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Methods for the synthesis of free halogenophosphonic acids are developed. The first stable chloro- and 
bromophosphonic acids (4) are synthesized. Flash-vacuum thermolysis (FVT) of trimethylsilyl terr- 
butylhalogenophosphonates was performed in an attempt to generate tert-butyldioxophosphorane (5). 
The FVT proceeds with elimination of halogenotrimethylsilane to give unstable terr-butyldioxophos- 
phorane, readily transforming into trimer (7). Tert-butylhalogenophoshonic acids (9) form with tri- 
ethylamine rather stable salts, which on heating eliminate triethytamine hydrohalohenide to afford 
trimer (7). 

Key word: Trimethylsilyl terr-butylchlorophosphonate, trimethylsilyl tea-butylbromophosphonates, terr- 
butylchlorophosphonic acid, terr-butylbromophosphonic acid, triethylammonium salt of tert-butyl- 
chlorophosphonic acid, tert-butyldioxophosphorane, trimer of terr-butyldioxophosphorane, flesh-vacuum 
thermolysis. 

INTRODUCTION 

Highly reactive phosphorus compounds, such as dioxophosphoranes and meta- 
phosphates, have attracted considerable interest in the last few years. 1-4 Various 
precursors and methods for generating dioxophosphoranes were p r ~ p o s e d . ~ - ~  In 
our opinion, chloro- and bromophosphonic acids (1) as well as trimethylsilyl esters 
of these acids (2) are prospective precursors of highly reactive dioxophosphoranes. 
The compounds of the type (l), X = Br, C1, are little-known,’” though some 
derivatives of fluorophosphonic acids have been de~cribed.’~ 
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X= Br, C1 
2 

In the present paper we describe our study of the synthesis and properties of 
free chloro- and bromophosphonic acids and their trimethylsilyl esters. 

RESULTS AND DISCUSSION 

The most convenient method for the preparation of the chloro- and bromophos- 
phonic acids is the hydrolysis of trimethylsilyl tert-butyl-halogenophosphonate. In  
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a previous publication we have briefly described tri-methylsilyl tert-butylchloro- 
phosphonates which is the first stable representative of trimethylsilyl esters of 
chlorophosphonic acids.8 Now we have also synthesized stable trimethylsilyl rerr- 
butyl-bromophosphonate. Trimethylsilyl tert-butyl-halogenophosphonates may be 
easily obtained by treatment of trimethylsilyl tert-butylphosphinic acids with the 
carbon tetrachloride. The reaction proceeds slowly at reflux and only in the presence 
of the triethylamine, which displaces the tautomeric equilibrium of phosphinic acid 
to the side of the tricoordinated form. 

- 
Et3N 0 CC14 

/ 
Et3NH t-W-OSiM 

k " OSiMe3 I +  Et3N.-CHC13 

B 
t-BuP-OSiMe3 a t-BuP B 

3 4a 

With more active bromotrichloromethane and carbon tetrabromide the reaction 
of the trimethylsilyl tert-butylphosphinate readily proceeds in the absence of tri- 
ethylamine to give the trimethylsilyl tert-butyl-bromophosphonate in very good 
yield (3). 

B 
k -CHC13 b r  

P CBrC13 
/ 

t -BLIP-0s iMe3 - t-BuP-OSiHe3 
3 4 b  

Halogenophosphonic acids (4a, b) are stable, colorless liquids at room temper- 
ature. These compounds are distilled without decomposition under reduced pres- 
sure and can be preserved for a long time below O'C, when carefully protected 
from air. Upon heating above 120°C the halogenophosphonates (4a, b) eliminate 
chloro- or bromotrimethylsilane to form a mixture of compounds, containing dimer 
(6, + 30 ppm)8 and trimer (6, + 24 ppm) of tert-butyldioxophosphorane. The trimer 
(6) was isolated by distillation in vacuum and purified by crystallization in moderate 
yield. The trimer of tert-butyldioxophosphorane (6) was isolated in the form of a 
stable colorless, crystalline compound reactive to moisture. The structure of the 
trimer (6) was shown by spectroscopic methods, elemental analysis and determi- 
nation of molecular mass. The NMR 31P spectrum of (6) shows a single signal 6, 
24.5 ppm. The NMR 'H spectrum contains a double doublet of signals correspond- 
ing to rert-butyl groups in a different position of the six-membered ring. 

Flash-vacuum thermolysis (FVT) is more effective for the generation of the 
dioxophosphorane (5) from halogenophosphonates (4). The FVT (600", p = 0.01 
mm Hg) of trimethylsilyl rert-butylchlorophosphonates proceeds with elimination 
of chlorotrimethylsilane to give an unstable product which was collected in a trap 
cooled with liquid nitrogen. The chemical reactions of this product correspond to 
the tert-butyldioxophosphorane: 

I) At room temperature it converts into the trimer of tert-butyldioxophosphorane 
(6), which was isolated and its structure confirmed by means of spectroscopy and 
elemental analysis. 
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2) It reacts with styrene oxide by a [2+3]-cycloaddition to give according to 
Quin' a five-membered phosphorus heterocycle, 2-tert-butyl-2-phenyl-l,3,2-diox- 
ophospholane (7). The compounds (7) was obtained as a mixture of two diaste- 
reomers in 1:2 ratio and purified by distillation under reduced pressure. 

3) With an alcohol as a trapping reagent the product forms esters of tert-butyl- 
phosphonic acid (8). 

I 6 

t-BuP-OSiMe3 B -+[t-< to ] -/----: p>G\u-t O P  

\cl -Me3SiX 
4a 5 7 

B 
t-BuP-OH 

\OR 
R=Me (8~1, Et (8d) 8C, d 

In the future we hope to perform studies of the product of thermolysis by low 
temperature spectroscopic methods. As is known, dioxophosphoranes are unstable 
and there is no report in the literature on the direct observation of such  specie^.^ 

Trimethylsilyl tert-butylhalogenophosphonates (1) easily desilylate upon the 
treatment with water in dioxane-diethyl ether solution at room temperature to 
provide the hitherto unknown tert-butylhalogenophosphonic acids (9). Under more 
vigorous conditions, in particular at reflux during 4 hours, the trimethylsilyl esters 
(4a, b) are converted into fert-butylphosphonic acids (8, R = H). 

P Hao 10 
2 t-BuP-OSiHe, - 2 t-BuP-OH 

Tert-butylchlorophosphonic acid (9a) was obtained also by reaction of tert-bu- 
tylphosphinic acid with chlorine. The reaction proceeds slowly in carbon tetra- 
chloride solution and is accelerated by UV irradiation. However the yield and 
purity of (9a) are lower than in the case of hydrolysis of trimethylsilyl tert-butyl- 
chlorophosphonate (1). 

The tert-butylphosphinic acid (3) smoothly reacts with bromotrichloromethane 
to afford fert-butylbromophosphonic acid (9b) in very good yield. This is the first 
example of the direct chlorination of a phosphinic acid by carbon tetrahalogenide. 
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P /OH CBrC13, +BH+ 
]BH+ t-BuP-OH 

Br 
\ 

\0- 

3 A B 9b 

B= Et 0: 
2 

Probably, in diethyl ether solution, the ferf-butylphosphinic acid (3) is weakly 
ionized (3) 3 (A) to increase the concentration of the tricoordinate tautomer form 
(B), which undergoes halogenophilic attack of very active bromotrichloromethane. 

The terf-butylhalogenophosphonic acids (9) are rather stable at room temperature 
and can be preserved for a long time below 0°C. These compounds are distilled 
without decomposition under reduced pressure. Terf-butylchloro- and bromo- 
phosphonic acids (9) can be purified by crystallization from hexane. Under more 
vigorous conditions the terf-butylhalogenophosphonic acids (9) eliminate hydrogen 
halogenide to convert into trimer of terf-butyldioxophosphorane (6). The structure 
of the ferf-butylhalogenophosphonic acids (9) was confirmed by spectroscopic data. 
In 'H NMR spectra the acids (9) exhibit a doublet of signals at 1.3 ppm with 
coupling constant lJHp - 20 Hz and a broad singlet at 13 ppm due to the proton 
on OH group. The chemical shifts tjP are found at -50 ppm. 

The tert-butylhalogenophosphonic acids (9) with the triethylamine form triethyl- 
ammonium salts (lo), which are remarkably stable. Salts (10) exist for some time 
at room temperature. Upon heating they eliminate triethylamine hydrohalogenide 
to convert into the trimer of tert-butyldioxophosphorane. Unprecedented stability 
of the compounds (9, 10) can be explained by the thermodynamic instability of 
tert-butyl-dioxaphosphorane (5), which would form from these compounds. 

B 
t-BuP-OH - 

'X 

4a 

CONCLUSIONS 

- 
\do t-Bu 

__$ Et3N [ , \o jEt3NH+ 

X 

10 

to - 
-HX 

P 
t -Bug 

+I 

5 

-Et3NH+ X- 

Bu-t 
4 t-Bxox 

O Y O  d h-t 

6 

Trimethylsilylic esters of chloro- and bromophosphonic acids are accessible through 
a reaction of trimethylsilylic esters of phosphonic acids. These compounds are 
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DIOXOPHOSPHORANES 195 

interesting as precursors of stable free chloro- and bromophosphonic acids. The 
tert-butylbromophosphonic acid can be easily obtained by reaction of the tert- 
butylphosphinic acid with the bromotrichloromethane. The thermolysis of tri- 
methylsilyl esters of chloro- and bromophosphonic acids, as well as dehydrohalo- 
genation of free halogenophosphonic acids are effective for generating the tert- 
butyldioxophosphorane. Further studies of properties and reactivity of halogeno- 
phosphonic acids will be continued. 

EXPERIMENTAL 

Melting points were uncorrected. The NMR spectra were recorded on a Varian VXR-300 spectrometer 
at 300 ('H) and 126.16 MHz ("P). All chemical shifts are expressed in 6 (ppm). 'H chemical shifts are 
expressed relative to Me,Si as internal standard. 31P NMR spectra are referenced to external 85% 
&PO,. All manipulations were carried out under inert atmosphere (N, or Ar), solvents were distilled 
under inert atmosphere from the following drying agents: diethyl ether, hexane, benzene, toluene 
(P20s), methanol (sodium). Tert-butylphosphonic acid was obtained as described previou~ly.~ 

Trimethylsifylic ester oftert-butylphosphinic acid (3). To a stirred solution of 12.2 g (0.1 mol) of tert- 
butylphosphinic acid in 150 ml of hexane was added dropwise 10.9 g (0.1 mol) of chlorotrimethylsilane 
and after 12.1 g (0.12 mol) of triethylamine at 0°C. The mixture was stirred for 1 hour at room 
temperature and then was refluxed for 1 hour. The precipitate of triethylamine hydrochloride was 
filtered off and washed with 2 x 20 ml of hexane. The filtrate was evaporated and the residue was 
distilled under reduced pressure. 
Yield 16.6 g (85%). bp 100-103°C (20 mm Hg). 
NMR spectra (6, ppm; J ,  Hz, CDCI,): 
6,0.26 s (Me,Si); 1.033, d (,IHp 18, t-Bu); 6.65 d ('JHp 520, P-H). 8p 37.61, d lJHP 526. 
Calcd. for C,,H,,O,PSi: P 15.94. Found P: 16.10. 

Trimethylsilylic ester of tert-butylchforophosphonic acid (4a). A solution of 3.9 g (0.02 mol) of tri- 
methylsilylic ester (3) in 10 ml of diethyl ether was cooled with an ice bath to about 0°C. To the stirred 
solution was added dropwise a mixture of 6.1 g (0.04 mol) of carbon tetrachloride and 0.2 ml of 
triethylamine. The reaction mixture was stirred 2 hours at reflux temperature, then the solution was 
evaporated and the residue was distilled under reduced pressure. 
Yield 3.9 g (85%), bp 52-55°C (0.035 mm Hg). Colorless mobile liquid. 
NMR spectra (6, ppm; J ,  Hz, CDCI,): 
&: 0.26 s (Me,%); 1.16 d (3JHp 20.8, t-Bu). 8,45.3. 
Calcd. for C,H,,CIO,PSi: CI 15.54. Found: C1 15.45. 

Trimethylsifylic ester of tert-butylbromophosphonic acid (4b). To a solution of 3.9 g (0.02 mol) of 
trimethylsilylic ester of tert-butylphosphinic acid (3) in 10 mi of diethyl ether was added with stirring 
4.3 g (0.022 mol) of bromotrichloromethane at -0°C. Then the mixture was stirred for 4 hours at room 
temperature. The solution was evaporated and the residue was distilled under reduced pressure. 
Yield 4.4 g (go%), bp 55°C (0.06 mm Hg). Colorless mobile liquid. 
NMR spectra (6, ppm; I ,  Hz, CDCI,): 
&: 0.329 s (Me,%); 1.20 d (,.IHp 21.8, t-Bu). S, 41.55. 
Calcd. for the C,H18Br0,PSi: Br 29.23; P 11.34. Found Br: 29.03; P 11.39. 

Tert-butylchlorophosphonic acid (4s). A solution of 4.57 g (0.02 mol) of trimethylsilylic ester of tert- 
butylchlorophosphonic acid (4a) in 10 ml of diethyl ether was cooled to -50°C. To the stirred solution 
was added dropwise a solution of 0.198 g (0.011 mol) of water in 2 ml dioxane. Then the mixture was 
allowed to stand for 1 hour at room temperature. The solution was evaporated and the residue crys- 
tallized from hexane. The terr-butylchlorophosphonic acid is distilled without decomposition under 
reduced pressure. 
Yield 2.44 (78%). bp 130°C (0.03 rnm Hg). mp 47-49°C. Colorless solid. 
NMR spectra (6. ppm; J ,  Hz, CDCI,): 
6,: 1.23 d (3.1Hp 22.0. t-Bu); 12.83, s (OH). 6,54.7. 
Calcd. for the C,H,,,CIO,P: CI 22.65; P 19.79. Found CI 22.44; P 19.61. 
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Tert-burylbromophosphonic acid (4a). a) To a stirred solution of 5.46 g (0.02 mol) of trimethylsilylic 
ester of tea-butylbromophosphonic acid (4a) in 10 ml of diethyl ether was added dropwise a solution 
of 0.198 g (0.011 mol) of water in 2 ml of dioxane at -50°C. Then the mixture was stirred for 1 hour 
at room temperature. The solution was evaporated and the residue was purified by crystallization from 
hexane. Yield 3.0 g (75%), mp 50°C. Colorless crystalline solid. 

b) A mixture of 2.44 g (0.02 mol) of tert-butylphosphinic acid and 4.3 g (0.022 mol) of bromotri- 
chloromethane in 10 ml of diethyl ether was allowed to stand for 1 day at room temperature. After 
evaporation of volatile products under reduced pressure the residue was crystallized from hexane. 
Yield 3.0 g (75%), mp 50°C. Colorless crystalline solid. 
NMR spectra (6, ppm; J ,  Hz, CDCI,): 

Calcd. for C,H,,Br02P: Br 39.75; P 15.41. Found: Br 39.48; P 15.51. 

2,4,6-Trr-tert-butyl--1,3,5,2,4,6-trio~otr~phosphorinune (6). a) 4.57 g (0.02 mol) of trimethylsilylic ester 
of tert-butylchlorophosphonic acid (4a) was heated at 160°C for 4 hours. Then the reaction mixture was 
distilled under reduced pressure, bp 160-180°C (0.04 mm Hg) and the product was crystallized from 
toluene. Yield 0.73 g (30%), mp 150-152°C. Colorless needles. 

b) 5.46 g (0.02 mol) of trimethylsilylic ester of rerr-butylbromophosphonic acid (4a) was exposed to 
flash-vacuum thermolysis at 600°C and pressure 0.01 mm Hg to collect thermolysate in the vessel cooled 
by liquid nitrogen. After heating of the thermolysate to room temperature the chlorotrimethylsilane 
was evaporated and the residue was crystallized from toluene. 
Yield 1.46 (SO%), mp 150-152°C. 
NMR spectra (6, ppm; I, Hz, CDCl,): 

Calcd. for CI2H2,OhP3: C 39.99; H 7.56; P 25.80. M 360.27. Found: C 39.87; H 7.55; P 25.65. M 366 
(cryoscopy in benzene). 

2-Tert-butyl-2-phenyl-I,3,2-dioxophosphoZune (7). a) The mixture of 0.85 g (0.0037 mol) of (4a) and 
0.45 g (0.0037 mol) of styrene oxide in 1 ml of xylene was heated for 2 hours at 150°C. After evaporation 
of volatile products under reduced pressure the residue was distilled in vacuum. Yield 0.58 g (65%). 
Bp. 120°C (0.06 Hg). 

b) 3.0 g (0.025 mol) of styrene oxide in 1 ml of xylene was added to the thermolysate of (4a) prepared 
as described in the previous experiment from 5.46 g (0.02 mol) of trimethylsilylic ester of tert-butyl- 
bromophosphonic acid (4a). The mixture was first heated to room temperature, then to 150°C and after 
that distilled in vacuum. Bp 120°C (0.06 mm Hg). Colorless viscous liquid. 
NMR spectra (8, ppm; J ,  Hz, CDCI,): 
6, 1.32 d (,JHH 16, CH,C); 1.34 d (,JHH 16, CH,C'); 4.0 m (CH20 + CHLO); 4.6 m (PhCH + 
PhCH'); 7.4 m (C,H, + C,HI,). 6,57.6 and 56.5 (mixture of diastereomers). 
Calcd. for the CI2Hl60,P: C 60.25; H 6.74; P 12.95. Found C 60.45; H 6.84; P 12.61. 

Ethyl zert-burylphosphonure (a). A solution of 2.3 g (0.05 mol) of ethanol in 5 ml of diethyl ether 
was added to the thermolysate prepared from 5.46 g (0.02 mol) of trimethylsilylic ester of tert-butyl- 
bromophosphonic acid (4) as described in the previous experiment. After heating of the mixture to 
room temperature the volatile products were evaporated and the residue was distilled in vacuum. 

6,: 1.28 d (3JHp 22.0, i-Bu); 13.24, s (OH). 6p55.55. 

6,  1.34 d (31Hp 13.8, t-Bu); 1.36 d (?J"p 13.8, r-Bu). 6p 24.12. 

Yield 1.7 g (SO%), bp 105-108°C (0.1 mm Hg). Colorless liquid. 
NMR spectra (6, ppm; J, Hz, CDCI,): 

s IOHI. 6-39.89. 
6, 1.09 d ( I H H  16, CHSC); 1.238 t ( J H H  7.2, CB3CHJ; 4.02 dq ( I H H  7.2, CHZO); 8.0, s (H-Ar); 12.5 

Calcd.'for.the C,H,,O,P: C 43.71; H 9.10. Found C 43.50; H 9.12. 

Merhyltert-butylpho~phonute (&). 
purified by vacuum-distillation. 
Yield SO%, bp 70°C (0.02 mm Hg). Colorless liquid. 
NMR specra (6. ppm; CDCI,): 
S, 39.00, that is in accordance with Reference 9. 

Triethylammonium salt of rert-burylchforophos~honic acid (10). A solution of 1.1 g (0.011 mol) of 
triethylamine in 5 ml of diethyl ether was added dropwise to a stirred solution of 1.56 g (0.01 mol) of 
fert-butylchlorophosphonic acid (4a) in 10 ml of diethyl ether at -0°C. Then the mixture was stirred 
15 min at room temperature and the solution was evaporated under reduced pressure to give colorless 
oil. 

Similarly a reaction of the thermolysate with methanol gave a liquid, 
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Yield 2.5 g (98%). 
NMR spectra (8, ppm; J ,  Hz, CDCI,): 

(NH). 6,50.46. 
Calcd. for C,,H,,CINO,P: CI 13.6; N 5.45. Found: CI 13.44; N 5.20. 

Sy: 1.17 d (’JHp 18.4, t-Bu); 1.31 t (1HH 7.2, CH,); 3.087 d.q ( J H H  7.2, 1 H H  4.5, CH,N); 11.57, s 

ACKN 0 WLEDGEMENT 

Financial support for this work from International Science Foundation established by Mr. George Soros 
and National Committee on Science and Technology of Ukraine is gratefully acknowledged. 

REFERENCES 

1 .  a) L. D. Quin and B. G. Marsi, J. Amer. Chem. SOC., 107, 3389 (1985); b) S. Jankowski and L. 

2. M. Makajna and E. Breuer, J .  Org. Chem., 58, 7822 (1993). 
3. M. Meisel, in “Multiple Bond and Low Coordination in Phosphorus Chemistry,” M. Regitz and 

4. L. D. Quin, X. P. Wu, N. D. Sadanani, I. Lukes, A. S. Ionkin and R. 0. Day, 1. Org. Chem., 

5 .  L. Quin, J .  Szewczyk and B. G. Marci, Phosphorus and Sutfur, 30, 249 (1987). 
6. M. R. Banks, J. I. G. Cadogan, I. Gosney, P. K. G. Hodgson, A. G. C. Jack and D. R. Rodger, 

1. Chem. SOC., Chem. Commun., 1033 (1989). 
7. a) H. Neumaer, Phosphonige Sauren und deren Derivate, in “Methoden der Organischen Chemie 

(Houben-Weyl),” Stuttgart: Thieme Verlag, Bd. El,  S. 271, 1982; b) M. Gruber, R. Schmutzler, 
M. Ackermann, J. Seega and G. Hagele, Phosphorm, Sulfur, and Silicon, 44, 109 (1989). 

8. a) 0. 1. Kolodiazhnyi and E. V. Grishkun, Zh. Obshch. Khim., 63, 1188 (1993); b) 0. I. Kolo- 
diazhnyi, E. V. Grishkun, S. N.  Ustenko et al., IX Intern. Symposium on Phosphorus Chemistry 
(Plenary Lecture). May 16-20, 1993, St.-Petersburg, Russia, Abstracts, p. 1, 1993. 

9. J. I. G. Cadogan, J. A. Challis and D. T. Eastlick, 1. Chem. SOC., Pf. B . ,  1988 (1971). 

D. Quin, 1. Amer. Chem. Soc., 113, 7011 (1991). 

0. J. Scherer, eds., Georg Thieme Verlag: Stuttgart, Chapter E6, 1990. 

59, 120 (1994). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1


