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' PART I. THE HYDROLYSIS Oor TRIPHOSPHONITRILIC CHLORIDE
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The hydrolysxs of tnphosphomtnhc chloride. (PNCla)a can be convementlv separated

into two distinct stages: :
(1) The hydrolysis of trlphosphomtnhc chlorlde in neutral or alkahne somtlon;

to trimetaphosphimic acid [PN(OH),]4%~5.

~ (2) The hydrolysis of trimetaphosphimic a01d in ac1d solution through a. Varlety:
of phosphorus-mtrogen containing acids to orthophosphate and ammonia®-8, .

The reaction (1) is slow, and stepwise substitution of chlorine atoms by hydro:\yl
groups occurs. The partially substituted intermediates;-of which five are theoretically.
possible, are called chlorohydrmes STOKEs?1% prepared a mixture of chlorohydrines
containing largely the thydroxy-tetrachlorohydrme, but was unable.to determine.
whether or not substitution occurred in pairs on the same phosphorus atoms. The_;
solid tnphosphomtnhc chloride is unreactive with water, and this lack of reactivity
is. probably due to their 1nsolub111ty in water. By .use of ethe1ea1 solutlons of tmphos-.
phonitrilic chloride it can be brought. into intimate.contact with water.

A mixture of chlorohydrines was prepared by interrupting. the. hydrolysxs of
tr1phosphon1tr111c chloride after a definite time. STOKES? reported the preparation of
the tetr\achlorohydrme [PaNaCI,,(OH) 2] by stoppmg the hydrolysis after 6-8 h, but_
was undble to separate it from small quant1t1es of other chlorohydrines, )

This cormmunication is the first of a series of 1nvest1gat10ns concermng the hy-
droly51s of the phosphonitrilic halides. The aims of the research were:

(1) To study the hydroly51s of triphosphonitrilic chloride under neutral condxtlons
when trimetaphosphimic acid is the final product, and postulate the order-in which-
the chlorine atoms are replaced by hydroxyl groups (Part I). . . :

(2) To determme the course of the acid hydrolysis of the tr1metaphosph1mate_.
ion, propose mechanisms for all stages, and determine the rates of the hydroly51s of .
the ring compounds (Part II). ‘

(3) To study aspects of the hydroly51s of hlgher chlorldes m v1ew of the results_
obtained for the trimer (Parts II1, IV, V) , e

- EXPERIMENTAL ‘
Prepamtzon of zntermedmts chlorokydrmes - Yy e
Triphosphonitrilic chloride (30°-g) was dlssolved in dlethyl ether (300 ml) and the
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solution agitated with water (oo ml) for 6 h. The aqueous layer then contained hy-
drochloric acid and trimetaphosphimic acid, while the diethyl ether contained
unchanged tr1phosphon1tr111c chloride and a mixture of chlorohydrines.

The dlethyl ether was separated and dried over calcium chlonde, overnight.
The greatest part of the diethyl ether was then dlstllled off on a water bath, and the
final residues by blowing a current of hot dry air over the product. The unreacted
phosphonitrilic chloride was removed by washing with a small volume: of benzene in
which the chlorohydrines are relatively insoluble, followed by a washlng with carbon
dlsulphlde The product which was obtained .in about 5%, yield, due to continuous
conversion of the chlorohydrine to the metaphosphimic acid, was dried over silica gel

in a vacuum desiccator. .

Preparation A. Found: N, 13.6; P, 29.8; Cl, 42.0. Calculated for PzN;Cl;(OH),:
N, 13.5; P, 29.9; Cl, 45.6.

A similar preparation was carried out but the hydroly51s was allowed to proceed
for 50 h before isclation of the chlorohydrine. ‘

- Preparation B. Found: N, 14 6 P, 30. 8 Cl 30.4. Calculated for PaNQCl (OH)

N, 15.3; P, 33.9; Cl, 25.9. =~

Both products were unstable in a moist atmosphere, first absorbmg water and
‘becoming st1cl\y sohds (releasmg hydrogen chloude) and later hardemng to brittle

so]1ds

Prepamtwn of sodmm trzmetaphosplumatec

Trimeric phosphonitrilic chloride (15 g) was dissolved in d1ethyl ether (75 'ml), and*
this solution. was shalxen ‘with a solutlon of sod1um acetate (55 g) in water (Ioo ml)’
for 94 h. ~ ‘
 Crystals of sodmm trlmetaphosphnrnate began to crystallise from the aqueous'
layer after about 15 h, but at least 8o h were required for complete decomp031t10n
of. any chlorohydrines formed as 1ntermed1ate products -
‘The sodium salt of the acid was filtered off in almost quantitative yield (the
product being insoluble “in the relatively conceéntrated sodium chloride solution),
washed with 50 % v/v aqueous ethanol and ﬁnally w1th 96% ethanol followed by'
drying in a vacuum desiccator. '
Found: N, 10.9; P, 24.6; HnO 19.6.-' Calculated for NaaPa(NH)306-4HEO:
NIIoP 48HO,2oo' R, o

Paper chromatogmphy of the chlorohydrmes : _

Paper chromatographlc separatrons ‘of the chlorohydrine reaction products werelargely
unsuccessful because of a large amount of tailing; probably resultmg from the hy-
drolysis of the species during the elution of the chromatogram. - ‘ _

- The technique used was descending elution, with BIBERACHER'’s basic solvent!!
for’ 13 h at 18° using Whatman No. 541 ﬁlter paper- in the conventlonal all-glass
apparatusi?,

The position of a par ticular species on a paper chromatogr am is usually recorded
by its Rp value, which is defined as the ratio of distance moved by the species to the
distance moved by the solvent front. But in cases where the solvent is eluted off the
lower edge of the chromatogram, we recorded the R; value which we define as the:
ratio of the distance moved by the species to the distance moved by orthophosphate.:
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Under the normal standard conditions!3 of elution, the R values are: subject to
‘deviate from the values given below by -+ 59%. When large quantities of some cation
or anion other than a phosphate species occur in a position close to a phosphate
species, the spot is “pushed’” from-its original position and‘may have an Rj; value
outside the - 59 limit. This is easily recognised;, however; smce the spot usually
assumes a crescent shape around the spot of the interfering ion. uE

- BIBERACHER's basic solvent:gave chromatograms: of the- chlorohydnnes whlch
showed three quite distinct spots:with Ry values 2.45, 1.20 and 0.54. The spot at
Rz 1.20 is due to trimetaphosphimate, but with no very pure.samples. of chloro-
hydrines available, the identity of the other spots can only be suggested.: :

Prepa.xatlon A gave a large spot at R, value 2.45 and a smaller spot at. Rx I.20
with tailing in between. The analysis shows the composition of the chlorohydrine
to approximate to P3N3C14(OH)2 and this makes it hlghly probable that- the spot
with R, value 2.45 is due to the tetrachlorohydrine. :

Preparation B showed only a trace with Ry value 2. 45, but spots at- Rx values
I.20 and o. 54- By similar reasoning to the above, it was highly probable that the spot
at Rz 0.54 was due to the dichlorohydrine P3N 3CL.(OH) ERRTREE :

‘The trlmetaphosphlmate found in each case is formed by hydrolysis of the chlorohy-
drmes as it is unlikely to be obtained in preparations where the chlorohydrines arereco-
vered from the ethereal layer. Sodium trimetaphosphimate isinsolublein diethylether.

Ion-exchange chromatography of the chlovohydrines

Further evidence to support the postulations as to the identity of the spots on the

paper chromatograms, was added when preparations A and B were subjected to

ion-exchange separations. Ion- e\change chromatographic separatlons of phosphate

mixtures were effected by a modification of the gradient elution method of GRANDE

AND BEUKENKAMPH, and the technique will be described fully in Part II of this series?5.
~ The elution patterns for Preparation A and Preparation B are shown in Fig. 1.
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For Preparation A, about 85 % of the total phosphorus occurred in the species whose
peak was fraction g, and was assigned to the tetrachlorohydrine PzNzCl,(OH),.
The -small peak with maximum at fraction 27 was the trimetaphosphimate peak,
whilst the very small peak at fraction 40 was assigned to the dichlorohydrine.

‘Preparation B also gave 3 peaks, but the concentration of phosphorus in the peak
at fraction g was very much smaller amounting to only about 10 % of the total
phosphorus. The size of the fractions with peaks at fractions 27 and 40 had increased,
and contained about 30 % and.60 % of the total phosphorus respectively. Notice also
the tail forward of the species with peak at fraction 40 towards the tnmetaphosplmate
peak. Fraction 40 was assigned to the dichlorohydrine. :

No absolute proof as to the identities of the peaks at fract1ons 9 and 40 was ob-
tained since all attempted methods of isolation yielded products contaminated with
large -amounts of - trimetaphosphimate. From the difference in elution: patterns of
Preparations A and B coupled with the a.nalysis ﬁgures for the products, and for the
tendency -of hydroxyl groups to substitution in pairs (similarly for ammonia and
fluorine), we are confident that the peaks have been correctly assigned.

The patterns are definitely not due to any condensed phosphate or mudophos-
phate species, as paper chromatography in a number of solvents has shown such species
to. be absent -and they are not formed -from chlorohydnnes under the condltlons of

elution' (see Part IT).

I nfm-red spectra of the chlorohvdrines «

The infra-red spectra of the two preparations were recorded (in potassmm brom1de
discs) .and whilst showing certain differences, they were not. diagnostic. They are
listed in Table I, together with those of trlphosphomtrlhc chloride and sodium trime-
taphosphlmate tetrahydrate The p051t1on of the peak is given by the frequency in
cm™1, and the intensity of the absorptmn is indicated by s = strong, m = medium,
w = weak, while the shape of the peak is indicated by b = broad, n = narrow sh =
shoulder. Spurious peaks, due to moisture absorbed by potassium bromide are indi-
cated by an asterisk.

The P-Cl vibrations in the region 400-700 cm-! did not g1ve any well-defined
narrow peaks, but the absorption in decreasing intensity was (PNCl,),, Preparation A,
Preparation B. This can be seen in the 550 cm™?! line for (PNCl,); which was strong,
until it disappeared completely in sodium trimetaphosphimate. A showed strongest
absorption at 1232 cm™1, rather close to the P-N stretching vibration of the parent
chloride at 1256 and 1222 cm-!, whilst B showed only medium absorption in the
reglon 1210~1240 cm~. The other noticeable trend is the much larger peak at 1410

cm~! in B than in A, its complete absence in (PNCI )a» and its appearance at 1360
cm™! in sodium trimetaphosphimate, and these may be the asymmetric stretching

frequency of:
P\O

whilst the 950 cm—? peak in A, g60 cn“r‘1 in B, and 935 cm? in sodium trimetaphos-
phimate may be the symmetncal stretching frequency of the above groupmg

A paper ckromatogmphw study of the lzydrolyszs
T rlphosphomtrlhc chloride (2 g) was dissolved in diethyl ether (20 ml) and the solutlon
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TABLE 1
INFRA-RED ABSORPTION FREQUENCIES OF THE CHLOROHYDRINES

’I‘riphosphonitrﬂié ‘ Preparation ' Sodium " Preparation
chloride A trimetaphosphimate B
*3450 m *3440 s *3420 s *3425 s,
2960 w 2950 wsh 3180 msh 3220 ssh
2370 vw — . — 2350 W
.2II0 VW — —_ —
*2030 wn — — —
19073 VW —_ —_ —_—
1876 vw —_— —_ _
L1745 vwsh —_ : 1690 msh —
*1631 vb " 1640 mb 1642 mb *1640 mb
1372 wsh I410 W 1360 m 1410 m
1317 msh 1287 ssh 1330 m -_
— — 1286 m —
1256 ssh 1232 s — 1242 m
1222 vsb —_ 1200 § 12Io m
looo wsh 950 mb 1121 m 1018 mb
_— — a65 s 960 mb
-_— —_ 935 s —
875 mn 870 vw 860 w —
—_ —_— 8zom —_
786 vw — 8o5 m —_
— — o 758 m 732 m
€75 wsh 640 W —_ —_
625 s 595 m —_ —
550 s 532 m i 535w
—_ —_— — 505 w
410 s 470 m —_ 445 vw
R — 382 w —_ 385 w

agltated with water (7 ml). Samples were removed from both the aqueous and ethereal
layers at intervals and chromatographed using BIBERACHER’S basic solventl?, Samples‘
from the aqueous layer gave well defined spots ‘but a great deal of streaking and tailing
occurred with the samples from the ethereal layers for the reasons dlscussed above

I-Iowever, the course of the reactlon is glven in Table II ‘

I nterpretatwn of tke chromatograms

The chlorohydrines formed as intermediates are extremely soluble in ether and were
found with the phosphonitrilic chloride. The aqueous layer contained trlmetaphos-
phimic acid and hydrochloric acid formed during the hydroly51s In the présence
of such ac1d the trlmeta.phosphlmlc acid ‘'was further hydrolysed, accounting for the
presence of ortho-, triimeta-, d11m1do-tr1metaphosphate and cham phospha.tes

(This decomposxtlon is discussed in Part II.)
‘The identification of spemes present in the ethereal layer was made dlfﬁcult by

the talhng of the tnphosphonltrlhc chlorlde

DISCUSSION S

The exact locatlon of the subst1tuted hydromyl groups in the chlorohydnnes has not
been discovered, but the formation of large a.mounts of the di-substituted ‘and tetra-sub-
stituted compounds generally, with very little, if any, of themono-, tri-and penta-sub-
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TABLE II

PHOSPHATE SPECIES DETECTED DURING THE HETEROGENEOUS
HYDROLYSIS OF TRIPHOSPHONITRILIC CHLORIDE

Aqueous layer ) Ether layer
Time(h)
Speciegy . Ry value Species Ry value
o None —_— (PNCl,) 4 1.5-3.5 (streak)
3 Ortho (trace) 1.00 .., TMPm (trace) 1.20
TMPm I.20 (PNCl1,) 4 1.5—3.5 (streak)
9 Chain phosphates : 0.45 TMPm (trace) I.20
Ortho . .00 P,N4Cl,(OH), (trace) 2.50
TMPm : 1.20 (PNCl,) 5 3.10 (tailing)
24 Chain phosphates 0.45 P,N,CI,(OH), (trace) 0.55
Ortho 1.00 TMPm (trace) 1.20
TMPm 1.20 P;N,Cl; (OH), 2.50
DITMP (trace) 1.45 (PNCl,) 4 3.10
48 Same species as 24 h
72 Same species as 48 Ir
100 Chain phosphates 0.45 P,N,zCl,(OH), 0.55
Ortho 1.00 TMPm (trace) I.20
TMPm 1.20 P;N,;Cl; (OH)4(trace) 2.50
DITMP T.45 - (PNCl,), (trace) 3.1I0
TMP (trace) . 2.40
Abbreviations: TMPm = trimetaphosphimate; DITMP = diimidotrimetaphosphate;

TMP = trimetaphosphate.

stituted compounds indicates that substitution probably occurs in pairs. Whether
‘ ubstltutlon of a pair.of chlorine atoms attached to the same phosphorus atom,
or.two chlorme atoms attached to different phosphorus atoms occurs, has been argued
for substltutlon of numerous types of groupsl““18 and it is now obvious thai the order
of substitution depends upon the nature of the. group being substituted. BECKE-
GOEHRING et al.l” suggested that strongly nucleophlhc reagents attacked the trimer
in the 2- or 4-position, with further substitution in the 6-position, but. with weak
electron .donors, substitution occurred .in. another sequence. Proton magnetlc reso-
nancel” has recently shown that w1th dlmethyla.mlne, substltutlon occurs in the order
2-mono; 2,4—d1, 2,4,6-tri; 2,-,4,6 tetra, 2,2,4, 4,6-penta and 2,..,4 4,6,6. he>~.a.

However, HEFFERNAN AND Wm’rE20 have shown from nuclear magnetlc reso-
nance data, that when chlorme atoms are 1ep1aced by fluorine atoms, substitution of
first two atoms occurs on the same phosphorus atom. They also showed that in the
more rare trisubstituted compound, two of the substltuted ﬁuorme atoms reside on one
phosphorus atom and the third fluorine atom .on one of the nelghbounng phosphorus
atoms, the third phosphorus still retaining two chlorine atoms. Whilst it is also pos-
sible that steric effects must be taken into account; and that pairwise substitution of
dimethylamine on the same phosphorus atom'‘does not occur because of the steric
stram which: would be. caused by substituting two large groups on- one atom.

» Some relatlonshlp usually exists. between structure. and Rz value when a serles
of related compounds are considered, and in the, same way some relationship: usually
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exists between structure and retention volume in ion-exchange chromatography.
In both these separational techniques, trimetaphosphimate appeared between the
spots or peaks assigned to P,N,Cl,(OH), and PN ;Cl,(OH),. At first sight.it appears
that no correlation exists, but if we consider the number of replaceable’ hydrogen
atoms, we see that it rises from two for P3N3C14(OH).,, to three for P,(NH),0 a(OH),

to four for PgN;Cl,(OH),. (Trimetaphosphimic acid is tribasic, only 3 of its 6 hydrogen
atoms being replaceable by sodium atoms.) Triphosphonitrilic' chlonde, ‘whilst not
chromatographing satisfactorily shows a centre of gravity.of the spot at an Rw
value of 3.1, which fits satisfactorily with above correlatlon L ‘

Water is a nucleophilic reagent because of its unshared electron palr but only a
weak one; and because of this, substitution of the hydroxyl groups in pairs takes
place. However, nuclear magnetic resonance measurements are’ ‘needed to prove
whether this is poss1b1e and the followmg structures are proposed : : .

HO.,, OH | Ho\Pfo T ,I_-IO\P/OH

N-" SN : HN-"~NH - :

Cl\” I]:,,Cl O\IID 1L/O I—IO\ll3 Ill,Cl

C1-~ \N/ ~Cl HO~" ~N-"~0H HO~ SN Cl
H :

T etrachlorohydririe Trimetaphosphimate ’ | Dichlorohydrine

2 replaceable H's 3 replaceable H's 4 replaceable H's

This work has shown that paper chromatography and ion-exchange chromatog-
raphy may be used to study the chlorohydrines, but other techniques are needed
to confirm these results. Raman spectroscopy should be a useful technique in follow-
ing the formation of intermediates during the hydrolysis of the polymeric chlorides.
A study of the hydrolysis of the phosphonitrilic fluorides and bromides to the corre-
sponding metaphosphimic acids through the analogous intermediate fluoro- or bromo-
hydrines may prove more successful. Both of these suggestions are under active
study in these laboratories, and the results will be published later.
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SUMMARY

The paper describes a paper- and anion-exchange chromatographic investigation of the
heterogeneoushydr olysis of triphosphonitrilic chloride under neutral conditions, when
trimetaphosphimic acid is the final product. Evidence coneermng the o1der in which
the chloune atoms are replaced bv hydroxyl groups is also gwen
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