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Synthesis of Phenoxyaminocyclotriphosphazatrienes 

Glenn E. Peters,* Robert J. Radel,' and Ramiro Medina2 

The following phosphazene compounds were synthesized for study as urease inhibitors: 2-phenoxy- 
2,4,4,6,6-pentaaminocyclotriphosphazatriene ( I ) ,  cis-2,4-diphenoxy-2,4,6,6-tetraaminocyclo- 
triphosphazatriene (2), trans-2,4-diphenoxy-2,4,6,6-tetraaminocyclotriphosphazatriene (3), cis,trans- 
2,4,6-triphenoxy-2,4,6-triaminocyclotriphosphazatriene (4), cis,cis-2,4,6-triphenoxy-2,4,6-triamino- 
cyclotriphosphazatriene (5). These compounds were characterized by elemental analysis, high-per- 
formance liquid chromatography, infrared absorption spectroscopy, and nuclear magnetic resonance 
spectroscopy. 

The enzymatic hydrolysis of urea fertilizer in the soil 
leads to the loss of nitrogen via ammonia volatilization; 
losses of up to 50% of the applied nitrogen occur in flooded 
soil systems such as paddy rice (Vlek and Craswell, 1981). 
One approach to reducing ammonia losses is the use of 
fertilizers that contain compounds that inhibit soil urease 
activity and retard urea hydrolysis. Phenoxyaminocyclo- 
triphosphazatrienes are presently being investigated as soil 
urease inhibitors. 

In the last three decades, significant progress has been 
made in several phases of phosphazene chemistry. Spe- 
cifically, much research work has been focused on the 
chemical reactions of hexachlorocyclotriphosphazatriene 
(N3P3C16), spectroscopic studies, molecular structure, 
bonding in the cyclophosphazenes, and the development 
of cyclic oligomers and open-chain polyphosphazenes. 
Several reviews have been written on phosphazene chem- 
istry: Allcock (1972), Keat and Shaw (1973), Shaw (1975), 
Krishnamurthy et al. (1978), Shaw (1978). 

International Fertilizer Development Center, P.O. Box 
2040, Muscle Shoals, Alabama 35662. 

Division of Chemical Development, Tennessee Valley 
Authority, National Fertilizer Development Center, Muscle 
Shoals, AL 35662. 

*Present address: Lehrstuhl fur Allgemeine Chemie und 
Biochemie, Technische Universitat Munchen, 8050 
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The six-membered ring system has been studied more 
intensively than any other phosphazene. X-ray crystal- 
lographic analyses of N3P3FB (Dougill, 1963) and N3P3C16 
(Wilson and Carroll, 1960) show that the rings are planar; 
the geometry of the cyclophosphazene ring is determind 
by the number, type, and arrangement of substituents 
(Mani et al., 1965, 1966; Shaw, 1975, 1978). 

Many organophosphazenes have been synthesized by 
nucleophilic substitutions of hexachlorocyclo- 
triphosphazatriene (Allcock et al., 1966; Allcock and Kugel, 
1965; Allcock and Smeltz, 1976; Dell et al., 1966; Fitzs- 
immons and Shaw, 1964; Ford et al., 1966; Shaw, 1967). 
In the synthesis of phenoxy- and @-bromophenoxy)- 
chlorocyclotriphosphazatrienes, the degrees of replacement 
of chlorine atoms have been determined and show that the 
replacement pattern is nongeminal; thus, both cis and trans 
isomers are formed (Dell et al., 1965, 1966). 

In this paper we describe the syntheses of the following 
compounds: 2-phenoxy-2,4,4,6,6-pentaaminocyclo- 
triphosphazatriene (l), cis-2,4-diphenoxy-2,4,6,6-tetra- 
aminocyclotriphosphazatriene (2), trans-2,4-diphenoxy- 
2,4,6,6-tetraaminocyclotriphosphazatriene (31, cis,trans- 
2,4,6-triphenoxy-2,4,6-triamin~clotriphosphazatriene (4), 
cis,cis-2,4,6-triphenoxy-2,4,6-triaminocyclotriphosphaz- 
atriene (5). 

The modification of a synthetic route employed in the 
synthesis of triphenoxytriaminocyclotriphosphazatrienes 
was used in this work; the aminolysis reaction was per- 
formed in a Parr pressure reaction apparatus with use of 
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obtained with a JEOL FX-90 &I1 multinuclear magnetic 
resonance spectrometer. 'H NMR spectra were obtained 
on a wide-band (10") probe at  89.55 MHz using a 16K 
data table, 1501-Hz frequency width, and 8 scans at a pulse 
width of 9 ps and a pulse delay of 2.5 s. 31P NMR spectra 
were recorded with a wide-band (10-mm) probe at 36.23 
MHz and an 8K data table, 1501-Hz frequency width, and 
200-300 scans at a pulse width of 9.5 ps and a pulse delay 
of 2.5 s. 'H decoupling was performed only during the 
acquisition with a wide-band decoupler. Tetramethylsilane 
(TMS) was used as an internal reference for the 'H spectra; 
dilute was used as an external reference for the 31P 
spectra. The 'H and 31P NMR spectra of the phenoxy- 
aminocyclotriphosphazatrienes were recorded in DMSO-$. 
2-Phenoxy-2,4,4,6,6-pentaaminocyclotriphospha- 

zatriene (1). The aminolysis of 2-phenoxy-2,4,4,6,6- 
pentachlorocyclotriphosphazatriene (40.0 g, 0.099 mol) was 
performed in a Parr bomb. The phosphazene compound 
was placed in the bomb, the bomb head was secured in 
place, and the bomb was purged with dry nitrogen. An- 
hydrous liquid ammonia (150 g) was condensed in the 
bomb by connecting it to a cylinder of anhydrous ammonia 
and placing it in a Dewar flask of liquid nitrogen. The 
contents of the bomb were stirred for 24 h at  room tem- 
perature. The excess NH3 was vented, and the crude 
product, a white solid, was removed from the bomb. The 
yield of crude product was 56 g (98.4%). The reaction 
products were separated by reacting NH4Cl with di- 
ethylamine in dry chloroform to form ammonia and di- 
ethylammonium chloride according to the method of 
Sowerby and Audrieth (1961). 

The yield of purified product, a white solid, was 26.2 g 
(97.9%). The product, analyzed by HPLC (Table IV), was 
92% compound 1. The product (15 g) was recrystallized 
from anhydrous reagent alcohol (90% ethanol, 5% meth- 
anol, 5% 2-propanol; 5 L). The yield was 13.3 g of chro- 
matographically pure compound 1. The elemental anal- 
ysis, IR, NMR, and HPLC data are shown in Tables I-IV, 
respectively. 
2,4-Diphenoxy-2,4,6,6-tetraaminocyclotriphosph- 

azatrienes 2 and 3. The 2,4-diphenoxy-2,4,6,6-tetra- 
chlorocyclotriphosphazatriene (40.0 g, 0.086 mol; mixture 
of cis and trans isomers) was reacted with anhydrous liquid 
ammonia (150 g) by the procedure described for compound 
1. The yield of crude product was 51.7 g (99.9%). The 
NH4Cl was removed with diethylamine (Sowerby and 
Audrieth, 1961) to yield 31.6 g (95.1%) of a white solid. 
The diethylamine-treated product was analyzed by HPLC 
(Table IV) as described above. Two peaks were present 
in the chromatogram; the retention times were 4.55 and 
3.77 min for compounds 2 and 3, respectively. The chro- 
matographically pure compound 2 (17.5 g) was separated 
by filtration after recrystallization of the mixture of com- 
pounds 2 and 3 (30 g) from anhydrous reagent alcohol (7 
L). The chromatographically pure compound 3 (1.37 g) 
was isolated from the filtrate after partial evaporation of 
the solvent under vacuum and several recrystallizations 
from anhydrous reagent alcohol. The elemental analysis, 
IR, NMR, and HPLC data are listed in Tables I-IV, re- 
spectively. 
2,4,6-Triphenoxy-2,4,6-triaminocyclotriphospha- 

zatrienes 4 and 5. The aminolysis of 2,4,6-triphenoxy- 
2,4,6-trichlorocyclotriphosphazatriene (40.0 g, 0.077 mol; 
mixture of cis,cis and cis,trans isomers) with anhydrous 
liquid ammonia (150 g) was conducted by the method 
described above. The yield of crude product was 46.6 g 
(97.2%). The crude product was refluxed with diethyl- 
amine (Sowerby and Audrieth, 1961) to yield 30.2 g 

1 2 

3 4 

N / / ~ \ N  
H2N ... I I I 4 O C 6 H 5  

p\\N/p... 
C6H,O' NH2 

5 

anhydrous ammonia rather than in inert solvents a t  at- 
mospheric pressure. The yields of purified products ob- 
tained in the present work were 100% higher than those 
reported earlier (Albright and Wilson, 1963; McBee et al., 
1966). 
EXPERIMENTAL SECTION 
Apparatus. The aminolysis of the phenoxychloro- 

cyclotriphosphazatrienes was performed in a 300-mL, type 
316 stainless steel, Parr pressure reaction apparatus (No. 
4561) equipped with an internal mechanical stirrer driven 
at  a 600-rpm stirring speed. 
Reagents. Sodium metal (Fisher Scientific Co., certified 

ACS grade), hexachlorocyclotriphosphazatriene (Aldrich 
Chemical Co., 99%), petroleum ether (J. T. Baker Chem- 
ical Co., 30-75 "C), phenol (Aldrich, ACS reagent, 99+%), 
and anhydrous ammonia (Matheson, 99.99%) were used 
as received. Tetrahydrofuran (Fisher, high-performance 
liquid chromatography (HPLC) grade, 99.9%) was dried 
with Dri-Na (J. T. Baker, 10% sodium and 90% lead as 

2-Phenoxy-2,4,4,6,6-pentachlorocyclotriphosphazatriene 
(6), cis- and tram-2,4-diphenoxy-2,4,6,6-tetrachlorocyclo- 
triphosphazatriene (7,8), and cis,cis- and cis,tram-2,4,6- 
triphenoxy-2,4,6-trichlorocyclotriphosphazatriene (9, 10) 
were prepared by reacting hexachlorocyclo- 
triphosphazatriene with sodium phenoxide according to 
the method of Dell, Fitzsimmons, and Shaw (1965). The 
yields were 659'0, 7890, and 88%, respectively. The ele- 
mental analysis data are listed in Table I. 
Procedures. Elemental analysis (Table I), infrared (IR) 

absorption spectra (Table 11), nuclear magnetic resonance 
(NMR) spectra (Table 111), and HPLC (Table IV) were 
used to determine the purity and/or the probable chemical 
structures of the starting materials and the phenoxy- 
aminocyclotriphosphazatrienes. The elemental analyses 
were performed by Galbraith Laboratories, Inc., P.O. Box 
4187, Knoxville, TN 37921. The analytical HPLC 
equipment used was a Perkin-Elmer Series 2-LC, a Per- 
kin-Elmer LC-55 UV spectrophotometer (set a t  200 nm), 
a Waters Associates RCM-100 radial compression module, 
and a Waters Associates Resolve 8CN10 Radial-Pak car- 
tridge. The mobile phase was 50% methanol/water con- 
taining Waters Associates D-4 mobile phase modifier ad- 
justed to pH 3, and the flow rate was 2 mL/min. The 
methanol used in chromatography was HPLC grade; the 
solvents were filtered (0.2 pm) before use. IR spectra of 
the phenoxyaminocyclotriphosphazatrienes were obtained 
in the 4000-200-cm-' range as KBr disks on a Perkin- 
Elmer Model 283 IR spectrometer. NMR spectra were 

alloy). 
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Table I. Elemental Analyses of Cyclotriphosphazatrienes 
analysis, % 

compound C H N P c1 
N~P~(NHz)E,(OCBH~ (1) 

calcd 23.38 4.92 36.36 
found 23.27 4.93 

calcd 37.41 4.72 
found 37.14 4.66 

calcd 37.41 4.72 
found 37.33 4.73 

calcd 46.76 4.59 
found 46.64 4.58 

calcd 46.76 4.59 
found 46.54 4.61 

calcd 17.78 1.25 
found 18.02 1.20 

calcd 31.13 2.18 
found 31.69 2.35 

calcd 41.52 2.91 
found 41.76 2.93 

C~~-N~P~(NHZ)~(OCGH,)Z  (2) 

trans-N3P3(NHz),(OC6H6)2 (3) 

cis,tran~-N~P~(NH~)~(0C~H~)~ (4) 

c~s,c~s-N~P~(NH~)~(OCBH~)~ (5 )  

N ~ P ~ C M O C B H ~ )  (6) 

N ~ P ~ C ~ ~ ( O C ~ H ~ ) Z  (7,'s)" 

N B P ~ C ~ ~ ( O C & ~ ) ~  (9/ IO)* 

"Mixture of cis and trans isomers. *Mixture of cis,cis and cis,trans isomers. 

Table 11. Infrared Absorption Spectra (4000-200 cm-') of 
Phenoxy-Substituted CyclotriphosphazatrieneP 
NJ4NHz)dOCdW (1) assignment 

3280 s u(N-H), str 
3070 w u(C-H), aromatic str 
1595 m, 1495 s u(C=C), aromatic str 
1555 m u(N-H), scissoring deformn 
1222 s u(P-0-C), str 
1170 s u(P=N), str in plane 

cis- tram- 
N~P~(NHz),I(OCBH& N~ '~ (NHZ)~(OC&JZ 

(2) (3) 
3210 s 3210 s v(N-H), str 
3070 w 3070 w u(C-H), aromatic str 
1595 m, 1495 s v(C=C), aromatic str 
1558 m 1557 m u(N-H), scissoring 

1220 s 1230 s u(P-0-C), str 
1175 s 1180 8 u(P=N), str in plane 

1595 m, 1492 s 

deformn 

cis,trans- cis,cis- 
N3P3(NH2)3(OCsH&3 NJ'~(NH~)~(OCGH~~ 

(4) (5 )  
3215 m 3290 m u(N-H), str 
3070 w 3070 w u(C-H), aromatic str 
1597 m, 1493 s u(C=C), aromatic str 
1560 m 1550 m u(N-H), scissoring 

1235 s 1220 8 u(P-0-C), str 
1175 s 1180 9 u(P=N), str in plane 

1600 m, 1493 s 

deformn 

"Abbreviations: s = strong, m = medium, w = weak. 

(84.9%) of purified product. 
The purified product, a white solid, was analyzed by 

HPLC (Table IV). Only two peaks were evident in the 
chromatogram; the retention times for compounds 4 and 
5 were 6.08 and 8.32 min, respectively. Compounds 4 and 
5 were separated from the mixture of these compounds by 
the method used to separate compounds 2 and 3. The 
mixture (12 g) was recrystallized from reagent alcohol (1.2 
L) to yield 6.6 g of chromatographically pure compound 
4 and 1.3 g of chromatographically pure compound 5. The 
elemental analysis, IR, NMR, and HPLC data for com- 
pounds 4 and 5 are listed in Tables I-IV, respectively. 
RESULTS AND DISCUSSION 

IR Spectra of  Phenoxyaminocyclo- 

36.08 

25.45 
25.59 

25.45 
25.40 

18.18 
18.06 

18.18 
18.38 

10.37 
10.33 

9.08 
9.02 

8.07 
8.15 

30.15 0 
29.98 0.12 

24.11 0 
24.19 0.095 

24.11 0 
23.90 0.13 

20.09 0 
20.91 0.091 

20.00 0 
19.88 0.13 

22.92 43.73 
22.62 43.87 

20.07 30.63 
19.99 30.68 

17.85 20.43 
18.05 20.60 

l " " ~ " " l " " )  
20 I5 0 5 0 

8 DDm 

Figure 1. 31P NMR spectrum of 2-phenoxy-2,4,4,6,6-penta- 
aminocyclotriphosphazatriene showing typical AB2 splitting 
pattern. 

triphosphazatrienes. The IR absorption spectra (Table 
11) of the phenoxyaminocyclotriphosphazatrienes exhibited 
absorption frequencies very similar to those of 
2,2,4,4,6,6-hexaaminocyclotriphosphazatriene (Sowerby 
and Audrieth, 1961) plus the characteristic phenoxy bands. 
The absorption values of the amino group frequencies 
decreased, and the phenoxy group frequencies increased 
with an increase in the degree of phenoxy substitution. 

31P NMR Spectra of 2-Phenoxy-2,4,4,6,6-penta- 
aminocyclotriphosphazatriene. Figure 1 shows the 31P 
NMR spectrum of 2-phenoxy-2,4,4,6,6-pentaaminocyclo- 
triphosphazatriene (1). It is apparent that compound 1 
exhibits a non-first-order splitting pattern. This type of 
splitting pattern is commonly found in proton (lH) NMR 
spectra but is rare among phosphorus compounds. Non- 
fiist-order splitting patterns generally occur when the value 
of the coupling constant, J, approaches the difference in 
chemical shift of the coupled nuclei. Only one example 
in the recent literature makes reference to an A2B non- 
first-order spectrum, and it also is in an alkoxyamido- 
cyclotriphosphazatriene system (Fincham et al., 1985). 

The same basic assumptions hold for AB, (or AZB) 
spectral analysis of 31P NMR spectra as for 'H NMR 
spectra (Emsley et al., 1965). The 31P NMR spectrum of 
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Table 111. NMR Spectral Data 
‘H NMR Data of Phenoxy-Substituted Cyclotriphosphazatrienes 

compound structure stereochem proton ppm area peak shape solvent 

1 

2 

3 

4 

5 

6 

7, 8” 

9, lob 

cis 

trans 

cis,trans 

cis.& 

B 
C 
D 
A 

B 
C 
D 
A 
B 
C 
A 

B 
A 
A 
A 
B 
A 
A 
A 
A 

A 
A 

A 
A 
A 

3.79 2 br s 99.96% DMSO-de + TMS 
3.18 4 br s 
2.87 4 br s 
7.22 5 m with dominant s 

3.98 4 br s 99.96% DMSO-& + TMS 
3.32 2 br s 
2.77 2 br s 
7.12 10 m with 2 dominant s 

2.96 4 br s 
7.23 10 m with 1 dominant s 

3.90 4 br s 99.96% DMSO-de + TMS 

4.10 6 br s 99.96% DMSO-& + TMS 
7.25 
7.16} 15 
7.13 

m with 3 dominant s 

4.24 6 br s 99.96% DMSO-& + TMS 
m with 2 dominant s, 1 minor s 

7.06 

7.35 m CDC13 + TMS 

7.29 3 br peak, 2 s CDCl:, + TMS 
7.22 2 

7.32 2 overlapping peaks, 3 major s CDCIB + TMS 
7.27 3 
7.25 1 

31P NMR Spectral Data of Phenoxv-Substituted CvclotriDhosDhazatrienes 
compound structure stereochem peak PPm coupling const, Hz solvent 

1 HzN,.. ,NHz A 18.85 J A , J  = 36.66 99.96% DMSO-d6 
N /\ ( A I  N B 16.73 

H2NI I 11 OCBH5 
PIA) (ElP.< 

H2N,” \\ N NHz 

A 18.05 J A , B  = 32.2 H2Nv0CeH5 N <A> N cis B 16.4 

HzN. A0CeH5 A 18.15 JA,B = 32.6 
trans B 16.46 -. P 

N<A>N 

99.96% DMSO-d6 

99.96% DMSO-d6 

H2N.. .- ,OCeH5 cis,cis A 17.508 

A 21.78 J A , B  = 64.8 
B 13.0 

99.96% DMSO-d6 

99.96% DMSO-de 

CDC13 

Mixture of cis and trans isomers. Mixture of cis& and cis,trans isomers. 
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Table IV. HPLC Analyses of 
Phenoxyaminocyclotriphosphazatrienes 

ret 
time, compn, cis/ 

compound min % trans 
N3P3(NH2)6(OC&) (1) 2.55 92 
C ~ ~ - N ~ P ~ ( N H Z ) * ( O C ~ H S ) Z  (2)' 4.55 72.2 2.6 
~ ~ ~ ~ S - N ~ P ~ ( N H ~ ) ~ ( O C ~ H ~ ) ~  (3)" 3.77 27.8 
cis,tran~-N~P~(NH~)~(0C~H~)~ (4)b 6.08 64.4 0.55 
C~S,C~S-N~P~(NH~)~(OC~H~)~ (5)* 8.32 35.6 

' Mixture of cis and trans isomers. Mixture of cis,cis and 
&,trans isomers. 

compound 1 closely resembles the IH AB2 non-first-order 
spin systems where the ratio of the coupling constant to 
the product of the nuclear precision frequency and the 
difference of the chemical shifts of the A and B phosphorus 
nuclei [J/uO(6A - 6B)] is about 0.5. 

Several theoretical principles (Paudler, 1971) hold for 
this type of spin system involving three nuclei: 

1. From the equations for the transition energies and 
relative intensities for the AB, system, band 3 (for aA > 
6B) gives the true chemical shift of the A nucleus. 

2. The true chemical shift of the B nucleus is given by 
the mean position of bands 5 and 7 (again for 6A > 6B). 

3. It is possible to determine which of the nuclei in the 
AB2 system is the more shielded, but the sign of the cou- 
pling constant cannot be determined. 
4. For well-resolved spectra, the value of J can be 

calculated by summing eq 1 and 2 and solving iteratively 
for J ,  where 6, = position of peak 3 in MHz, 65 = position 
of peak 5 in MHz, 6, = position of peak 7 in MHz, 6, = 
chemical shift of the A nucleus in MHz, S, = chemical shift 
of the B nucleus in MHz, and uo = VH0/2?r = 36.272 772 3 
MHz. 
6, - 65 = 
uO(6B - 6,) - 1/2(UO(6B - 6A)2 + [UO(6B - 6 A ) q  + 9/44521112 + 

'/{u0(6B - 6A)' - [UO(6B - 6A)J + 9/44521112 (1) 

63  - 67 = 
UO(6R - 6.4) + '/{u0(6B - 6A)2 + [U0(6B - 6 A ) q  + 9/4fl]1'2 - 

1/22(U0(6B - 6A)' - [UO(6B - 6A)A + 9/4452)112 (2) 

Table V gives the peak positions and relative intensities 
for the 31P NMR spectrum of compound 1. From the 
above set of equations and assumptions, the chemical shift 
of the A nucleus (PNH20C6H5) is 18.85 ppm; the chemical 
shift of the B nuclei [P(NH2),] is 16.73 ppm; the coupling 
constant, J A , B ,  is 36.6 Hz (Table 111). 

Conformational Analysis of Substituted Cyclo- 
triphosphazatrienes by 31P and 'H NMR Spectros- 
copy. The synthetic approach used to prepare the di- 
phenoxy- (eq 3) and triphenoxytriaminocyclo- 
triphosphazatrienes (eq 4) produces a mixture of products 
with two major components in each case. In the past, this 
synthetic route generally has resulted in nongeminal sub- 
stitution of the cyclotriphosphazatriene ring system. It 
was found that these components could be separated by 
HPLC and recrystallization techniques. 

NH3 
N3P3C16 + 2NaOC6H5 - [N3P3C!4(OC6H5)2] - 

mixture 
[ N ~ P ~ ( N H ~ ) ~ ( O C B H ~ ) ~ ]  + [ N ~ P ~ ( N H ~ ) ~ ( O C B H ~ ) ~ I  (3) 

70% isomer I 30% isomer I1 
N% 

N3P3C1, + 3NaOC6H5 - [N3P3C!3(OC6H5)3] - 
mixture 

[N3P3(NH2)3(OCsH5)31 + [ N ~ P ~ ( N H ~ ) ~ ( O C ~ H E J ~ I  (4) 
60% isomer I 40% isomer I1 

Table V. 
Intensities for 
~-~henoxs-2.4.4.6.6-~entaam~nocsclotr~ohos~hazatr~ene~ 

NMR Spectral  Peak Positions and Relative 

peak peak position re1 intensity, % 

no. Hz PPm init calcdb 
1 747.2 20.599 612 0.326748 
2 714.58 19.7 702 0.374799 
3 683.8 18.852 1873 1 
4 651.19 17.952 5300 2.829 684 
5 625.17 17.235 6834 3.648691 
6 621.14 17.124 6066 3.238654 
7 588.52 16.225 2540 1.356 113 
8 562.14 15.497 1383 0.738387 

"Spectra recorded as 50 mgl2-mL samples in 99.96% DMSO-d6 
at  25 "C and 36.23 MHz using the following parameters: 8K data 
points, 9.5-ps pulse width, 2.5-s pulse delay, 2500-Hz frequency 
width, and 'H decoupling only during the acquisition phase. Ex- 
ternal H,P04 was used as the reference. Calculated intensities 
are based on theoretical assignment of the third A peak being 
equal to unity. 

The reaction of the hexachloride, N3P3C&, with primary 
and secondary amines has produced the largest class of 
cyclotriphosphazatriene derivatives (Allcock, 1972; Keat 
and Shaw, 1973). Replacement of the chlorine atoms by 
amino groups has demonstrated that most amines exhibit 
a characteristic reaction pattern, i.e., geminal or nonge- 
minal (Shaw, 1976). Although the reactions produce both 
geminal and nongeminal products, usually one species is 
the major product. In reactions of primary amines with 
N3P3C16, when the affinity between the phosphorus com- 
pound and the amine is high, the product is nongeminal; 
if the affinity if low, geminal products are obtained. In 
reactions of secondary amines with N3P3C16, the products 
are predominantly nongeminal; the ratio of cis and trans 
nongeminal isomers also varies (Shaw, 1980). In the case 
of ammonia, the monoamino pentachloride, N3P3C15NH2, 
has only been synthesized by deammonolysis of the bis 
compound, N3P3C14(NH2)2, which demonstrates a geminal 
pattern. Less information is available about the reactions 
of N3P,C16 with ammonia, partially because of experi- 
mental problems (DeFicquelmont, 1939; Feistel and 
Moeller, 1967; Lehr, 1967; Shaw, 1976). 

The 31P NMR data of both isomers of the diphenoxy- 
cyclotriphosphazatriene are shown in Table 111. Again, we 
see a similar type of non-first-order spin system, but now 
there are two of the more deshielded nuclei, giving A2B- 
type spectra. As with compound 1, analysis of the peak 
positions and relative intensities gives the chemical shifts 
of both the A and B nuclei and the corresponding coupling 
constants (Table 111). Although it is obvious from these 
data that both isomers are ring-type compounds, it is not 
possible to determine whether the conformation is either 
a cis or trans isomer on the basis of its 31P NMR spectrum. 

The 'H NMR spectra of both isomers obtained in the 
synthesis of the diphenoxytetraaminocyclo- 
triphosphazatrienes are shown in Figure 2, and the peak 
positions and relative intensities are given in Table 111. 
From the data in Table 111, the conformation of both 
isomers can be easily assigned. The predominant isomer 
formed in the synthesis is cis-2,4-diphenoxy-2,4,6,6-tetra- 
aminocyclotriphosphazatriene (2), and the minor isomer 
is trans-2,4-diphenoxy-2,4,6,6-tetraaminocyclo- 
triphosphazatriene (3). 

This isomer ratio is not what one would have expected, 
given the bulkiness of the phenoxy ring and the apparent 
steric hindrance to cis substitution. However, if a model 
of this ring system is examined (Figure 3), it can be seen 
t,hat the two cis phenoxy rings can exist in a conformation 
allowing the a clouds of both rings to interact and mix. 
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Figure 2. 'H NMR spectra of (a) trans-2,4-diphenoxy-2,4,6,6- 
tetraaminocyclotriphosphazatriene and (b) cis-2,4-dfphenoxy- 
2,4,6,6-tetraaminocyclotriphosphazatriene. 

Figure 3. Perspective drawing of interaction of phenyl ring P 

clouds in cis-2,4-diphenoxy-2,4,6,6-tetraaminocyclo- 
triphosphazatriene. 

This interaction also is evidenced by the upfield shift of 
the phenyl protons on going from the trans isomer to the 
cis isomer. 

A similar situation exists in the case of the triphen- 
oxytriaminocyclotriphosphazatrienes. Again, two major 
isomers are formed during the synthesis. The 31P NMR 
data of both isomers (Table 111) exhibit only a singlet, as 
is expected for nongeminally substituted isomers. The 'H 
NMR spectra of both isomers (Figure 4) are difficult to 
assign because the amide hydrogens provide only one peak, 
again supporting a nongeminally substituted isomer. 

However, careful examination of the IH spectra of com- 
pounds 2 and 3 (Figure 2) provides a powerful clue to the 
assignment of the conformation of the trisubstituted iso- 
mers. Note that in the spectra of compound 2 a strong 
peak split into a partial doublet is seen, whereas in com- 
pound 3 this strong singlet is not split and is further de- 
shielded. The predominant isomer obtained from the 
synthesis of the trisubstituted products exhibits both of 
these features, while the minor component exhibits one 
major and two minor singlets in this region. On the basis 
of these similarities, the major isomer has been assigned 
the cis,trans conformation and the minor isomer has been 
assigned the cis,cis conformation. 

Samples of the phenoxy-substituted chlorocyclo- 
triphosphazatrienes also were examined. Except for the 
2-phenoxy-2,4,4,6,6-pentachlorocyclotriphosphazatriene, 
these materials consisted of mixtures that could not ade- 
quately be resolved. Preliminary examination of the 31P 
NMR spectra of these compounds indicates that they also 

i b l  
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Figure 4. 'H NMR spectra of (a) cis,cis-2,4,6-triphenoxy-2,4,6- 
triaminocyclotriphosphazatriene and (b) cis,trans-2,4,6-triphen- 
oxy-2,4,6-triaminocyclotriphosphazatriene. 

exhibit non-first-order spin systems. 
Recent studies of the cyclophosphazene compounds 

described in this paper have shown that they inhibit the 
enzymatic hydrolysis of urea in unsaturated soil systems. 
These compounds were evaluated by soil incubation ex- 
periments (laboratory) in well-mixed systems for a period 
of 35 days or more for their performance as sustained- 
action soil urease inhibitors, and the results are reported 
by Savant et al. (1988). 
ACKNOWLEDGMENT 

We thank Dr. E. R. Austin, Dr. G. H. McClellan, Dr. T. 
P. Murray (University of North Alabama, Florence, AL), 
and Prof. Dr. H.-L. Schmidt (Technische Universitat 
Munchen) for their helpful discussions. We also recognize 
the excellent technical assistance of B. W. Biggers, R. G. 
Howard, and A. Randle (Tennessee Valley Authority). 

Registry No. 1, 98814-82-5; 2, 112348-27-3; 3, 112348-28-4; 
4,5032-87-1; 5,5032-86-0; 6,3028-10-2; 7,91698-79-2; 8,91675-76-2; 
9, 91740-42-0; 10, 91740-43-1; NSP3Cl6, 940-71-6. 
LITERATURE CITED 
Albright and Wilson Ltd. French Patent 1343 907, 1963. 
Allcock, H. R. Phosphorus-Nitrogen Compounds; Academic: New 

Allcock, H. R.; Kugel, R. L. J.  Am. Chem. SOC. 1965,87,4216-4217. 
Allcock, H. R.; Kugel, R. L.; Valan, K. J. Inorg. Chem. 1966,5, 

Allcock, H. R.; Smeltz, L. A. J .  Am. Chem. SOC. 1976, 98, 

DeFicquelmont, A. M. Ann. Chim. 1939, 12, 169-210. 
Dell, D.; Fitzsimmons, B. W.; Shaw, R. A. J .  Chem. SOC. 1965, 

Dell, D.; Fitzsimmons, B. W.; Keat, R.; Shaw, R. A. J. Chem. SOC. 

Dougill, M. W. J .  Chem. SOC. 1963, 3211-3217. 
Emsley, J. W.; Feeney, J.; Sutcliffe, L. H. High Resolution Nuclear 

Magnetic Resonance Spectroscopy; Pergamon: New York, 
1965; pp 325-327. 

Feistel, G. R.; Moeller, T. J .  Znorg. Nucl. Chem. 1967, 29, 

Fincham, J. K.; Hursthouse, M. B.; Parkes, H. G.; Shaw, L. $3.; 
Shaw, R. A. J.  Chem. SOC., Chem. Commun. 1985, 252-254. 

Fitzsimmons, B. W.; Shaw, R. A. J.  Chem. SOC. 1964,1735-1741. 
Ford, C. T.; Barr, J. M.; Dickson, F. E.; Bezman, I. I. Inorg. Chem. 

Keat, R.; Shaw, R. A. In Organic Phosphorus Chemistry; Koso- 
lapoff, G. M., Maier, L., Eds.; Wiley-Interscience: New York, 

Krishnamurthy, S. S.; Sau, A. C.; Woods, M. Adu. Znorg. Chem. 

Lehr, W. 2. Anorg. Allg. Chem. 1967, 350, 18-26. 

York, 1972; pp 150-204. 

1709-1715. 

4143-4149. 

4070-4073. 

1966, 1680-1686. 

2731-2737. 

1966,5, 351-353. 

1973; Vol. 6, pp 833-939. 

Radiochem. 1978,21, 41-53. 



390 J. Agric. Food Chem. 1988, 36, 390-392 

Mani, N. V.; Ahmed, F. R.; Barnes, W. H. Acta Crystallogr. 1965, 

Mani, N. V.; Ahmed, F. R.;-Barnes, W. H. Acta Crystallogr. 1966, 
5, 375-382. 

McBee, E. T.; Okuhara, K.; Morton, C. J. Inorg. Chem. 1966,5, 
450-457. 

Paudler, W. W. Nuclear Magnetic Resonance; A l l y  and Bacon: 
Boston, MA, 1971; pp 113-117. 

Savant, N. K.; Medina, R.; James, A. F.; Peters, G. E. J. Agric. 
Food Chem. 1988, following paper in this issue. 

Shaw, R. A. Rec. Chem.  Prog. 1967,28, 243-258. 
Shaw, R. A. Pure App l .  Chem.  1975,44, 317-341. 

19,693-698. 
Shaw, R. A. 2. Naturforsch. B: Anorg. Chem., Org. Chem. 1976, 

Shaw, R. A. Phosphorus Sulfur 1978, 4,  101-121. 
Shaw, R. A. Pure App l .  Chem. 1980,52, 1063-1097. 
Sowerby, D. B.; Audrieth, L. F. Chem. Ber. 1961,94,2670-2675. 
Vlek, P. L. G.; Craswell, E. T. Fert. Res. 1981, 2, 227-245. 
Wilson, A.; Carroll, D. F. J. Chem.  SOC. 1960, 2548-2552. 

Received for review February 28, 1986. Revised manuscript 
received January 5,1987. Accepted July 2,1987. This work was 
partially supported by the Deutsche Gesellschaft fur Technische 
Zusammenarbeit (GTZ) of West Germany. 

31B, 641-667. 

Evaluation of Phenoxyaminocyclotriphosphazatrienes as 
Sustained-Action Soil Urease Inhibitors 

Narayan K. Savant,* Angela F. James, Glenn E. Peters, and Ramiro Medinal 

Laboratory incubation experiments were conducted over a period of 36 days to evaluate soil urease 
inhibition with time at  30 "C by the phenoxy derivatives of the phosphazene compound 2,2,4,4,6,6- 
hexaaminocyclotriphosphazatriene. The derivatives were (1) 2-phenoxy-2,4,4,6,6-pentaaminocyclo- 
triphosphazatriene, (2) 2,4-diphenoxy-2,4,6,6-tetraaminocyclotriphosphazatriene, and (3) 2,4,6-tri- 
phenoxy-2,4,6-triaminocyclotriphosphazatriene. After the first 16-h incubation (immediate inhibition), 
the monophenoxyphosphazene exhibited a 95% inhibition, whereas the triphenoxyphosphazene only 
inhibited 22% ; the compound phenyl phosphorodiamidate, by comparison, inhibited 100%. The im- 
mediate inhibition by the phosphazene compounds decreased with an increase in the number of phenoxy 
substitutions. The sustained inhibition (more than 4 days), which ranged from 40% to 95%, tended 
to increase with an increase in the number of phenoxy substitutions but tended to decrease with an 
increase in incubation temperatures from 20 to 40 "C. 

Ammonia volatilization losses from broadcast urea on 
unsaturated soils can be serious (Terman, 1979) and can 
result in significantly decreased nitrogen use efficiency. 
One approach to increasing N use efficiency is to use urea 
amended with a chemical compound to retard its rapid 
hydrolysis (Sahrawat, 1980; Mulvaney and Bremner, 1981; 
Hauck, 1984). This approach has received much attention 
in the last 10-12 years, and several organic, inorganic, 
synthetic, and natural chemical compounds have been 
tested (Sahrawat, 1980; Mulvaney and Bremner, 1981; Liao 
and Raines, 1982; Martens and Bremner, 1984; Bremner 
and Chai, 1986). Of the compounds tested, phenyl phos- 
phorodiamidate (PPDA) (Held et al., 1976; Martens and 
Bremner, 1984) and N-(mbuty1)thiophosphoric triamide 
(Bremner and Chai, 1986) have been reported to exhibit 
high soil urease inhibition. 

In an attempt to identify effective sustained-action 
urease inhibitors, Peters et al. (1988) recently synthesized 
and characterized three phosphazene compounds: (1) 
2-phenoxy-2,4,4,6,6-pentaamin~clotriphosphazatriene (2) 
2,4-diphenoxy-2,4,6,6-tetraaminocyclotriphosphazatriene, 
and (3) 2,4,6-triphenoxy-2,4,6-triaminocyclo- 
triphosphazatriene. 

These compounds were in fact developed essentially for 
retarding hydrolysis of broadcast urea in floodwater and 
at the floodwater-soil interface of submerged rice soils. We 
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therefore first conducted preliminary investigations on soil 
urease inhibition properties of these compounds using a 
Crowley soil incubated under unsaturated conditions. In 
this paper, we reported these preliminary data on the 
temporal changes in soil urease inhibition by three phos- 
phazene compounds. In separate studies conducted using 
several different submerged soils incubated in the green- 
house (without rice plants), we have also studied the in- 
hibitory effects of these compounds on urea hydrolysis in 
floodwater and at the floodwater-soil interface, and the 
relevant data will be reported elsewhere. 
MATERIALS 

The three phosphazene compounds synthesized and 
characterized by Peters et al. (1988) were used (Table I). 
For comparison purposes, phenyl phosphorodiamidate 
supplied by ICN Pharmaceuticals (Plainview, NY) and 
recrystallized twice from ethanol; 2,2,4,4,6,6-hexaamino- 
cyclotriphosphazatriene, prepared according to the pro- 
cedure described by Sowerby and Audrieth (1961); and 
phosphoryl triamide prepared according to the procedure 
described by Klement and Nielsen (1960) were also in- 
cluded in this study (Table I). 

An air-dried surface soil sample (0-15 cm, <2 mm) of 
Crowley silt loam (Typic Albaqualf, fine montmorillonitic, 
thermic) was used: pH (H,O), 6.3; organic matter, 1.7%; 
cation-exchange capacity (CEC), 16.2 mequiv/ 100 g; urease 
activity, r 1 8  kg of urea hydrolyzed/g per h (near field 
capacity and at 30 OC). 
EXPERIMENTAL PROCEDURE 

In order to study the temporal changes in soil urease 
inhibition by a chemical compound or a mixture of com- 
pounds in a well-mixed soil system, the following procedure 
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