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l. Introduction

A great number of compounds containing the phosphazo group
-N=PX, (X = halogen) is known; their reactions and applications have
led to very intensive investigations. In the last 7 years (since 1964) over

* Present address : Huegelgasse 8/10, Wien 13, Austria.
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2 M. BERMANN

300 new papers dealing with this subject have been published ; yet there
is no comprehensive and up-to-date review about these compounds.

The present review does not consider the chemistry of the cyeclic
phosphonitrilic compounds (phosphazenes) (PNCl;), (n > 3); many
authoritative reviews on this subject have appeared (182, 188b, 220b,
292, 355, 357, 407, 418, 420, 525) as well as shorter ones (3a, 4, 55, 406,
415-417). Linear phosphorus-nitrogen compounds have been reviewed
lately (161, 188). Also phosphinimines do not fall within the scope of
this survey, unless they can be prepared from phosphazotrihalides or
are made available through analogous syntheses. There exists an excel-
lent review about phosphinimines (483) and another one which is related
to them (392).

Phosphazotrihalides are, however, sometimes mentioned in reviews
(16, 19, 68, 161, 188b, 206a, 342, 350, 389, 408a, 411, 492a). Kirsanov
and co-workers have provided an excellent coverage of these compounds
up to early 1964 (I137), and very recently a Russian review about
cyclodiphosphazanes (180b) has been published. Otherwise only very
short reviews (224, 227, 427b) from Kirsanov’s group have appeared.

The present survey considers the syntheses and reactions, along with
physical data, of all compounds containing a -N=PX; group (X = hal-
ogen). The abbreviations used are: Me = methyl, Et = ethyl, Pr =n-
propyl, Bu = n-butyl, Am = n-amyl, and Ph = pheny]l; if not otherwise
stated, R = alkyl group, Ar = aryl group, X = halogen, and Y, Z =other
substituents.

Original papers (over 80% of the literature references) were consulted
whenever and wherever possible. The literature (primary, secondary, and
tertiary) has been surveyed up to the end of November 1971. Names
of Russian and Japanese authors are given as listed in Chemical
Abstracts.

II. Nomenclature

No consistent system is available for naming phosphorus-nitrogen
compounds. In the particular case of -N=PX3 compounds the presence
of the monomeric form -N=PXj (as a derivative of the hypothetical
phosphinimine HN=PH,) and the dimeric form (-N=PXj,), (cyclodi-
phosphazane) gives rise to very different nomenclature systems. Table
I summarizes the most commonly used nomenclature; nomenclature
preferred by Chemical Abstracts is set in italics.



TABLE 1

NOMENCLATURE OF PHOSPHORUS COMPOUNDS®

Compound

Trivial name

Rational or partly rational nomenclature

[ClsP===N==:PCl3]+PClg~

CloOPN=PCl3

CISO:N=PCl3

1,1,1,3,3,3-Hexachlorodiphosphonitrilium
hexachlorophosphate

1,1,1,3,3,3-Hexachloro-2,1,3-azadiphos-
phapropanium][1]hexachlorophospha-
methanate

Iminobis(trichlorophosphazyl)hexachlorophosphate

Trichloro[ (trichlorophosphoranylidene)amino]-
phosphorus(V) hexachlorophosphate

Trichlorophosphazophosphorus(V) oxychloride

(Trichlorophosphoranylidene)amidophosphoryldi-
chloride

Trichlorophosphazosulfonyl (or -sulfuryl) chloride

Trichlorophosphoranylidenesulfamoyl chloride

Monomeric form: Dimeric form:
HN=—PHj3; Phosphinimine Phosphazene Diazadiphosphetidine
Diazadiphospha-
cyclobutane
Monomeric form: Dimeric form:
RN=PCl; Alkylphosphorimidic trichloride N-Alkylirichloro- Dimeric N-alkyltri-
phosphinimine chlorophosphin-
imine
(continued)

SHAI'IVHIYLOZVHJISOHd THL



TABLE I—continued

Compound

Trivial name

Rational or partly rational nomenclature

RN=PCls

Cly
P.

MeN NMe
o’
i
O

Alkylphosphorimidic trichloride

N-Alkyltrichloro- Dimeric N-alkyltri-
phosphazene chlorophosphazene
1,3-Dialkyl-2,2,4,4-
tetrahydro-
2,2,2,4,4,4-hexa-
chloro-1,3,2,4-
diazadiphos-
phetedine
2,2,2,4,4,4-Hexa-
chloro-1,3-
dialkylcyclo-
diphosphazane
Trichlorophosphazoalksyl —
2,2,2,4,4,4-Hexa-
chloro-1,3-
dialkyl-1,3-
diaza-2,4-diphos-
phacyclobutane
2,2,2-Trichloro-1,3-dimethyl-2,1,3-phospha(V )-
diazetidinone-4
2,2,2-Trichloro-1,3-dimethyl-1,3,2-diazaphospha-
cyclobutanone-4

NNYWHHE "I

@ Compound names in italics are those preferred by Chemical Abstracts.
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Ill. General Remarks Concerning the Synthesis of Phosphonitrile Chlorides

The mechanism for the synthesis of phosphonitrile chlorides has
been investigated particularly by Becke-Goehring and co-workers (19,
30, 310). It is suggested that this reaction follows the route of a Kirsanov
reaction (221): PCl; can react in polar solvents by an ionic mechanism,
the Lewis acid PCl,* reacts with an amine (for example, ammonia) with
formation of (I), which deprotonates and eliminates HCl forming the
previously postulated (357, 366) trichlorophosphinimine (II). This com-
pound (II) is not stable;* it polymerizes in the presence of excess NH,

al aug |’ a Cl H
—H+ ~n —-HCl
PClL)* + NHg ——» Sp«—NH | — PZ—Ni —— ClgP—NH
[PCl] 3 [cr’ ~c H ] ca” Sa H »
@ (II)

I

during the reaction with elimination of HCl to give cyclic phosphonitrilic
chlorides (PNCl,), (n > 3) or reacts with excess PCl; (in form of PCl,*
ion) to give the cation [ClgP=N-PClg]*; the latter is stabilized by the
PCl;~ anion. This ionic compound can react with ancther C1;P=NH unit,
etc., so that, in general, linear phosphonitriles with a different number

(PNClg)s (n > 3) (simplified)

(a)

~HCl
ClP—NH @)
(I1) N“’
[ClsP=N—PCls]* 2%, [ClgP—N—PCls]*[PCle]-

of —Cl,P=N units are obtained (30). The different steps are thought to
be as follows (NH,Cl as NH donor):

[ClsP=N—PCl3)* + NHy — ClsgP=N—PClg=NH + H+ + HCl
(3)

PClet
g

[ClsP=N—PClg=NPClg]* + NHs — ClgP=N—PClg=NPCls—=NH + H+* + HCI, etec.

* Recently (CCl3)eP(Cl)=NH, b.p. 68°-69°/0.03 Torr, f.p. = 41°~42°, has been
isolated from the reaction of (CClg)oPCls with ammonia (294a).
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The linear intermediates eliminate HCl in an intramolecular reaction to

give the trimeric and tetrameric phosphonitrile chlorides (hexachloro-
phosphazatriene and octachlorophosphazatetraene). For details, cf. refs.

Cly

P/N=P§Cl Cwo g NP
Cla N P NH —— N 7
N—P N—PCl,
Cls
(4)
Cly
ClgP—N=P~Cl cn,ﬁ_N=1|>01,
I - -
N Ile —HO, IT N
|
ClsP—=N—PCl, ClsP—=N—PCl,

(19, 30, 161, 310, 521a). A modern approach to this subject is also given
(406).

IV. lonic P-N Compounds Containing —N—PX3 Groups in the Cation

A. SYMMETRICAL CATION (Two P AToMS IN THE CATION)

1. Syntheses of the Chlorides

The first isolable compound [ClgP===N==PCl3]*PCly~ (1I1) from the
reaction of PCl; with NH,Cl is formed under controlled conditions
(solvent nitrobenzene or a mixture of sym. C,H,Cl, + POCl;, tempera-
ture = 45°-60°) (15, 19, 21, 24, 28, 310) or from C;H,N.PCl; + NH,Cl
(310); it is also formed from excess PCl; and hydroxylamine (24, 29)
[with (V) as intermediate], from PCl; and NCl; (14, 19) and, in minor
quantities, from S,N, and PCl; (29); the latter reaction had previously
been interpreted incorrectly (177, 183). Compound (I1I) is also described
in a patent (10), but the given structure PNCl,.2PCl; is erroneous. Other
syntheses of (II1) include the phosphorylation of PhCH(NH,)SOgH with
PCl; (molar ratios 1:5) or of P\CHNH,P(O)(OEt), (1:6) (643), as well
as the following reactions (315) [Egs. (5)-(7)]:

MeSO(=NPOCI;)Cl + 4PCls — Clg + SCly + MeCl + 2POCl3 + (IIT) (5}
Cl:2SNPOCI; + 3PCls — Clg + 8Clp + POCl3 + (III) (6)
ClaP=NPOCI; + 2PCls — POCl; + (IIT) (7

V)
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The chloride corresponding to (III), namely, [Cl3P-==N-=<PCl;]*Cl~
(IV), is formed as a C,H,Cl, adduct from P,NSCl; (VI) with chlorine
which loses the solvent by heating (29); (IV) is also formed from
hydroxylamine hydrochloride and PCl; (11, 24). These compounds like
all ionic compounds containing at least two -N=PX, groupsin the cation,
are resonance-stabilized, and are best represented by the formulas (IVa)
and (IVb). Other derivatives of (IV), such as the BCl,~ (346) or SbhCl,~

[ClaP—N—PCl3]  [ClsP—N—PClg]
(IVa) (IVb)
compound (15, 29, 395) are known. The former compound may also be
prepared from NH;-BF; and 3 moles of PCl; (51e). The latter can also
be prepared directly from NH ,SbClg and PCl; (399) or from PCl,*SbCl~
and NH,Cl (310) or results from the thermolytic degradation of bis(tri-
chlorophosphazo)benzyl hexachloroantimonate, [PhC(N=PCl,),]*SbCl,~
with loss of benzonitrile (402). Similarly, [Cl3P-=-N==PCl3]*X~ (X~ =
AICl,~, FeCl,™) have been isolated (509a).

PCly PCl; PClg
PCls + NH,OH — Cl3P=NPOCl; PhCH(NH2)SOsH

W %NB«&S‘NH[ NC/ y (PhCH(NHz)P(O)(OEt)a

P
CLiSNPOCl, 22,  [€1,P:=N:=PCl,]* [POlg]" < MeSO(=NPOCIy)Cl

(II1)

+ PCI;! t— PCly

[Cl3P===N==-PC1;)* CI~
(Iv)

Cla
petrol ether
~ CaHaCly

ClLP—NPSCl, —CHO) ) PoeN===PCly]+ Cl-+2CaHCla

(V1)

ScHEME 1. Syntheses of P2NCl; (IV) and P3NCl;» (I11).

2. Reactions of the Chlorides

Reaction of (I11) (15, 28, 315) or (IV) (29) with SO, or NH,OH-HCI
(with addition of PCl;) (24) yields trichlorophosphazophosphorus(V)
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oxychloride (V). The same compound can be obtained from (III) with
P,0,, (413) or formic acid (192).
[Cl3P==:N==-PCl3]*PClg- + 2803 — Clg(0)PN—PCl; + POCI; + 2850C]; (8)
v)
Liquid ammonia and (IV) produce a compound, P,N,H,,Cl, having
the following structure:

+

NH; NH;
HygN—P:==N=="P—NH; | CI-
NH: NH;

(36), which can also be obtained by thermal condensation of
[P(NH,),]*Cl~ (287, 405) or, as the iodide, from [P(NH,),]*I~ (404). The
reaction of (IV) with NH,Cl yields higher linear polymers (30) (cf.
Section III).

[ClgP==-N===PCl4]*BCl,~ and SO, react in a rather complex way,
whereas with H,S the compound (VI) is obtained (51¢) and with
MeNH (I a ring-closure reaction occurs (§1d ). Excess ammonium thio-
cyanate gives [(SCN)yP===N===P(NCS),]*[B(NCS),]~ (51b) and fluorina-
tion (AsFy) affords the cyclic compound (NPF,.PF;); (51a).

The thio analog of (V) can be prepared according to Eq. (9) (13, 29);

(ILT) + 2HgS
8« PCleN—PClg + PSCl; + 4HCl (9)

8sCla (V)

(III) + 68

it results also as a by-product from the reaction of S,N, with PCl, (29).

For further details concerning compounds (V) and (VI), cf. Section
V,A.

A longer chain polymer [ClgP-==NPCl,===NPCl;]*PCls~ is obtained
from (I1I) and NH,Cl (molar ratios 5:2 to 3:2) (29) (for details, cf.
Section 1IV,B,1); reaction with H,NSOzH gives NPCl,(NSOC!l), (70a).
Compound (III) and red phosphorus do not yield the expected
Cl,PN=PCl, (postulated as an intermediate), but give mainly cyclic
phosphazenes (158).

3[ClgP-==N==-PCl3]+PClg~ + 4P — (PNClp)ey + by-products n=2,3,...) (10)

The reaction of (IV) with a linear substrate Ph,P,N;H ,Cl] gives no
characterizable product (78), but with MeNH 4Cl in the presence of BCl,
a six-membered ring containing P, N, and B atoms can be obtained (16,
34; cf. also §12); an analogous six-membered ring with P, N, and Al
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atoms is known (5§09a). (IV) and MeNH ;Cl react only (169) according to
Eq. (11).
d 2(IV) + 2MeNH3Cl — (PNClz)4 + 2MeCl + 6HCI (11)

Various amidinium chlorides react with [ClyP:=N===PCl;]*SbCls~
to give substituted diphospha-1,3,5-triazines (400, 402). Heating
[ClgP=:N===PCl3]*BCl,~ with AlCl; in sym. C,H,Cl, is said to give a
product (BP,N4Cl,), to which a borazine-like structure with four fused
six-membered rings was assigned (346), but no adequate confirmation
was given.

Linear phosphonitrile compounds analogous to (III) and (IV), such
as [PhyP(Cl)===N===P(Cl)Ph,]*Cl~, have been reviewed recently (161) and
80 are not within the scope of this review.

3. Syntheses and Reactions of the Bromides

John and Moeller (205) obtained only poor yields of (PNBr,), by
reacting PBr;, excess bromine, and NH  Br at temperatures of 115°-120°,
but red crystalline substances of the general formula PNBr,.PBr;,,

room temp. 80°-100°
PNBry:PBrs,y ————" PNBr;s:-PBr; 5 PNBry-PBr; (12)
Ts Ta
red red yellow

(n > 0) (206) were formed. These substances can be formulated as
[BrgP==N-=PBrg]*Br;~ and [BryP-==N-==PBr,;]*Br~, respectively, Easy
addition of bromine with probable formation of polybromides
PNBr,-PBr;,, (n > 0) with varying bromine content occurs (206). On
raising the temperature to 85°, [BrgP-==N=:PBrg]*Br;~ slowly loses
bromine (75); above 120° polymerization to smaller amounts of (PNBr,),
and (PNBr,),, as well as larger amounts of higher polymers, was ob-
gerved. A short discussion concerning the ionic structure of these sub-
stances is given in the literature (75).

B. Hieuer Ionic P-N CompouNDs (MORE THAN Two P ATOMS IN THE
CATION)

1. Syntheses

As already mentioned in Section IV, A, 2 the reaction of P3NCl,, (I11)
with NH,Cl (ratios 5:2 to 3:2) gives PgN,Cl, (VII) (29); the same

[Cl3P==-NPCly==-NPCls]+Cl-
(V1)



[PhC{NPCla)2]* [SbClg)
(NPF:-PF3h

NH,8bCle RC(NPCIz)N
[{H2N)aP=="N==P(NHy)y]* Cl-
PCls ¥
[RC(N Byt Sl y‘
NHaliqu. y
(ENCla)s [ClaP==N==PCl3]* [SbClg)- [CLP==N=PCly)- [BCL |- =2, mp.NCl, (1) [ClP==NPCly===NPCl3)* [PCle]~
5 x -~ Vi1l
BF;-NH; ™~ P X e, VIR
\\!I‘.;-N‘H.f‘l _— / \ A4 o
S Shicly \ FCla o e
ret, e 7 \ - B
x - T L
ClP# P
[CLP=N-=PCly)s BCl,~ G %) 'T P MNHOLBCh (01, pN=PCL,)* CF ‘—amm [C1yP==: :m,; [Pl —2+ [C13P-=NPClye=NPCl3)- CI
MeN-_ “75 Me ~ {1 ‘;1 \\ (VIT)
NHNCS Cls s / /
. \ \
) ) 5 { / “. \ PCla \
==P(NC8J3] ' [B(NCS)(] ! :in. , i nmw.u
a # (PNClz)aa
NPClL(NSOC): (n=23,...)
'"lnﬁB -HCI
C1;P—NPOCI P
= P N0,
POC, PCLs

{SCN)P-==2

! $HSiCle)
e
"“’ ,» v)

SiN¢ — ., clP—NPSCI,
\"‘* (MeaSi);NH

(N H.),Sl}‘
POCH
(OH hl’[ ()NH, NH;OH.HCl

(MeO);PONH
HOP(O)(NH;)g

or
P(O)(NHz)s

ScrEME 2. Reactions of (EII) and (IV) and syntheses of (V) and (VI)
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compound had already been described earlier in a patent (51) but was
not characterized properly. Compound (VII) is also obtained by heating
the corresponding hexachlorophosphate (VIII) (29). Compound (VIII)
[Cl3P==:NPCly==-NPCl3]*PClg~
(VIII)

also results from PCl, and NH,CI (2:1) along with (IV) (16a, 23), as well
as from the thermolysis of (IV) at 150° (2 hr) in 82% yield (30). It is
also a by-product from the reaction of S,N, with PCl; (23, 29) and a
major product from that of (PNCl,); with PCl; (156) at elevated tem-
peratures (200°-220°) (cf. Scheme 3).

A higher homolog of (VIII), PyN;Cl;4, [Cl3P-==NPCly-=-NPCl,-:-
NPCIl,]"PCly, is formed in poor yields in the synthesis of (VIII) (30).
The same compound is formed in the reaction of (PNCl,); with PCl; (1:2,
250°, 11 hr) (339). The next higher homolog, [ClsPN—(PCl;N)4-PCl;]*-
PClg~, is formed from (PNCl,), and PCl; (1:2, 250°, 100 hr) (339).
Higher polymers, [Cl3PN—(PCI,N),—PCl3]*PCly~ (n = 4 or 5), have been
identified by 3'P NMR (339); a cationic mechanism for the formation
of these compounds is suggested.

Long-chain polymers of the probable structure Cl;P-N—(PCI,N),—
PCl,=NH (n = 8-13) have been reported (27). Related high polymers
with terminal -N=PClg groups were isolated by Paddock (356) and Lund
et al. (323) from the reaction of (PNCl,), (n = 3, 4) with PCl; (molar ratios
100:1).

Recently Schmidpeter and Weingand (405) synthesized the com-
pounds [P(N=PCly),]*X~ (X~ = CI~, SbCl~, ClLI-, Hgl;™).

[P(NHz)4]*Cl- + 4PCl; — [P(N=PCl3)4]*Cl~ + 8HCI (13)

P,N,F, and alkali metal fluorides in the presence of Ph,AsCl undergo
ring cleavage forming the compounds [F;P-NPF;=NPF,-N][AsPh,]*
(376) and [F;P=NPF,=N]-AsPh," (identified spectroscopically) [see also
(140a)].

2. Reactions

Compounds (VII) and (VIII) react with SO, giving Cl;P=NPCl,=
NPOCI, (23, 28, 29, 524a), the corresponding thio analog is obtained
from (VIII) and H,S (13a, 29). Ammonolysis of (VIII) yields (PNCl,),
(19); with H,NSO3H the compound NPCl,(NSOCI), is obtained (70a).
This compound can also be obtained on other ways (cf. Section VI, B).

When [C1;PN=(PNCl,),=PCl3]*PCl;~ is heated to 300°-350°, it yields
different linear polymers, among them (III) (339). The tetrachloro-
aluminate and tetrachloroborate of the | Cl;PN=(PCl,N),=PCl;]* ion are
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thermally stable substances up to 700° (339) ; analogous compounds with
other anions have been described [(344, 345), cf. also (407)]. The com-
pounds [ClgPN=(PCI,N),=PCl3]*Cl~ (n = 2, 8) react with metal halides
such as NbCl;, MoCl;, TaCl;, PtCl,, WClg, or RuCl, to give viscous oils
of probable composition [ClsPN=(PCI,N),PCls]*M™Cl,,,, (m = valency
state of the metal ion) (341); reactions with NbOClg and WO,Cl, (341)
and with phenol (7192¢, 374), aniline, MeNH,, and EtOH (374) have also
been reported.

The higher polymers [ClgP(=NPCl,), NPCl4]*Cl~ (n = 3-15) lose PCl;
when heated in an inert atmosphere to 240°-260°, forming longer P-N
chains with an average molecular weight of 3000 to 10000 (50c). The
ammonolysis product of only one higher linear polymer has been de-
scribed (509¢).

Finally, [P(N=PCl;),]*Cl~ reacts with SO, to give Cl,OPN=
P(N=PCl,); (403).

C. IoNic ComPOUNDS CONTAINING [P==:N===C(R)===N===P] Un1TS8

1. Syntheses

The first member of this series is [Me,NPCl;]*SbCl,~, which can be
isolated from the reaction of [Me,NH,]*SbCl,~ and PCl; (395). The
corresponding hexachlorophosphates [R,NPCl;]*PCl4~ have previously
been described by Michaelis (334), but have been formulated as
R,NPCl,-PCl;. The tetrachloroborates result from R,NH.BF, and PCl,
(61g). Reaction of RNH,-BF; (R = Me, Ph) and 2 moles of PCl; gives
rise to the compounds

+
ClzB~-N=PClg

R
(81f);

N
ClzFB--N(R)=PCl,

may also be obtained (51f).
Cyanamide and PCl; give

[ClgP=-N==:C==-N==-PCl3]*PClg™

I
a

(26b, 207); the same compound is isolable in poor yield from the reaction
NC—NH; + 3PCly — [Cl3P==:N==:0===N==-PCl3]*PClg- + 2HCI (14)

!
a



PCl. PCIB
(PNClz)s
SN ClsP=NPCl;—NPS8Cl,
PaI . NHCI
s
/
Y.

ACIP-=N=PClL]* O —2 & [CP==NPCl==NPCL;]* [PCl]™ —08,  NPCIy(NSOCh)s
v) (VIII)
NHs 80,
(PNCly)s +PCl -PCls ClgP—=NPCle—NPOCl,
80s
[ClP==N==PCly]* [PCle]- —0's  [Cl3P==NPCly==NPCl3]1*CI-

(111) (VII)

ScHEME 3. Syntheses and reactions of (VII} and (VIII).

SHATIVHIYLOZVHASOHd HHL

g1
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of urea and PCl; (207). The mechanism involved in the first step is
thought to be a Kirsanov reaction on the amino group (introducing a
—~N=PCl; group), followed by attack of a PCl; molecule on the C=N triple
bond with chlorination and formation of a second trichlorophosphazo
group (16).

Similar compounds

[ClgP:==Ns==:Ce=-N==-PClg]*SbClg-

I
R

were obtained by Schmidpeter et al. (396, 397) as condensation products
of amidinium hexachloroantimonates and PCl;.

HiN—C—NHy+ 2ECh, [ClyPNe= GNP Ol (15)

R R

R = Me, Ph, NMeg, CCl3 (the latter by using an excess of
PCls during the reaction of the methyl compound)

Stepwise phosphorylation of guanidine with PCl; has been accom-
plished; all intermediates could be isolated (422).

NH NH
HoN 'CI-—NH HO —2, QP N—y}—NH HO —%,
N L —2HCI = 3° - 8HCI
H

ClP=N
ClP—N—C—N—PCly 0, [ >

N
~
C== -
G NPCla:| - (16)

ClyP=N"

The latter compound has also been described independently (26b); the
hexachloroantimonate salt had been described earlier (396, 397).

The analogous condensation of Ph,PSCl with dimethylguanidinium
sulfate yields Ph,P(S)-N=C(NMe,)NH, (398) which reacts with PCl,

Phgf—N=?—NHa +2PCly; —
S NMeg

Ph.1r=N—(|3=NPCls *Cl- + 2HC1+ PRCl,  (17)
Cl  NMe,

(399) as shown in Eq. (17). The corresponding hexachloroantimonates
could also be obtained (399).
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2. Reactions
Arsenic trifluoride fluorinates
Cl;B~-N=PCl,
Me
to BF; and (MeN=PF,), (51k) and [Me,NPCl;]*BCl,~ to Me,NPF,.

A ring-closure reaction occurs with bis(trichlorophosphazyl)methyl-
(393, 402) or -phenylhexachloroantimonates (393, 394, 402) and excess
ammonium chloride to give the corresponding diphosphatriazines
RC(NPCI,),N in good yields. The same cyclocondensation with MeNH 4Cl

or PhNH;Cl stops at the hexachloroantimonate salt of these triazines
(394, 396).

+
|:ClaP=N—C=N—PCIS:| BbCls™ + R'NH,Cl

1—2!101
T il
ClgP==N—C=N—PCl;—NH | SbCls~ (not isolated)

l—acn

+

SbCls™ (18)

R = Me, Ph
R’ = Me, Ph

The thermolytic behavior of [RC(NPCl,),]TSbCls~ depends strongly on
the nature of R. With R = Ph, elimination of benzonitrile occurs giving
[N(PCl3),]*SbClg~; with R =Me, only tars are formed and with
R = Me,N no condensation occurs (402).

The reaction of the saltlike compound

PhgP===N==C:=:NPCly |*
[ 1 ] ’] 8bCls™

Cl NMeq



16 M. BERMANN

with SO, results in the formation of a six-membered ring (393).

I|~IMeg + ll‘TMea
XN ﬂ/%N
| Cl-+2803 ——  280Cls + | _,0 (19)
PhyPC1  PClg ’P\o/P\m

D. UnsymMMETRICAL IoNic P-N ComMroUNDS

1. Syntheses

The reaction of Ph,P(S)NH, with PCl; proceeds in the following
manner (26):

1 +
PhgP(S)NH; + 8PCly —— [Pth=N—PCla] PCls~ + PSCls + 2HC1 (20)

1 +
PhsP(8)NH; + 2PCls —— [Ph.P=N—PCla] Cl- + P8Cl; + 2HCI (21)
{IX)

Compound (IX) results also (25) as shown in Eq. (22).

1 +
PhyP(O)NH; + PCls [Ph.I——NH.] a- 2, 1x) (22)

—_—
-POCl,

Thiophosphoryl triamide reacts with PClj to give the ionic compound
(X) (33, 155) in contrast to the reaction of OP(NH,), (cf. Section V,A).

3PCls ~N=PCl, |*
SP(NHz)s — | Cl—P—N=PCl3 | CI- (23)
S N=PCl;
(X)

Excess PCl,; produces the hexachlorophosphate salt of (X), P;N3Clyq
(XT) (isolated as the C,H,Cl, adduct) (302).

Other ~N=PCl,-containing unsymmetrical ionic compounds are
formed in the first step of the phosphorylation of aliphatic (297 f, 442) or
aromatic (443) thiocyanates and of aryl cyanates (443a).

RSCN + PCl; — [RSCCL=NPClL] -, [RSCCL=NPCls]* PCly™  (24)
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PCl
ArOCN + PCly —— [ArOCCI=NPCl{] ——— [ArOCCI=NPCls]* PCls~ (25)

lAl’OCN

[(ArOCCl=N)gPClg]* PClg~
Ar = Ph; 0-, M-, p-MGCQH‘; p-CngH‘; 0-, p-Bl’CQH‘; 3,5-M6’C.Ha, l-CloH7

Derkach and co-workers prepared compounds of the type
[RC(=NPCI;)OR']*Cl~ (R =Ph, p-BrCiH,; R’'=ZEt) by reacting
RC(=NCl)OR’ and PCl; (or PCl;), as well as [(RO),C=NPCl4]*Cl~
(R = Me, Et) from (R0),C=NCl and PCl; (127) (see also Section VII,A).

Addition of PXy to N-bromotriphenylphosphinimine results in the

formation of ionic compounds [X gP===N===PPh,]*Br~ (7).
PX; + BIN—PPh; — [XsP---N:==-PPhy]*Br- (26)
X =Cl, Br

_The phosphorylation of various cyanides (for details see Section
VIII,B,1, phosphorylation of nitriles) at room temperature results in
the formation of ionic compounds (16, 239, 307, 423, 425, 445). These

H._ _N=PCl4 [*__
MeCN + 3PCly; —— c=c__ PCly~ + 2HCl @7
- PCly

(a1 N=PCl, |*
Se=c( ’

— PCle™ + 2HCI (28)
= -

CH;4CICN + 3PCls —

Me\ /N=PCI, *
EtON + 3PCly; ——* 0—C PCls™ + 2HCL (29)
a” PCly

compounds were formulated earlier as H,C=CNPCl,.PCl; and CICH=
CNPCI, - PCl;, respectively (239, 425).
Higher nitriles yield

[Cl3P=NCCl—=C—PCl;3]*PClg-
|
R
(R = Me, CICHa, Et, Pr, Bu, ¢-Bu, Am) (445).
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The compounds [R,C(CN)CCl=NPCl;]*PCls~ (R =Cl, Me, Et, Pr)
result as intermediates in the phosphorylation of dinitriles (290c) (cf.
Section VIIL, B,1).

2. Reactions

Reaction of [Ph,P(Cl)NPCI;]*PClg~ with SO, (26) or DMSO (192)
gives Ph,P(CI)NPOCI,. Analogously, (X) reacts with SO, giving

_N=PCl3
Cl—P=NPOCl;
~N=PCl,

(155) and with H,S to give the corresponding thio compound.

Interaction of [RSCCI=NPCls]*PCls~ (R =Et, Ph, p-MeC¢H,,
p-0.NCgH,) (442, 443) with excess PCl; yields CClyN=PCl,, which can
also be obtained on other ways (cf. Section VIII,B,1). Heating the
above-mentioned ionic compounds (120°-130°) results also in formation
of CCI3N=PCly, as well as HCl, PCl,;, and MeCHCISCI (in case of R = Et)
(442), whereas with R = aryl groups, PCl; and ArSSAr are obtained as
by-products (443).

120°-180°
[ArS8CCl=NPClg]* PClg" — > [ArS8Cl] + ClsCN=PCl; + PCl; (30)

1 PCly

ArS88Ar + PCls

Sulfur dioxide reacts with [ArXCCI=NPCL;]*PClg~ [X =8 (443);
X = 0 (443a)] to give ArXCCI=NPOCl,.

The thermal decomposition of [Cl;P=NCCI=CRPCI;]*PCls~ (R = Me,
CHCI,, Et, Pr, Bu, 1-Bu, Am) at 150°-200° results in formation of HCI,
PCl;, PClg, and RCC1,CCL,N=PCl; (445) (for details cf. Section VIII,B,1),
and compounds with the formula [RC(=NPCIl;)OR']*Cl~ (R = Ph,
p-BrCgH,; R’ = Et) at 130° give R’Cl and RCON=PCl, (127) (see also
Section VII,A).

The ionic compounds [PhyP===N===PX]*Br~ (X = Cl, Br) hydrolyze
with HX elimination to yield PhyPNP(0)X, (5, 7); in the case of X = Cl
the corresponding product results also from the reaction of PhP, PCl,,
and hydroxylamine hydrochloride (7).

The reactions of the ionic intermediates obtained by the phosphoryla-
tion of nitriles are represented by the following scheme (16, 307, 423).
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H N=PCly]* 80
So=c *| PCl ——————  ClP=NCCI—CHPOCI,
vl PCly - POCls, —~80Cls

4 lCh
5 o | —HC1
160°~160 1_ PCla \
ClgP=NCClgCCl3POClg
~ Cl Cla

Clie=0 ————  (13CCCIsN=PCl;
N=PCl; 14

4 180°-200°
—PCls ClgP—=NCCl==CCly

c N—PCls ]+ 4
So—=c” " poe 2% ap—Neoi—corpel,
1 PCls

~_ MeOPCla _~»
80 Cla

ClgP=NCCIl=CCIPOCl,

H _N=PCl,

H\C C/N=PCIS}+PCI - t R h SO . . \C
== 6 reacts wit 1vin =C
(o' SPCly ea 2 BIVINE (- SPOCI,

(307).

Compounds [R,C(CN)CCI=NPCIL;]*PClg~ react with SO, to give
R,C(CN)CCI=NPOCY,, SOCl,, and POCI, (290¢).

E. SPECTROSCOPIC INVESTIGATIONS

1. Infrared Spectroscopy

A normal coordinate analysis of [ClyP-=:N=:PCl]*Cl~ (IV) and
[Cl3P===N==:PCl3]*PClg~ (III) has been carried out (12); the most prob-
able value of ¥ PNP is 140°* giving a force constant of 6.97 mdynes/A
and a bond order of b = 2.0 (12, 180). As characteristic frequencies of
these compounds the following have been assigned (12): v, NP, at 833
em™}, v, NP, at 1298 em™?, v, PCl; at 468 cm~! and v,, PCl; at 653 cm™!
for compound (III) and 778 ecm™! for v, NP,, 1338 cm~! for v,, NP, 421
cem™! for vy PClg, and 592 em™! for v,, PCl,; for compound (IV).

Three characteristic bands for compounds of the type [RC(NPCl),]*-
SbClg4~ are assigned between 700 and 1100 cm™1! (397) ; v, PN lies between
670 (R = CCly) and 727 em~! (R = Me).

*The X-ray structure investigation of the related compound
[PhoP(NHj)===N===P(NHg2)Ph:]*+Cl- gives a value of ¥ PNP of 136° (74).
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2. Nuclear Magnetic Resonance

Phosphorus-31 NMR has proved very successful in elucidating the
structures of the compounds described in Sections IV,A,1 to IV,D,1.
Mention of this subject is made in a few reviews [(159, 160), see also
(19)].

a. Symmetrical Cations. The cations of (I1I) and (IV) show only one
peak (8p =—21.4 ppm) in the 3P NMR (15, 23, 155), thus showing
magnetic equivalence of the two phosphorus atoms. The PClg~ anion in
(I1I) gives the peak at ~305 ppm (Fig. 1).

a a
Cth=N-R,ClY PCly
A - J\.__,_\

(4} ¢l
-2;.0 ~3'05 'y

A spin-spin coupling is observed in compound (VIII) with the
characteristic AB,C pattern (153, 165) (Fig. 2).

The compound [ClgP=N(PNCl,),PCl3]*PClg~ (z = 2) has been shown
to be linear (30, 157). Higher homologs (z = 2, 3) have been synthesized

a « a
[IP ‘4= II-—P,(I 8Cl;
a

-725 736 <305 w0t

Fia. 2. 31P NMR spectrum of [Cl3P=NPCls=NPCl3]*[PClg]~. From reference
(155).

recently (339), but has been postulated earlier on the basis of *'P NMR
results (156). Figures 3a—c and 4 give the appropriate spectra. In general,
a ClgP=N group (terminal group) gives a chemical shift around —12 ppm
(39, 156, 310), a -NPCl, group (in the chain) is centered around 14 ppm
(155, 156), and the PClg-anion at ~300 ppm (154, 156, 160). Further-
more, increasing the value of « results in shifting the cationic phosphorus
atoms to higher field and, in addition to this, the band width of the most
shifted cationic phosphorus atom decreases. It can be concluded that
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£
(a)
4“ ¢ U .
-1 73 ~+305 x107¢
(b) POCY;
4| |a ¢
R 300 -10°¢
(c)
1l il
-13.7 —-T L +i0.3 —T L-Hl.9
-13.1 -12.2 +11.3 ppm
+109
-12.8

Fic. 3. (a) 31P NMR spectrum of [ClaPN(PC1:N);PCl3}*[PClg]~ (from the re-.
action of PCls/(PNClz)a. From reference (156). (b) 3'P NMR spectrum of [C13PN-
(PCl1oN)sPCl3]+[PClg]~ neat. From reference (157). (¢) 3P NMR spectrum of
[C13PN(PCl2N)2PCl3]t[BCly}~ (from the reaction of PCls; and (PNClg)s. From
reference (339).
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with higher values of x (4 or 5) the cationic peak shifts to 15 ppm (339)
or with x ~ 10 to 18 ppm (323).

The compound [P, (N=PyCl;),]* X~ (405) gives a characteristic AB,
spectrum with 8p, = 38.5-39.3 ppm (depending on the nature of X~) and
with 8p, = 8.4-4.1 ppm (Jpxp = 28.7 — 29.9 Hz).

e

I|I
-||.5 +12.9" 4 138 +297 ppm
+13.4
HO

F1a. 4. 31P NMR spectrum of [Cl3PN(PClaN)sPCl3]*[PClg]~. From reference
(339).

b. Cations with (P==N==:C(R)==N-=P) Units. The resonance in
cations of the type [ClgP-=:N===C(R)===N===PCl3]* X~ (R =Cl; X~ =PClg")
is shown by the fact that only one peak (8, = —38.5 ppm) for the cation
is obtained (76). Similar results occur with R = Me, Me,N, ClyP=N—, and
X~ =S8bCly~, but a strong dependence of the chemical shift of the
cationic phosphorus atoms on the nature of R is observed (396, 397).
An obviously erroneous result for

ClgPN<,, +
,C==NPCls | Cl-
ClsPN7

with two peaks (—13.2 and —32.9 ppm, ratio 2:1, respectively) was
recently reported (422).

The equivalence of the two phosphorus atoms is also shown in the
'H NMR spectrum (396, 397) of [MeC(NPCl;),]*SbClg~ consisting of a
triplet. The proton nuclear magnetic resonance spectrum of [Me,NC-
(NPCl,),]"SbClg~ (at 40°) shows a quartet of nonequidistant lines (part
of an A,X, system) (396, 397), which turns to a triplet (AX,) at 90°
(Fig. 5).

¢. Unsymmetrical Cations. The compound [Ph,P,(Cl)=NPyCls]*Cl~
gives two peaks (8p, = —42.3 and 8y, = —14.3 ppm), both showing tetra-
coordinate phosphorus (26); [CIP,(N=PyClg)3]*X~ [X~ =Cl~ = (X);
X~ = PClg~ = (XI)] similarly show two cationic peaks (3p, = 26.8 and
8p, = —6.5 ppm) (302).
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AL )

40°C 60 °C 70°C 90°C
70/‘/2

Fig. 5. 'H NMR spectrum of [MeaNC(NPCl3)2]*[SbCls]-. From reference (397).

The structures of the ionic compounds resulting from the phosphory-
lation of nitriles have been elucidated mainly by *'P NMR spectroscopy
(16, 307). Cis-trans isomerism was shown for the following substances.

H N—PCl; T+ Me-_ N—P.Cls ]+
[ /c=c/ :l PcCle™ [ Se—=c PcCle™
Cl N PgCly Cl PsCls

dp, =159 ppm 8py=-83.1and e, = -7.8 ppm 8py=—84.0and
—80.7 ppm 8p; = 287 ppm —86.0 ppm dp; = 282 ppm

The compound

+
a N=P,Cl

[ Se=c Tt ’] PcCls
a PxCls

gives only the three expected peaks (8p, = —14.2, 8p, = —85.0, 8, = 296
ppm) (16, 307).

Finally, the chemical shift of [(EtO,)C=NPCl;]*Cl~ (8p = —20.4 ppm)
is reported (475).

3. Other Physical Investigations

X-Ray powder patterns of compounds (III), (IV), (VII), and (VIII)
are reported in the literature (29) and discussed in detail, especially in
view of the earlier published data for (III) and (VIII) (183). Powder
diagrams of [Br;P-==N:==-PBr;]*Br~ and [Br;P--:=N===PBr;]*Br,~ are also
available (206).

Electric conductance studies of (II1) (28), (IV} (34), (VIII) (23, 29),
and (IX) (26), as well as (X) and (XI) (302) show these substances to
be 1:1 electrolytes in the specified solvents.
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Chlorine-35 NQR work on (III)* and (VIII) was recently published
(215), but no positive results could be obtained.

V. N-Phosphorylated Phosphazotrihalides

A. SYNTHESES
The synthesis of the simplest N-phosphorylated phosphazotri-

PCl3]tPClg~ (III) with red phosphorus, but the compound could not be
isolated. Recently, a derivative (CgF;),PN=PCl; has been described
(366a). Trifluorophosphazodifluorophosphine is also known (180c).

The corresponding oxygen-containing substance (V), Cl,(O)PNPCl,,
is formed (cf. Scheme 2) in the reaction of PCl; and hydroxylamine
hydrochloride (24, 214) or with phosphoric acid amides (33, 214) or
ammonium diamidophosphate (33) or other ammonium salts (146a).
The same compound is synthesized from SO, and (III) (15, 20, 28, 315,
543) or (IV) (29), by acidolysis (HCOOH) of (III) (192), or from PCl,
and N,O, (15, 18). The last synthesis had already been carried out
earlier [(286), see also (I1I)], but the compound was characterized
erroneously. Interaction of hexamethyldisilazane and POCI; results
first in a white material having the approximate composition (HNOPCI),,
{(173), see also (4£2)], which with PCl; at 120° gives compound (V) (173).
The compound Cl,P(O)NPCl; is also (548) formed by reaction (31).

{MeO)ePONH; + 3PCls — 2HCI + 2MeCl + 2POCl3 + (V) (31)
The same compound is formed from PCl; and NH,Cl in POCly—solvent
using P,0,, as oxidizing agent [with (III) as intermediate] (413).

Compounds similar to (V) are obtained in the following ways {(524),
see also (366a)].

3PhPCl, + HyNP(O)(OEt)q %

4
80, PhPCLNP(0)Cl; —
8PCls + Ph(EtO)sP—NP(0)(OEt)q

Et:PCls + HsNP(O)(OEt)s Em—— Et;PCI=NPOCl, L*

polymerization

/
PCl; + Etg(EtO)P—NP(0)(OEt)g J

* However, a recent °Cl NQR paper (191a) of the same authors reports
affirmative results on compound (III).
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PhyPCl; + HyNP(O)(OEt)y —> PhyPCl==NPOCl, )

MePCle + HyNP(O)(OEt)y ——> MePClz—NPOCl; —3— polymerization

Compounds Ph;P=NP(0)X, (X =Cl, Br) result by hydrolysis of
[PhyP=NPX,]"Br~ (5).

The series F,Cl,_,P(O)NPCl; (n=0, 1, 2) are obtained from
F,Cl,_,P(O)NH, and PCl; (387) [for n = 2, cf. also (176,290]; F,P(O)N=
PCl; is formed also from the Si-N cleavage of MesSiNHPOF, w1th PCl,
(173).

MesSINHPOF; + PCls — F:P(O)N=PCl; + HCl + Me;3SiCl (33)

Hexamethyldisilazane and POFCl, react in two ways (347):

(MegSi)gNH + POFCly —>  MesSiCl + [MegSiNHPOFCI]

/ lpon. (34)

Me3SiCl + polymeric material FCIP(O)N=PCl3 + HCl + Me3S8iCl

The compound Cl,P(S)N=PCl; (VI), representing the thio analog of
(V), is formed from (III) and H,S or sulfur (requiring S,Cl, addition)
(13, 29), as well as from SN, and PCl; in poor yield (29). The syntheses
of (V) and (VI) are summarized in Scheme 2.

The analogous compounds (Ph0),P(X)N=PCl,; (X = O, S) are formed
by the Kirsanov reaction of (PhO),P(X)NH, (283); Ph,P(O)N=PCl,,
which should be formed from Ph,P(O)NH, and PCl;, could not be
isolated. Only [Ph,P(Cl)NH,]*Cl~ (25) is formed in the first step (cf.
Sections IV,D, 1 and 2); the corresponding tautomer Ph,PCINPOCI, is
described (Section 1V,D, 2).*

Derkach and co-workers described compounds* such as RR"P(O)N=
PClg(?) (R =Me, R’ =Cl, OPh, p-CIC¢H,O, p-MeCH,0; R = CH,(CI,

= Cl, OPh, p-O,NCgH,0, p-MeC¢H ,0) (473). Recently EtP(S)FN=
PCl; was isolated (385), but the analogous reaction of PhP(S)FNH, did
not give concrete results.

The compound ClyP=NPCl,=NPOCI, is obtained from (VII) or (VIII)
with SO, (23, 28, 29), the thio analog by treating (VIII) with H,S (23,
29). Similarly, (X) with SO, yields

_N=PCl,

CIP—=NPOCl,
S N=PCl;

* EtoP(O)N=PCls cannot be isolated from EtsP(O)NCls and PCl3 nor from
Et:P(O)NH; and PCls, but its tautomer EtaPCI=-NPOCIl; can (523a); the same
applies to MeP(O)CIN=PCl3 which should rather be considered as MePCle=NPOCl¢
(473a).
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(148), and with H,S

_N=PCly
CIP=NPSCl;
S N=PCl;

The compound F,P(O)N=PF; results from F,P(O)NH, and PF,Cl,
(324), analogous compounds FX(S)PN=PF; (X = Cl, F) from the corre-
sponding amine and PF,Cl, (324, 383).

Compounds OPX,NH, and SPX,NH,; (X =F, Cl) with MePCl, or
CCIPCl, give the corresponding phosphazo compounds (378a);
SP(X,Y)NH, (X =Cl, F)and PhPF, react similarly to SP(X,Y)N=PF,Ph
(379a).

The series F,Cl,_,P(S)N=PF,_,Cl, (n =0, 1, 2; m =0, 1) has been
described recently (382); F,P(S)N=PCl; and FCIP(S)N=PCl; are also
formed from Me;SiNHPSF, or Me,SiNHPSFCI and PCl; (174), as well
as from CL,F,_,P(S)NH, (n =0, 1, 2) and PCl; (378). A higher N-phos-
phorylated phosphazotrichloride Cly(O)PN=P(N=PClg); results from
[P(N=PClg),]*Cl™ and sulfur dioxide (403).

Longer chains are also obtained (381d) according to Eq. (35).
FXP(S)NPF;NHSiMe; + PCls —» FXP(S)NPF;NPCl; + HCI + Me3SiCl (35)
X=F,Cl

Compounds SPX,NPF,Br (X =Cl, F) have also been prepared
(382a).

The reaction of the monoamide of (PNCl,);, namely, P3N CI;NH,,
with PCl; (149) proceeds in a normal Kirsanov reaction to give (XII).

N~ N=FCls

01,? P
P3NsClsNH;g + PCly — | ~a + 2HCl (36)
Ny /N
P
Clg
(XII)
The compound
/N\ /NHI
chr/ P
| ~N=PPh,
N\P _N
Cly

(218), also obtained by other ways [(150), Section V,B] on phosphoryla-
tion with PCl; probably gives the trichlorophosphazo compound (309).

The geminal diamide of hexachlorophosphazatriene, PgNgCl (NH,),,
and PCly give (XIII) (149, 308, 309). For the similar reaction with
PhyPBr,, PhPCl,, and Ph,PCl; of. (217, 218).
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Cl, %N\P ~NHg ClaP¢N\P/N=PCla
f’ [ >NH; +2PCly; —— [ | N\N—=PCl, + 4HCI (37)
N§P/N N§P/N
Cl, Cly
(XIII)

The reactions of a nongeminal diamide of (PNCl,); [the existence of

which is questioned by other authors (309)] with PCl; and PhgPCl, were
recently described (204).

N-__NH N-___-N=PR
C1,P7 \ﬁ< : Cl'f% ~pl g
| Cl +2RgPCly —— [ ———  polymers
Xpr Nxpr
/ /\
a’ “nm, cl’ 'N—=PR,
PhOH
(xoh — (38)
(PhOyp? pl (PhOyp” P T
RaPCl
7 Topn BeEOM " [ ~oen
Xp N§P/N
/ N\ / \
PhO 'NH, PhO N—PR,
14
R = Cl, Ph, OPh polymers

Interaction of P;N3FyNH, and PCl; (386) gives PsN F;N=PCl;, with
PF,Cl, PsN;F ,N=PF; (385, 385d), and with PhPF, the compound
PN F;N=PPhF, (379a) is obtained. P N,F;N=PX, (X =Cl, F) are
obtained similarly from P,N,F,NH, and PCl; or PFCl,, respectively
(385d). Analogous compounds PyN,F N=PPh,Cl,_, (n =0, 1, 2) result
from PyN;F;NH, and Ph,PCl,_, (347a).

The reactions of some geminal and nongeminal amido derivatives of
(PNCL,), has been investigated (309a).

PN, F,NPX,N=PCl; and P;N,F . NPX,NPCI,N=PCl; (X = F, Cl) as
well as P;N;F,N=PCl; and P¢N4F,;N=PCl; were recently prepared
(385a).

Finally, dicyandiamide and excess PCl; give

N.
cc” I xca
09
N\P/N
/' \
o 'N=PCl,
(26b, 110, 207) (cf. also Section VIII, B, 1).
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B. REacTIONS

Heating (V) to ~200° results in decomposition to POCl; and (PNCl,)
units (164, 524) [see also the thermal degradation of RPClL,N=POCI,
(R =Me, Ph) and Et,PCI=NPOCI, to long-chain phosphazene units
(624)]. Acidolysis yields amidophosphoric acid; at lower pH values
(NH,);PO, and HsPO, (33) results. The hydrolysis with DMSO does not
give the expected Cl,P(O)NHPOCI,, but white solids (P:N = 2:1) with
no definite structure (192). Interaction with chlorosulfonic acid leads to
POCl,, SO,Cl,, and uncharacterized products (192). However, careful
hydrolysis of (V) with HCOOH gives Cl,0P-NH-POCI, (374a).

The reaction of Cl,(O)PNPClg (V) with aniline (33) or dimethylamine
(13, 18) results in replacement of the chlorine atoms; the product of the
latter reaction has also been obtained by a phosphine-azide reaction
(509). The reaction of (V) with BuONa and various alcohols is described
(220¢). Compound (V) and p-O,NC¢H,ONa give (p-O,NCH,0);PNP-
(0)(OCH NO,-p); (315). Analogous compounds such as (RO),P(O)N=
P(OR'); (R = Me, Et, i-Pr; R’ = Me, Et, i-Pr, Ph, p-MeC¢H,) (476), as
well as (MeO),PON=P(NC,H,); (234), have been prepared in other ways
[cf. also (10, 209, 211)]. With TiCl, (V) gives the compound TiCl,:
2P,NOCI; (35, 203) [erroneously reported in (164)]; the coordination is
by the oxygen atoms. Other crystalline adducts of this type are
2P,NCl;0-8nCl,, P,NCI;0.8bCl;, and the liquid 1:1 adduct P,NCI;0.

(315).

The compound F,(0Q)PN=PCl; decomposes analogously to (V) at 200°
with elimination of POF,Cl and POCl; to give a mixture of (PNCl,),
and (PNF,), (290). No reaction occurs with difluorophosphoric acid at
room temperature. POF,NHPOCI, and POF,Cl result at 65° and poly-
merization takes place at 130° (176); POF,NHPOCI, is also formed by
reaction of F,(O)PN=PCl; with formic acid. The reaction with FSO;H
is complex and is thought to proceed (176) as outlined in Eq. (39).

2POF;N=PCl; + 2FSO3H — 2(POF:NHSOF); + 2POCl3
(not isolable)

v
FSO:NHSO:F + POF;NHPOF;
(polymerizes) (39)

Compound (VI) and NaQPh give the corresponding pentaphenoxy
compound (29), also obtained in other ways (283).

Aminolysis of (PhO),PON=PCl; with aniline gives (PhO),PON=
P(NHPh); (283); (PhO),PXN=PCl; (X =0, 8) react with NaOAr
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(Ar = Ph, p-CIC¢H,, p-O,NC¢H,) giving the appropriate esters (283,
534), which can also be obtained from (PhO);P and (PhO),PONH, or
(PhO),PSNH,. Attempts to prepare Ph,PSN=PPh; by an azide-
phosphine reaction failed (9), only polymerization products being
obtained.

Hydrolysis (HCOOH) of (PhO),P(X)N=PCl; (X = O, 8) gives rise to
(Ph0),P(X)NHPOCI, (283). Other (RO),PON=P(OR"); compounds
(R =R’ = Et, Bu) are formed from (RO),PONSO and P(OR'); (518);
RP(0)(OAr)N=PClg (R = Me, CICH,, Ar = p-MeCgH,, p-CICiH,; R =
CICH,, Ar = Ph) and ethylenimine give the triamides (369).

Compounds X,P(8)N=PF,; (X =Cl, F) and MegSiNMe, form
X,P(S)NPF,NMe, (382a); with HCOOH or NH,, SX,PNHPOF, and
SPX,NPF,NH, are obtained (382b). The compounds SPX,N=PF,C]
(X =F, (1) and methanol react to the S-methyl derivatives MeSPX ,=
NP(O)F, (382¢c). The reaction of the compounds SPF,Cl, N=PF, Cl;_,,
(n=0,1,2;m=0, 1) with hexamethyldisilazane and subsequent chain
elongation is described (383a).

Alcoholysis of ClgP=NPCl,=NPOCI, gives the corresponding esters
(509b).

The interaction of 2,2,6,6-tetrakis(trichlorophosphazo)-4,4,8,8-tetra-
chlorophosphazatetraene with VOCl, is reported (483a).

Partial hydrolysis of (XIII) with formic acid (309) leads to (XIV).

N.__NHPOCI
ClLP~Xp7 2

(XIII) + 2HCOOH —— | | “NHPOCI; + 2CO + 2HCI (40)
N p#N
P
Clg
(XIV)

A ring-closure reaction of (XIII) with heptamethyldisilazane yields a

spiro compound (308).
Arylation of (XII) and (XIII) has been described (150). Geminal

N;P,Cl,Ph(N=-PPhy) could also be obtained in other ways (48, 140, 217).

4, Eta0
(XII) + 3PhMgBr _— N3P3Cls{N=PPhj) + 3MgCIBr

4, Et:0
(XII) + 4PhMgBr ———  gem-N3P3Cl{Ph(N—PPhs) + 4MgClBr (41)

4, Et20
(XIII) + BArMgBr ——»  N3P3Cle(N—=PArs)s + 6MgCIBr

Ar = Ph, p-MBCQHq

Geminal N4P,Cl(NH,)(N=PPh,) results from geminal N3P ;Cl,(NH,),
and Ph,PBr, (150).
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Another compound belonging to this group results from (PNCl,); and
diphenylmagnesium (49). This is

/N§ s
P
ChI|’I | N=—P(N—PPhy)s
N ~p# N Fh
Clg

A chain elongation results by the reaction of heptamethyldisilazane on
PyN;F N=PX; (X = Cl, F) (385a); with MezSiNMe, or Me;SiNCS step-
wise replacement of the halogens occurs (383c).

Analogous compounds

O
X N=PRgj

RgP=N X
0

X = Cl, BI‘, I; R = Ph, _’p-ClCeH4, O-Bl‘CeH4, p-MeCeH.;,
p-BuCgHjy, p-BuOCgHj4, 2,4-F2CeHj3, substituted naphthalenes

(340) are also described. Finally, the ~N=PCl; group of 2-(trichloro-
phosphazo)-2,4,6-trichloro-2-phospha-1,3,5-triazine is converted by SO,
or HCOOH into the -NHPOCI, group (26b).

C. SPECTROSCOPIC INVESTIGATIONS

The IR spectrum of (V) is reported (18, 35); Glemser and co-workers
assigned the vp_y at 1320 (173) or 1332 cm™! (387) and vp_y at 776 cm™.
The P=N vibration in F,(O)PN=PCl; is found at 1350 (290), 1355 (173)
or 1360 cm™! (387) and vp_y at 768 em~? (173, 387). For FC1(O)PN=PCl,
vp_y is at 1347-1350 em™! and vp_y at 780 em~! (173, 387). The infrared
spectrum of FCI(S)PN=PCl, is given in the literature (378); the vp_y in
the series F,Cl,_,(S)PN=PCl; decreases from 1340 cm~! (n = 2) to 1328
(m=1) and 1305 cm™! (n=0) (378). Recently, the compounds
F.Cl,_,(S)PN=PF,_,Cl,, (=0, 1, 2; m = 0, 1) were investigated (382),
showing absorption for vp_y between 1365 and 1430 cm—1.

The IR spectra of FX(S)PN=PF;, reported for X = F (324), show
the P=N vibration at 1415 (X = Cl) and 1430 em™! (X = F) (383).

The compounds (XII) and (XIII) also show (149) the P=N vibration
in the usual range (1190-1335 em™1).

More attention was given to the nuclear magnetic resonance investi-
gations of the compounds listed in Section V, A. The compound F,PgN=
P,F4 shows ép, at —129 ppm and 3, at 43.6 ppm, thus proving the
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structure (180c). The compound Cl,Py(0)N=P,Cl; (V) (AB type) shows
coupling of the phosphorus nuclei (8p, = 0.1 + 0.5 ppm; 8, = 14.2 + 0.5
ppm; Jp,p, = 15.4 + 0.3 Hz) (154) (see also (153, 371)). Other authors (2)
reported 8p, = 1.1 ppm, 8p, = 12.7 ppm, and Jp,p, = 19.5 Hz.

The analogous compound Fy,(O)PyN=P,Cl; represents a simple
ABX, spectrum [8p, =—8 ppm, 8p, = 26 ppm, 8y, =70 ppm (176);
8p, = —6.5 ppm, 8p, = 25 ppm, and 8, = 70.3 ppm, Jp_p, = 973.5 Hz,
Jp,ps =70 Hz, and Jy_p, 21.5 Hz (173)]; FCI(O)PN=PCl, is of an ABX
type (173).

Compound (VI), like (V), is of an AB type, but no coupling of the
two phosphorus nuclei could be observed (2, 157). (PhO),P(O)N=PCl,
gives only one peak in the 3'P NMR spectrum [with a half-band width
of 3 Hz (349)], the chemical shift is 8p = 11.2 ppm (349a).

Phosphorus-31 NMR results of (R'0)3P===N===P(O)R, were recently
reported (421).

Fluorine-19 spectra of the series F,Cl,_,(S)PN=PF,_,Cl,. (n=0,1,2;
m = 0, 1) have been recorded [(382), see also (383)]; the two compounds
F,(S)PgN=P,Cl; (8p, = —4.4 ppm, 8p, =—40.7 ppm, 8 = +33.7 ppm,
Jp,ps =70 Hz, Jp,g = +22 Hz, J y = +1085 Hz) and FCI(S)PgN=P ,Cl4
(8p,=—0.8 ppm, 8p, = —42.3 ppm, 8y = 33.56 ppm, |Jp,p,| =40 Hz,
Jp,r=121.5 Hz, Jp g = +1115 Hz) have been examined in detail (378).

Fluorine and phosphorus spectra of Cly(S)PN=PF,Cl and F,Cl,_,(S)-
PN=PF; (n =0, 1, 2) are reported (163); only data from the 1°F NMR
spectrum are given for EtP(S)FN=PCl; (385). The compound ClzPy=
NP,Cl,=NPxOCl, gives a spectrum of the ABX type (155) with
3p,=20.0 + 0.5 ppm, ép, = 13.4 4+ 0.5 ppm, and §p, =—7.1 4+ 0.5 ppm,
spin-spin coupling occurs (Jp,p, =29.5 4+ 1 Hz, Jp,p, =267+ 1 Hz)
analogously to (V). Cl;P=NPCl,=NPSCl, (ABX-type) has also linear
structure according to NMR results (157), and a more detailed investiga-
tion of this compound has been carried out (2). NMR work (!°F, 31P)
on higher linear diphosphazenes is available (383a).

The compound

N—PxCls
Cl—P,=NPyOCl,
S N—=PxCls

gives a spectrum of the type AX,Y with 6p, =19+ 0.5 ppm, 8, =
13.6 + 0.5 ppm, and 3p, = 29.6 + 0.5 ppm (15); the corresponding thio
compound has the same structure, but no spin-spin coupling between
P,-P, could be observed (157). Some discussion (159, 160) of the 3'P
NMR spectra of the above-mentioned compounds has been given. An
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20
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B—33
A—22
0
B—-24
—-9.1
-10 A—-9
A—~—14.6
C—-1648 B'—~-15.0
C—-18.8
20 4—-10.0 4,0—-19.0
A4,0—~-20.0 C—-205 C—_204

P3NsCLPh(N=PPhs) P3NsCls(N—=PPhs) PsN3ClsN=PCls PsN;ClsNH; (PRCl2); PsNsCl(NHs)s*

ScHEME 4. Graphical plot of the chemical shifts of the phosphorus nuelei in
compounds of the structure

X = N=PPhy, N=PCl,, NHg, Cl, NHPOCl,
Y = Ph, Cl, NHg, N=PCl3, NHPOCl;, N=PPhs
* Ref. (49) gives for A = —8.6 + 0.2 ppm and for ¢ = —17.5 + 0.2 ppm.
t Ref. (150) lists the following values: —17.0 ppm (C), —12.1 ppm (B’) and
1.8-4.1 ppm (4).
The phosphorus nuclei mentioned in the text and in this scheme are denoted
as outlined on the following example:

N=PzCl
ClsPE P, Z B
| 1 N==Py-Phs
N N
§Pc/
Cla
Compilation with values of the refs. (49, 149, 150, 309).

ABC; spectrum (403) is observed for Cly(O)PN=P(N=PCl;)s; P3N ;Cl;-
(N=PCl;) (X1I) has an ABC, spectrum (in fact, an approximate ABX,
spectrum) (149); P3N3Cl(N=PCly), (XIV), an AB,C, (approximate
AB,X,) spectrum (149, 309). A more detailed interpretation of the 3P
NMR spectra of these two compounds is given in detail [(149), see also
(140)].
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A—20.3 A—204
B—13.5 A—13.1
B'—11.8 A—11.8
A—1.2
B—-0.7
B'—-5.5
B'—-10.8
C—-15.6 C—-13.4
C—-18.5 Cc—-17.6
B—-19.0
C-—-21.4

PiN;CLNHa(N—PPhs)t PsNsClyN—=PCl;(N=PPhy) PsNsCly(N—=~PCla)y PjN;CL(NHPOCls)s PaNsClyN—PPhs)s

For P,N;F,N=PF; only !*F NMR data have been reported so far
(385).

Scheme 4 gives the variation of the chemical shifts of the phosphorus
nuclei of these cyclic phosphazatriene derivatives.

Only a few other physical data of compounds listed in Section V,A
have been reported: P,NOCI; (V) is diamagnetic, with a molecular
susceptibility of —115.7 x 10 ¢ (18). The *Cl NQR spectrum of (V)
shows two nonequivalent groups of chlorines (215), whereas no results
were obtained on the thio analog. The molecular refractivity of (V) is
M3 — 46.02 (214).

Mass spectra of F,(O)PN=PF; (324) and F,(S)PN=PF; (324, 382),
as well as of FCI(S)PN=PF;, Cl,(S)PN=PF;, F,(S)PN=PF,Cl, FCI(S)PN=
PF,Cl, Cl,(S)PN=PF,(l (382), and P;N ;F;N=PF; (385), are reported.

VI. Sulfonylphosphazotrihalides

A. SYNTHESES

Fittig (151), in 1858, and later Gerhardt (170) investigated the
reaction of arylsulfonamides with PCl; and formulated the products
erroneously as imidochlorides -SO(=NH)Cl. Wichelhaus (517) gave the
formulation ArSO,NHPCI, and so did later workers in the field (§14).

The simplest species of a sulfonylphosphazotrichloride is CISO,N=
PCl; (XV); erroneously reported earlier (148), it can be obtained by
phosphorylation of amidosulfuric acid (22, 221, 225a, 229, 508).
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HOSOz:NH; + 2PCl; — CISO:N=PCls + 3HCI + POCl3 (42)
(XV)

The fluoro analog FSO,N=PClj is obtained from H,NSO,F and PCl;
(289) and in ways listed in Section VI,B; CISO,N=PF; (384) and
FSO,N=PF; (324) result from CISO,NH, or FSO,NH, with PCl;, respec-
tively. Similarly, fluorosulfonylamide and PhPF, yield FSO,N=PF,Ph
(379a).

Other sulfonylphosphazotrichlorides, RSO,N=PClg, obtained anal-
ogously to Eq. (42) are known having the following R: CICH, (317); Me,
Et (248); CF, (384¢); Pr (317); i-Pr, Bu (248); C,Fy (378¢); i-Bu, Am,
i-Am, n-CgH,;3 (317); cyclohexyl, PhCH, (248); PhCH,CH, (317); Ph
(221, 225b, 230, 354); 0-MeCgH, (221, 225b, 230); p-MeCgH , (221, 225b,
230, 3564); o-, m-, p-O,NCgH, (252); p-FCH,, m-CF;CH, (5622);
o-CIC¢H, (225b, 316); p-CICgH, (312, 354); p-BrC¢H, (225b, 316);
p-MeOCgH, (2250, 316, 354); Me,N, Et,N (272, 506); Pr;N, Bu,N (337,

/N
506); O N (310a, 337, 506); (CH,);N (310a); p-CIOCH, (72, 372, 375);

p-Me,NC,H ,N=NC.H, (255); 1-C, H,, 2-C,(H, (275); p-(PhO)0,SC,H
(320); PhNH (510); and other substituents (71).

Analogously ArSO,N=PPhCl, compounds (444) are obtained with
Ar = Ph, p-CIC¢H,, 0-, m-, p-O,NC¢H,, 0-, p-MeCgH,, 1-C; H;, 2-C,H;
interaction with Ph,PCl; yields RSO,N=PPh,Cl (R = Cl (192a), Ph,
p-CICiH,, o-, m-, p-O,NC¢H,, o-MeCgH,, 1-C,(H,, 2-C,H, (456),
p-MeCgH, (56, 456)); with p-MeCgH ,PPhCl; the compounds ArSO,N=
PPh(C¢H Me-p)Cl (Ar = Ph, o-, p-MeC¢H,, m-O,NC;H,, 2-C,(H;) are
obtained [(458), see also (446)]. PhgPCl, gives ArSO,N=PPhy (Ar = Ph,
o0-, p-MeCgH,, 0-O,NC.H,, 1-C,,H,) (457), (PhO)4PCl, yields ArSO,N=
P(OPh), (487); CF3S0,N=PPhCl, has been described (385b).

Another way to sulfonylphosphazotrichlorides (and bromides) is a
variation of the chloramine-T method ; the use of carefully dried reagents
and solvents is essential, otherwise the reaction may be explosive.

ArSO3NNaCl + PX3 — ArSOgN=—PXj3 + NaCl (43)
X = Cl; Ar = Ph, o-, p-MeCgHjy, 1-C1oH~ (222, 226), 2-C1oH7 (226)
X = Br; Ar = Ph, o-, p-MeCgH,, 1-C1oH1 (222, 284), 2-C1oH (284)

The compound FSO,N=PBr; has recently been prepared (379) ac-
cording to Eq. (44), as well as some homologs RSO, N=PBr; [R = Me,
CF;, p-CICH ;. (387a)].

FS0:NSO + PBrs - FSO:N=PBr; + SOBrg (44)

Variation of the method used in Eq. (43) is described. Thus, ROPCI,
(R = Ph, Me, Et) instead of PX; gives PhSO,N=P(OR)Cl, (279); with



THE PHOSPHAZOTRIHALIDES 35

(RO)R'O)PC] (R = Ph; R’' = Ph, 0-, m-, p-MeCgH,) and PhSO,N . NaCl
the products PhSO,N=P(OR)(OR')Cl] are obtained (279). Phosphorous
esters P(OR)(OR')(OR") give ArSO,N=P(OR)(OR')(OR") (R = Ph;
R’ =Ph, o-, m-, p-MeCgH,; R, R, R” = Ph, o-, m-, p-MeCgH,; Ar = Ph
or 2-C,,H,) (67, 278). ArSO,N-NaCl and PhPCl, give ArSO,N=PPhCl,
(Ar = Ph, o-, p-MeC¢H 4, p-CIC¢H,, 0-, m-, p-O,NC¢H 4, 1-C H 4, 2-C, (H )
(444); with PRg, sulfonylphosphinimines ArSO,N=PR; result (329,
487).

The sodium salts of N-chloroarylsulfonamides or the N,N-dichloro-
arylsulfonamides (dichloroamines)* and PCl; react with elimination of
elemental chlorine and give nearly quantitative yields of arylsulfonyl-
phosphazotrichlorides (313).

ArSOsN-NaCl + PCl; — ArSOaN—PClg + NaCl + Cly (45)
ArSOzNClp + PCl; - ArSOaN=PCl;3 + 2Cl,
Ar = Ph, p-MeCgHai, p-CICgH4, m-O3NCgH4

Compounds ArSO,N=PAr,’Cl can be obtained from ArSO,NCl, and
Ar,'PCl (446); compounds like ArSO,N=P(Et)(Ph)CH,Ph (Ar = Ph, o-,
p-MeCgH,, 1-C;(H;) from ArSO,N.NaCl and PhCH,PPhEt (459).
Further variation of this method is described (202, 412, 447, 478).

The action of PCl; on arylsulfonyldichlorophosphoramidates,
ArSO,NHPOCI,, also yields sulfonylphosphazotrichlorides (320).

ArSO;NHPOCI; + PCls — HCl + ArSOsN—=PCl; + POCl; (46)
Ar = o-, m-, p~02NC¢H4, p-PhOSOzCQH4

Analogous derivatives may be synthesized (320).
ArSO;:NHPO(OPh); + PCly — POCl3 + ArSOgN=P(OPh):Cl + HCI (47)

The reaction outlined in Eq. (46) is strongly dependent on the nature
of Ar. Only if electronegative groups are present in Ar does this reaction
occur ; thus, no reaction occurs with Ar = Ph, MeC4H,, or CIC;H, (320),
but the tautomers of the formula ArSO(=NPOC]I,)Cl are obtained (310a,
314).

ArSO;NHPOCI; + PCls; — ArSO(=NPOCl;)Cl + POClg + HCl1 (48)
Ar = Ph, o-, p-MeCgHy, 0-, p-CICgHy, p-BrCgHy, p-FCeH,, p-MeOCgH 4, m-CF3CgHy
The same results are obtained with aliphatic substituents (317).

The compound PhCH,SO,NHPOCI, and PCl; (1:2) react in a differ-

ent way (315).

PhCH380:NHPOC]; + 2PCls -+ PhCHCl + 2POCl;5 + HCl + Cl.8—=NPOCly (49)

* ArSO2NClg (Ar = Ph, p-MeCaH«a, P‘CICQH«I; p-B!’CaH,;, p-OZNCaH4) and
elemental selenium give ArSQ2N=SeCls (60).
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PhSO,N=SCl, and PCl; give PhSO,N=PCl; in quantitative yield
(315).
3PCl; + Ph8OgN=8Clq L‘O‘) P8Cls + PCly + PhS8OgN=PCl, (50)

Iminobis(sulfonaryls) and PCl, react in two ways, the product
depending on the electronegativity of Ar (311).

Ar803Cl + HCI + ArSOgN=PCl3

HN(803Ar)g + PCls (61)
POCl; + HCI + ArS8O(=NS803gAr)Cl
Ar = Ph, p-MeCgHy, p-CICeH4, p-MeOCeH,4, p-O3NCeH4

The compound p-MeCgH ,SO,N=PCl; results also from the decom-
position of a 1,3,2-diazaphosphetidinone (see also Sections VIII, B,1

and [X), formed by interaction of 1-p-toluenesulfonyl-3-butylurea and
PCl; (498).

%la
p-MeCsH80;NHCONHBu + PCly — p-MeC¢H4SOQN/ >Bu + 2HCl
\C (62)

5

|

p-MeCgH ;803N=PCl3 + BuNCO

In contrast to hexachlorodialkyldiazadiphosphetidines, p-MeCgH,-
SO,N=PCl; gives no further reaction with isocyanates (see also Section
VIIL A, 2).

Only few compounds with two —SO;N=PCl; groups in the molecule
are known. Sulfamide reacts with 2 moles of PCly forming bis(trichloro-
phosphazo)sulfone ClgP=NSO,N=PClg (232, 507). Extension of this
reaction to disubstituted benzenes has been described (256).

A(SOgNH3s)s + 2PCly - A(SO:N=PCl3)2 + 4HCl (53)
A = m-, p-CeH,4 (256)

Correspondingly, (PhCl,P=N),S0, has been prepared from sulfamide
and PhPCl, (50a).

The compounds (Cl3P=NSO,),NMe and (Cl;P=NSO,NMe),SO, have
also been prepared (343).
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Compounds with one -SO,N=PCl; and one -N=PCl; group such as
compound (XVI) result from p-sulfonamidoaniline and PCl; (354, 458,
488). Similarly, Cl3P=N(CH,),SO,N=PCl; (542) is known. These com-
pounds can also be considered as aryl- or alkylphosphazotrichlorides
(Sections VIII, A and B).

HgNOSOnNHn +2PCly —— ClsP=NOSOgN=PCla + 4HCl
(64)

(XVI)

The dimeric ortho and meta isomers of (X VI) are also described (549).
The compound p-Cl;P=NSO,C;H,CON=PCl; (367) represents a
type with one -SO,N=PCl, group and one carbonylphosphazo group (cf.
also Section VII,A).
Finally, 4,5-bis(trichlorophosphazosulfone)-1,8-naphthalene has
been claimed without any preparative details being given (71).

B. Reacrions

Thermolysis (118°-120°/2.5-5 Torr) of CISO,N=PCly (XV) gives
mainly POCl; and a mixture of «- and B-sulfanuric chlorides (228, §05),
as well as minor amounts of NPCl,(NSOCl), (70a, I80a). Hydrolysis
with water leads to phosphoric and amidosulfonic acids; with formic
acid an undefined substance is obtained (192). Ammonia or NH,Cl gives
(H,N);P=NSO,NH, (293), and amines yield (RNH);P=NSO,NHR;
whereas with diamines such as diethylenediamine cross-linked polymers
are formed; silylation with heptamethyldisilazane affords MesSiN(Me)-
PCL,=NSO,Cl (50b). Compound (XV)} and chlorosulfonic acid yield
HN(SO,Cl),, also obtained from chlorosulfonic acid and urea (6, 22).
Trifluoracetic acid and CISO,N=PCl; react in a rather complex manner
(377):

4CISO;N=PClg + 2CF3COOH ——

o o
N\ 7
-8~y

| + 4POCl3 + SO4Clz + HN(804Cl)e  (55)

FyC—Cw - C—CFs

H

Reaction of (XV) with SO, eliminates POCl; and minor quantities of
OSNSO,Cl (388). Fission of the P=N bond occurs on the reaction of
CISO,N=PCl; with anhydrous hydrogen fluoride in presence of BF, (200),
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whereas fluorination of (XV) with AsFy gives FSO,N=PCl; (385), also
obtained in other ways (289). The halogen atoms may be successively

BF
CISOgN—PCl; + sHF ——— H¢NSOsF + P(CLF); + nHCI (58)
(n=1-4)

replaced in the reaction of CISO,N=PX; or FSO,N=PX,; (X =Cl, F)
with MesSiNMe, or Me SiNCS, respectively (383c).

Fluorosulfonylphosphazotrichloride, FSO,N=PCl;, which on hydro-
lysis gives FSO,NH, (388), reacts with fluorosulfonic acid (388) and
difluorophosphoric acid (176) to form (FSO,),NH and POCl;; with
CF4,COOH (381c) and C,F;COOH (381b) compounds FSO,NHCOR; are
obtained, whereas with CF3;SOiH the compound FSO,NHPOCI, is
formed (381a). In the reaction between CISO,N=PF; and PFCl,
phosphorus(V) fluoride is eliminated and CISO,N=PF,Cl formed (384);
FSO,N=PF; reacts similarly with PF4Cl, to form FSO,N=PF,Cl (385).
Formic acid hydrolyzes CF;SO,N=PCl; to CF3SO,NHPOCI,, whereas
XS804H (X =F, () yields CFsSO,NHSO,X (381a).

The reaction of ArSO,N=PCl; [Ar = Ph (222, 225¢, 236); o-, p-
MeCgH,, 1-C,H, (222, 236); p-MeCyH,, p-MeOC H,, p-CIC{H, (354);
o-, m-, p-0,NC¢H, (252); PhNH (510)] with HCOOH gives all possible
intermediates, i.e., ArSO,NHPOCl,, ArSO,NHP(O)(OH)Cl, ArSO,-
NHP(0)(OH),, and ArSO,NH, (222, 236). Hydrolysis with water [early
work (170, §17)], benzoic acid, or other carboxylic acids leads only to
the isolation of the first step (222, 236). Complex mixtures are obtained
with acetone, ether, or esters (222). No definite product could be isolated
from PhSQ,N=PCl; and CISO;H; with DMSO, PhSO,NHPOCI, is
formed (192). In contrast, this latter reaction (ArSO,N=PCl; + DMSO)
has been described as giving sulfylimines in 44% yield (353).

pyridine
ArS8O:N=PCls + MesSO ——>  ArN=S8SMe; + 803 + POCl, (67)

Alkylsulfonylphosphazotrichlorides, RSO,N=PCl; (R =Me, Et, i-Pr,
Bu, PhCH,, #n-C¢H,3), and HCOOH yield the dichlorides (249).
R,NSO,N=PCl; (R = Me, Et) and formic acid give all three hydrolysis
steps (272), whereas their reaction with CF;COOH proceeds with
elimination of CF3COCI and formation of R,NSO,NHPOCI, (378b).

The interaction of ArSO,N=PCl; (Ar = Ph, p-MeC¢H,, p-CIC{H,,
m-0,NCgH,) with Cl,O is interesting owing to the formation of
ArSO(0Cl)=NPOCIl, (290b).

ArSOsN—PCl;3 + C130 — Clz + ArSO(OCl)—=NPOCl, (58)
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Several sulfonylphosphazotrichlorides, ArSO,N=PCl; (Ar = Ph,
p-ClICgH 4, p-MeCgH,, p-O,NCgH,) form stable adducts with DMF;
these decompose upon heating (297d).

Ammonolysis of arylsulfonylphosphazotrichlorides gives ArSQ,N=
P(NH,); (222, 237); aqueous ammonia yields ArSO,NHPO(NH,)OH
(237). Reaction with aniline or p-toluidine gives first the monochlorides
ArSO,N=P(NHAr'),Cl (238, 426), the triamides being obtained only
with excess of amine (238). Alkylsulfonylphosphazotrichlorides (R = Et,
Bu) give analogous results (251).

Hydrolysis of the dianilides gives ArSO,NHPO(NHPh), which
cannot be obtained by the simple action of ArSO,NHPOCI, and aniline;
in the latter case saltlike compounds result (312).

ArSOsNHP(O)(NHPh)s
ArSO:NHPOCI, + PhNH; (59)

[PhSOgNPOCIg])- [PhNHs}*

Aminolysis of ArSO;N=PCl; with secondary amines such as Me,NH
(264), ethylenimine (296, 354, 489), or methylaziridine (373) gives the
corresponding triamides.

SEtLsN
ArS80:N=PCly + 3BHNC3H, - ArS803N=P(NC3H,)s + 3EtsNHCl (80)

With ethylenimine: Ar = Ph, p-MeCgHa, p-CICeH4 (296, 354, 489); p-OaNCeH4 (296);
p-MeOCgHy (354, 489)

With dimethylamine: Ar = o-, m-, p-O2NCgH4 (254)

With methylaziridine: Ar = Ph, Me, MeCgHa, 3,4-(0:N)(PhNH)CsHs (373)

The reaction with diethylamine stops at the diamides, o-, m-,
p-0,NC¢H ,SO.N=P(NEt,),Cl (264).

The analogous ammonolysis of ArSO,N=PPhCl, gives ArSO,N=
PPh(NH,), (Ar=Ph, o-, p-MeC¢H,, p-CIC¢H,, 1-C; H;) (453), the
reaction with aniline yields ArSO,N=PPh{(NHPh), (Ar = Ph, o-, m-,
p-0,NCgH,, 1-C,(H, 2-C,H;) (452). The compound PhNHSO,N=PCl,
reacts with PCl; at 80° to form p-CICgH,NHSO,N=PCl;, as well as
CISO,N=PCl; (XV) and p-CIC¢H N=PCl; (510).

Compounds of the type XSO, NRPOCI, (X =F, Cl) are formed by
the alcoholysis (R =Me, Et, Pr, Bu) of XSO,N=PCl; (383b). The
compounds MeSO,N=PClg and CISO,N=PF; react with alcohols to give
the monoesters which rearrange with catalytic amounts of ether to
MeSO,N(Me)POCI, and CISO;N(Et)POF,, respectively (384a). Reaction
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of ArSO,N=PCl; with anhydrous* alcohols, ROH (R =Me, Et, Bu),
yields ArSO,N=P(OR); (Ar = Ph, o0-, p-MeCgH,, 1-C;oH;, 2-C,oH;) as
relatively stable substances,t which give on hydrolysis the diesters
ArSO,NHPO(OR), (275), also obtainable from ArSO,NHPOCI, and
sodium alcoholates (276). The interaction of o-, m-, p-O,NCgH ;SO,N=
PCly with various alcohols (R = Me, Ph, p-CIC¢H,, o-, p-O,NC¢H,)
is described in detail (253). Isolation of the monoesters (Ar = Ph,
0-MeCgH,, 1-C, H,, 2-C,oH;) is only possible at low temperatures (2°-5°)
(280). Some esters may also be obtained by the chloramine-T method
(278). The substances ArSQ;N=PPhCl, (Ar =Ph, o-, p-MeC¢H,, o-,
m-0,NC¢H,, p-CIC¢H,, 1-C,,H,, 2-C;oH;) (454) and ArSO,N=PPh,Cl
(Ar = Ph, o-, p-MeCgH,, p-O,NC.H,, 2-C,,H;) (455) show analogous
behavior with RONa (R =Me, Et, Ph). Bis-t-butyl peroxides of
ArSQ,N=PPhCl, (524b) as well as the compounds ArSO,N=PPh,(OOtert.
Bu) (5624c) have been described recently.

Unsaturated esters such as ArSO,N=P(OCH,CH=CH,); (Ar = Ph,
p-MeCgH,, p-CICgH,, 0-, m-, p-O,NCgH,, 1-C,(H,, 2-C,(H;) (460) and
ArSO,N=PPh(OCH,CH=CH,), (Ar=Ph, p-MeC¢H,, p-ClIC¢H,, p-
O,NCzH,) (461) are described; they may also be prepared from
ArSO,N.NaCl and phosphorous triallyl ester (460).

Esterification of ArSO,N=PCl; (Ar = Ph, 0-MeCzH,, o-, p-CIC¢H ,, 0-,
p-0.NCgH,, p-FCeH,, p-CF¥;CeH,, 1-C,H,, 2-C;(H;) with aromatic
alcohols (Ar’ = Ph, o-, m-, p-MeCgH,, p-FC¢H ,, p-CICH,, p-O,NC;H,)
yields the triesters ArSO,N=P(QAr’); (261, 277, 320, 522), which on
alkaline hydrolysis give ArSO,NHPO(OAr’),. The above triesters can
also be obtained from the corresponding sulfamide and (PhO)PCl, or
pentaphenoxyphosphorus(V) (§34).

PhSO;NH; + ClyP(OPh); — PhSO;N=P(OPh); + 2HCI (61)
PhSO;NH; + P(OPh); — PhSO;N—P(OPh); + 2PhOH (62)

The aliphatic sulfonylphosphazotrichlorides, R,NSQ,N=PCl; (R = Me,
Et), and Ar'ONa (Ar’ = Ph, o-, p-CICgH,, 0-, p-O,NCH,, 1-C H;) (273),
as well as RSO,N=PCl; (R =Me, Et, ¢+-Pr, Bu, PhCH,; Ar = Ph,
p-CIC¢H,, p-O,NCzH,) (250) give the triesters.

Diesters ArSO,N=PCI(OPh), may not be obtained in this way. They

* ArSO2N=PCly and alcohols in the presence of NaOH give water-soluble
compounds ArSO:NNaPO(OR)z (Ar =Ph, p-MeCgH,s; R =Bu, n-CeHiz to
n-CioHay) (468) (see also Section X).

t The triesters ArSOaN=P(OR)3 isomerize on heating at 200°-210° to give
ArSOoNRPO(OR); (462), in contrast to the results of other authors (178) (see
also Section VI,C).
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are synthesized (320) following Eq. (63) or from PhSO,N-NaCl and
(Ph0),PCl (279) (Section VI, A).

ArSO;NHPO(OPh)2 + PCly - ArSOsN=PCl(OPh): + POCl; + HCl (63)

Arylation of sulfonylphosphazotrichlorides with Grignard reagents
leads to phosphinimines.

ArSO:N—PCl; + 3PhMgBr — 3MgBrCl + ArSO:N—PPh; (64)
Ar = Ph, o, p-MeCgHy, 1.C1oHy, 2-C10H7 (271)
ReNSO:N—PCl; + 3Ar'MgBr — 3MgCIBr + RaNSO;N—PAr’s (85)

R = Me, Et, Pr, Bu, C4;H3O
Ar’ = Ph, m-, p-MeCgH, (337, 505)

The compound p-MeCH SO,N=PPh, was obtained earlier in another
way (329); PhSO,N=PR, (R = Me, Et, Bu, PhCH,, Ph) compounds are

also prepared (318) by the following procedures; see also (139):
PhSO3;NSO + R3PO — PhSO3N=—PRj3 + SOy (66)
(PhSO2N)sS + 2R3PO — 2PhSOoN—=PRj; + SO (67)
Analogous compounds RSO,N=PY,; (Y = R, Ar, OAr) were isolated

from the reactions of RSO,NSO with PY,, POY; or PSY, (224, 319,
414).

p-MeCgH480:NSO + PhN=PPh3 — p-MeCgH4SO;N=PPhz + PhNSO (68)

RSO,NSO + POY; — SO; + RSO;N—PYj, (69)
RSO;NSO + PSY3 — RSO,N—PYj, (70)
RSO;NSO + 3PY; — SPY; + OPY; + RSO;N—PY, (1)
RSO;N—S—NO,SR + 2POY; — S0; + 2RS0,N—PY, (72)

Fluorination (KF) of ArSO,N=PCl; in aqueous solution gives the salts
K*(ArSO,NPOCl,)~ and K*(ArSO,NPOF,)~ (Ar=Ph, p-MeC¢H,,
p-CICgH,, p-FC¢H,, 0-, m-, p-O,NC H,), also obtained from ArSO,-
NHPOCI, and KF.2H,0 (258). The salts K,*(ArSO,NPOF,)2~ have
also been described (258).

Formation of nitriles occurs on the attempted distillation of
p-CICOC4H SO,N=PCl, (221, 231, 372, 375), sometimes with the use of
catalysts (71, 72).

2p-CICOCeH809N=PCl3 2POCl;3 + 2NCCeH (804C1

N

CICOCeH 4804Cl + ClgP—=NCOC¢H 80gN=PCl,
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Extension of this method, i.e., the reaction of sulfonylphosphazo-
trichlorides with acyl chlorides, is described in detail [(221, 231), see also
(222)].

] ArSO;N=PCl3 + Ar'COCl - ArS0,Cl + Ar'CON=PCl;

Vv
Ar'CN + POCl (74)
Ar = Ph, o-, p-MeCgH,
Ar’ = Ph, 0-, M-, p-MeCaH4, p-ClCeH4, 0-, p-Bl‘CaH4, m-, p-OZNCQH4
The production of the nitriles is thought to proceed through the
intermediate formation of carbonylphosphazotrichlorides (cf. Section
VII, B).
Dinitriles are formed in a similar way using dicarbonyl dichlorides.

2Ph80gN=PCl3 + A(COCl)y ——  2POCl3 + 2Ph803C] + A(CN)s (75)

CHg
A = 0-CgHy (231, 235); m-CeH,4, (CH3CHg)g, CHyg <CH , —CHgaCHg—,
.

—CHg—; trimesitylchloride (235)

The hydrolytic behavior (HCOOH) of some sulfonylphosphazotri-
bI‘Ol’nideS Ar802N:PBr3 (AI‘ = Ph, 0-, p-MeCeH4, I‘CloH'], 2'010H7) is
described ; all possible intermediates can be isolated (285).

HCOOH HCOOH
ArSOeN=PBr3 ——— > ArS80:2NHPOBry ———>
-HBr, -CO —HBr, -CO

HCOOH HCOOH
ArSOs:NHPO(OH)Br -EB_—C—(; Ar80:NHPO(OH)y T H3PO, + ArS803NH; (76)
—HBr, - -

Sulfonylphosphazotribromides RSO,N=PBr; (R =Me, CF;, Ph,
p-MeCgH,) react readily with MeySiNMe, or (MesSi),NH to give
RSO,N=PBr,NMe, or RSO ,N=PBr,NH(SiMej;),, respectively (378a).

The compound SQ,(N=PCl,), reacts violently with water, amines,
NH;, ROH, PhOH, and organometallics (232), but no details are given.
Excess water gives HCI, phosphoric acid, and sulfamide (792). Molar
quantities of HCOOH yields Cl3P=NSO,NHPOCI,; excess of formic acid
results in the formation of minor quantities of Cl,OPNHSO,NHPOCI,
and large amounts of uncharacterized compounds (192). ArONa gives
bis(triesters) SO,[N=P(OAr);s], (Ar = Ph, o-, m-, p-MeC¢H,, p-CIC{H,,
p-0,NCgH 4, 1-CyoH;, 2-C,H ) (267); the bis(triphenylester) can also be
prepared on another way (534). Interaction of SO,(N=PCly), with
ArMgBr [Ar = Ph (337, 505), m-, p-MeC¢H, (337)] gives SO,(N=PAr;),.
With o-tolylmagnesium bromide no reaction occurs, probably owing to
steric factors.
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A ring-closure reaction [(I7), see also (286a)] between heptamethyl-
disilazane and SO4(N=PCl;), proceeds according to Eq. (77). With
N

/ 0\
ClyP—=NSOsN—PCls + MeN(SiMeg)s — ogs\ /NMe+2MeaSiCl (77

N=P
Clg

ammonia instead of the silazane an ionic compound

is formed, whereas amines such as dimethylamine, aniline (I17), or
ethylenimine (367) only give the hexamides. With silylamines Me,;SiNR.,
(R = Me, Et) (286a) a partial replacement of the chlorine atoms occurs.

Arylation (PhMgBr) of (Cl;P=NSO,),NMe leads to (Ph;P=NSO,),-
NMe, and the bis(triesters) of (Cl;P=NSO,),NMe or (Cl;P=NSO,NMe),-
SO, are obtained with PhONa (343).

The acidolysis (HCOOH) of m- and p-CgH4(SO,N=PCl;), results in
m- and p-CgH (SO, NHPOCI,),; the reaction with RONa (R = Me, Et,
Ph) gives m- or p-CgH[SO,NHPO(OR),], (256). Analogous esters
(CH,),[SO;N=P(XR)3], (n=3, 4; R=Et, Ph; X =0, 8) may be
obtained by a Staudinger reaction (17§).

The interaction of 1,4-Cl;P=NCH ,SO,N=PCl; (XVI) (354, 488) and
m- and p-CgH ,(SO,N=PCl;), (367) with ethylenimine giving the hex-
amides is described. Both —-N=PCl; groups are hydrolyzed in the reaction
of Cl;P=NCzH,SO,N=PCl; (0-, m-, p-) with HCOOH giving Cl,P(O)-
NHCH,SO,NHP(O)Cl, and subsequently (OH),P(O)NHC:H,SO,
NHP(O)(OH), (549), in sharp contrast to the difficult hydrolysis of
S0, (N=PCly),.

C. SPECTROSCOPIC INVESTIGATIONS

In general, only a few spectroscopic data of sulfonylphosphazotri-
halides are available.

Goerdeler and Ullmann (178) assign the P=N vibration at 1260-1290
cm~! in compounds of the type RSO,N=P(OR')g; other authors (337,
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343) give 1255-1300 cm™!, mentioning that the asymmetric SO, stretch-
ing vibration is also involved and that coupling cannot be ruled out.
Kirsanov and co-workers (462) point out that distillation (in the course
of isolation) of the above esters leads to a rearrangement to RSO,NR'P-
{0)(OR'),, and that therefore the assignments cannot be sustained. A
detailed investigation concerning the P=N vibration in such compounds
is available (520).

The vp_y of p-MeCgH ;SO,N=PCl; is given at 1199 em™! (521). A band
at 1357 cm™~! is assigned (324) to the P=N vibration in FSO,N=PF,, and
at 1190 ecm~! a band is tentatively assigned for FSO,N=PBr; (379).
Infrared tables for CISO,N=PF4 and CISO,N=PF,Cl are given (384).

Only a few chemical shifts (3'P) from sulfonylphosphazotrichlorides
have been measured so far: CISO,N=PClg (8p = —20.5 + 0.5 ppm) (5§10),
PhSO,N=PCl; (8p = —4 ppm) (192), PhNHSO,N=PCl; (8p = —3.5 + 0.3
ppm) and p-CIC,H ,NHSO,N=PCl; (85 = —4.2 + 0.3 ppm) (610), showing
tetracoordinate phosphorus and thus proving their structure. It is
interesting to note that the compounds RSO,N=PBr; show 3P NMR
chemical shifts as follows: R = Me (8; = 105.1 ppm), R = CF; (8, = 85.1
ppm), R =Ph (8§, = 101.4 ppm), R = p-MeCgH, (8p = 108.9 ppm), and
R = p-CIC¢H, (8p = 99.5 ppm), thus showing the great influence of R
(387a).

Fluorine-19 NMR measurements have been made on FSO,N-PF,
(8p = —59.6 ppm, Jpp =4 Hz) (388), CISO,N=PFy (3y = 84.6 ppm,
Jpy = 1078 Hz), CISO;N=PF,Cl (8y = 50.4 ppm, Jpp = 1120 Hz) (384),
and FSO,N=PBr; (8 = —61.4 ppm, Jpp = 2 Hz) (379).

Mass spectral data of CISO,N=PF,;, CISO,N=PF,Cl (384), and
FSO,N=PF; (385) are mentioned in the literature.

A 35CINQR study of CISO,N=PClg (XV) has been reported recently
(191b).

VII. Carbonylphosphazotrichlorides

A. SYNTHESES

As for the reaction of sulfamides with phosphorus(V) chloride, the
interaction of amides of carboxylic acids with PCI; attracted attention
more than 110 years ago (170). Wallach (§11-513) described reaction
products RCCI,NH, (imidochlorides) resulting from various oxamides
and PCl;; later workers (61, 70, 165, 321, 360, 485, 491), including quite
recent ones (361), still assigned the formula RCCINPOCI, to the reaction
products.
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Kirsanov, in 1954, showed in the first of a series of outstanding papers
that in this reaction carbonylphosphazotrichlorides RCON=PCl;, and
not the isomers RCCI=NPOCI,, are formed (233).

RCONH; + PCl; - RCON=PCl; + 2HCI (78)

Compounds following Eq. {78) are known with R = Ph (223, 260); o-,
m-, p-0.NCgH,, o-, p-CICiH,, p-BrCsH,, 2,4-(0,N);C¢H,, 3,5-(0,N),-
CeHy, 2,4-CLL,CeHj; (260); 2,4-C1{O,N)CeH; (244, 260); o-, m-, p-FCH,
(136); PhyCCl, PhyC (243); CCls (240); CF; (210, 370); 0-BrCgH  (246);
o-MeC H, (244); p-MeOCeH, (133); PhO (265); EtO (223, 233, 264);
MeO, PrO, i-PrO, BuO, -BuO (264); 2,3,6-Cl;C;H, (484); 1-C,;(H;,
2-C H, (244); CHF,CF, (147); MeCHCI (3874); CICH ,CCl,, CICH ,CHCI
(117); MeCCl, (119); CBr4 (295); NCCH, (450); Ph,N (274); Me,C(CN),
Et,C(CN), Pr,C(CN), Bu,C(CN), Am,C(CN), (Me,CHCH,CH,),C(CN)
(427); (EtO),P(0)CCl, (§9); see also (225, 234). These carbonylphos-
phazotrichlorides are also obtained from acylamides and PCl; plus Cl,
(133).

Not mentioned above are earlier papers (61, 170, 485, 512, §13) which
assign to these products the formulas of imidochlorides RCC1=NPOCl,.

Analogous compounds, RCON=PR'Cl, (R =CHCl,, CCl;, CFy;
R’ = CH,Cl, CHCL,), result from RCONH, and R'PCl, (471b). The use
of PhPCl, gives RCON=PPhCl, (R = CCl;) (466), with CCl3PCl, is
obtained RCON=P(CCl;)Cl, (R =CHCl,, CCl;, CF; p-CICiH,, p-
0,NC¢H,) (469). MePCl, yields RCON=-PMeCl, (R =CCl;, CF,;, p-
O,NC4H,, Ph) (471). The interaction of carboxylic amides and Ph,PCl,
in a fairly smooth reaction gives RCON=PPh,Cl] with elimination of the
HCI formed. Ph;PCl, gives only phosphonium salts, except if electro-
negative substituents (R = CCly) are present [(466), see also (137))].
Interaction of R,C(CN)CONH, and PhPCl; yield R,C(CN)CON=PPhCl,
(R = Me, Et, Pr, Bu, Am) (427a).

The similar reaction of ArCSNH; and PCl; does not give ArCSN=PClj,
but, as stated in the example with PhCSNH.,, a rather complex reaction
producing HCL, PSCl,, PCl,;, PhCN, and 3,5-diphenyl-1,2,4-thiadiazole
and other products (282).

The distinction between RCON=PC(l; and RCCI=NPOCI, was effected
by the characterization of the reaction products and by synthesis of
180)-labeled PhC'®0ON=PCl; (298) and Et'80C!'*ON=PCl, (3) (see Section
VIL,B).

Excess PCl; partially chlorinates 2-cyanacetamide to give NCCCl,-
CON=PCl; (450), not attacking the CO group (cf. in the following) nor
the nitrile group (see Section VIII, B).
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Oxalic ester amides ROOCCONH, react with PCl; in an initial step
to form ROCC1,CONH,* and then with excess PCl; to form ROCCl,CON=
PCl,.

ROOCCONH; + PCl; - POCl; + ROCCI,.CONH} (79)
ROCCI;CONH: + PCl; — 2HCI] + ROCCl,CON=PCl3 (80)
R = Et (223, 268); Me, Bu, i-Bu, CeH1; (268); Ph (270); p-CICsH,,
o0-, m-, p-MeCgHy,, 1-C10H?7, 2-C10H7 (269, 270); see also (225)
The reaction of PhPCl, and alkoxyureas under normal condition

follows Eq. (81) up to 80% yield [(448), see also (137)]. If the reaction
is carried out in vacuo reasonable yields of ROCON=PPhC], are obtained

ROCONH; + PhPCl,; — HCl + RCl + PhPOCl; + 2(HNCO), (81)
R = Me, Et

(474). These latter compounds may also be obtained from N,N-dichloro-
carbamates and PhPCl, (449). The isocyanate CCl;PO(NCO)CI is ob-
tained without formation of the phosphazo compound by reaction of

ROCONC I + PhPCl; — 2Cla + ROCON=PPhCl, (82)

MeOCONH, with CCl3PCl, (472). Similarly MeOP(O)(Cl)NCO is obtained
using MePCl, (470), and a mixture of CICH,PO(NCO)Cl and CICH ,POCl,
is formed using CICH,PCl, (471a).

* Chlorination and ring-closure reaction to 1,3,2-diazaphospholanes occurs
with PCl; and oxamide (£451):

HaNCOCONH; + 4PCly —————
—2POCls,

-2HC!
ClyC——ccly |* _poy,  ClC——CCly _,p, CIC—CCI
| POl — | | == 1 || (s0a)
HN.___NH ¥P0, HN.__NH o N
P P p
Clg Clg Cls

Other authors (41) obtained in this reaction four- and five-membered fused ring
systems. N,N’-Dimethyloxamide and PClg, followed by chlorination and inter-
molecular reaction, give the product shown in Eq. (80b) (41).

(0] 0 o 0O 0o (o]
I | I | I |
c——¢C Ch C— c——C
| — | | —_ | | (80b)
MeN. ~p _NMe MeN\P ~NMe MeN___ _-NMe

P
Cl1 Cls ({ \Cl
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Alkoxyureas and Ph,PCl, (in vacuo) give only 3% yield of ROCON=
PPh,Cl; with PhyPCl, instead, only isocyanuric acid and triphenyl-
phosphine oxide are obtained (449).

ROCONH; + Ph,PCl;—, - HCl + RCl + }(HNCO), + Ph,POCl3_, (83)
n=2,3

In an analogous manner only Ph;PO and unidentified products
result from PhANHCONH, and PhyPCl, (544), instead of the expected
PhNHCON=PPh,; this latter compound is obtained from Ph;P=NH and
PhNCO (544). In contrast, PhANHCSN=PPh; is synthesized from
PhNHCSNH, and Ph3PCl, (§45). Compounds RNHCONH,; (R = Me,
Et, Ph, p-MeOCH,, p-BrC¢H,) and PCl; react with intramolecular
rearrangement to give phosphorylated diazetidines (343a).

2RNHCONH; + 2PCl; — 6HCI + (RN=C=NPOCly): (84)

In order to obtain phosphazo compounds, the HCI formed during the
reaction has to be removed; for example, ROCON=PPh,Cl reacts with
HCl in the following way :

ROCON=—PPh;Cl + HCl -» [ROCONHPPhyCI]*Cl- -» RCl + PhyPOCI + L{(HNCO),
(85)
Similar results are obtained with (PhO);PCl, (96).
Finally, alkyltetrachlorophosphoranes and perfluorinated carbonyl
amides give R@CON=PRCl, (327).
Imidoalkylcarbamates RC(=NH)OR’ or their hydrochlorides react
with PCl; to form an ionic compound and then to give carbonylphosph-
azotrichlorides (129, 134, 247).

RC(NH:C1)OR’ + PCl; -» [RC(=NHPCl3)OR’]*Cl- -» 2HC] + R’Cl + RCON=PCl3
(86)
R = Ph (in vacuo), p-MeCgH4, p-BrCgHy, m-, p-O2NCgHy,
R’ = Et; R = CClg, R’ = Me (129)

With R =Me, decomposition giving EtCl, HCl, POCl; and MeCN occurs;
with R = R’ = Et no reaction takes place.

Analogous behavior is observed with PhPCl; [R = Ph, p-CIC{H,,
p-BrCH,, m-, p-O,NCH, (132), CHCl,, CCl; (466)] and Ph,PCly
(R = CHCl,, CCl;) (466). Compounds RCON=PPh,Cl may alternatively
be prepared by the phosphine-azide reaction (90).

Another route toward carbonylphosphazotrichlorides consists in the
action of phosphorus(III) halides on N-chloroiminocarbamates, involv-
ing an ionic intermediate (96).
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(RO);C=NCl + PX3Cl — > [(RO);C=NPX,Cl}* CI- ——>
RCl + ROCON=PX,Cl (131, 481) (87)
RC(=NCIOR’ + PCl,

4
[RC(=NPCl3)0R’]+ CI- ———> R’Cl + RCON==PCl; (88)

/

RC(=NCLOR’ + PClg
R = Ph, p-BrCeHy; R’ = Et (127)
The following reactions are known in detail :

RC(==NCI)OR’ + (Ar0)sPCl — RCON—P(OAr);Cl + R'Cl (89)
R = 1\1{8, Ph, MeO, p-Bl‘CaH,;, p-OzNCGH4
Ar = Ph, p-MeCgH, (490)

RC(=NCI)OR’ + PhOPCl, - R’Cl + RCON=P(OPh)Cl, (90)
R = Ph, p-O2NCeH4 (127)

RC(=NCIHOR’ + (ArX)3P - RCON=P(XAr); + R’C1 (91)
R = Me, Et, Ar = Ph, p-MeCgH4, p.CICgH4, X = O, 8§ (94)
R = Me, Et, p-BrCsHy, m-, p-O2NCgHy4, Ar = Ph, p-MeCgHy, p-ClC¢H4, X = O (96) [see
also (103, 106)]

Interaction of NCC(=NCI)OEt and (ArO);P (Ar=Ph, p-MeCgH,,
p-CIC4H,) gives NCCON=P(OAr);. With trialkylphosphites and at 75°—
80° a Michaelis—Arbuzov rearrangement, giving NCC[=-NPO(OR),]JOELt,
takes place (91).

RC(—NCLOR + Ph,PCly_p, -» RCON=PPh,Cls_, + RCI (92)
n=1,2,3(97)

(R0O)2C=NCl + R’Ry’P - ROCON=PR,'R” + RCl (93)
R = Me, Et, Ph

R’, R” = various substituents (88)

(RO):C=NCl + R,PCl3_,, - ROCON=PR,'Cls_, + (n + 1)RCI (94)
n=10; R =Me, Et; Ar = Ph
n=1; R =Me, Et; Ar = Ph, PhO
n = 2; R = Me, Et; Ar = Ph, p-MeCgHj,, p-ClC¢H,4
R = Et; Ar = PhO [(131), see also (89, 128)]
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With PCl;, instead, the reaction stops at [(RO),C=NPCI;1*Cl~ (R = Me,
Et) (127).

The analogous reaction (100°-120°) of (EtO),C=NCl with PR,CI
[R =Ph (100, 126), p-CIC{H, (126)] or PRCl, [R = p-CIC4H,, Ph,PN
(126), Ph (100, 126)] gives via the (assumed) intermediate phosphazo
compound the appropriate isocyanates RP(O)CINCO or R,P(O)NCO
with elimination of EtCl; see also (79, 82, 124, 257).

In a similar way carbonylphosphazotrichlorides are obtained (130).

RCONHCI + PCl; ——— HCl + RCON—PCl, (95)
ArC(—NH)OR + PCls —N, ArC(=NPCl;)OoR —2,

[ArC(=NPCl3)OR]* CI- — RCl + ArCON=PCl; (96)

Finally, compounds RCON=PCl; are formed, as listed in Section
VI,B, as intermediates in the interaction of sulfonylphosphazotri-
chlorides with acyl chlorides [(231), cf. also (71, 72, 221, 222, 235, 372,
375)].

CCl1;CON=PCl; may also be obtained from CCl,=CCIN=PCl; (obtained
itself from dichloroacetonitrile and PCl;, Section VIII,B,1) and POCl,
(307).

CClp=CCIN=PCl3 + POCl3 — CCl3CON=PCl3 + PCl; (97)

For the reactions of substituted ureas with PCl;, see Section 1X.

Only few bis(trichlorophosphazoacyls) are known. Urea reacts with
2 moles of PCl; on both amide groups,* giving CO(N=PCl;), (233); the
analogous compounds m-CgH 4(CON=PCly), (244), p-C¢H (CON=PCl,),
(367), (F,C),(CON=PCly), [n =3 (122, 387¢), 4 (387¢)], and (F.C),.(p-
C,H,CON=PCl;), (n=1, 2) (123, 387¢) are known. Similarly, the
compounds A(CON=PCl,), [A = CCl,, (CC1,CH,),, (CH,)g(CCly),] have
been prepared (387¢). As for the compounds with one -CON=PCl; group,
bis(carbonylphosphazotrichlorides) may be postulated as intermediates
in the action of dicarbonyldichlorides on sulfonylphosphazotrichlorides
(235, 367). The compound Cl,PPh-NCOCON=PPhCI, is formed from
PhPCl, and EtOC(=NCIl)C(=NCI)OEt (91).

A mixed carbonyl- and sulfonylphosphazotrichloride p-ClzP=
NSO,CsH,CON=PCl; is obtained (367) from p-sulfonamidobenzamide
and phosphorus(V) chloride.

Substituted malonic acid diamides and PCl; yield bis(carbonyl-
phosphazotrichlorides) (450) without chlorination of the CO group as in
the case of the oxalic ester amides.

* By-products of this reaction are described (207) in Section IV,C, 1.
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_CONH, _CON=PCl;

xyc +2PCls — XYCZ + 4HCI (98)
CONH; CON=PCl;

X=Y=Cl, Br

X=HY=Cl

X = Br, Y = NOy

Analogous compounds R(CON=PCly), (R =-CCl,—, -CCly(CH,),CCl,-,
n = 2, 5, 6) have been described recently (387f).

B. REAcTIONS

Nitriles and POCI; result from the pyrolysis of carbonylphosphazo-
trichlorides.
RCON=PCl3 —~ RCN + POCl; (99)

R = Ph [(223, 260), cf. also (298)], 0-, m-, p-OsNCgHy, 0-, p-ClCsH,, p-BrCeH,,
2,4(02N)2CeHas, 3,5(02N)2CeH3, 2,4-Cl{02N)CeH3, 2,4-ClaCsH3 (260), CCl; (240),
Ph3CCl (243), p-MeCeH,, 1-C10H7, 2-C1oH7 (244)

Hydrogen chloride acts catalytically in the same way at lower tempera-

tures (240).

180-Labeling in PhC'®0N=PCl; showed that ¥0 migration from the

CO group to the phosphorus atom is involved [via a cyclic mechanism
(298)]; the same results apply to Et180C*®0ON=PCl; (3).

N +
PhCHON—PCl; —2— l:Ph—cf \PCh} —— PhCN + P180Cly (100)
180-

Alkoxycarbonylphosphazotrichlorides ROCON=PCl; give alkyl
chlorides and dichlorophosphorylisocyanates on heating.

ROCON—PCly —3— C1,(0)PNCO + RCl (101)
R = Et (3, 223), Me (135, 264)
The compound PhOCON=PCly decomposes in wacuo (80°) to POCl,,
triphenylcyanurate, cyanuric chloride and PhOPOCI, (265).

Similarly, ROCON=PX,Cl compounds decompose (131, 448) as
shown in Eq. (102). Several other papers [(100, 124, 126, 266, 481), see

ROCON=PXsC1 —4—, X,P(0)NCO + RCI (102)

also (79)] dealing with this formation of isocyanates without isolation
of the corresponding carbonylphosphazotrichloride have been published.
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Hydrolysis of carbonylphosphazotrichlorides with HCOOH or moist
air leads to RCONHPOC],. This reaction has been carried out with the

RCON=PCl; + HCOOH — RCONHPOCI, + HCl + CO (103)

following R: EtOCCl,, BuOCCl, (268); Ph [(223, 259); cf. also (368) and
earlier (491)]; o-, m-, p-O,NC¢H,, o-, p-CICgH,, 2,4-(0,N),C¢H,, 3,5-
(O5N)CeHjy, 2,4-Cl(0,N)CeH3, 2,4-Cl,CeH; (259); CCly (240); Ph,CCl,
PhgC (243); PhOCCl,, o-, m-, p-MeC,H,0CCl,, 1-C,,H,0CCl,, 2-
C,0H,0CCl, (270); Ph,N (274); p-MeCgH,, 1-C,oH,, 2-C, H, (244);
CHF,CF,, CHCIFCF,, CHCI,CF, (147); CF; (210, 330); CNCH, (450);
C3F; (330); CICH,CCl,, CICH,CHCI (117); MeCCl, (119); Me,C(CN),
Et,C(CN), Pr;C(CN), Bu,C(CN), Am,C(CN), and (Me,CHCH,CH,),-
C(CN) (427).

Similarly RCONHP(O)(CCl;)Cl (R = CHCl,, CCl;, CFy, p-O,NC:H,)
(469) and MeOCONHP(O)PhCl (452) have been prepared; EtCCl=
NPOCl,; and PhCCI=NPOCI, are synthesized from nitriles and PCl, in
presence of oxygen (66).

Further hydrolysis [(262), see also (491)] of RCONHPOCI, gives the
free amides RCONHPO(OH); [R = Ph, o-, m-, p-O,NCeH,, 3,5-(0,N),-
CeH;, 2,4-(0,N),CeHj, o-, p-CICH,, 2,4-Cl,CeH; (262, 454), 2,4-
CL{O.N)CgH 4 (262), Ph,N (274)1.

Thermolysis of PhCONHPOCI, (1 hr/150°) results in a quantitative
yield of PhCN, POCl;, and HCI (259) ; Ph;CONHPOCI, shows analogous
" behavior (243).

Interaction of RCONHPOCI, and PCl; gives, in addition to POCl,,
the compounds RCCI=NPOCI, (XVII) [“isophosphazo compounds,”
N-(dichlorophosphoryl)acylimidochlorides} [R = CCl, (240); CF, (122);
MeCCl, (119); p-O,NCH, (243); Ph, p-MeC¢H,, o-, p-CIC¢H,, o-, m-,
p-0,NC¢H,, 3,5-(0,N),C¢Hj;, 2,4-Cl{(O,N)CeH,, 2,4-Cl,C¢Hj, 1-C,oH,,
2-CoH; (244); p-BrCH, (296)]. The compound p-C¢H (CONHPOCI,),
gives similar reactions (367).

The fluorides ArNHCONHPOF, (Ar= p-CIC¢H,, p-BrC¢H,, p-
MeC.H,, p-MeOCzH,, m-, p-O,NC¢H,, 2-C;,H;) and ArtNHCONHPOCIF
(Ar = Ph, p-O,NC¢H,) react similarly to ArNHC(=NPOF,)Cl and
ArNHC(=NPOFCI)Cl, respectively (114).

The former compounds (XVII) (RCCI=NPOCI,) [R = CCl; (240); Ph,
p-MeC¢H,, o-, p-CICiH,, o-, m-, p-O,NC¢H,, 3,5-(0,N),C.H,, 24-
CI(O:N)C¢H,;, 2,4-Cl,CeH 3, 1-C,oH ,, 2-C,H/ (244)] give on thermolysis
RCN and POCly; with ArONa the corresponding esters are obtained
(245).

Compounds ArNHCON=PCl; (formed from ArNHCONH,, plus PCl;)
(Ar = Ph, p-MeCgH,, p-MeOC¢H,, p-BrC¢H ) rearrange after some time
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o N-phosphorylchloroformamidines ArNHC(=NPOCI,)Cl (115). The
latter compounds may also be obtained from ArNHCONHPOCI, and
PCl; [Ar = Ph, o-, p-MeCgH,, m-, p-CIC{H,, p-BrCH,, p- -1CH, o-, m-,
p-0,NCgH,, p-F,CCeH,, 4 3(Me)02NCsH3] (138) and in the aliphatic
series from RNHCONH,, (R = Me, Et) and phosphorus(V) chloride (113).
Analogies (243) are described.

PhaCCICONHPOC]; + PCl; — POCl; + PheCCIC(=NPOCI;)Cl + HOl  (104)

The reaction of phenol with RCON=PCl; [R =Ph, p-O,NCH,,
3,5-(0,N),CsH;] gives RCON=P{OPh)Cl, or RCON=P(OPh); (105). The
synthesis of triesters, i.e., without the isolation of partially chlorinated
products, has been described with the following R and Ar substituents:
R = CCl;, Ar = Ph, p-CIC¢H,, Et, Me (241); 1-C,,H,, 4-CIC,(Hq (242);
R = Ph,CCl, p-O,NC¢H,, Ar = 1-C, H; (243); R = Ph, Ar = Ph (96, 223,
246); R = 1.C(H,, p-CICiH,, 3,5-(0,N);,CeHj, 2,4-Cl{O,N)CH,, Ar =
Ph; R =Me, p-BrC¢H,, m-O,NCH,, Ar =Ph, p-MeC¢H,, p-CIC{H,
(96); R =p-O,NC¢H,, Ar="Ph (96, 246); R =Ph,N, Ar=Ph, o-,
p-CIC{H,, o0-, p-O,NC¢H,, 1-C, H; (274); R =Ph,CCl, Ar =1-C,,H,
(243); R = p-FCH,, m-CF,C¢H,, Ar = Me, Et, Ph, p-FCH, p-CIC¢H ,
p-0.NCH, (522). Reaction of several carbonylphosphazotrichlorides
RCON=PCl; (R = Ph, p-CIC¢H, alkyls) with various alcohols, phenol,
thiophenol, and amines have been described recently (368a, 387c,
3879).

Some triesters CF;CON=P(OAr), are claimed to have been obtained
from the reaction of CF;CONHPOCI, with 3 moles of ArOH (Ar = Ph,
p-BrCgH,) (122); CF;CON=P(OEt); is prepared from an azide—phosphine
reaction [(210); see also (478a)].

Diesters RCONHP(O)(OMe), [R =CCl;, Ph, p-CIC¢H,, m-, p-
0,NC¢H,, 3,5-(0,N),C¢H ;] can be prepared by direct action of alcohols,
e.g., methanol (133, 263); extension to higher alcohols is mentioned in
the literature (464).

RCON=PCl; + 3MeOH — 2HCI + MeCl + RCONHPO(OMe): (105)

The analogous reactions of RCON=P(Ar)Cl, (466), RCON=P(CCl;)Cl,
(469), RCON=P(OPh)Cl, (105), and ArCON=P(Ar’)Cl, (95) are described.

Alcoholysis in presence of triethylamine yields the free dichlorides
(465); the use of sodium alcoholates (241) or excess alcohol (264) gives
the triesters, some of which, however, have been obtained on another
way (210).

The compounds ArNHCON=P(OR); are only obtained by a phos-
phine-azide reaction (112).
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Finally, it must be mentioned that esters of the type ROCON=P(OR’),
isomerize to ROCONR'P(O)(OR’), on heating (477).

Excess of aromatic amines with carbonylphosphazotrichlorides (6:1)
readily give the amides ArCON-P(NHAr'); [Ar= p-BrC,H,, m-, p-
O,NCzH,, Ar' =p-MeCcH, (93); Ar= Ar' = Ph [(93, 104), see also
(288a)] in contrast to the very increased difficulty with sulfonylphos-
phazotrichlorides; ArCON=P(NHAr'); compounds hydrolyze to
ArCONHPO(NHAr'),.

The compound CCl;CON=PCl; forms 1:1 complexes with DMF or
DMA (297d).

Molar ratios of aniline and ArCON=PCl; lead to the monoanilides
(ionic form) (XVIII) (107); these salts give,

PhNH; + ArCON=PCl; —Y, [ArCON—P(NHPh)Cls]- EtsNH*  (106)
(XVIII)

Ar = Ph, p-BrCoH4, m-, p-OgNCqu, 3,5-(03N)2CQH3

on hydrolysis (HCOOH, H,0), ArCONHPO(NHPh)CI and subsequently
ArCONHPO(NHPh)OH ; diesters ArCON-P(NHPh)(OPh), are formed
from (XVIII) and PhONa.

Trisaziridines ArCON=P(NC,H,); (Ar = Ph, o-, p-CIC¢H,, o-, p-
BrC¢H,, m-, p-O,NCgH,) are obtained from ArCON=PCl; and ethylen-
imine at 3°-7° (296); PhANHCON=P(NC,H,); and MeOCON=P(NC.H )3,
among others, have been obtained by a phosphine-azide reaction (109).

The compound p-FCH ,CON=PCl; gives with ethylenimine, in the
presence of alcohols ROH (R = Me, Et, Pr, i-Pr, Bu, n-C4H,3), com-
pounds of the type p-FC,H,CON=P(OR)(NC,H,), (369a).

Excess phenylhydrazine and RCON=PCl; (R =CCl;, MeCCl,,
CICH ,CHCI, CICH,CCl,, m-, p-FCgH ,, p-BrCgH ,) give the corresponding
hydrazides (387b).

The arylation of arylcarbonylphosphazotrichlorides yields ArCON=
PPh, (Ar=Ph, p-CIC;H,, p-BrCgH,) (92). NCCON=PPh; may be
prepared from PPh; and NCC(=NCIHOEt (97).

The fluorination of R{CON=PCl,; (R;= CF;, CF,CF,, CF;CF,CF,,
CF;CF,CF,CF,) with AgF results in elimination of POF; and a ring
closure (370) to 2,4,6-tris(perfluoroalkyl)-1,3,5-triazine (XIX).

R C#NNCc_R,
3R{CON=PFCl; + 9AgF —— | | + 3POF; + 9AgCl  (107)
N§C/N
Ry
(XIX)
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Chlorination of CCl;CON=PCly with PCl; or Cl; yields CCl3CCl,N=
PCl, (424).

CClsCON=PCl;3 + PCls — CCl3CClzN=PCl; -+ POCl; (108)

The compounds (CF,)3(CON=PCl;), and (CF;),(p-C¢H ,CON=PCly),
(mn=1, 2) react with HCOOH to give (CF;)3(CONHPOCI;), and
(CFy),(p-CeH,CONHPOCL,),, respectively. Reaction of these com-
pounds with sodium alcoholates and amines has been mentioned (123).
The interaction of R(CON=PCl,), with various alcohols, amines, etc., is
described (387d, 387f) ; m- and p-C¢H ;(CON=PCl;); and ethylenimine give
the corresponding hexamides m- and p-C4H ,[CON=P(NC,H,);]; (367).
Thermolysis of m-C¢H,(CON=PClg), gives POCI; and isophthalic
dinitrile; its hydrolysis (HCOOH) leads to m-C4H ,(CONHPOCI,), (244).

A compound Et,C(Br)CONHP(O)(NHPOCI,), has been reported in
in the literature (168). Finally, PhyP=NCOCON=PPh, is formed from
PPhg and EtOC(=NCI)C(=NCI)OEt (91).

C. SPECTROSCOPIC INVESTIGATIONS

Only a few spectroscopic data for carbonylphosphazotrichlorides are
available.

The vp_y of RCON=PCl; (R = CClg, CF3, Ph, p-CIC¢H,) is found in
the range 1290-1360 cm™~! (98); for CF3CON=PCl; the assignment has
been made at 1381 ecm™! (210).

An infrared investigation of 1*N/1®N-labeled compounds RCON=PCl,
(R = CF3, CClg, Ph, p-CIC¢H,, p-O,NC¢H,, p-FC¢H,, p-MeC.H,, MeO,
EtO) has been made recently (475).

The P=N band in the esters ArCON=P(OR); (Ar = Ph, m-, p-
0,NC¢H,; R = Me, Et, Pr, i-Pr; Ar = Ph, R’ = Me, Ph) has been found
(90) to be typical at 1340-1360 cm™?!; another paper (210) gives a wider
range of 1317-1415 cm~!. The vp_y for MeCON=P(OEt), lies at 1350-1385
em™! (212). Infrared spectra of CClsCON=PPh(OPh), (467), MeOCON=
P(OPh),(NHPh), and MeOCON=P(OPh),NH, (102) have been reported.

Matrosov (331) carried out a calculation of the IR spectra of
CCl;CON=PCl; and (EtO);P=NP(0)(OEt), and assigns the vp_y to a
range of 1290-1415 cm™!, in accordance with experimental results. It
is mentioned that the vp_y is strongly dependent on the substituents at
the nitrogen atoms and to a lesser extent on those at the phosphorus
atom [see also (295)]. The compounds PhCON=PR exhibit the vp_y at
1332 em™! (R = Ph) and at 1341 cm~! (R = Bu), PhCON=PPh,Et at
1337 cm™!, and EtOCON=PPh; at 1268 and 1281 cm™!, respectively
(520).
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Only a few *'P NMR chemical shifts have been measured (475):
CCLCON=PCl, (5, = —25.1 ppm), PhCON-PCl; (5,=—13.2 ppm),
»-0,NC,H,CON=PCl, (5, — —18.7 ppm), p-FC,H,CON- PCl, (8, — —15.0
ppm), p-MeC,H ,CON=PCl, (5, = —12.2 ppm), MeOCON=PCl, (5, = —8.9
ppm), and EtOCON=PCl; (8p = —7.3 ppm).

VIIi. Aryl- and Alkylphosphazotrihalides
A. TRICHLOROPHOSPHAZOARYLS

1. Syntheses

Gilpin (172) described the reaction of equimolar amounts of PCl; and
aniline hydrochloride at 170°, but the resulting compound C¢H;NPCl,
was not further characterized. The same compound is mentioned without
further specification in some patents (322). Recent work uses PCl; and
primary aromatic amines (or their hydrochlorides) in CCl, (§35) or a
twice molar ratio of the amine in CCl, (538).

As found from infrared spectra and molecular weight measurements,
dimerization of the resulting compounds occurs when the amine used
has a basicity constant Ky (in aqueous solution) greater than 10710 If
Ky =10719-10"13, the compounds are dimeric in the solid state, but
monomeric in benzene solution; with amines of Ky = 10"14-10"1°, only
monomeric compounds are obtained (539).

The following steps for this reaction have been proposed:

_H#
ArNH; + [PCL4]* —— [ArNHgPCl]* —— (ArNHPCly)
l—ncn (109)

[PClg]- + H¥ —— PCl; + HCI (ArN=PCl3),
n=1,2

The following (ArN=PClyg), (n =1 or 2) have been obtained: Ar = Ph,
o-, p-MeCgH ,, 0-, m-, p-CICgH , (533, 538),* m-MeCgH 4, 0-, m-, p-BrC H,,
2,4-Cl,C4Hg, 2,4-BryCeH,, 3,5-Me,CgHg, p-MeOCH,, p-EtOCgH,, 3,5-
Cl,C¢H,, 0-, m-, p-O,NC¢H,, 2,4-(0,N),C¢H;, 2,4,6-Cl1;CH,, 2,4,6-
Br,C,H,, 2,4,6-Cl,(O,N)Ce¢H, (535), o-, m-, p-FCH,, 2,4-F,C;Hj,
2,6-F,C¢H,, 2,3,4,5-F,CeH, 2,3,5,6-F,CqH [(502), see also (500)],
CISO,C.H, (40, 354), o-, m-, p-CF;CeH,, 2-F,5-CF,CcH; (46), o-, m-,
p-Me,NSO,CeH, (549), 5-Me, 2-NCCyzH, (401).

* p-CIC¢H4N-PClz has also becen isolated (510) as a by-product of

PhNHSO:2N -PCl; and PCls (Section VI,B) and from another reaction (361a)
(Section VIII, B, 1).
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Arylphosphazotrichlorides can also be obtained by phosphorylation
(PCl;) of ArNHPOCI,, ArNHPO(OPh),, ArNHPO(OPh)CI, (ArNH),-
POCl,, and (ArNH);PO (535, 536) or of ArNHPO(Cl)NArPOCI,
(Ar = Ph, p-MeCgH,, p-BrC¢H,, 3,5-Me,CqH ;) (536).

(ATNH);POCI + 2PCls - POClg + 2HCI + (ArN—PCla)a (110)
2ArNHPOCI, + 2PCls —» 2POCl; + 2HCL + (ArN—PCly), (111)
ArNHPO(C)NArPOC; + 2PCl; —> (ArN—PClg)y + 2POCl; + HCI (112)

Compounds PhN=PPh,Cl;_, (n =0, 1, 2) may be generated from an
azide-phosphine reaction using Ph,PCl; , and phenyl azide (65).

2PhN; + 2Ph,PCly_, — (PhN=PPh,Cl3_,)2 + 2N (113)

(PhN=PCl;), should be formed as an intermediate in the thermolysis of
2-phospha-1,3-diazetidin-4-ones as well as isocyanate. These two pro-
ducts react further to form a carbodiimide and POClg (495-498).

Finally, dimeric arylphosphazotrichlorides (1,3,2,4-diaryldiazadi-
phosphetidines) are obtained on chlorination (Cly) of arylaminothio-
phosphoryldichlorides (99).

In an analogous manner PhPCl, reacts with ArNH;Cl [Ar = Ph, o-,
m-, p-MeCgH,, 0-, m-, p-CIC¢H,, p-MeOC¢H,, p-EtOC¢H,, 2,4-Cl,CsH 3,
2,4,6-C1,C,H,, o-, m-, p-BrC4H,, 2,4-Br,C¢H,, 2,4,6-BryCeH,, o-, m-,
p-0,NC¢H,, 2,4-(0,N),CeHjg, 2,4,6-Cl,(0,N)CeH,] to give ArN=PPhCl,
(537). With Ph,PCl; and only in presence of pyridine the corresponding
compounds ArN=PPh,Cl (Ar = Ph, 0-MeC¢H,, 0-, p-CIC¢H ,, 2,4-C1,CsH 4,
p-BrCgH,, p-EtOCeH,, m-, p-O,NC¢H,) are obtained [(537, 540); see
also (192a)].

ridin
PhsPCls + ArNHsCl —— [ArNH—PPhCI}* CI- ———3 ArN—PPheCl  (114)

Similarly MePCl, gives (ArN=PCl;,Me), (n=1, Ar=p-CICH,, o-,
p-BrCgH,, 0-MeCeH,, 2,4-Cl,C4Hg, p-O,NCgH,, 2,4-(0,N),CcHy; n = 2,
Ar = 0-, p-ClC¢H,, 0-BrCgH,) (526). C4F ;N=PCl; is obtained from the
reaction of PCl; with CqF;NSO (188c).

A difluorotetrachlorodiazadiphosphetidine (FCl,P=NPh), has been
synthesized (37) from aniline hydrochloride and PCl,F; (see also Section
VIILC).

Aminobenzenesulfonamides o-, m-, p-H,NSO,CH,NH, react with
PCl; at both amino groups to form o-, m-, p-Cl;P=NSO,C,H,N=PCl,
(549) (Section VI,A). The para isomer has also been synthesized in-
dependently (354, 489); only the ortho isomer is dimeric, the meta and
para isomers are monomeric.
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2. Reactions

The monomeric and dimeric forms of (ArN=P(l;), (n =1, 2) show
different behaviors upon hydrolysis.

ArN-PCl; compounds hydrolyze with HCOOH to form ArNHPOCI,
[Ar = 2,4,6-C1,C¢H,, 2,4,6-BryCyH,, 2,4-(0,N),CeH,, 2,4,6-CL,(O,N)-
CeH, (536); Ph, o-, p-MeCH,, m-, p-CICgH,, 2,4-C1,C4Hyg, 2,4-Br,C¢H,
(538); 0-CICH  (297a, 538); 0-Me.NSO,C4H , (549)]. In contrast, hydro-
lysis of the dimers in the cold results in ring opening to yield ArNHPO-
(C)YNArPOCI, (Ar = Ph, p-MeCH,, p-BrCgH , 3,5-Me,CeHj) (536). The
temperature control of this hydrolysis reaction is probably the most
important factor, because the dimeric products monomerize in solution

on heating.
ArNH; + PCl;

(ArN=PCl); === ~ ArN=PClq 1

HCOOH HCOOH
(cold) moist l [ArNHPCl4]
PCls —

804 (cold) ArNHPOCI; “HCO0H
undefined (cold)

d
products ArNHPO(C)NArPOCI,

Compounds ArN-PPhCI,; hydrolyze similarly to ArNHP(O)}PhCl (539).

Ammonolysis of (PhN=PCl,), gives an ionic compound [PhNHP-
(NH.,),],N*TCl~ (504). The reaction with methylamine yields only a
polymeric substance (219) (see also Section VIIL, B,2); fluorophenyl-
phosphazotrichlorides also give saltlike compounds with liquid ammonia
(502).

Polymers with [HN-P(Cl) N--] units have been obtained by the
reaction of (PhN=PCly), with urea or melamine at elevated temperatures
(525a).

By the action of diethylamine on (PhN- PCl,), gradual substitution
of the chlorine atoms occurs to monomeric compounds PAN=P(NEt,),_,-
Cl, (n =0, 1, 2) (184); analogous substances PhN=-P(X)Cl, [X = NMe,,
NBu,, N(Me)CH,Ph] have been synthesized (501) which give, on
ammonolysis, tetraminophosphonium salts [PhNHP(X)(NH.,),|*Cl~
[X = NMe,, NEt,, NBu,, N(Me)CH,Ph] (601). The reaction of PhN::
P(NEL,)Cl, with other secondary amines leads to PhN=P(NEt,)YCI
(Y = NMe., NEt,, NPr,, NBu,, morpholine, piperidine, pyrrolidine)
which hydrolyze to unsymmetrical phosphine oxides PANHP(O)(NEt.,)Y
(47).

Trisaziridines ArN=P(NC.H,); have only been obtained from the
phosphine P(NC,H;), and the corresponding azide (Ar = Bu, Ph,
p-PhCgHy, p-BrCiH,, p-MeCyH , o-, m-, p-O,NC:H,) (109).
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Trichlorophosphazoaryls give with PhONa the triesters ArN=
P(OPh); [Ar=Ph, o-, m-, p-MeC¢H,, 0-, m-, p-BrCsH,, o0-, m-,
p-0,NCgH,, 0-, m-, p-CIC¢H,, p-MeOC4H,, p-EtOCzH,, 3,5-Me,CsHj,,
2,4-Cl,C¢H,, 2,5-Cl,CeHg, 2,4-Br,CoH;, 2,4-(0.N),CeHjg, 2,4,6-Cl,CH,,
2,4,6-Br,;CsH., 2,6,4-Cl;(O,N)CgH,] (546), which with water yield the
diesters A'NHPO(OPh), [see also (549)]. Some ArN=P(OPh); [Ar = Ph,
p-O,NCeH,, 2,4-(0O;N),C¢H;, 3,4-(0;N),C¢H,, 5-0O,N,2-pyridyl-C¢Hg,
2,4,6-(0,N)3C¢H,] are also obtained from (PhO);P and the corresponding
amine ; PhN=P(OPh); is also obtained from (PhO)3;PCl; and aniline (534).
Compounds PhN=P(OR); (R =Me, Et, Pr, Me,CH) have only been
prepared by an azide-phosphine reaction (208); PhN=P(OEt); may also
be prepared (518) using the method indicated in Eq. (115).

PhNSO + 3(Et0);P ~» PhN—P(OEt)s + (EtO)sPO + (EtO);PS (115)

2,2,2,4,4,4- Hexachloro-1,3 -diphenyl-1,3,2,4 - diazadiphosphetidine
reacts with phenylisocyanate at 150° (with postulated monomerization)
to give diphenylcarbodiimide* (494-496, 498). With CO, or CS, the
corresponding isocyanate and thioisocyanate are obtained (494).

Reaction of (PhN=PCly), with sulfur dioxide yields 2,4-dichloro-2,4-
dioxo-1,3-diphenyl-1,3,2,4-diazadiphosphetidine (787). This compound

a o
o \P/'
PhNT P:Nph +280g —— PhN:P>NPh + 280Cly (118)
Cla & a

was made previously by Michaelis (334, 335) from POCIl, and aniline.
Action of HCI on it produces a ring opening to ArNHP(O)CINArPOCl,
(Ar = Ph, p-MeCg¢H,, p-CICiH,) (297a), also obtained by hydrolysis of
(ArN=PClg),.
Analogous compounds, such as (RN=P(O)R’), (R =Ph, R'=Et)
and
Ph\ ’0
P

N—(CH3)e—N
/ P\
O Ph
(from PhPOCI, and hexamethylenediamine), are known (53).

* Isocyanates do not react with alkylsulfonylphosphazotrichlorides (495, 496).
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The monomeric compound o-Me,NSO,C¢H,N=PCl; gives with
HCOOH a quantitative yield of 0-Me,NSO,C,H,NHPOCI,, whereas the
(dimeric) meta and para isomers do not react in this way (549). Reaction
with RONa in absolute alcohol gives the diesters o-, m-, p-Me,NSO,-
CeH ,NHP(O)(OR); (R = Me; for the ortho isomer also R = Ph) (549).

For the reactions of ¢-, m-, p-ClyP=NSO,C,H ,N=PCl;, see Section
VL, B.

B. ALKYLPHOSPHAZOTRICHLORIDES

1. Syntheses

2,2,2,4,4,4-Hexachloro-1,3-dimethyl-1,3,2,4-diazadiphosphetidine,
(MeN=PCl;),, was first synthesized independently by Haasemann (186)
and Chapman and co-workers (69) from the reaction of methylamine
hydrochloride and PCl; in symmetric C,H,Cl,. The heat of formation
was found to be —217.3 4+ 0.5 kecal/mole (166); the energy of this P-N
bond is 74.3 kcal/mole (166) and thus lies between the energy of a single
bond (66.8 keal/mole) and a double bond (98 kcal/mole), so that in some
extent delocalization of the nitrogen electron pair can be assumed (519)
(see also Section VIII, D, 3).

Other routes to the synthesis of (MeN=PCly), are the action of PCl;

2CF3C(Cl)=NMe + 2POCl3 + 2HC]
2CFsCONHMe + 2PCl; (117)

2CF3sCOC1 + (MeN=PCl3)z + 2HC1

on N-methyltrifluoroacetamide (352) and the (indirect) synthesis from
[MeNH,]*SbCl,™ (395).

2MeNH;38bClg + 4PCl; — (MeN=PClj)s + 2PCl48bClg + 6HCl (118)

Minor amounts of (MeN=PCl,), are formed in the reaction of MeNH ,Cl
with PCl; in presence of BCly (34) or AlCl; (509a) (where six-membered
ring compounds are formed, see Section IV, A,2) and by the action of
PCl; on N,N’-dimethylsulfamide (36b, 510), as well as by the reaction
of PCl; or PhPCl, with Me;SiN(Me)PCl,=NSO,Cl (40b). Another way
is the chlorination of methylaminothiophosphoryldichloride (99).

A by-product (3%) of the normal synthesis of (MeN=PCl;),
(MeNH CI + PCly) is formed according to Eq. (119) (31, 32).
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Me Me Me

N.Cl N
4PCly + 6MeNHsCl — ClaP<N>P<N>(I;1< :PCla+18HCI (119)

Me Me Me

Higher alkylphosphazotrichlorides (RN=PCl;), (n = 1, 2) are known
with the following R: Et, Pr, Bu, Am (185, 528); n-CgH,4 to n-CH,,
(185); ClICMe,CHCI, CICMe,CH ., MesC (528); i-Pr (185); i-Bu* (142);
Me,CCICH, (528); MesC (527¢, 528); MeyCCH, (529); Et,CH (527a, 529);
MeyCCH,CH,, Et,CH, PhCH,, PhCH,CH,, Me3CCCI,CHCI,} (CICH,),-
CH,t CICH,CH,t (529); Me,CHCH,CH,, EtCH(Me)CH, (185); Ph,CH
(643); (CF3),CH, (CF3),CCl, (CF,);5C (295); CISO,(CH,), (n = 2-4) (542).

It has been shown (185) that in the case of isoalkylamines not only
the basicity of the amine involved (as for the arylamines), but also the
place of branching, influences whether the monomer or the dimer is
formed. Thus, «-branched isoamines yield monomeric compounds (with
the exception of (:-PrN=PCl;),), B-branched amines yield either mono-
meric or dimeric species, and y branched amines yield only the dimeric
compounds.

Similarly (RN=PPhCl,), compounds (R = Me, Et, Pr, Bu) are pre-
pared from PhPCl and alkylammonium chlorides (527) ; (MeN=PPh,(Cl),
has only been synthesized from the azide and Ph,PCl (796), whereas
MeNH (I and Ph,PCl; yield only the ionic compound [MeNHPCIPh,]*-
Cl~ (192a, 519), which is also obtained from Ph,PONHMe and PCl;
(192a). Interaction of (CCl;),PCl; and aliphatic amines gives the mono-
meric compounds (CClg),CIP=NR (R = Me, Et, Pr, :-Pr, Bu, CsH,,)
(294b).

Partially or fully halogenated trichlorophosphazohaloalkyls are
known: (CH,CIN=PCl;), is formed in 40-63% yield by the reaction of
aminomethanesulfonic acid with a 3.5-fold excess of PCl; (338, §42);
tris(chloromethyl)amine N(CH,Cl); is also formed in the reaction (338).
(CH,CIN=PCl,), results also on careful chlorination of (MeN=PCly),
(141a). The attempted synthesis of (CHCI;N=PCly),, (n =1 or 2) by the
action of PCl; on HCN failed (44). The fully chlorinated monomeric
compound CCI3N=PCl; may be prepared by chlorination (UV) of
(MeN=PCl;), (142, 294), thiophosphoric triisocyanate (162), or MeN=
PCL{CCly), (294b). Smaller yields of CCl;N=PCl; are formed in the

* 3-BuNH3Cl reacts with excess PCls to give CCle=C(CHCl2)N=PCl; (§27b) or
CICMeCHCIN=PCl; (528):
+-BuNHj3Cl + 3PCl; — 5HCI + 2PCl; + CICMe;CHCIN—PCly (119a)
t Only when excess PCl; is used during the reaction (529).
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MeN==PCIl(CCl3); + 5Cl3 — 3HCI + 2CCl4 + CCI3N=PC(l; (120)

thermolysis (120°-130°) of [EtSCCI-NPCI,]*PCly~ along with HCI,
MeCHCISCI, and PCl, (£42) and by the action of excess PCl; on EtSCN
or ArSCN (Ar = Ph, p-MeC3H,, p-O,NC H,) (442, 443). It can also be
obtained from the reaction of CI,CNC!l with PCl; (188a).

EtSCN + 4PCls — 2HCI + 3PCl; + CCl3N=PCl; 4 MeCCl,SCl (121)

Higher aminoalkanesulfonic acids and excess PCl, react with partial
chlorination of the SO;H group and formation of the following RN=PCl,
compounds (542): R = CCl,CHCIl, Me,CCl,CHCl, EtCCL,CHC], and
Me,('CICHCI; see also the phosphorylation of nitriles.

Because of the numerous publications in the field, the phosphoryla-
tion of nitriles is considered somewhat in detail.

Acetonitrile and chloroacetonitrile give with PCl; different products
depending on temperature and ratio of the reactants (4295).

20°

MeCN + 2PCls —2—» HCI + “NCCH,PCly-PCl;" (122)
MeCN + 4PCl; —22 4 3PClg + CCl;CCl,N—PCl; + 3HCI (123)

(XX)

Acetonitrile and PCl; (2:1) at 80° give an intermediate compound,
CH ,=CCIN: PCl,, which may be chlorinated to (X X) (£25). Other workers
(307), in contrast, find the action of MeCN and PCl; (1:3) at room
temperature to give only the ionic compound

N
Hy ~N=FClh

= PClg-

a” > Pl ’

(see Section IV,D,1), which decomposes at 130°-150° to CCl,--CCIN-
PCl;; the same result is found in later work by Shevchenko and Bodnar-
chuk (423).

r 1+
. | H N—PCl,
MeCN + 2PCl; ——— |~ Sc—cT PCle- (7) (124)
H cl
L ._
B T+
. |H N—PCl
20 ~ - 3 4
2 _ o4
MeCN + 3PCls — Cl/c C\PC]3 PClg “HOL —PCly

4
CCl;—CCIN=PCl; ~—— MeCN + 0.5PCl; (125)
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Chloroacetonitrile and PCl; (1:3) react at room temperature to form

+
Cl. __N=PCl

— PClg-
1 “PCl ¢

which decomposes on heating to give compound (XX) (307, 423).
Kirsanov and co-workers describe various products which are obtained
by this reaction (239, 425).

20°

CICHCN + 0.5PCl; ——\

CICHiCN + PCl;  —2— CCl—CCIN—PCl, (126)
2CICH,CN + 3PCls w7

CICH4CN + 2PCl; —2% “CICH(CN)PCly.PClg*” (127)
CICH.CN + 3PCls —20, “NCCCLPCl;-PCls*” jpim? (XX) (128)

Chloroacetonitrile and PCl; (2:1) at elevated temperature give

H\C _N=PCl,
a” Ta

(307); fluoroacetonitrile under the same conditions gives FCICHCCI,N=
PCl; (239, 280, 425).

Phosphorylation of dichloroacetonitrile with PCl; (1:0.4) in the cold
yields CCl,=CCIN=PCl;, which upon chlorination with Cl, or PCl; gives
(XX) (239, 281, 307, 424); CCl,=CCIN=PCl; may also be obtained from

* Rather to be formulated as

C=C PClg-

and

PClg~

respectively.
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thermolysis of [ClsP=NCCI=CHPCI;])*PClq (Section IV, D, 2) (423) or by
heating ClsP=NCCI,CCl,POCl, at 150°-170° (423).

Compound (XX) is also obtained from CCl;CON=PCl; and PCl; [Eq.
(108)] or from CCl3CC1=NPOCl, and PCl; (424), as well as from thermo-

CCl3CCl=NPOCl; + PCl; — (XX) + POClg (129)

lysis of [ClsP=NCCI=CCIPCl3]*PCl,~ besides PClg (423). The same com-
pound (XX) is obtained from the interaction of trichloroacetonitrile*
and PCl; (1:1) at 140°-150° (291) and from the chlorination (UV) of
(EtN=PCl;), (142) or CHCIL,CCI{COCI)N=PCl; at 200°-210° (532). It
results also as a by-product of the reactions of CHCl{COCI)N=PCl, (532)

CHC](COCI)N=PCIl; + 2PCls; — POCl;3 + PCl;3 + HCI + (XX) (130)

and NCCCl,CCl,N=PClg or CCl,(CN), (290c) with PCl,.

The compound CF;CCl,N=PCl; is obtained from CF;CFCINO and
PCl; (336); (CF4),CCIN=PCl; results from the chlorination of (CFj),-
CHN=PCl; (295), and PhCCl=CCIN=PCl, (239, 281) and PhCCl,CCl,N=
PCl; (239) have also been described.

Higher nitriles upon reaction with PCl; (1:3) at room temperature,
give, besides the ionic compounds [ClyP=NCCI=CRPCI;]*PCl, (Section
IV,D,1) in 25-45% yield, substances of the formula RCCI,N=PCl,
(R = MeCCl,, CICH,CCl,, EtCCl,, PrCCl,, i-PrCHC], BuCCl,, :-BuCCl,,
AmCCl,) (445), which are obtained directly when the reaction is carried
out under heating. Contrary to these results other authors (307) found
only the ionic compound [MeC(Cl)=C(PCl;)N=PCl;]*PCls~ in the reaction
of propionitrile with PCl;.

Aromatic-aliphatic cyanides RC;H,CH,CHCICN (R = H, o-, p-Cl,
p-Br, 0-, p-NO,, m-, p-Me, p-MeO) with PCl; give RC,H ,CH,CCl,CCl,N=
PCl; directly (444a).

RCe¢H,CH,CHCICN + 2PCl; — HCI + PCl3 + RCgH4CH,CCl;CCl:N=PClz (131)

Isopropylcyanide and PCly give, besides HCI, PClg, and Me,CCICN,
poor yields of Me,C=CCIN=PCl; (432); excess of PCl; produces
Me,CCICCI,N=PCl; (307, 432).

Other secondary nitriles with PCl; (1:2) give MeRCCICCI,N=PCl,4
(R = CICH,, CH,Br, Et) (432) via a postulated ionic compound. Excess
PCl; and isopropylamine [the equimolar reaction follows the usual route
(185)] produce various compounds (530).

* Trichloroacetonitrile with SbCls gives only the adduct CC13CN -SbCl; (125).
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Cl,
i-PrNH3Cl + 4-6PCly ———> COClz—C(CHOIg)N=PCly ——>
(9-60%) CCl3CCl(CHClg)N—PCl,
170°-180° l —-HCl

i-PrNH,Cl + 7PCly; —> CCly—C(CClg)N—PCls
(26%) (132)

PCls
Cla (20°
1 ( )l(leo°-17o°)
i-PrNH;Cl + 8PCls — — (CClg)sCCIN=PCl,
(18%)

The compound Cl,P(O)CCl,CCl,N=PCl; is prepared (59) according to
Eqgs. (133)-(135).

(Et0);P(0)CCLON + 3PCl; —> ClaP(0)CClLCCI,N—PCl; + 2POCl; + 2EtCl  (133)

Cl;P(0)CCLON + PCl; — Cl3P(0)CC1:CClN—=PClg (134)
(Et0)2P(0)CHON + 5PCl; —

ClzP(0)CClCCIaN—PCl; + 2POCI; + 2PCl3 + 2EtC1 + 2HCl  (135)

a-Cyanoamine hydrochlorides RR'C(CN)NH 4Cl react with PCl; to
form either monomeric or dimeric compounds (RR'C(CN)N=PCl;),
(n=1,2) [R=Me, Et; R'=Me, Et; RR' = (CH,),, (CH,);] (362). The
monomeric species may also be prepared from «-N,N-dichloroamino-
nitriles (365).

RR’C(CN)NCl; + PCls —> RR'C(CN)N—PCl; + 2Cl, (136)

The reaction of RR’C(CN)NH,R"Cl and PCl; gives a five-membered
ring (364).

RR’'CCN RR'C——CC1

| +ecly — ||| +2HO (137)
R"NH;Cl R'N p-N
Cls
R =R’ =R"=Me; R=R’=Me, R" =Et, Bu
R =R*=Me, R’ = Et; R =R’=(CHy)s, R* = Mo

The aminonitriles RArC(CN)NH, (R = Me, Et, Pr, :-Pr, Bu, Ar = Ph;
R =Me, Ar=p-MeC¢H,, p-CIC{H,, 2,4-Me,C¢H,, 2,5-Me,CgH;) with
PCl; yield the monomeric compounds R(Ar)C(CN)N=PCl, (363). With
R =Me and Ar = Ph the dimer can also be isolated in small yields
(3-5%). ArCH=C(CN)CONH, and PCl; yield ArCH=C(CN)CON=PCl,
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(427b). The reaction of enamines XY( = C(R)NH, (X =Y = COOR,
CNor X = COOR, Y = CN, COMe; R = CHCI,, CCl,, CF,) with PhP(l,,
MePC(l,, and Ph,PCl; has been described (57a).

B-Cyanoamine hydrochlorides and PCl; give the following reactions
(361a):

NCCHCHoNH;Cl + 4PCls  ——  5HCL + 2PCl3 + ClgP=NCCl,CCl,CH 3 N==PCl;
A/

PCl; + NCCCl3CHN=PCl; (138)

10].

NCCClaCCleN=PCl3

+

Cl
_C=
NCCH3CH3N(Ph)H,Cl + 4PCls —> 5HCI + 2PCl; + | HC \PClz PClg-
NSNS
Cl Ph
~HCL| ., 1
—PCIaJmO (139)

Cl
PhN=CCICCl,CCl:N=PCl, <« PhN=—CCl—CCl=CCIN=—PCl,

. P —
NCCH,CHyN(CeHCl-p)HsCl + 4PCls  —o——0

# p-ClCH N=CCICCl=CCIN=PCl; + y(p-CIC¢HN=PCls)2
(140)

The phosphorylation of N-alkyl(aryl)-3-aminopropionitriles has been
described recently (292a).

The CH, groups of the alkoxynitriles are partially chlorinated by
PCl; at elevated temperatures and the amine group shows the normal
reaction to form ROCH,CCl1,CCl,LN-PCl, (R = Pr, Bu, Ph). Heating to
175° gives CICH,CCl,CCl,N=PCly; the latter compound is also obtained
from MeOCH,CH,CN and excess of PCl; via the intermediate formation
of CICH,CH,CN (439).

ROCH2CHCN + 3PCl; > ROCHRCCI:CCleN==PCly | 2HCI + PCly  (141)

4]
MeOCH3CH2CN + 4PCl; — CICHCClCClgN=PCl; + MeCl + 2PCl3 + POCl3 + 2HCI
(142)
The similar reaction of EtOCH,CH,CN and PCl; gives intractable
mixtures of EtOCH,CCl,CClLN=PCl; and CICH,CCL,CCI,N PCl; (£39).
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Aminoacetic acid reacts with a twofold excess of PCl; with chlorina-
tion of the carboxyl group and Kirsanov reaction on the amine side to
give (CICOCH,N=PCl;), (531, §32) and CHCI(COCI)N=PCl, (532). The
former compound with excess PCl; gives CICOCHCIN=PCl;, which may
also be obtained directly from glycine and PCl; (1:3) (631, 532). Further
chlorination at 160°-170° yields CCly(COCl)N=PCl; (§32). x-Amino acids
RCH(NH,)COOH (R = Me, Et) give upon phosphorylation (1:4-6 PCl;)
MeCHCICCI(COCI)N=PCl; or CHCI=C(COCI)N=PCl; and CHCI,CCI-
(COCHN=PCl,, respectively (530-532). Higher «-amino acids («-methyl-
alanine, valine, leucine) give Me,C(COCI)N=PCl;, Me,CCICCl(COCI)N=
PCl;, and :-PrCCl,CCH{COCI)N=PCl;, respectively (532).

Cyanoacetic acid and PCl; at room temperature yield CICOCH=
CCIN=PCl;; on heating or with excess PCl; CICOCCI=CCIN=PCl; is
obtained. The chlorination (PCl; or Cl,) of these two latter compounds
gives CICOCCI,CCI,N=PCl, (429).

20°
NCCH3sCOOH + 3PCl; —— CICOCH=CCIN=PCl;

P(iy

4.5 PCls CICOCCI=CCIN=PCls
Cl:/

CICOCCIlCCla2N=PCl3

(143)
Ch

«-Cyanocarbonic acids RCH(CN)COOH with PCl; give in the initial step
RCH(CN)COC] and then RC(COCl)=CCIN=PCl; (R = Me), whereas
excess PCl; produces RCCI{COCI)CCI,N=PCl; (R =Me, Et, Pr, i-Pr)
(431). The compounds (EtO),P(0)CH,CN and (EtO),P(O)CCl,CN with
excess PCl; give C1,P(0)CCl,CCl,N=PCl; (59) [Egs. (133-135)].

Malonic dinitrile and PCl; (1:1) give 1,1,3,5-tetrachloro-1,2,6-
phosphadiazine (239), whereas with a 3:2 ratio at elevated temperatures
besides HCl and small amounts of 1,1,3,4,5-pentachloro-1,2,6-phospha-
diazine, the compound NCCH=CCIN=PCl; is obtained (239, 430). A

CH4(CN)z + 2PCly; —— NCCCI=CCIN=PCl; + 2HCI + PCls

Co,
% (144)
01~|/\”—01

N§P/N

Cly
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higher ratio of PCl; (1:2) at elevated temperatures produces NCCCl=
CCIN=PCl;; chlorination (Cl, or PCl;) of both linear compounds leads
to NCCCl1,CCl,N=PCl; (430).

Alkylmalonic dinitriles react with PCl, (2:1) to form 1,1,3,5-tetra-
chloro-4-alkyl-1,2,6-phosphadiazines and RC(CN)=CCIN=PCl; (R = Me,
Et, Pr, i-Pr, Bu) (428); chlorination of these phosphazotrichlorides
results in RCCI{CN)CCI,N=PCl;. Other substituted malonic dinitriles
R,C(CN), (R =Me, Et, Pr, Cl) with PCly give R,C(CN)CCI,N=PCl,4
(290c).

PCls

PCL
RoC(CN)2 ——  [RoC(CN)CCl==NPCl3}* PClg~ —
R3C(CN)CCleN=PCl3 (145)

Phosphorylation (PClg) of 1,1-dicyano-2-amino-2-arylethylenes, (NC),C=
CArNH, (Ar = Ph, p-MeCgH,, p-CIC{H,, p-O,NC¢H,) also yields cyclic
compounds (290a).

Succinic acid dinitrile and PCl; undergo a ring closure to form (XXI)
(436); the same compound is obtained starting from fumaric acid
dinitrile (1:38) (436, 441) or chloromaleinic acid dinitrile and PCl; (1:2)
(436).

Cl—eee—erxwr—C1
(CH2CN)2 + 4PCl5 —> 4HCl + * +3PCl (146)
Cl—s NPCl,
N
(XXI)
NCCH=—CHCN + 3PCl; —> (XXI) + 2HCl + 2PCl3 (147)
fumaric acid dinitrile
NCCCl=CHCN + 2PCl; —> (XXI)+ HCl+ PCl; (148)

chloromaleinic acid dinitrile

Phenylsuccinic acid dinitrile (441) and other derivatives RR'C(CN)-
CH,.CN [R = Ph, R’ =H (441); R = Me, R’ = Me, Et, Bu, sec-Bu, Ph;
R =R’ = Et, Pr; RR’ = (CH,),, (CH,); (441a)] also give five-membered
rings.

oN
PhCH PhC=——0CCl
(IIH + 3FCl ac. ¢ @ 3HCI + 2PCI (149)
+ +
\Cz NN N—PCl3 s
N

* Better formulated as

Cl —Cl
Cl-Le —:Cl
N

N=PCl3
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A spiro compound (XXII) is obtained (441) from Eq. (150).

+3PCl; —» + 2PCl, + 2HCI
NG CHCON ¢ ({Cl, (150)
N—<|301
N=PCly
(XXII)

It is interesting to note that other derivatives of maleinic acid, i.e.,
RR'C=CR"NH,, react with PCl; only to give RR'C=CR"NHCI (R,
R’ = EtOCO, R" = CCly) (56).

The reaction of dicyandiamide with PCl; (1:2) gives via the postu-
lated intermediates

N=C— N0 T pgy
= T UNNH” 3

(26b, 207) and NCN=C(Cl)NHPCI3N=PCl; a compound C,H,P,Cls
[2-(trichlorophosphazyl)-2,4,6-trichloro-2-phospha-1,3,5-triazine] (Sec-
tion V,A), also described by other authors (110); the corresponding
hydrochloride may also be isolated (26b).

Other trichlorophosphazoalkyls are obtained from the phosphoryla-
tion (PCl;) of amidines: while only 1:1 adduct formation between
trichloroacetamidine CCly(=NH)NH, and PCl; occurs, the corresponding
N-alkyl- or N-aryltrichloroacetamidines or their hydrochlorides react
with PCl; in the expected manner.

CCl3C(—NR)NH; + PCl; - CCl3C(—=NR)N—PCl; + 2HCI (151)
R = Me, Et, PhCH; (118), Bu, COCCls, MeP(O)NMeg, POCl, (120), Ph (116a, 121),
p-MeCaH4, p~BrCeH4, p-MeOCaH4 (121)
Compounds CF;C(=NPh)N=PCl; (120) and PhC[=NP(O)(OPh),]N=PCl;
(84) have also been described.
For the reaction of amidinium salts with PCl;, see Section IV,C, 1.
N-Sulfonylarylamidines and PCl; yield the phosphazo compounds.
ArC(=NSOzAr')NH; + PCl; - ArC(=NSO:Ar')N=PCl3 + 2HC] (152)
Ar = Ph, Ar’ = Ph, p-MeCgHy, p-CIC¢Hy, p-0aNCgH,, 1-C1oHo, 2-C1oH? (84)
Ar = p-03NCgHy, Ar’ = Ph (87)

Contrary to the reactions above, N-carbonylarylamidines ArC-
(=NCOAr')NH, do not form the phosphazo compound, but (with a
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probable intramolecular rearrangement) only phosphorylated amidines
ArC(=NPOCI,)N=CCIAr" (Ar =Ph, p-BrC H,, Ar' =Ph, p-MeCiH,,

ArC(—=NCOAr)NH, + PCl; — Ar(( -NPOCl)N—CCIAr + 2HCI (153)

p-BrCyH,), which decompose upon heating to form ArC(=NPOCI,)Cl and
Ar'CN (101).

Kirsanov and co-workers (115, 116) also report the reaction of
N-arylureas ArNHCONH, (Ar = Ph, »-CIC4H,, p-MeC H,) with PCl; at
room temperature to yield, via ArNHCON=PCl; and subsequent
rearrangement, phosphorylated formamidines (see also Section VII, A).

ArNHCONH: + PCls ﬂ' ArNHC(=NPOCIl,)Cl + 2HCI (154)
Introduction of a sulfonyl group, i.e., with ArSO,NHCONH, (Ar = Ph,
p-0,NC¢H,), leads to phosphazotrichlorides (80).

ArS80:NHCONH: + 2PCl; — ArSO:N—C(C)N==PCl3 + POCl3 + 3HCl (155)

An analogous reaction has been described (81).

Similarly, N-chloroalkylamidines give with (ArO),;P, (PhO),PCl,
PhOPCl,, or PCl; the substances RC(- NH)N=P(OAr),(Cl,_, (R = Me,
CCly; Ar=Ph, p-CIC¢H,; n=1, 2, 3) (103). Variation of the method
leads to ROC(=NH)N=PClI, [(257), see also (114)].

When dinitriles of higher dicarbonic acids are heated with excess
PCl;, they react at both nitrile groups and with partial chlorination of
the methylene groups (437).

excess P(ls

NC(CH2)mCN — 5 Cl3P=NCC(Cl3(CH3),CClL,CClN=PCl; (156)
m=2-6;n=1-5
Other dinitriles o-, m-, p-C¢H ,(CH,CN), give o-, m-, p-C4H ,(CCL,CCl1,N=
PCly), (427¢), whereas dinitriles of the type NCCH(Ph)CH,CH,CN
react only at one cyanide group with PCl; (427).
NCCH(Ph)CHCH2CN + 4PCly —
3HCI + 3PCly + NCCCH{Ph)CH2CCl,CCluN==PCly (157)
Both nitrile groups are attacked in NCCH,CH(Ph)CH,CN (4275).
NCCH:CH(Ph)CH:CN + 4PCl; —
ClsP:=NCCl.CHCICH(Ph)CHCICCIsN=PCl; + 2HCI + 3PCl; (158)

Bis(trichlorophosphazojtetrachloroethane (CCI,N=PCl;), is obtained
from isothiocyanic acid and PCly (47); 3-aminopropionitrile and PCl,
give Cl;P=NCCIL,CCl,CH ,N=PCl; (297¢).
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NCCH2CHsNH;Cl + 4PCl; — ClgP=NCClCCl,CH:N=—=PCl; + 4HC] + 2PClz (159)

Phenyldichlorophosphazopolychloroalkenes have been obtained recently
(69a). Only one amino group in (CF;),C(NH,), reacts with MePF, to give
(CF;3)2(NH,)CN=PMeF, (143a).

Finally, Cl;P=NSO,(CH,),N=PCl; (§42) can also be considered as a
sulfonylphosphazotrichloride (see Section VI, A).

. 2. Reactions

Heating of (MeN=PCl;), should result in monomerization (186); this
is in accordance with the reaction with phenylisocyanate at 150° pro-
ducing an unsymmetrical carbodiimide (494). Milder conditions give ring
enlargement (305) to the six-membered ring compound (XXIII), also
obtained in other ways (299, 300, 304) (Section IX). It is interesting to
note that (MeN=PPhCl,), and (MeN=PPh,(Cl), with methylisocyanate

0O q
ll\IMe
CcO

(MeN=PCl3); + 6MeNCO —> | + by-products (160)

~

~N~
Me

(XXI1I)

lead only to the formation of PhPOCIL, and Ph,POC], respectively (196).
Reaction of (MeN=PCl,), with CO, and CS, gives the corresponding
isocyanates and isothiocyanates, respectively (494).

Cly

8
MeN NMe —— MeN NMe

~-HA (161)
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The P-N ring system is preserved in the interaction of (MeN=PCly),
with SO, and H,S giving (XX1V) (2,4-dioxo-2,4-dichloro-1,3-dimethyl-
1,3,2,4-diazadiphosphetidine) and the thio analog (XXV), respectively
[(32, 181), cf. also (297a)].

The compounds (EtN=PCl,), and (PrN=PCly), (181) react similarly with
liquid SO, as does P (NMe)4Clg (32) with SO, or H,S to give the group

Cl
>P<X (X =0,8).

Analogous compounds to (XXIV)

R 0]
\_ A
P.
R’)< >NR’
P
<\
(0] R
R = PhO, R’ = Me (52)
R = CGHIIO, R’ = CgHyy (54)

R = Bu, R = p-CleH4, PhCHa; R = CI(CH2)4, R’ = p-MeSCsH4, m-, p-CICGH4 (193)
R = Me, CgH;i1, Ph, PhCH2; R’ = Et, Ph, PhCH; (53)

have generally been prepared from the amine and a phosphoric ester
dichloride or phosphonic dichloride. Other compounds [R'NP(O)R],
(R = Me,N, Et,N, PhNH; R’ = Ph, p-BrC¢H,, p-MeC¢H,, p-MeOC¢H,)
are isolated from the thermolysis of phosphoric trianilide or from the
reaction of phosphoric trianilide or phenylphosphonic dianilide with
phosphoric tris(dialkylamides) [(216), cf. also (359)]. Chain polymers
with four-membered P-N ring units are known (348, 3568, 3569).

Similar compounds to (XXV), [R'NP(S)R],, result from the thermal
degradation of R'NHP(S)RCI (R = Me, R’ = Me, Et, Ph, p-MeCg¢H 4, m-,
p-CIC¢H,, p-MeOCH,, p-EtOC{H,; R =Ph, R’ =Me, i-Pr, Ph, p-
EtOC¢H,) (333). Elimination of amine from PhP(S)(NHR), [R = PhCH,
(492), Me (201, 492), Et,* Pr, Bu (201)] results in formation of the
corresponding diazadiphosphetidines; with R =H the corresponding
[PhP(S)NH], can only be isolated as a by-product (419).

Some of the above-mentioned compounds have previously been
described by Michaelis (334, 335) (“‘phosphazoles’”) and a monomeric or
a dimeric form was assigned to them. Bock and Wiegrabe, however (97),
showed that only the dimeric form is present [see also (63)].

* With R = Et, the ¢is- and trans-1,3-diethyl-2,4-diphenyl-2,4-dithiocyclo-
diphosphazanes have been observed (152).
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Of some interest are further reactions of (XXV) with replacement
of the two chlorine atoms (32).

MeNH
(XXV) —> Me \IH—II’/ \II’—NHMe
MeHN NHMe
PhNHa EtsNH
N)Ao"—zoo"/w
(162)
I\N_(e Me
PhNH\P/ \P,,s EtsN~ ¢ / \ MeNH- ¢ N /,s
Gl \N/ SNHPh 8« \ J/ \Nm2 8« \ / NHMe
Me Me Me

The interaction of (XXV) with ethanol also gives substitution without
affecting the P-N ring system (3917). Linkage with catechol, resorcinol,
hydrochinone, and their derivatives gives chainlike, thermally quite
stable polymers which still contain some four-membered rings (197).
The ammonolysis of (XXV) yields (XX VI) (391), the structure of which

NH; Me NHMe
S« P—N—P->S
NH,; NH,

has been established (553).

The compounds (XXIV) and (XXV) react with MeNCO to form six-
membered ring compounds [analogous to (XXIII) (305)]. Dimethyl-
amino or thiomethyl groups are introduced by the action of (XXTV) with
Me;SiNMe, or Me;SiSMe, respectively (181); azide groups may also be
introduced (196c).

The ammonolysis of (MeN=PCl;), (and its higher homologs) with
liquid ammonia (185) gives in the case of the methyl compound an ionic
product C.H,(N,P,Cl (XXVII), to which a symmetrical structure
(XX VIla) (as for the phenyl compound) was assigned.

(MeN==PCl3); + 10NH3 - (XXVII) + 5NH4CI (163)

Ziegler (550, 551) carried out an X-ray investigation of the iodide (397)
and rather surprisingly found an unsymmetrical structure (XXVIIb).
Evidence for both the symmetrical structure (mechanism, *'P NMR
spectrum) and the unsymmetrical structure of the iodide (X-ray in-
vestigation) isavailable, and a definitive answer concerning the structure
is not yet possible. An ammonolysis mechanism formerly suggested (185)
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has now been given up in favor of another involving the intermediate
formation of a tetraminophosphonium salt (507).

1|VH2 NH: + NH, NHMe +
MeNH——II’xN“—'-IJ’fNHMe Cl- HQN——PZN—IF—NH-Z I-
NHg NHz NHz NHMe

(XXVIIa) (XXVIIb)

Ammonolysis of (RN=PCly), (R = Me, Ph) with NH,Cl at 180° yields
high polymers of the proposed formulas [P(-NR)CINH], (525b).

The similar reactions of (RN-PCly), with primary amines have been
described (143).

(RN=PCl3)2 + 9RNH: ——> 4RNH;CI + [ (RNH);;P—-—II\I—P(NHR);, jl 2+ Clp- (164)
R
R = Pr, By, i-Bu
|: I|{’ ] 2+
(RNH)(R'NH);P—N—P(NHR')2(NHR) Clz~ + 4R’'NH;3Cl

(RN=PCl3); + 9R'NH, \ (165)

|:(RNH)(R’NH)2P~1\‘I~P(NHR')3:‘2* Cly- + 4R’NH,Cl
R

R = Et, Pr, By, t-Bu; R’ = Et, Bu, ¢-Bu (some salts as iodides)

The attempted isolation of MeN-P(NMe,); [by aminolysis of
(MeN-PCl,), with Me,NH] failed (45, 787); this compound has only been
prepared by an azide-phosphine reaction (187). The compound
Et,CHN=PCl; with MeNH, (1:5) gives the salt (Et, CHNH)(MeNH),PC]
(143). It is found that (MeN=PCl;), gives with N¥,N’-dimethylsulfamide
(36b, 37, 510) a compound containing three four-membered rings [Eq.
(166)].

11\\'119 ]\)%e l\lée
(MeN=PCls) 2(MeNH),SO 4HC1 + O S/ \(;3/ \P/ \\SO (166)
eN=— + eN —_— +
“ . Ny NNy

Me Me Me
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With N,N'-dimethylurea
&de %Ide h]i}e
Cl
oc/ >1>/ \P/ 0
NN\

Me Me Me

is similarly obtained (36a). In the reaction between (MeN=PCl;), and
NaN; the hexazide is formed (196¢); with NH,NCS correspondingly the
hexaisothiocyanate results (51b).

Interaction of (MeN=PCl;), and Cr(CO)q yields a blue-red product
(0C),Cr(MeN=PClg),, which on thermal degradation gives a polymer
(Cr,PsNy), (198).

Chlorination (UV) of (MeN=PCl,), gives CCI3N=PCl; (142, 294).
Fluorination with Na,SiFg gives both (MeN=PFj;), and partially
fluorinated compounds (for these, see Section VIII,C); with KSO,F
(187) (MeN=P¥,), is obtained. Fluorination of (RN=PCl;), [R = Me
(142, 294), Et, Pr (142)] with SbF; leads to the corresponding hexafluoro-
diazadiphosphetidines; (BuN=PCl;), and (i-BuN=PClg), were fluorin-
ated with AsF; to the corresponding fluoro compounds (142).

Hydrolysis of higher alkylphosphazotrichlorides RN=PCI;[R = Me,C
(527¢, 633), Me,CCH,, Et,CH, CICMe,CH,, CCl,=C(CHCl,), CCl,=CCCls;,
CICMe,CHCI, Me3zCCCl,CHCI, CICOCHCI, CHCI,CCL(COCI) (433)] with
moist air, formic acid, or acetic acid leads to the corresponding alkyl-
aminophosphonic acid dichlorides. CICMe,CH=NPOCI, is obtained by
elimination of HCl from CICMe,CHCINHPOCI,; CICMe,CH=NPOCI,
and Me;CCCl,CH=NPOCI,; are formed from CICMe,CHCIN=PCl, and
MeCCClL,CHCIN=PCl; with SO, at 140°-150°, respectively (533).

Finally, the compounds MeN=P(OEt), (187) (phosphine-azide re-
action) and (CF;);CN=PPhy and (CF;);CN=P(OEt);, prepared from
PhyP or (EtO)4P with (CF3);CNO (336), are known.

The reactions of the phosphorylation products of nitriles are well
studied. CCl;N=PCl; decomposes at room temperature, at a faster rate
at 150° to cyanuric chloride and PCl; (162):

Cl
Cx

CClgN=PCly — PCls+ | | 167
s s st ol _ccl (167)

\N/
With SO, at room temperature CCl,=NPQCI, is obtained (294, 442),
whereas compound (XX) reacts analogously only at 180°-200° (442).
Other perchloroalkylphosphazotrichlorides RCCLN=PCl; [R =
MeCCl,, CICH,CCl,, EtCCl,, PrCCl,, ¢-PrCHCI, BuCCl;, i-BuCCl,,
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AmCCl, (4456), Me,CCl (432)] give (180°-220°) the corresponding
chlorinated nitriles, PCl;, HCI, and PCl; on thermolysis (445).

w-Cyanoalkylphosphazotrichlorides {from malonic acid dinitriles and
PCl;) undergo an intermolecular ring closure to form six-membered rings
upon heating (430).

Hydrolysis of CCl,=C(CHCl,)N=PCl; or CCl,=C(CCl3)N=PCl; with
excess water produces (CHCI,),CO or CHCI,COCCl; (630), respectively.
A mechanism has been suggested [(£49), cf. also (#42)] which involves
fission of the P=N bond leading finally to chlorinated nitriles.

A unique feature is observed in the controlled hydrolysis (formic or
acetic acid, or, in some cases, SO,) of perchloroalkylphosphazotri-
chlorides; no formation of ~-CCI,NHPOCI,- from —CCl,N=PCl; occurs,
but the :C:NPOCIZ group is formed instead, with intermolecular
elimination of HCIL.

MeCOOH, HCOOH, 805

RCCI;CCl;N==PCl, RCCl,CClI=NPOCl; (168)
R = C1{290c, 445), CICH;, Me, Et, Pr, Bu, i-Bu, Am (445), COCI (429)

It is interesting to mnote that p-cyanoperchloroalkylphosphazotri-

chlorides react in the same way (428).

RCCI(ON)CCLN=—PCl; =298, RCCI(CN)CCI=NPOCH, (169)

R = Ms, Et, Pr, ¢-Pr, Bu

Compound (XXI) gives upon acidolysis (acetic acid) or with SO, the

compound
ClI Cl
01I\N I——NPOC]Z

(436), but compound (XXII) reacts with formation of a -NHPOCI,
group (441). Action of PhSO,NH, on (XXI) leads to

Cl——=—Cl
CII\N J:NPC]g:NSOzPh
(436).

Alcoholysis of CCl;CCILN -PCly (XX) with 1 mole of ROH (R = Bu,
n-CgH ;) leads to CClCCLN=PCI,OR ; with 3 moles of ROH the diesters
CCL,CCL-NPO(OR), or CCI,C(OR)-NPO(OR)Cl (R = Me, Et, Pr, Bu,
i-Bu, Am, i-Am) are obtained (4£33). The reaction at 80° gives with (XX)
only the orthoesters CCI,C(OR); (R = Me, Et, Pr, Bu, Am), not decom-
posed even upon distillation (434). Higher phosphazo compounds
RCCLCCLN=PCl, (R = Et, Pr) with 1 mole of R’OH eliminate R’Cl and
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give only RCCI,CCI=NPOCI,; with a molar ratio of 1:3 the diesters
RCCL,CCI=NPO(OR');, (R =R’ =Me, Et; R =Et, R’ =Pr) (435) are
obtained. A 1:4 ratio leads at room temperature to-RCClL,C(OR')=
NPO(OR'), (R =Me, Et, Pr; R’ =Me, Et, Pr, Bu); a tenfold excess of
alcohol gives in addition to NH,Cl only RCCI,COOR’ (R = R’ = Me, Et,
Pr) (435), also obtained from RCCl,C(OR’)=NPO(OR’), and HCI.
However, the reaction of RCCI;N=PCl; (R = CCl;, MeCCl,, EtCClI,,
PrCCl,) with phenols XCH,OH (X =H, p-Cl, m-NO,, p-Me) gives
RCCL,N=P(OCH,X), (435b).

a-Cyanoalkylphosphazotrichlorides RR'C(CN)N=PCl; hydrolyze to
RR'C(CN)NHPOCI, [R =R’'=Me, Et; RR' = (CH,),, (CH,); (362);
R = Et, Pr, :-Pr, Bu, R’ = Ph; R = Me, R’ = Ph, p-MeC¢H,, p-CIC;H,,
2,4-Me,CgHg, 2,5-Me,CqH, (363)]. With excess water the free amines
RR'C(CONH,)NH,CI are obtained as salts.

The action of arenesulfonamides on CCl;CCI,N=PCl; (XX) leads to
ArSO,N=C(CCl;)N=PCl; (Ar = Ph, p-CIC¢H,, p-BrCiH,, p-MeC¢H,, m-,
p-O,NCH,, 4-C1,3-O,NCsH,, 2-C,(H,) (297¢) which hydrolyze to
ArSO,;N=C(CCl3)NHPOCI,; the reaction of (XX) with carboxylic amides
was recently described (297c). Reaction of (XX) with DMF gives the
compound Me,NCH=NPOCI, (297d).

The alcoholysis of 2,4,4,5-tetrachloro-5-(trichlorophosphazo)-3,3-
dialkylpyrrolidines is briefly described (435a).

Ethylenimino derivatives of substituted phenyldichlorophosphazo-
vinyls have been described recently (369b).

The reactions of the phosphorylated amidines follow the usual
pattern: hydrolysis with HCOOH (or acetic acid) of RC(=NR')N=PCl,
gives RC(=NR’)NHPOCI, [R = CCl;, R’ = Bu, COCCl;, MeP(O)NMe,,
POCI; (120); R = CF3, R’ = Ph (120); R = CCl;, R’ = Ph, p-MeOC¢H 4,
p-MeCgH,, p-BrCgH, (121); R = Ph, R’ = P(0)(OPh), (§4)]. The same
results are obtained for PhC(=NSO,Ar)N=PCl; [Ar = Ph, p-MeC¢H,,
p-CICgH,, p-O,NCeH,, 1-C,H,, 2-C;,H, (84)], but reaction with water
leads to phosphoric acid, HCl, and the corresponding amidine. However,
PhC(=NH)N=PCl; and acetic acid yield only PhC(=NPO(OH)CI)NH,
(103).

Reaction of CCl;C(=NAr)N=PCl; with Ar'OH [Ar’ = Ph, p-CIC;H,
(121)] gives the triesters; analogously p-O,NC¢H,C(=NSO,Ph)N=
P(OPh), has been prepared (87), as well as PhC(=NSO,Ar)N=P(OAr’),
(Ar = Ph, p-MeCgH,; Ar’'=Ph, p-CIC4H,; Ar=p-CIC¢H,, Ar' =Ph)
(83), which hydrolyze to PhC(=NSQ,Ar)NHPO(OAr’),.

Primary amines react with PhC(=NSO,Ar)N=PClg to PhC(=NSO,Ar)-
N=P(NHAr'); (Ar=Ph, p-MeCgH,, p-O,NC¢H,, 1-C;(H,;, 2-C;(H,,
Ar' =Ph; Ar=p-MeCgH,, Ar' = Ph, p-MeC¢H,, p-CIC¢H,; Ar = Ph,



THE PHOSPHAZOTRIHALIDES 77

Ar’ = p-BrCgH,) (86), which upon hydrolysis yield the diamides
PhC(=NSO,Ar)NHPO(NHAr'), and subsequently ArSO,NH, and
PhCONHPO(NHATr'),.

Acidolysis of ClP=NCCl,(CH,),CCl,CCl,N=PCl; (n = 2-4, 6) results
in solvolysis of the -N=PCl, group and an intermolecular HC} elimination
to form Cl,OPN=CCICCl,(CH,),CCl,CCl=NOPCl, (437). The latter com-
pounds with water give H,NCOCCI,(CH,),CCl,CONH,, also obtained
directly from CClyP=NCCl,(CH,),CCI,CCl,N=PCl; (n = 1-6) (438);
excess alcohol produces the esters (CH,),[CClL,C(OR)=NPO(OR);],
(R =Me, Et; n =2, 4-6) (297b). Fluorination with KF or NaF leads only
to the dinitriles NCCCl,(CH,),,CCL,CN (n = 2-6) and PF; (440).

C. PHOSPHAZOTRIFLUORIDES

Some compounds of the type (RN=PF,), (=1, 2) have been
described; (MeN=PFj;),, for example, may be prepared by several
different methods: fission of the Si-N bond with PF (76, 77, 408-410).

PF; + (MesSi):NMe — (MeN—PF3); + 2MesSiF (170)

direct reaction of PFy with methylamine in presence of a tertiary amine
(187); this reaction has been formulated as proceeding in the steps (188d) :

PFs + MeNHz — MeNH,-PF;
MeNH;-PF; + MeNHz — (MeNH)zPFa (171)
(MeNH)sPF3 + PF5 — (MeN—PFj),

fluorination of (MeN=PCl;), with SbFy (142, 294), KSO,F (187),
Na,SiF, (503), and PbF, (142), and fluorination (AsF) of

Cl3B~-N =§Cla
L
(Section 1V,C, 1) (51h), as well as in minor amounts as a decomposition
product of F,PNMePF, and MeNHPF, (188¢).

Higher dimeric alkylphosphazotrifluorides (RN=PF;), with the
following R are known: R = Et, Bu, +-Bu (142); Pr (142, 190); tert-Bu
(190). The aryl compound (PhN=PF,), has also been synthesized (159,
190), as well as derivatives with Ar = 2,4-Me,CsH,, 2,6-Me,CgHg, and
2,6-Et,CH g (190).

The analogous compounds (RN=PF,R’), [R = Me, R’ = Me, CICH,,
Et, 2,5-Me,C¢H 3, 3-CF,C¢H,; R = Ph, R’ =Me, Ph; R=Et, R"=Ph
(409-411); R = Me, R’ = Ph (62, 409)] are also known.
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An interesting synthesis for (RN=PF,Ph), (R = Me, Et) has been
described (411).

Meg
RN/Si\NR PhPF
4
—_—

v 3(RN—=PFyPh)s (172)

|
MegSi ~ N/ SiMez
R

The reaction of heptamethyldisilazane with Ph,PF, gives the
monomeric compound MeN=PFPh, (£09); PhN=PPh,F has been pre-
pared by an azide-phosphine reaction (62a). Finally, the compounds
NCN=PPhF, and NCN=PPh,F have been obtained from bis(trimethyl-
silyl)carbodiimide with PhPF, and Ph,PF;, respectively (175).

Phosphazotrifluorides have been described (190, 410) as quite stable
to water (?). The halogen exchange between (MeN=PCl;), and (MeN=
PF;), yields mixed chlorofluorodiazadiphosphetidines (MeN=P),Cl, F,_,
(n = 1-5) (503). The compound (MeN=PFCl,), is also obtained in the
reaction of (MeN=PCl;), with BF; (51c). Apart from these, only
(PhN=PCL,F), (from PhNH,CI and PF4Cl,) is known (37).

D. PuysicAL INVESTIGATIONS

1. Infrared Studies

A band near 850 cm™! is assigned as characteristic of a P-N-P
vibration in (MeN=PCl;), (69, £92) and is also found in all other dimeric
alkylphosphazo compounds (181, 185, 338, 502, 519). A normal coordinate
analysis (523) of (MeN=PCl;),, assuming a C,; structure (cf. Section
VIII, D, 3), has been carried out.

The monomeric compounds ArN=PCl; [Ar = 2,4-Br,CiH,, 2,6,4-
Cl,(0O,N)CeH,, 2-Br, 2,6-Cl,H H,] have vp_y at 1325-1385 cm™! (541), in
sharp contrast to a former report (199). The P=N vibration for PhyP=NPh
has been definitely found at 1344 em™! [(521), cf. also (520)].

For the following compounds vpy_y have been correlated : CCl,=CCIN=
PClg and CCl3CCI,N=PCl; (XX)* at 1375 ecm™! (123), CF3CCI,N=PCly
at 1388 and 1450 ecm~! (!*N) and 1364 and 1400 cm~* (!*N) (475),
(CF3),CHN=PCl;, (CF;),CCIN=PCl;, and (CF3)3CN=PCl; between 1300
and 1500 cm™! (295). More detailed studies were made on CCl3N=PCl,,
CCI3CCI;N=PCl;, and (CClg),CCIN=PCl; (220) and the vp_y assignments
made at 1357, 1372, and 1465 cm™!, respectively. CF;CCl,N=PCl,,

* The vp-x for 14N- and 5N-labeled CCl3CClgN=PClz are found at 1373 and
1455 em~! and at 1345 and 1408 cm~!, respectively (475).
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(CF3),CCIN=PCl; and (CF3)3CN=PClg exhibit their vp_yx at 1390, 1435,
and 1500 cm™!, respectively (220a).

IR spectra of CICOCH=CCIN=PCl;, CICOCCI=CCIN=PCl;, and
CICOCCL,CCl,N=PCl; are reported in the literature (429). The vp_y for
RCCICOCHCCIN=PCl4 (R = Me, Et, Pr, 7-Pr) are found at 1360 cm™!
(431). In the analogous compounds ArN=PCl,;Me (Ar = o0-CIC¢H,,
0-BrCgH,) the vp_y lies between 1370 and 1380 cm™! (526).

The P=N absorptions for the compounds MeN=P(OR)4 (R = Et, Pr,
Bu) and PhN=PR’(OR), [R=FEt, R'=Ph; R=Pr, R'=Et, Pr;
R =Bu, R’ =Me, Et, Pr, Bu, (CH,);] are found at 1325-1385 cm™* (212).

A planar centrosymmetrical molecule (C,,) is attributed to (MeN=
PF,),, according to infrared and Raman studies (141, 523); a discussion
of the spectra is also given elsewhere (187).

2. NMR Investigations

Nuclear magnetic resonance, in particular 3'P NMR, has proved
to be a very valuable method for the elucidation of structures containing
-N=PCl; groups. In general, the chemical shifts for four-coordinate
phosphorus in these compounds are between —40 and ~40 ppm, for five-
coordinate phosphorus between 55 and 80 ppm (mostly centered around
80 ppm), and for six-coordinate phosphorus (e.g., PClg™) at 290 to 310
ppm (external standard 85% H3PO,). Some papers dealing in part with
the 3P NMR of some compounds of Section VIII have appeared (160,
301, 411).

Hexachlorodiazadiphosphetidines (RN=PClg); [R = Me (157, 196b),
Et to n-C;oH,,, Et(Me)CHCH,, i-Am (185), Ph (301), o-, m-, p-FCeH,,
2,4-F,CeH,, 2,5-F,CHg (502), m-, p-CF3CH, (46), CH,Cl (338)] exhibit
a chemical shift of the phosphorus nucleus between 77 and 82 ppm (85%
H,PO,), thus proving the dimeric structure.

The 'H NMR spectrum of (MeN=PCl;), (1:2:1 triplet) (Jpy = 20 Hz)
(492) is also characteristic of the dimeric form; the same applies to
higher diazadiphosphetidines (189).

Four-membered P-N rings with tetracoordinate phosphorus atoms
(sp® hybridization), as in (XXIV) and (XXV) (32) or (MeN=P(S)Ph),
(492), give shifts somewhat beyond the above limits; thus §p = 5.3 ppm
for (XX1IV) and 8p = —51.5 ppm for (XXV). It is, however, interesting
to note that (MeN) P ,Cl; gives only one signal at 3, = 74.5 ppm (32).

The following chemical shifts for the monomeric phosphazotri-
chlorides have been found: CClIN=PCl; (8p = 16.3 + 0.5 ppm) (162)
(17.4 ppm) (220a), Et(Me)CHN=PCl; (3p = 38.7 ppm) (I185), 2,3,4,5-
F,CcHN=PCl; (8, =37.8 ppm), and 2,3,5,6-F ,CaHN=PCl; (3, =31.6
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ppm) (502), 0-CFCeH N=PCl; (8p = 49.8 ppm) (46), (5-Me,2-NCC4H  ;N=
PCl;), (m=1 in solution) (8p=38.0 ppm) (401), CCl,=CCIN=PCl,
(8p = 23.8 ppm) (307), CCl,CCIyN=PCl; (8p =11 ppm) (307) (8, =13
ppm) (220a), (CCl;),CCIN=PCl; (8p = 43.2 ppm), CF3;CCIN=PCl; (3, =
6.5 ppm), (CF3),CCIN=PCl; (21.2 ppm), (CF;);CN=PCl; (44.8 ppm)
(220a), CIHC=CCIN=PCl; (8p = 24.0; 25.0 ppm; cis-trans isomerism),
Me,CCICCIN=PCl, (3, = —8.8 ppm) (307), and Cl;P=NCCl,CCl,N=PCl;
(3p = 18 ppm) [(41), see also (305a)]. Only for (2-F,5-CF3C¢H3N=PCl,),
(n =1, 2) has an equilibrium between the monomeric and the dimeric
form (two peaks) been observed (46).

The compound (MeN=PFj;), gives a chemical shift 8, of 71.5 (409)
or 69.5 ppm (77), thus proving pentacoordinate phosphorus, underlined
by its 'H NMR spectrum (77, 196b, 351, 409); the coupling constants are
Jpg = 14.6 Hz (351, 409) and J py = 880 (409) or 894 Hz (40), respectively.
A careful NMR study of this compound was carried out by Harris and
Woodman (191); the equivalence of the fluorine atoms was established
and explained by positional exchange processes [cf. also (411)]. 'H NMR
work of (MeN=PF,R), (R =CH,Cl, Et, Ph, m-CF;C¢H,) is reported
(361). NMR data of (MeN=PFCl,), (8§, = 59.3 ppm) are reported (51c).

3. X-Ray Studies

Two independent X-ray investigations of (MeN=PCl;), have been
published (194, 195); the molecule consists of a four-membered planar
ring with nonequivalent P-N distances with trigonal-bipyramidal

Fic. 6. Bond distances and angles in (MeN=PClj3)2. From reference (194).
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coordination at the phosphorus atoms; the chlorine atoms have one axial
and two equatorial positions. The compound crystallizes in monoclinic
form, space group P, ,, molecular symmetry Cy,; a = 6.013 4 0.015 A;
h—14.04+003 A; c— 6918+ 0.015 A; B=98.5+0.2° V" =579 A%,
Z=2,d=1.90 g/cm (194) (see Fig. 6).

Equal P-N distances (1.67 A) are surprisingly found in compound
(XXV) (516).

The X-ray structure of (MeN),P,Cl, has been determined (515), and
it was shown to consist of three planar four-membered rings with
nonequivalent P-N distances (delocalized = bonding).

The structure of (MeN=PF,Ph), (73) is in analogy a parallelogram
with the fluorine atoms being in axial and equatorial position.

An electron diffraction study (4a) of (MeN=PF;), in the vapor phase
shows the four-membered ring system.

An examination of MeN=PPh,F proves its monomeric structure (7).

4. Other Physical Investigations

The heats of melting, evaporation, and sublimation of (MeN-=PCl,),
are known (187). Vapor pressure data for (MeN=PFj;), have been pub-
lished (77, 187), as well as its Trouton constant (25.5 cal/mole/deg) (77).

Ultraviolet spectra of compounds with phosphazo groups show the
P=N bond to give an auxochromic effect (146, 547). The spectra of the
compounds RN=PXYZ (R = Ph, p-O,NC;H,, p-MeCH,, p-CF;CcH,,
p-Me.NCgH,; X, Y, Z =Ph, OPh, p-CF,C¢H,, p-Me,NC4H,) have also
been investigated (326), as well as their mass spectral fragmentation
(491a).

Dipole moments of RN=PCl; [R = CCl;CCl,, MeCCl,CCl,, CICH,-
CCL,CCl,, (CClg),CCl, CICMe,CCl,, CICH,CMeCICCl,, 2,4-(0,N),CeHs,
2,6,4-Cl,(O,N)C¢H,, CCl;, CF4CCl,, (CF,),CCl, (CF4),C] have been
determined (220a, 325).

No signal for (MeN=PCl,), is found in the 35Cl NQR spectrum
between 20 and 45 MHz (516a).

The mass spectra of chlorofluorodiazadiphosphetidines (MeN=P),-
Cl,F¢_, (n = 1-5) show the presence of all possible isomers (499).

IX. Miscellaneous Compounds

3-Amino-1,2-benzoisosulfonazole reacts with PCl; in a normal
Kirsanov reaction (87).
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82
80, 80,
|~ + PCly —— [~ + 2HC1  (173)
=N =N
NH,

N=PCl,

Correspondingly, FSO,N=S(0)FNH, gives FSO,N=S(O)FN=PCl, (385b).

Phosphorus pentachloride and 2-amino-4,6-dichloro-1,3,5-triazine
react with introduction of a ~-N=PClg group (83); with 2,4-diamino-6-
chloro-1,3,5-triazine two -N=PCl; groups are introduced, and three with

NH, N=PCls

NTXN N7 RN
| + PCly —— 2HCI + | (174)
O— x7 O— 7

melamine (83). Tris(trichlorophosphazo)melamine may also be obtained
from 2,4,6-tris(chloramino)-1,3,5-triazine and 3 moles of PCly (179).
Hydrolysis of these compounds with formic acid converts the —-N=PCl,
groups into ~-NHPOCI,, -NHP(O)(OH)Cl, and finally -NHP(O)(OH),
groups (83). Interaction with NaOPh produces the esters (64).

Cyanuric fluoride amide reacts with PCl; (381), Ph,PCl;_, (r = 1, 2, 3)
(380) or PF4Cl, (383) in the usual way, e.g.,

THz 1?'=PC]3
N ~Cx N N~ (o] IN
I 1 +Poly — I | _+ enHO (175)
F—C.#C—F F—Cy#C—F
(XXVIII)

Acidolysis (HCOOH) of (XXVIII) introduces a -NHPOCI, group (380,
381), whereas substitution to a -NHSO,F group occurs with fluoro-
sulfonic acid (380).

The reaction with several 4-aminopyridines with PCl; is described

NH; N=PCls
Q—F 1 C—7 Cl
| + PCl; — | + 2HCI (176)
X Y X Y
N
X=Y=0l

X =CCly, Y = H or Cl

(359a); as well as their reactions with alcohols, phenols and formic acid.
The similar reaction of 2-aminopyridines and PCl; is known (390a).
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Substituted 2-aminopyrimidines react in an analogous manner (297).

Cl =N Cl XN
‘ + PCl; — | + 2HCI
NZ NH; N/ N=PCl3
a1
=N XN
| + PCly —— | + HCl
R N/ NH, R N/ N=PCl3-HCl

R = H or piperidinyl

Two of the three chlorine atoms may be replaced by cyclic amines, such
as morpholine or piperidine (297).
2-Methylaminopyrimidines react as expected with PCl; (297).

~x N ANy N
| + PO, — || + HO
N _~~—NHMe N _~+—NMePCl,

+POCly (178)
80s or HCOOH
=N
| N )-NMePOClz

The behavior of 4-aminopyrimidines and some 4-methylaminopyrimi-
dines with PCl; is described (390), as well as their subsequent reactions

with HCOOH, SO, or amines.

a a
N7 N7
L | + PCly ——> K ‘ + 2HCI
NH N—PCl
\N 2 \N 3
(XXIX)
(179)
R

N7 N7
| + PCly ——» ] + HC
Ny —NHs Sy N=ECls-HCl

R = H or morpholino
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Compound (XXIX) may also be prepared (390) as in Eq. (180). The
reactions of 5-aminopyrimidines with PCl; are similar (328).

Cl
N¥

L ‘ + PCl; —— (XXIX) + POCl; + HCl (180)
N NHPOCl;
N

Hydrazine hydrochloride reacts with PCl; in POCl; as solvent to
yield ClgP=N-N=PCl;, which upon hydrolysis (HCOOH) gives hydrazido-
N,N’-bis(phosphoryldichloride) {38). In contrast, Ph,PCl; reacts with
hydrazine hydrochloride to give nitrogen, HCl, and [PhyPCl].N*Cl~
(192b).

Semicarbazide, H,NCONHNH,, which possesses a hydrazide and an
amide functional group, interacts with PCl; (solvent POCI,) to give the
interesting compounds (XXX) (39); depending on conditions the

PCl
R 3 R
BN
ClgP=N—N=(C—N N—C=N—N=PCly
PClg
(XXX)

substances with R = Cl or R = OPOCl; may be obtained. Reactions of
(XXX) with SO, give ill-defined substances.
Diphenylthiosemicarbazide reacts with 2 moles of PCl; to produce

a five-membered heterocyclic (195a) (for analogous systems, see Section
VIIL, B, 1).

CIC=—=N
PhNHC(S)NHNHPh + 2PCls — | l + PSClz + 3HC1
PhN. , NPh
l Cls
-2HC] | +PCls
+3Cls (181)
— —HCl
§— (f II‘I H 8Cls, - H
PhN\P _NPh
Cl

Interaction of PCly with phenylsulfonylhydrazine (at room tempera-
ture or elevated temperature) gives the poorly defined compounds
{(CeH N 30,8),PCl; or (C{HN,0,8.PCly),, respectively (510).

Benzohydrazide, P\NCONHNH,, reacts to give PhCONHN=PCl;,
which on heating reacts further with excess PCl;, probably via formation
of a five-membered heterocyclic and fission of the P=N-bond, to yield
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PhCHCI,, HCI, and other products (332). Acetohydrazide and equimolar
amounts of PCl; gives rise to a tricyclic system (145).

Cly
N—_N——P—0
V4 \
2MeCONHNH; + 2PCly ——— MeC\ /CMe + 6HCI (182)
0—P N—
Clg

1,3-Disubstituted ureas react with PCl; giving 1,3,2-diazaphosphetidin-
ones* (XXXT).

Cls

P

PCI, +
RNH—CO—NHR’ ———— [RNH-—'—{lJ:NHR’:l Cl- + RN NR’ (183)

Cl C

I
o}
(XXXI)

R = R’ = Me, Bu (495, 498), Ph, 1-C10H7 (111)
R = Ph, R’ = Bu (495, 498)

The structure of (XX XTI) has been established by means of infrared and
'H NMR spectra (498); 8p = 60.05 + 0.5 ppm (196) for (XXXI) (R =
R’ =Me), thus proving pentacoordinate phosphorus and the ring
structure.

The HCl adduct of (XXXI) (R =R’ = Me) may be obtained from
PCl; and methyl isocyanate; its hydrolysis gives compound (XXIII),
POCl;, and trimethylisocyanuric acid ; its interaction with SO, (300) or
with MeNCO (304) also gives (XXIII).

Attempts to make a diazaphosphetidinone with tetracoordinated
phosphorus atom

I
o
RN/ \NR

7\
PhN NEt;

* Formation of a phosphadiazacyclobutenone is found in the reaction of
C14PNCO with PhNH3CI (288).

80
CL4PNCO + PhNH3C1 — RCl + | —_—
PhN—C==0 PhN—C=0

(188a)

o_g0° [CI,P=NH :|+Cl_ EtsN ClgP—=N
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from the reaction of PhN=P(NEt,)Cl, with N,N'-disubstituted ureas
failed (47a).

Heating (XXXI) (R =R’=Me) to 160°-180°/0.01 Torr produces
(XXXII) (299); (XXXI) (R=R'=Me) and MeNCO yield (XXIII)

Cla +

MeN/P\NMe
Cl-
00y~ CO

Me
(XXXIT)

(299); the same compound (XXIII) may also be obtained from
(MeN=PCl;), and MeNCO (305) (cf. Section VIII,B,2).

Other authors (495, 498) assume that the thermolytic decomposition
of 1,3,2-diazaphosphetidinones first produces trichlorophosphazo com-
pounds and isocyanates, which, in turn, react with formation of carbodi-
imides and POCl,; [(494), cf. also (497)]. Derkach and Narbut (111)
observed the same effect upon heating (XXXI) (R = R" = Ph, 1-C,,H;)
at 100°-200°.

Interaction of (XX X1I)and PhNCO proceeds over the following steps
(196):

o a
Clg (%l’ + \P/
¥ MeN”" “NPh g0, MeN” ' “NPh
MeN NMe + PhNCO —— | | - —
c 0C~ - CO 0C~ €O
| Me Me  (184)
0

the mechanism [insertion of a PhNCO molecule between the phosphorus
atom in (XXXI) and its adjacent nitrogen atom] has been established.
Reaction of (XXXI) with methyl isothiocyanate gives only the thio
analog to (XXIII), namely,

8 «
./

P
MeN~ “NMe

|

oC Cco

\N/
Me

and (XXXIIT); with MeNCCl; only (XXXIII) is obtained (196a). A
six-membered ring is also obtained from (XXXI) and CISO,NCO (306a).
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Compound (XXXI) (R =R’ = Me) reacts with N,N'-dimethylurea
or N,N’-dimethylsulfamide forming compounds containing two four-
membered rings (36a).

LN(e 1hge
(XXXI) + (MeNH);CO —» oc/ \%/ \co + 2HCl  (185)
Ny N\
Me ﬁe
Me Me
/N
Cl
(XXXI) + (MeNH)s803 —> OC P 80s + 2HClI  (186)
AW
Me Me

The latter compound is the chloro analog of compound (XXXVI).

Replacement of the three chlorine atoms in (XXXI) (R =R’ = Ph,
1-C;oH ;) with phenol has been described (111}; its hydrolysis at 100°
gives HyPO, and diarylureas, whereas at 15° the compounds ArNHCON-
ArPO(OH), are obtained. Fluorination of (XXXI) (R = R' = Me) with
SbF; gives 2,2,2-trifluoro-2-phospha-1,3-dimethyl-1,3-diazetidine-one
[(144), cf. also (342)]; its structure has been established based on °F
and 3P NMR spectra. A positional exchange of the fluorine atoms has
beenshown to occur. Other 2-fluoroalkyl(or aryl-)-2-phospha-1,3-dialkyl-
1,3-diazetidinones may be prepared from N,N’-bis(trimethylsilyl)ureas
with alkyl- or arylfluorophosphoranes (144).

R
. N.
- N—S8iMes / N\ X _
~ + (Y,Z2)aPFg-n ——> O=C —Y + 2MesSiF
N—BiMes AN Ng
g, (187)
n=1,2

R=R'=Me, X =Y =F, Z =Me, Et, Ph, NMez, NEt2; X =F, Y = Z =Me, Ph
R=Me,R"=Ph,X =Y =F,Z=Me,Et

The NMR spectra (*H, °F, 3!'P) of these compounds (143b, 144) are
consistent with the proposed structures. The mass spectra of some of
these compounds have been recorded (8). The similar reaction of N, N’-
bis(trimethylsilyljureas with POCl;, MePOF,, etc., failed to yield the
desired diazaphosphetidinones (/43¢c). The compound MeNPF ;NMeC(O)
reacts with methyl isocyanate to give a spiro-phosphonium hexafiuoro-
phosphate (144).
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A six-membered heterocyclic is formed by the reaction of 2,2,2-
trichloro-1,3-dimethyl-2,1,3-phosphadiazetidinone (XXXI) with sul-
furyldiisocyanate (306).

N
1 ®
Ga cLp Io\co
2
MeN NMe + SO3(NCO)s ——— | o Cl- + COy (188)
N

C MeN. NMe

I \(I; Ly

0

Interaction of N,N’'dimethylchloroformamidinium chloride with
PCl; leads to compound (XXXIII) with hexacoordinate phosphorus

Cl Cl

72N /Ne
MeN IN <«—— MeNi N} + 2HC  (189)
AN-V 4 g
Cly Clg
(XXXIII)

atom (303), shown by its 'H and 3P NMR spectrum (8, = 202 + 1 ppm,
Jpr = 20 £ 1 Hz) and later by an X-ray structure determination (552).

The reaction of HN(SO,Cl), with PCl; (1:1) yields a compound
P,CIgN,S,0, (388) to which, on the basis of electric conductance studies
in nitromethane (1:1 electrolyte) and its 3P NMR spectrum (8p =
—87 + 1 ppm) (26a), the ionic structure [PC1,JT[N(SO,Cl),] is assigned.

N,N’-Bis(trimethylsilyl)-N,N'-dimethylsulfamide and PFCl, give
the four-membered ring system (XXXIV) (37, 40).

Me
N

PF3Clp + O28(MeNSiMeg)y ——> 0,8 PF3 + 2MegSiCl (180)

N
Me

(XXXIV)
The action of excess 0,S(MeNSiMe,), on (XXXIV) produces (XXXV),

whereas N,N’-bis(trimethylsilyl)-N,N'-dimethylurea and (XXXIV)
give (XXXVI) (37, 40).
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The *'P NMR spectra of (XXXIV) (8, = 76.8 ppm), (XXXV) (3p = 85.0
ppm), and (XXXVI) (8, = 67.0 ppm) prove the ring structure (40)

Me
(XXXIV) + Oz8(MeNSiMeg)s —> O.S/ > < 803 + 2MesSiF
Me (191)
(XXXV)

\/

(XXXIV) + OC(MeNSiMeg)y ——> O3S CO + 2MegSiF
\ / \

(192)
(xxxv1)

(pentacoordinated phosphorus atoms with trigonal-bipyramidal arrange-
ment of the ligands); the '°F NMR spectrum of (XXXIV) shows equi-
valence of the fluorine atoms, thus showing positional exchange of the
fluorine atoms [analogous to (MeN=PF),, Section VIII,D]. Phosphorus
pentachloride reacts in a similar manner with 2 moles of N,N’-dimethyl-
sulfamide or N,N’-diphenylsulfamide to give

\/
s\/m\/’

(XXXVII)
R = Me, Ph

(36b, 37, 610).
Finally, the Kirsanov reaction with a cyclic sulfurylphosphazochloride
gives compound (XXXVIII) (§0a).

+
O\ /Cl
NZ N
| cl-
(ClsP=N)sP~, ~P(N=PCls)s

Me
(XXXVIIT)
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X. Applications

[Cl,P=NPCl,-NPCl,]*Cl- (VII) as well as (MeN=PCly),, (PhN=PCl,)s,
2,4-(0,N),CH,N=PCl;, P\CON=PCly, MeN=P(OPh)Cl,, PhAN=P(OMe),-

Cl, PhCON-P(NMe,)Cl,, PhCON-P(OPh)s, and PhCON=P [Nf(gg ) }
2)5.13

are patented for use as cocatalysts in the anionic polymerization of-
e-caprolactam (490). The amido derivative of (VII) has been suggested
as a flame-proofing agent for tissues (51).

Compounds of the type [Cl(Cl,P=N),PClg]*ZnCly~ (n = 1-10) (Sec-
tion 1V,B,2) have been found useful as high-temperature lubricants
(345). Compounds of the types [Cl(Cl,P=N),PCl;]*M,,*Cl,,,, (M = Nb,
Mo, Ta, n = 3-15), [Cl{(Cl,P=N),PCl,]"™M,,*Cl,,,. (M =Pt, W, Ru; n =
3-15; m = valence state) (341), [Cl{PNCl,),PCl,]*Y, or [Cl{PNCl,),-
PCL,12*Y, (n = 3-15, Y = ArO, RO, RNH, RN=) (374) have remarkable
thermolytic and hydrolytic stability. Temperature-resistant oils of the
formula [Cl3P(=NPCl,),N=PCl3]*Cl~ (» = 10-15) have been suggested as
high-temperature fluids (50c). The compound ClyP=NPOCl, (V) is an
intermediate for lubricant additives, flame-proofing agents, corrosion
inhibitors (214, 413), and softeners (214); the use of (V) for the poly-
merization of isobutene and tertiary olefins has been protected by a
patent (213). Esters of (V), such as (RO);P=NP(0)(OR'}),, have been
tested for pharmacological (43) and insecticidal (108, 214, 486) properties.

The pentakis(dimethylamides) of (VI) (13) and (VIII) (16a) represent
effective insecticides.

The compounds CISO,N=PCl,; (XV) and SO4(N=PCl;), may be used
as inhibitors for the polymerization of liquid SO, (171). Tetramido
derivatives of CISO;N=PCl; have been suggested for the search of leaks
in pipelines (293).

Several phosphazotrichlorides, such as MeSQ,N=PCl;, CCl;CON=
PCl;, m-ClgP=NO,SC,H,CON=PCl,;, and their derivatives, stabilize
photographic silver halide emulsions (95a).

Some sulfonylphosphazo derivatives, such as ArSO,N=P(NC,H,),,
have antitumor properties (108, 354, 488, 489) ; some have been patented
for their usefulness for coating of textile fibers (373).

Esters of the type ArSO,NNaPO(OR), (Section VI,B) may be
utilized for the extraction of metal ions from neutral or alkaline media
(468).

A compound PhSO,N=P(OH),(0OC¢H ,NO,-p) has been described to
be a good insecticide (167).
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Arylsulfonylphosphazotriallyl esters have been reported to be inter-
mediates for polymers (460).

The physiological properties of 2,3,6-Cl,C;H,CONHPO(OR), have
been investigated (484). The toxicity and cancerostatic behavior of some
carbonylphosphazo derivatives, namely, ArCON=P(NC,H,); (Ar = Ph,
o-, p-CICgH, m-, p-O,NCH,, p-BrCcH,) and ArNHCONHPQO(NC,;H,),
(Ar = Ph, 0-CIC4H,), has been described (108, 183a). The triamides
ArCON=P(NHAr'); (Ar = p-CIC;H,, p-BrC;H,; Ar’ = Ph, p-MeC:H,)
may be used as fungicides (480); several other derivatives of carbonyl-
phosphazotrichlorides are potential insecticides (387¢) or herbicides
(387b). The diesters RCONHPO(OR’), (R = CH,Cl, CHCl,, MeCHCI,
MeCCl,, CICH,CCl,, o-, m-, p-CIC¢H,, p-BrC¢H,, p-FC;H,; R’ = Me,
Et, Pr, Ph) have found application as herbicides (463); see (79) for
general topics. The compound (PhN-PCly),, which may also be a
cocatalyst for the polymerization of e-caprolactam (see above), has also
been suggested for use as a lubricant additive (322) [as has (MeN=PCl;),]
and as an inhibitor for the polymerization of SO; (171).

The four-membered ring compounds

NR’

R = PhO, R’ = Me (52)

R = CgH110, R’ = CeHyy (54)
R = EtgN, ProN, PhNH;
R’= Et, Pr, Ph (194a)

have been described as intermediates for synthetic polymers and as
flame retardants (194a). Other polymers with P-N four-membered ring
units are patented (348, 358, 359).

The antiblastic properties of p-0,NC;H/N=P(NC,H,); have been
reported recently (322a).

The phosphorylation products of nitriles may be useful starting
materials for polymers (281).

Phosphorylated trichloroacetamidines have been tested for their
herbicidic properties (493); they are far more active as fungicides (479).

The use of (MeN=PF,), and (MeN=-PF,R); (R = Ph, m-CF3;CsH,)
(62, 410) as cocatalysts for the polymerization of e-caprolactam is also
patented.

The trichlorophosphazopyrimidines (297, 390) have been suggested
(297) for the synthesis of active cytostatics.
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