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Several phosphoramidates were reacted with dried hydrogen chloride, acetic acid, and oxalic acid. The
phosphoramidates reacted with the acids to produce ortho- and polyphosphates, but did not react with them to
make polyphosphates containing imino groups, with the elimination of ammonia. The decomposition of the
phosphoramidates to orthophosphate by the action of water was considered to be the first step in the production

of polyphosphates:
o

MO-P-NH, + H,0 —> MO-P-ONHj,

O
M

O
M

The formation of polyphosphates can be explained, for example, by this equation:

(0]

I
MO-I:D—ONH4 + NHZ—II:’—OM + 9HA —> Mo-'fl"—o-f’-OM + 2NH,A,

(@) O
M M

where HA stands for acid.

Among phosphorus-nitrogen compounds, the most
outstanding may be phosphazene polymers. Many
studies have been made of these compounds, while
other phosphorus-nitrogen compounds are not very
well-known. We have reported on the syntheses and
thermal properties of several phosphoramidates dur-
ing the last few years.!”® The phosphoramidates are
thought to be useful as new types of chemical fertiliz-
ers containing P-N covalent bonds and as flame-proof
materials. These phosphoramidates produce ortho-
and polyphosphates, but do not produce polyphos-
phates containing imino groups, when they are heated
in air at a moderately high temperature (100—
1000°C). The chemical reactions of the phosphoram-
idates with inorganic and organic acids were per-
formed in order to study the condensation and
decomposition of the amino groups in the phosphor-
amidates. To prevent the hydrolysis of the phosphor-
amidates and the reaction products, hydrogen chlo-
ride, acetic acid, and oxalic acid were used.

Experimental

Preparation of Phosphoramidates. The phosphoramidic
acid monohydrate, ammonium hydrogenphosphoramidate,
sodium hydrogenphosphoramidate, potassium hydrogen-
phosphoramidate, and disodium phosphoramidate hexahy-
drate were made by the methods described in Reference 7.

Reaction of Phosphoramidates with Hydrogen Chloride.
Hydrogen chloride was prepared by adding concentrated
hydrochloric acid to concentrated sulfuric acid, and the HCI
gas was dried with concentrated sulfuric acid. The dried
HCI gas was introduced to a reaction glass-tube containing
about 5 g of a phosphoramidate sample. The product was
washed quickly with ethanol to remove the HCI gas
adsorbed on the product.

Reaction of Phosphoramidates with Acetic Acid. A
phosphoramidate sample (about 2 g) was placed in a mix-
ture of 5 cm3 of acetic acid and 20 cm?® of chloroform, and the
resulting mixture was reacted at 25 and 60 °C while being

o O
M M

stirred. The solid product was filtered off and washed with
ethanol. In the case of the reaction of disodium phosphor-
amidate hexahydrate, the reaction mixture was centrifuged
and the solid product was washed with ethanol.

Reaction of Phosphoramidates with Oxalic Acid. Oxalic
acid (3 g) was dissolved in 100 cm3 of ethanol, and then a
phosphoramidate sample (about 2 g) was added to the solu-
tion. The mixture was heated at 25 and 60 °C while being
stirred. The solid product was filtered off and washed with
ethanol.

Quantitative Analysis of Nitrogen. The amount of total
nitrogen and that of ammonium ions in a sample were mea-
sured by the Kjeldahl technique.

Paper Chromatography and Colorimetry of Phosphates.
A sample was dissolved in water, and the pH of the solution
was adjusted to about 7 with an aqueous sodium hydroxide
solution if needed. The one-dimensional paper-chromato-
graphic separation and the colorimetric determination of the
phosphate species in the solution were done by the method
described in our previous paper.?

X-Ray Diffractometry. An X-ray diffraction diagram of a
sample was taken with nickel-filtered Cu Ke radiation using
a Rigaku X-ray diffractometer, RAD-1B.

IR Spectrophotometry. An IR spectrum of a sample was
recorded on a JASCO IR spectrophotometer, A-3, using the
KBr disc method.

3IP NMR Measurement. A sample was dissolved in water
and the 3P NMR spectrum of the solution was taken by
means of a JNM-GX270 spectrograph. The NMR chemical
shifts are reported relative to external 85%-orthophosphoric
acid, with the positive shifts being downfield.

Results and Discussion

Reaction with Hydrogen Chloride. The data of the
chemical compositions of the products are shown in
Table 1, along with the X-ray diffraction data. The
chromatographic separation between phosphorami-
date and orthophosphate could not be performed with
the developing solvents used in this experiment.
According to the results listed in Table 1, the phos-
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Table 1. Compositions of the Reaction Products of Phosphorammidates with HCI Gas
Phosphates/P%
) Reaction Total N/% X-Ray dif. -
Phosphoramidates ;. /. N /9 as NHf Amido and Di Tri Higher
Ortho <
60 14.4 1.5 SM 72.0 21.0 4.2 2.8
H2PO3NH:z:H20 180 14.4 22 SM 61.4 30.0 6.8 1.5
300 14.2 2.3 SM 52.9 31.5 9.6 6.0
60 24.4 11.9  SM, NH.Cl 70.9 17.3 3.1 8.7
NHHPOsNH, 180 20.1 e M UK 368 309 2l 30.2
NH,Cl
300 16.2 13.7 UK, NH4(Cl 25.4 32.4 3.8 38.4
SM, UK,
60 11.4 1.1 NH.CI 68.3 23.4 8.3
NaHPO3NH: SM, UK,
180 10.4 3.0 NH.CI 60.5 28.9 10.6
SM, UK,
300 10.6 5.7 NH,CI 65.5 22.9 6.6 5.0
60 10.4 02 SM 100 — — —
KHPO3NH: 180 10.3 0.7 SM 86.5 8.3 5.2
300 10.2 1.1 SM 83.7 12.1 42
60 6.0 52 UK, NH4Cl 92.8 7.2 — —
NazPOsNH;z6H20 180 6.0 5.2 UK, NH4Cl 96.3 3.7 — —
300 6.0 52 UK, NH4Cl 100 — — —

SM and UK stand for the starting materials and an unknown substabce respectively.

1 1 i 1 1 1 1

H,PONH, - H,0
NH,HPONH,
NaHPONH,,
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Fig. 1. IR spectra of

the

reaction products of

phosphoramidates with HCI gas for 5h.

phoramidic acid and phosphoramidates seemed to
react with HCI gas to produce ortho- and polyphos-
phates. The amino group of the phosphoramidates
decomposed to ammonia at the same time. The con-
tents of NH,* and polyphosphates increased with the
passage of the reaction time in the reactions of
H2P03NH2'H20, NH4HP03NH2, and KHPOsNHg
The IR spectra of the products in Fig. 1 agree well
with the results in Table 1. The absorption at 1400

cm™!is due to NH4+, while those at about 900 and 700
cm™! are assigned to a P-O-P or a P-N(H)-P linkage
respectively. The reaction rate of KHPO3;NH, was
very low; this means that the phosphoramidate is
very stable. In the reactions of NaHPO3;NH; and
Na,PO;NH,;-6H,0, the degradation of polyphos-
phates to phosphates with shorter chain lengths was
observed in addition to the formation of ortho- and
polyphosphates. The results in Table 1 and Fig. 1 do
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31IP NMR spectra of the reaction products

gas at room

Fig. 2.
of phosphoramidates with HCI
temperature for 5h.

a: Orthophosphate, b: phosphoramidate, c¢: end-
PO, group, d: middle-PO4 group.

not, however, give any information about the forma-
tion of a P-N(H)-P linkage. The 3P NMR peaks of the
products in Fig. 2 were assigned to phosphoramidate,
orthophosphate, and polyphosphates. The NMR data
did not give any peak of a compound with a P-N-
(H)-P linkage. Accordingly, the formation of a P-N-
(H)-P linkage, with the elimination of ammonia, by
the following reaction did not occur in these reaction

systems:
|
-P-NH, + NH,-P- + HCl —> -P-N(H)-P- + NH,CL
1)
Instead, the reaction processes can be written thus for
these reaction systems:

o
MO-P-NH; + H,0 — MO-P-ONH,, @)

O O
M M

o
MO-‘Itll’-ONH4 + NHz—i}—OM + 2HCl —>

(@)
v M
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o
MO-P-O-P-OM + 2NH,CL, 3)
4 8
@ O Q
MO-P-O-P-OM + NH,-P-OM + 2HCI —>
O O o)
M M M
Q 9 9
MO-P-O-P-O-P-OM + Ml + NH,CL  (4)
O 0 O
M M M

The phosphoramidate with an OH group is con-
sidered to form a zwitterion:®

MO-P-NH, + H,O(HCl) —

0
M
Q
HO-P-NH; + MOH(MCI), (%)
O
M
o
1] Il
HO-P-NH; —>‘O—l|’—NH§. (6)
O O
M M

The zwitterion is very active and can react with water
and phosphates to form ortho- and polyphosphates
respectively:

o o
-0-P-NH} + H,0 — HO-P-ONH, )
o) o)
M M
: Q
-0-P-NHj + HO-P-ONH, + HCl —>
0 o)
M M
@ @
HO-P-O-P-ONH, + NH,Cl. ®)
0O O
M M

It is difficult at present to obtain information about
the formation of the zwitterion, so it cannot be de-
termined which process is more reasonable for the re-
action system. The water in the reactions can come from
the crystal water and/or the adsorbed water of the
phosphoramidates and a slight amount of water in
the gas in the reaction systems. It was difficult to
remove the adsorbed water and the water in the gas
completely. In the reactions of NaHPO3;NH, and
Na;PO;NH,; - 6H,0, a degradation of polyphosphates
to phosphates with shorter chain lengths was ob-
served. Usually this degradation can not take place in
a solid state at room temperature. The water con-
tained in the products may be strongly acidic as a
result of the dissolution of HC1 gas. The hydrolysis
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Table 2. Compositions of the Reaction Products of Phosphoramidates
with Acetic Acid at 60°C for 25h

N/%
as NHf

Total

Phosphoramidates N/%

X-Ray dif.

Phosphates /P%

Amido and

Ortho Di Tri

H:PO3NH2z*H20 12.3 10.9 UK
NHsHPO3NH: 22.3 11.9 SM
NaHPOsNH: 11.1 0.3 SM
KHPOsNH: 9.9 0.4 SM
Naz2PO3NHz6H20 9.0 0.2 UK

16.9 13.9 7.4 61.8
91.2 5.9 0.2 2.7
100 — —

96.4 3.6 — —
100 — — -

H PO3NH *H,O0

2 2 72

NH4HP03NH2

NaHPOaNH2

>

KHPO3NH2

[}
'

N32P03NH2'6H20

other phosphoramidates. The 3P NMR spectral data
in Fig. 3 support the results in Table 2. The NMR
spectra of NaHPO;NH, and Na,PO3;NH; - 6H,0 gave
a large peak of the amidate and a very small peak of
orthophosphate. The NMR spectra of NH;HPO;NH,
and KHPO3;NH; included small peaks of orthophos-
phate, an end-PO, group, and/or a middle-PO, group
other than the large peak of the phosphoramidate. The
NMR spectra of the products of NaHPO3;NH, and
Na,PO;NH; - 6H,0 were taken by dissolving them in a
basic solution (pH 9—10). The peak of phosphorami-
date at about —3 — —5 in an acidic solution shifted to
about +8.5 in a basic solution. The spectrum of
H,PO3;NH, - H,O exhibited large peaks of orthophos-
phate, an end-PO, group, and a middle-PO, group,
and a small peak of the phosphoramidic acid. No
proof of the presence of imidopolyphosphates was
obtained by either the chromatography or the NMR.
Therefore, the formation of a P-N(H)-P linkage
according to the following reaction did not occur in
these systems:

-1">-NH2 + NHg—lll)— + CH,COOH —>

—1'|>—N(H)—f:’- + CH;COONH,. )

Considering the above results, several reaction pro-
cesses can be written for these systems:

O

1 i O

30

20 10 0 -10

-20 -30 M

6]

O
M

|
MO-P-NH, + H,0 — MO-P-ONH,, (10)

Fig. 3. 3P NMR spectra of the reaction products of
phosphoramidates with acetic acid at 60°C for 25 h.
a: Orthophosphate, b: phosphoramidate, ¢: end-
POy group, d: middle-POy4 group.

of polyphosphates is very much accelerated by an H*
ion.?

Reaction with Acetic Acid. The chemical compo-
sitions and X-ray diffraction data of the reaction prod-
ucts at 60 °C are shown in Table 2. The data at 25 °C
are not listed because the reaction processes of the
phosphoramidates with acetic acid at 25°C were
almost the same as those at 60°C except for the re-
action rates. As Table 2 shows, the reaction rate of the
phosphoramidic acid was much faster than those of

o o
I
MO-P-ONH, + NHg—i:’—OM + 2CH,;COOH —>

(@) O
M M

MO—l%’—O—i:’—OM + 2CH;COONH,,  (11)

O O
M M

MO—'II"—O-I:ID—OM + CH,COOH —>

O O
M M

MO-P-O-P-OH + CH,COOM,  (12)

O O
M M
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Table 3. Compositions of the Reaction Products of Phosphoramidates
with Oxalic Acid at 60°C for 25h
Total N/% Phosphates/P%
Phosphoramidat o ° X-Ray dif. :
ospRoTamIcates N/% as NHf i Amidoand Tri Higher
Ortho
H2PO3NH2*H:0 12.3 7.6 SM, UK 22.3 39.0 4.2 34.5
NH4sHPO3sNH: 12.2 12.2 UK 8.8 14.1 4.2 72.9
NaHPO3;NH: 11.6 0.5 SM 100 —_ —_ —
KHPO3NH: 5.4 5.2 UK 11.6 8.6 6.2 73.6
Naz2PO3sNH3z:6H20 6.1 0.5 UK 87.0 9.2 3.8
I} 1} 9
MO-P-O-P-OH + NHp-P-OM + CH;COOH — b
191 1\04 191 H,PO,NH, *H,0
a
¢ Q9 a |
MO-P-O-P-O-P-OM + CH;COONH,, (13) 1
O O O
M M M
c d
or NH  HPO,NH,
o a
MO-P-NH, + CHsCOOH — - J e
O
M b
i NaHPO NH,
HO-P-NH, + CH3;COOM, (14)
9 a
(0] (0]
1} _ 1} + c Fl
HO_IID‘NHZ — O"l?‘NHg,
1\(/)1 1\(/)1 KHPO JNH,
a2 p
1} 1 L J.
~O-P-NH} + MO-P-ONH, + CH;COOH —>
@) (@) b
M M
Ie) Na,PO,NH,* 6H,0
| I}
MO-ll'l‘—O—ll’—ONH.; + CH3;COONHjy. (15) . .
O O
M M Jo vy
1 1 1 1 1 1 1 1 1 1 1
The water in Eq. 10 can come from crystal water and 30 20 10 0 -10 -20 -30
the adsorbed water of the phosphoramidates. As has )

been mentioned above, because of the lack of suitable
data it is difficult to chose the most reasonable pro-
cesses for the reaction systems.

Reaction with Oxalic Acid. The data on the chemi-
cal composition and the results of the X-ray diffrac-
tometry of the products are shown in Table 3, while
3P NMR spectra of the products are presented in Fig.
4. Since the products were ortho- and polyphosphates,
while imidopolyphosphates were not produced, the
condensation with the elimination of ammonia did
not occur in these reaction systems, either:

—}:’-NHZ + NH,-P- + (COOH), —>

~P-N(H)-P- + COONH,. (16)
COOH

Fig. 4. 3P NMR spectra of the reaction products of
phosphoramidates with oxalic acid at 60°C for 25 h.
a: Orthophosphate, b: phosphoramidate, ¢: end-
POy group, d: middle-POy group.

In the reaction with oxalic acid, phosphoramidic acid
monohydrate, ammonium hydrogenphosphoramidate,
and potassium hydrogenphosphoramidate showed a
high reactivity. The reactions of sodium hydrogenphos-
phoramidate and disodium phosphoramidate hexahy-
drate were very slow. Accordingly, the reactivity of
oxalic acid with the phosphoramidates seemed to be
higher than that of acetic acid. As has been described
above, since all the products are ortho- and polyphos-
phates, reaction processes similar to those of acetic
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acid must take place in the reaction with oxalic acid,
for example, as follows:

o o
MO—i:’—NHz + H,0 —> MO—i:’—ONH4, an
o) o)
M M
Q .
MO-P-ONH, + NH,-P-OM + (COOH); —>
o) o)
M M
@ Q
MO-P-O-P-OM + (COONH,), (18)
O O
M M

The water in Eq. 17 can come from the crystal water
and/or the adsorbed water of the phosphoramidates.
Oxalic acid has a higher reactivity to the phosphor-
amidates than does acetic acid. This may be explained

Shoji Sato, Takao Takavanaci, and Makoto WATANABE

[Vol. 60, No. 4

by, for example, the faster reaction rate of Eq. 18 than
that of Eq. 11.
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