OH),, are formed
addition to the anticipated spirocyclic product, N;P;Ph,Cl,(MeNCH:CH,0).

The spirocyclic structwe of the cyclophosphazene derivatives prepared in these st
is readily apparent from a close scrutiny of their proton and phosphorus-31 Nt
spectra, Some typical data aie given in Table [I. In addition, the s[;irocyclic struety
of N;P3(NMe,),(HNCH,CH,NH), has been confirmed by X-ray crystallograpt®

The cyclic tetramer, N,P,Cl, (I1). is considerably more reactive to nucleophilic rege
than its trimeric homologue?® (see also section 9). Formation of highly unstablt p°
ducts is observed when it reacts with 1,2-diamino¢thane and ethylene glycol® M3
(SPichb’CliC)CYClotetraphosphazenes can be prepared from reactions of N,P,Ch (m'ml
1,3-dlaminopropane, N-methylethanolamine and 1,3-propanediol. The prodaclsﬂl:
characterised as their dimethylamino or methoxy derivatives, e.g., N;P;(N‘\’[ci)'l}l’,
(CH,);NH} and N,P,(OMe)[O(CH,);0]. Theit spirocyclic structure I corf™

- & ir
In each case by the unsymmetrical appearance of their phopsphorus-31 NMR §
(AB.C pattern).

; _ &
Our studies of the reactions of the cyclic trimer, N,P,Cl, (I), with b functional 1.

: o _ ro6)
In Conjunction with related work reported by other groups?, indicat® thiat SPI;?C "
products are the most common. Competition from cross-linking process® tain ™
important in the reactions of N.P,Cl, (1) with small ali phaﬁc reagents that conte™ .

— ‘ g I
:lr rpore NH, group. Open chan products ar¢c rare and ansa-compound
usive, | ‘
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Table I1
Phnsllh""“s"sl NMR data (36.43 MHz) for some spirocyclic derivatives of N.P,Cl°
compound MP(°C)  O[P(spiro)] O(PCly) 2} (PN-P) Ha.
\PCly(HNCH:CH:NH) 196 22°0 22:0°
\.P.Cly [HN (Cil);NH] 164 1°5 21-5 455
N,P:Cl (HN(CH.)NHI 187 12-8 20-3 460
N2,Cl(HNCH,CH:O) 150 23-3? 233
N,p,cL(MeNCHzCHgO) 87 224 256 53-9
 NyP,Cls [HN (CH,):NHI: 220 (d) 12+ 2 23 | 437
N’P;Cl; (HNC["I:CHgO): EOO(d) ?9 : Ob 29 . Ob
N,PlCl,(MeNCmCH:O){" 195-198 28°5 307 629
N2, (NMe;), (HNCH:CHaNH) 138 35°5 267 ¢ 400
NP, (NMe) (HNCH:CH,0) 87 36°5 27-3 1460

#—#—— —— = O —

+ Data from refs. 20-22 ; upfield shifts are negative and the external ref. (0 = 0) is 859, H,P

b Chemical shift separation < 0°5ppm. ) is 85% HaPO,
¢ AB. spectrum

d = P(NMe),

6. Reactions of NyP,Cls (II) with primary and secondary amines

() Chloro (amino) cyclotetraphosphazenes, N,P,Cly_n (NRR'),

T : : . : . :
U?e cgl.c tctrz}mer (II) reacts with amines in organic solvents to give complex mixtures
chloro(amino)cyclotetraphosphazenes and amine hydrochloride?s,*21.

N,P,Clg + 21 RR'NH - N,P,Cl;_n (NRR"),, + n RR'"NH,HCl (3)

5:;1 ccl;}I:tp:l;ns::i are usual}y obtained only after chromatogr ?’-‘lz'h}'1 althm_lgh fFac-
by the nongemi 1:11 suf{ices I BOME S8R, Replacement ‘f’f c::hlonne atoms is mamnly
Mounts of bot];l 9 ga nway, €, atta.ck at a = PCl, site 18 preftf:rred. S_ubstantlal
ting amines gych as:di-band 2,4t-d,lsubst1tuted prod}r,cts are formed 'WI'[h sluggishly reac-
tnzylamine® and a _l':‘-nzylanuneza, N-methylaniline??, n-butylamine®, ¢-butylamined!,
Sively30.32 23 The niline3® ; more reactive amines give 2,6-produots ahpost ex?lu-

' proposed sturctures of the bis-, tris- and tetra-chloro(amino) deriva-

_ ined in these studies are shown in fig. 9-
ma ; )
EP(NHPS yamino)cyclotetraphosphazenes containing both = PCI(NHR) and

Gerivative, :ﬁfoups have not been identified.?2. Attempts to synthesise  such
amzzdwon]y liesinous, cross-linked materials. Competitive cross-linking
Otetra ur with secondary amines. Thus, formation of chloro(secondary

phosphazenes, N,P,Clyn (NRR)y, 7> 4 is governed largely by the

e%tigng o
*ming)oyef
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&
-
R R . "
Sy, T
BIS .
g
R = NMe3 , NMePh, N(CHPh)y , R = NMe Ph, NI{CHPhlz, R = NHj
ik NH; NHE1 , NHBu' + NHBu! &
.
R
R R R R
TRIS :
) : b
R = NMe, ; NHE! , NHBU' R «NMejy, NMePh R « NMey;NH,
i
R R R R R R R
TETRA , l
b 2 b AR .
R = NMe, ,NMe Ph, R = NMeo NMePh, R s NMeyyNMePh, R « NMe Ph R » NMe , ,NMePh ;
NCH,Ph}, ; NHEL N(CHo PRy iNHEL  N(CH,Ph), NH,

FiG. 9. Proposed structures for N,P,Clg_, R, # =2 —4. Phosphorus atoms are represented by ar.
ners of the squares ; full or broken lines represent orientations above or below the ring plane. Chiorie
and nitrogen atoms are not shown.

T Also R = NHMe, NHPr", NHBu", NHCH,;Ph, NHPh (Ref. 30).
I Also R = NHBu", NHCH,Ph, NHPh (Ref. 30).

reactivity of the amine. Replacement beyond the tetra stage to give such denvali
1s only achieved with difficulty for N-methylaniline?® and not at all for dibenzylamint”

The octachloride (IT) reacts with aqueous ammonia (0°88) in diethyl etherin ¥
presence of anhydrous sodium sulphate to give the geminal bis(amido) con_lpouﬂ_i
NiP 4C16(NH2)2: n 15% yield"“. ThiS new compound iS sensitive to atmosphcrlc moi¥
ture ; it is conveniently characterised as its dimethylamino derivative, N, P,(NMesx
(NHg):- In a much earlier study, de Ficquelmont obtained a different bis(amid”
compound from the reaction of N,P,Cl (II) with gaseous ammonia ; a 2, 6-nongenD

structure has been assigned to this isomer (fig. 9).

The structures of chloro(amino)cyclotetraphosphazenes can be deduced from .
analysis of their phosphorus-31 and proton NMR spectra. In many cases: Y
spectroscopic and chemical evidence must also be considered?. Some of the SW&
tures shown in fig, 9 may require revision in the light of future X-ray eviden®® Pa}ﬂ,
cularly with regard to their cis/trans stereochemistry. Phosphorus-31 NMR ds.
some amino derivatives of the octachloride (II) are given in Table IIL. Th chﬂ;mo
shifts (3,) vary over a range of ca. 20 ppm. For compounds containing prima®y * gt
substituents, d,c,  is always upfield (more negative shift) from dpcr,s 11° o

: 3
constant, 2J(P-N-P), has been determined for some compounds and it is v
38-47 Hz and positive in sign,
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Table L1
phosph orus-31 NMR data for some chloro(amino)cyclotetraphosphazenes ®
/—m
Compound MP(CC) 9(ECl)  O(PCIR) O(PRy) Structure °
123 —6"7
NP.Cle _
NP.Cls (NHMe), ;gg —22 13499 A
oy )st), 116 — 34 —49 A
N,P,Cls (NHE o6 5.5 L
NlPICII (NHEt)" 158 09
N.P,Cla (NHE1)s &
NP, (NHEt)s 118 4+3
N.P,Cls (NHPr")s 115 — 34 A
N.P,Cle(NHPT')s 122 —4'0 —T74 A
N.P,Cls (NHBU"); 114 —34 —46 A
N.P,Cly(NHBu')s 171 —58 —106 A
N.2,Cl, (NHBu')2 128 —87 —73 D
NP, (NHBu")s 180-200 (d) —3-1
N.P.Cl, (NHCH,Ph), 150 —29 —55 A
N,P,Cl, (NHCH:Ph), liq. —61 —08 D
N:P,Cl, (NHPb), 166 —30 —12:0 A
NP,Cl, (NMe,), 170 — 37 —02 A%
N.P,Cl, (NMe,), 200 5:2 B*
| NlP{Clz (NMC,); 168 4+ 4 9:-9 E*
NP, (NMey), 220-238 (d) 9-6 )
NP, Cl, (NMePh), 145 —53 A
NP Cly (NMePh), 105 —72 — 32 D*
NiP,Cl, (NMePh), 162 —11-5 " F
NiPCl, (NMePh), 128 —2-1 C
NP, Cl, (NMePh), 145 —14 G
NP Cl, (NMePh), 159 e B
NP Cl, [N(CH.Ph),]. 156-158 —3-9 A
NP.CL [N(CH;Ph),}, wax —68 —02 D
NP Cl, IN(CH, Ph).], 114-115 2:2 B
Nlplcll [N(CH,Ph),], wax 20 C
,N'P*C‘*[N(CHzPh)zL 9395 2:0 G

— e —

9 Spectta measured at 24'3 or 36'4 MHz; CD,Cl, or CDCly solution
b) A 2!4:":6,8,8 :2—”"{1?13—6
g 12’,4,6,3 *2—Cis—4—trans—6-trans—8
D 46,8 :2-trans -4-cis-6-trans-8
246,688 : 2-srans—4
i 2-trans—g 1244688
2,2,6,6 :4488

2 :
4,68 .Z-Irans-Lcis—G-trans—S

i::lttures marked with an asterisk have been confirmed by X-ray ¢ rystallography (Refs. 2,29).

In D,othe fomenclature, see Ref. 2.
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(ii) Bicyclic phosphazenes

A minolysis reactions of the cyclic tetramer (IT) can be rendered evep More ¢

competitive formation of t:'ans-annula{-brldged bicyclic phosphazepes U'"Ph‘ﬂ
chloride (IT) reacts with an excess of primary aminc®.% in chioroform t, giv: 6
yields of the bicyclic phosphazene, N,Py(NHR){(NR), R = Me (Xa), Et pp Pr%
octakis(amino)cyclotetraphosphazene, NP (NHR)s, 1Is also obtaineq. Thc *ﬁf
structure of compound (Xa) is established by NMR and IR SPECtroscgpy::tk:‘
proton NMR spectrum (270 MHz) consists of a triplet and three doublets 4p s Sho:
in fig. 10 along with the assignments. The 3P chemical shifts (5, IS-.
Bty 21°5) lie in the region that is chara:cteri_stic of bicyclic phos';f,";m
An X-ray analysis®? of compound (Xa) confirms 1ts bicyclic structure. The mnha
contains threc different types of P-N bond, viz., phosphazene ring P-N (mean -5,
exocyclic P-N(mean 1°637A) and bridge P-N (mean [-716A). |

The reactions of hexachloro-2-trans-6-bis(alkylamino)cyclotetraphospham
N,P,Cl; (NHR), (R =Me, Et, Pr", Bu", CH,Ph), with an excess of dimethylam,
chloroform or methyl cyanide give the bicyclic phosphazenes, N,P, (NMe.) (Nt

Metey g NHM-
i A "

MeNH NHle

ML
J\/
\_
21-?8 l— 20 Hz — ;,53
N

FiG. 10. The *H NHR spectrum (270 MHz, CDCl,) of the bicyclic phosphaZent: N‘?ﬂ!”
(NMe) (Xa) with assignments. In the structural diagram, corners of the squart represeh
other four ring nitrogen atoms not shown.
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Table IV
vields of products formed in reactions of N,P,Cl; (NHR): with dimethylamine (R'H)

/’-—_\

. — NP R;'(NHR) (NR) N,PR,'(NHR), N.P(R,'(NHR),, xHCI

- ==
CHCl, 30 46

E:e CHCl; . 32 3 3

v CHCI/Et,N® 74 18

G CHECl; 38 55

. CH.CN 14 30 35

P CHCls 54; 363

e CH,CN 10 10 68

g CHCl, 22 65

- CHCl, 0 13 65

Bu' CH,CN 0 46 3

CH'!Ph CHCl’ 401: 40&

CHph  CH,CN 10 0

_________—__—————--_-—-—-————————

a Reflyx temperature
b Estimated visually from TLC(Z 5%)
¢ At ca. 25°C

NR), and fully aminolysed cyclotetraphosphazenes, N,P,(NMe,); (NHR),, and/or
bydrochloride adducts of the latter38, Yields of these products are given in Table IV.

A unique bicyclic compound, N,P, [N (CH,Ph),], (NCH,Ph) (Xb) has been isolated
fn 3-5% yield from the reaction of the octachloride(II) with an excess of dibenzylamine
0 boiling methyl cyanide?8.3®, The mass spectrum of this product exhibits intense
peaks at 1460, 1370, 1278 and 6395 which arise from the ions, [M — HF,
M ~CH,Ph)-, [M - (CH,Ph),]* and [M — (CH,Ph),])**. Its proton NMR spectrum
270 M.Hz) consists of a triplet at & 4-57 and three doublets at o 438, 3:97, 3:92 In
e ratio 1:2:2 ;2 ; the phosphorus-31 NMR spectrum is a symmetrical triplet
witered at ¢ 213 (A,B, tending to A,). The infrared spectrum of this bicyclic deri-
Yalive contains an intense band centered at 1180 cm™ which arises from 2 ring stret-
“El:}lg mode [v (P = N)] and a strong band at 790 cm™ (bridging P — N — P, the
BU0sphazane part of the bicyclic skeleton). Bands in these regions of the U3, Spoiiyain

are characteristic of all bicyclic phosphazenes33:%,38 and some relevant data are
Presented in Taple v

Formation
Pl:im&ry of b
"'ﬂth st

. icyclic phosphazenes takes place when cyclotetraphOSphazcnes bcarmg,;
rammo Substituents in a trans relationship at the z,e-phosphorgs atoms'reat.:
98¢ nucleophiles 3,363 Qur proposed mechanism 26,38 for their formation 18

USc~1g
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(PhCH, ), Mg, N (CH, Ph),

(PRCH)N N(CH PR,

(PhCH, ,N*  N(CH,Ph),

{xp)

Corners of the square represent P atoms ring nitrogen atoms not shown.

an intramolecular trans-annular nucleophilic substitution which initially involyes pyy,
abstraction (fig. 11). Two limiting cases are considered : (i) reversible proton abstyy,
tion at P(2) followed by addition of P(6) NHR across P(2)=N and (i) a dogy
proton abstraction at P(2) and P(6) followed by an intramolecular attack. The ghg.
vation that enhanced yields of bicyclic products are obtained in the presence of a tertin
base provides supporting evidence for a proton abstraction step ®. The formas
of the bicyclic dibenzylamino derivative must obviously involve a dealkylation st
prior to or concomitant with the intramolecular nucleophilic attack %,

Electronic and steric factors associated with the primary amino substituents exen
considerable influence on the reaction. The yield of the bicyclic phosphazenes, N},
(NMe ,); (NHR) (NR), increases in the order R = Bu" < Me < CH,Ph <Et<Rk
Bicyclic products are not formed in the dimethylaminolysis reaction when the cjor
tetraphosphazene precursor, N,P,Cl; (NHR),, contains an a-branched substts
(e.g. R = Pr', Bu', Ph). The choice of reaction solvent is also important. Chlore
form or dichloromethane promotes the formation of bicyclic products (Table[V
The acidic protons of these chlorinated solvents may facilitate the heterolysis of lhf
P-Cl bond at a = PCI(NHR) site. Such solvents could also stabilise the Speem
formed after proton abstraction by hydrogen bonding to the electron-rich nitrogead®
involved in the intramolecular attack.

Three major types of reaction can occur in the aminolysis of the 0ctatf™
N,P,CL (I) : (@) intramolecular nucleophilic substitution leading to the formﬂl{f:
of bicyclic phosphazenes, (b) ‘ normal ’ stepwise replacement of chlorine atoms t0 5‘"
nongeminal chloro(amino) cyclotetraphosphazenes, and (©) intermolecular oonds

tachlon®

" L . m.
salion processes resulting in the formation of cross-linked products'. Theh::;nt
petition among these reactions depends on the substituents present on the phi‘JﬁdeuJIL

me

substrate, the nucleophile and the temperature and nature of the reaction

7. Reaction of N,P,Cl, (II) with phenol

I?ete}iled stuglies of tht? aminolysis reactions of the tetrameric chloride (IT) havﬂﬂwnd
significant differences in the chlorine replacement patterns compared to tho%



Table V
Selected IR data for bicyclic phosphazenes and related cyclotetraphosphazenes®
W_—__—_

Bicyclic phosphazene v P=N P—N-—P Cyclotetraphosphazene vP=N
ring, cm™! bridge, cm™? ring, cm™!
NP;s (NHMe), (NMe) 1180 vs 790m, 805s, 825 sh NP, {N—Me), 1210 vs
N,P(NHEt); (NEt) 1195 vs 825s, 840m, sh NP (NHEt), 1250 vs
NP, (NMe;)s (NHMe) (NMe) 1190 vs 790m, 828s, 840s, sh N4Ps (NMe,)s (NHMe), 1265 vs
NP, (NMe,)s (NHEt) (NEt) 1195 vs 790m, 830s, 838s, sh N4Ps (NMe;), (NHE), 1270 vs
N,P, (NMe,)s (NHPr") (NPr") 1190 vs 795m, 822s,838m, sh NP, (NMe,)s (NHPr"), 1265 vs
NP, (NMe,); (NHCH,Ph) 1195 vs 800m, 830s NP, (NMe,), (NHCH,Ph), 1270 vs
(NCH,Ph)
NP, [N(CH,Ph).}, (NCH,Ph) 1180 vs 790s, 820 w N,P,Cl, [IN(CHPh))] .° 1300 vs

e i e —— e ————eeee e ——————— e e S S

¢ Data from refs. 28, 35, 38
® MP 114-115°C, Octakis (dibenzylamino) compound is unknown2®

SANIZVHJSOHd J0 XYISINTHO

191
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)

FiG. 11. Possible reaction mechanism for the formation of bicyclic phosphazenes; exocyls sfz
are not shown in structures (iii) and (iv) as it is uncertain when the formation of th P

bridge occurs. [Reproduced from Krishnamurthy er a/3® by permission of the Amerca Chem
Society].

for analogous reactions of the hexachloride (I)1.2. These findings have prﬁmP“d:
to explore the behaviour of N,P,Clg (II) towards an oxygen-containing I}ucl?ﬂpmw
Our choice of phenol for this investigation was based on the optimistic antlfflpa“f’“ ‘
the products of the reaction would be solids and consequently that purificat®

T : - ohtfored
fractional cystallisation (even after chromatography) would be relatively Stfmghlf.o ¥

and (b) precise structural assignments would often be simplified by SYnthwﬂ:;gs
derivatives, N 4P4 (OPh).—(NMez)s_.m and then EKaminjng their prot(]ﬂ NMR

at high field. These hopes were only partially realised. ’
The phenolysis reaction of N,P,Cly (II) is exceedingly complex‘r"m‘ e
obtained the chloro(phenoxy) derivatives, 1
NP Cl—2OPh of | b el (0 l |
4t 473 PhOH/Et;;N aP4Clga ( P]:l)“r + NaCl or Et3N, HC

i
ixto”
N,P,Clg, (OPh),, [2 = 1,2 (mixture of four nongeminal isomers), 3 .(ngof ¥

nongeminal isomers), 4 (mixture of isomers), S(mixture of isomers), 6 (ml?;y_ 69
nongeminal isomers) and 8] after extensive use of column chromatog'ap
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tric isomers could not be separated by this method. Structural elucidation is based
on phospherus-31 NMR data for both chloro (phenoxy) compounds and their dimethyl
amino derivatives ; the 270 MHz NMR spectra of the latter are also useful in favour-
able cases. The replacement pattern is largely nongeminal. At the bis stage of replace-
ment, products with a 2, 4-structure appear to be favoured (at least in diethyl ether
or benzene) ; at the hexakis stage, there is a pronounced preference for the isomer
2-trans-6 : 2, 4, 4, 6, 8, 8-N,P,Cl, (OPh),.

8. Metal complexes of cyclophosphazenes

Considerable interest has been shown in the structures of metal complexes of cyclophos-
phazenes *41, Coordination of a cyclophosphazene ring to a metal ion occurs in nume-
rous ways : e.g. (a) through antipodal ring nitrogen atoms as in N,P,Me,, PtCl,*?
and N¢P; Me,,, PtCl;#* ; (b) through antipodal ring nitrogen atoms, one of which is
protonated, as in N, (H)P,Mey» CuCly: (c) through a ring nitrogen atom and an
exocyclic nitrogen atom, e.g., N,P, (NMe,),, W (CO), ; (d) through exocyclic nitro-
gen atoms only as in l-pyrazolylphosphazene complexes of PdCl, and PtCl, 44;
or (¢) through a ring phosphorus atom?*’, e.g., [N, (H)P; Ph,Me],, PdCl,. In
some examples a protonated cyclophosphazene can function merely as a counter ion, e.g
[N;(H),P Me,o]*+ Cu(Cl, 2-, H,0. One complex of the sixteen-membered phosphazene
ring has a cobalt atom bonded to a bidentate nitrate group and four of the ring
nitrogen atoms *, viz. [NgPgMe,; CoNO,]* NO ;.

Although metal complexes appear to form most readily with the larger phosphazene
rings, we have been able to prepare nickel chloride and cobalt chloride complexes of
the spiro-cyclorriphosphazene, NP, (HNCH,CH,NH)(NMe,);. These complexes are
obtained by heating under reflux a solution of the metal chloride and the spirocyclic
ligand in methanol (or methyl ethyl ketone) in the presence of dimethoxypropane?”.
The nickel chloride complex (XI) exhibits a low molar conductance in methyl cyanide.
It is diamagnetic and 2 square planar coordination around nickel is indicated. Its IR
spectrum contains two split bands [1215 and 1185¢cm™1 ; y(P=N)] as compared to
a single band at 1195 cm~! for the free ligand®. The phosphorus-31 NMR spectra
of complex(XT) and of the free ligand are both of the AB, type. The ph?SphOIuS
chemical shifts for compounds (XI) are Spgspier 25° S and  Fpaeenr 21°9 [* J(P-P.)
31.6 Hz). These shifts are moved upfield compared to the ligand (Table I) ; The
spirocyclic phosphorus is most affected. The proton NMR resonances move downfield
on complex formation [complex(XI)] : Ouen, 3°52, O 4.7 ; ligand : ducn, 3.34, O
2'2]. The results are consistent with the structure shown.

_ The structure of the cobalt complex, [N3Ps (HNCH,CH,NH) (NMey),l,, CoCl,
8 different from that of the related nickel complex (XI). It has a high molar conduc-

mm? In methyl cyanide (280 mhos) and a magnetic moment of 4-6 B.M. ; its elec-
Wotic spectrum is characteristic of a tetrahedral Co (D) complex [Ages (MECN) SRSk
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CH, CH, CHZ CHZ
T T
HN\P/HH\T/HN\F/NH
H/ \N ™ N / \\N
Me, N\i !.!/Nﬂez MEZN\!' !:/NMQ
Mezﬂ/ \N/ NMe, hth/ \\\ N/ \\Nmz

635(sh), 590(358)]. It seems likely that one exocyclic and one ring nitrogen &Om%s
ligand participates in coordination. ‘

We have also obtained a nickel chloride complex (XII) of the octakismethylamy
derivative of the cyclic tetramer (IT)*?. Complex (XII) is paramagnetic (3-3 By,
and its phosphorus-31 NMR spectrum is a single line at 8-00. A tetrahedral strgip

has been proposed in which the nickel atom 1s coordinated to two antipodal nitng
atoms,

The following complexes with mercuric chloride have also been prepand:
N,P;(NHMe),, 2HgCl, ; N,P,(NHMe),, 2HgCl, and N P,(HNCH,CH,NH)NM)

2HgCl,. Their high melting points(>200° C) and insolubility suggest that they &
polymeric22.

(X1} R s NHMe

Multiple bonding within the P-N ring not shown.

9. Kinetic Studies

| _ i oot
The rates of the reactions of the hexachloride (I) and the octachloride () wliﬁa ranf
amine in methyl cyanide have been determined at three temperatures 1o

. . s solteH
0-35° C. Rigorous purtfication of the chlorocyclophosphazenes and the
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is essential to obtain repn_:mducible results. The data are summarised in Table VI. An
§.2 (P) mechanism iIl_\fOlVng the formation of a pentacoordinated intermediate is in
accord with the kinetic data. _The enhanced reactivity of N,P,Cls (II) compared to
that of N3P3Clg (1) arises entirely as a result of the lower enthalpy of activation for
the reaction of the octachloride (II). ~ The entropy of activation remains almost un-
changed for both the systems?®.#%. This result can be explained on the basis of the greater
skeletal flexibility of the eight-membered ring which facilitates the formation of the
pentacoordinated intermediate—a tenet which is supported by the crystal structure
analyses of a number of cyclotetraphosphazene derivatives®2. Table VI also includes
kinetic data for the reactions of NyP;Clg (I) with t-butylamine in tetrahydrofuran
(THF) and with dimethylamine i methyl cyanide.

In contrast to the above reactions, the reaction of penta(phenoxy) chlorocyclotri=
phosphazene, N3Py(OPh); Cl, with methylamine or dimethylamine in methylcyanide
follows a first order rate law. The rate of the reaction is independent of the concen-
tration of the nucleophile. The results can be interpreted in terms of an S,1 (P)
mechanism which involves the dissociative formation of a phosphazenium ion in
the rate-determining step. Although an S, 1 (P) mechanism has been postulated by
earlier works for the replacement of the last chlorine atom in the aminolysis react-
ions of the hexachloride (I)?, this 1s the first time that such a mechanism has been

demonstrated experimentally®®,

The above kinetic studies and those reported by Goldschmidt and coworkers® have
been helpful in gaining a better understanding of the mechanism of this class of reace
tions than was possible purely from the synthetic studies.

10, Concluding remarks

In this paper, we have reviewed the results of our recent investigations of the synthesis
and characterisation of new derivatives of the chlorocyclophosphazenes, N3P;Clg (I)
and N,P,Cls (II). The pathways observed in the nucleophilic displacement {eactions
of chlorocyclophosphazenes with some mono- and bi-functional reagents are dtscuss_ed.
The discovery of a trans-annular intramolecular reaction that leads to the formation
of novel bicyclic phosphazenes is highlighted. The availability of NMR spectrometers
Operating at high magnetic fields (5-10 Tesla) and access 1o X-ray diﬁ'ractome-ters
has greatly facilitated the elucidation of the structures of cyclophosphazene deriva-
Uves. Diffraction methods are essential to unravel the diverse bonding modes that are

possible in meta] complexes of cyclophosphazenes.

The reactions of halogenocyclophosphazenes, particularly their mechanistic aspects,
Will continue to receive considerable attention as they may be viewed as models for
related stydies of linear polyphosphazenes’?. These linear polymers have ga{ned some
lmgortance in that they combine several desirable propertics for varied practlca} &ppl'l.
Cationg!,53,5 Another active area of current research in phosphazene c‘h!a: ST B
'the *Ynthesis of cyclic compounds and linear high polymers bonded to transition metals



Table VI*

Kinetic data for the reactions of chlorocyclophosphazenes with t-butylamine and dimethylamine

e i

Cyclo-, Amine Solvent  S:xcond order rate constant ko/dm?mol—? s} AHI AS]
Phospha- Temp. T,°C kJ mol-? J mol? K1
zene
0 10 20 30 35

I Bu'NH., MeCN 97T % 1079 12:8 X10° 15T x10°% 203 4 1% —205'7 +12:3
| Bu‘NH, THF 1'9 x 10~® 33 x10°% 57 x10% 47-62+4:"1 — 1259 4+ ¢-0
[ Me,NH MeCN 519 849 104-2 20090 + 46 — 1261 + 1'3
I1 Bu'NH. MeCN 1:66 1'89 2:28 82+20 —201°6 + 422

e —

* Data from Refs. 25 and 49,

—
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or 10 organic groups of biological intf:rest"“". The recent reports of anti-tumour acti-
Jity ¥ of some of these compounds will undoubtedly provide an additional impetus to
these studies.
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