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129. Studies on  Phosphorylation. Part I I I .  Further Observations o n  
the Reaction of Phosphites with Polyhalogen Compounds in Presence 
of Bases and i ts  Application to the Phosphorylation of Alcohols. 

By F. R. ATHERTON and A. R. TODD. 
The reaction between dialkyl phosphites and carbon tetrachloride in presence of bases 

described in Part I1 of this series (Atherton, Openshaw, and Todd, J . ,  1945, 660) has been 
further studied using a variety of polyhalogen compounds. In  general the reactivity of halogen 
compounds is decreased by introduction of fluorine and increased by bromine or iodine, and 
the reaction can also be used with diphenyl phosphite. In  using the reaction as a preparative 
phosphorylation procedure, trichlorobromomethane appears to be the reagent of choice. A 
mixture of this substance with a phosphite will phosphorylate even aromatic amines directly, 
and in presence of a suitable tertiary base will phosphorylate ethyl alcohol. 

The mechanism of the reaction is considered in the light of these further studies, and it is 
concluded ‘that contrary to  the view expressed earlier the main pathway of reaction involves 
intermediate formation of a halogenophosphonate which then acts as a phosphorylating 
agent. 

IN Part I1 (loc. cit.) a reaction between dialkyl phosphites with carbon tetrachloride in presence 
of bases was described, which could be utilised for the phosphorylation of amines ; the overall 
reaction in the case of a strong primary or secondary base could be represented by the equation 

(RO)zP-H + CCI, + 2R‘R’’NH -+- (RO),P-NR‘R” + R’R”NH,HCl + CHCl, 
II 
0 

II 
0 

In  the case of weakly basic amines (e.g., aniline) addition of a strong tertiary base was necessary 
t o  induce reaction. In  the same paper it was noted that this unusual reaction was not con- 
fined to carbon tetrachloride for, although chloroform and s-tetrachloroethane could not replace 
it, pentachloroethane and hexachloroethane reacted smoothly. The present communication 
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describes some further studies designed to test the general applicability of the reaction, to find 
the most suitable polyhalogen compound for general use in phosphorylation, and to gain further 
insight into its mechanism. 

As a preliminary a number of further polyhalogenated hydrocarbons containing chlorine, 
or both chlorine and fluorine, were examined as substitutes for carbon tetrachloride. The 
results of a qualitative survey are given in the following table; the production of base hydro- 
halide on mixing dibenzyl phosphite, halogen compound, and ammonia or cyclohexylamine 
was taken as a criterion, controls being carried out in the absence of phosphite. Some of the 
reactions listed in the table were studied in a more quantitative fashion, the amino-phosphonate 
being isolated from the resulting mixture; details of two such experiments are given in the 
Experimental part. In general, reactivity in chlorofluoro-compounds decreased with increas- 
ing fluorine content, and in each case chloride ions were liberated with at most only traces of 
fluoride. The fact that tetrachloro-1 : 2-difluoroethane can take the place of carbon tetra- 
chloride suggests that the failure of s-tetrachloroethane to do so may be due simply to 
preferential dehydrohalogenation in presence of bases. 

Reactivity of polyhalogen compounds with cyclohexylamine in pyesence of dibenzyl phosphite. 

CH,*CCl, ........................... - CHCl,*CF,Cl ............... Reacts with base alone 
Compound. Reaction. Compound. Reaction. 

CH,Cl*CCl, ........................ + ’  CFCl,CFCl, ............... + l  
CF,Cl*CC1, ........................ + 1 cc1,:cc1, .................. 
(P-ClC,H,) ,CH*CCl, ............ - CHCKCCI, .................. - 
CH,ClCHCl, - 2  cc1,~ccl,*cc13 + 
CH,Cl*CFCl, + 1 cc1,~cc1,*ccl,*ccl, ...... + 
CH,Cl*CF,Cl - cc1,:cc1~cc1, + 
CF,Cl*CFCl, ..................... + ccI,:ccl~ccl:ccl, ......... 

- 

..................... ............ 

..................... 

..................... ............... - 
No reaction when ammonia was substituted for cyclohexylamine. 
Slow reaction occurs with base alone. 

None of the active compounds listed in the table showed any practical advantages over 
carbon tetrachloride as a reagent, and attention was next directed to the use of accessible 
bromo- and iodo-compounds. Carbon tetrabromide reacted vigorously with dibenzyl phosphite 
in presence even of such weak bases as aniline, giving the corresponding substituted amino- 
phosphonates in excellent yield. A noteworthy feature of this reagent is that the bromoform 
produced reacts further being itself converted into methylene bromide, so that 1 mol. of carbon 
tetrabromide will effect complete phosphorylation of 2 mols. of an amine. Iodoform behaved 
very like bromoform, although the reaction products were contaminated with iodine, and 
dichlorobromomethane could also be used successfully. The very high degree of reactivity 
shown by carbon tetrabromide was also observed in tetrachloro- 1 : 8-dibromoethane, which 
was converted on reaction into a mixture of tetrachloroethylene and trichlorobromoethylene. 

From a practical standpoint the use of carbon tetrabromide in phosphorylating compounds 
by the reaction under discussion has the disadvantage that the methylene bromide produced 
has rather a high boiling point. It seemed, therefore, that the reagent of choice might well 
be trichlorobromomethane, which would be converted into chloroform during reaction. 
Difficulty was at first encountered in preparing this substance in bulk, but a convenient method 
was found in the vapour-phase bromination of chloroform. Our expectations as to its use- 
fulness were entirely fulfilled, and a mixture of it with dibenzyl phosphite was found to phos- 
phorylate weak bases such as aniline and N-methylaniline directly. Moreover, in presence of 
a tertiary base the same mixture successfully phosphorylated ethyl alcohol. Trichlorobromo- 
methane is considered to be the best polyhalogen compound for general use in the phosphoryl- 
ation of amines and alcohols by this method; examples of its application are given in the 
Experimental section. A point of practical interest is that not only dialkyl phosphites but 
also diphenyl phosphite can be used in the reaction with polyhalogen compounds and bases. 

In Part I1 (loc. cit.) the mechanism of the phosphorylation of amines by carbon tetrachloride 
and dialkyl phosphites in the presence of strong bases was discussed, and it was suggested that 
the reaction proceeded in two stages with intermediate formation of a trichloromethylphos- 
phonate as indicated below : 

1. (RO),P-H + CCl, + B = (RO),P--CCl, + B,HCl 
I I  

I I  
0 

I I  

It 
0 

2. (RO),P-CCl, + R’NH, = (RO),P-NHR’ + CHC1, 

0 0 
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Attempts to demonstrate the reality of this scheme by interruption at stage 1 failed as the 
intermediate product appeared too unstable to be isolated. As the above scheme bore an 
analogy to certain other reactions of carbon tetrachloride, and as we failed to phosphorylate 
alcohols by using a mixture of carbon tetrachloride, dialkyl phosphite, and a strong tertiary 
base, it was at the time preferred to the alternative mechanism summarised in equations 3 and 
4 in which the intermediately produced phosphorylating agent is a dialkyl chlorophosphonate. 

(RO),P-H + CCl, + B = (RO),P<l + CHCl, + B 
II 

3. 

0 
I I  
0 

4. (RO),P--Cl + R'NH, + B = (RO),P-NHR' + B,HCl 
II 
0 

II 
0 

These opinions must now be revised in the light of the results obtained in our more recent 
work. Whether reaction according to equation 1 or 3 occurs will depend on whether carbon 
tetrachloride reacts effectively as CC13fCl' or CC13-Clf, the anion being eliminated with a 
proton from the phosphite in the formation of the phosphorylating agent. Bromine being less 
electronegative than chlorine, its substitution for chlorine in the carbon tetrachloride molecule 
should favour reaction according to equation 3 The fact that introduction of bromine in this 
way greatly increases activity, so that even weak bases can be phosphorylated without adding 
a tertiary base, is very much in favour of the mechanism indicated in equations 3 and 4. The 
phosphorylation of ethyl alcohol using trichlorobromomethane is also evidence pointing in the 
same direction. Very strong evidence for this mechanism is also to be found in the observation 
that both trichlorobromomethane and carbon tetrachloride react with dibenzyl phosphite in 
presence of sodium or potassium hydroxide to give tetrabenzyl pyrophosphate ; this com- 
pound is known to be formed by the action of potassium hydroxide on dibenzyl chlorophos- 
phonate (Deutsch and Ferno, Nature, 1945, 156, 604) and it is difficult to account for its 
formation on the basis of an initial reaction according to equation 1. 

The acceptance of the mechanism given in equations 3 and 4 involves the assumption that 
the active polyhalogen compounds contain " positive " halogen. This may seem surprising in 
the case of carbon tetrachloride, but i t  is not without analogy among the other reactions of 
this compound. Thus it causes oxidation of sodium thioalkoxides, NaSR, to disulphides 
(Backer and Stedehouder, Rec. Trav. chirn., 1933, 52, 437) in the same way as other compounds 
containing " positive " halogen (Kohler and Potter, J .  Amer. Chem. Soc., 1936, 58, 2166) ; 
chloroform and ethylene and methylene halides on the other hand react normally with sodium 
thioalkoxides, the halogen atoms being replaced by alkylthio-groups (Stutz and Shiner, 
J .  Anzer. ChePn. Soc., 1933, 55, 1242). While we consider that our evidence to date is in favour 
of a mechanism involving intermediate formation of a halogeno-phosphonate which then acts 
as a phosphorylating agent, the possibility that some reaction according to equations 1 and 2 
may also occur, especially with carbon tetrachloride, cannot be excluded. The failure to 
phosphorylate alcohols using carbon tetrachloride, recorded in Part I1 (Zoc. cit.), does not give 
any strong support to the existence of a trichloromethylphosphonate intermediate, for it is 
now realised that dibenzyl chlorophosphonate is very unstable in the presence of strong tertiary 
bases such as N-methylmorpholine which were used to induce reaction. 

EXPERIMENTAL. 
Attention is drawn to  the following errata in Part I (AFperton, Openshaw, and Todd, J., 1945,382),., 

I n  tkf,e preparation of dibenzyl hydrogen phosqfiite, for 
read phosphoms trichloride (137-5 g. ; 1 mol.) . Further work has shown that the m. p. of dibenzyl 
pho:phite can be raised bylpurification to  17'. In the preparation of dibenzyl chlorophosphonate, 
f o i  220 C.C. of 1 . 4 ~  "). 

Reactions of Chloro- and Chlorofluoro-conzpoznds with cycloHexyZamine and Dibenzyl Phosphite.- 
(a) as-Tetrachloroethane. cycloHexylamine (8 c.c.) was added to  a solution of dibenzyl phosphite (5.24 
g.) and as-tetrachloroethane (10 c.c.) in methylene chloride (25 c.c.) and the mixture set aside overnight. 
After being washed with water and dilute acid the dried reaction solution was evaporated to dryness. 
Recrystallisation from hexane gave dibenzyl cyclohexylaminophosphonate (4 g. ; 56y0), m. p. and 
mixed m. p. 79-80'. 

(b) Tiichloro-1 : 1 : 2-trifluoroethane. A mixture of dibenzyl phosphite (2-62 g.), trichloro-1 : 1 : 2- 
trifluoroethane (15 c.c.), and cyclohexylamine (4 c.c.) was kept a t  room temperature during 18 hours 
with occasional shaking. Worked up in the usual way the prodilct (2.3 g .  ; 64%) after several recrystal- 
lisations from hexane had m. p. 74-76'. The m. p. was not depressed by admixture with authentic 
dibenzyl cyclohexylaminophosphonate (m. p. 79-80"), but it did not seem to  be affected by further 
recrystallisation ; the nature of the impurity responsible was not ascertained. Similar difficulty was 

phosphorus trichloride (147.5 g. ; 1 mol.) 

200 C.C. of 1 . 4 ~  " read 
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encountered in purifying the products when other fluorine-containing compounds were employed in 
the reaction. 

Reaction of Dibenzyl Phosphite with Ammonia and cycloHexylamine in Presence of Bromo- and 
lodo-compounds.-The reactions were camed out a t  room temperature in the usual manner (reaction 
time, 30 minutes) and the products isolated as described above. For convenience the results are 
tabulated. In  each case the amount of dibenzyl phosphite used was 0.01 mole and methylene chloride 
was employed as a diluent. 

Amount of Halogen Quantity Yield of dibenzyl amino- Yield of dibenzyl cyclohexyl- 
diluent (c.c.). compound. used (moles). phosphonate (%) . aminophosphonate (yo). 

20 CHI, 0.0 1 81 83 

20 CHBrC1, 0-015 43 87 

50 CBr, 0.005 L 84 

20 CHBr, 0.012 90 80 

25 CCI,Br*CCl,Br 0-01 91 90 

1 Low yield due to incomplete reaction in 30 minutes. 

Reaction of Various Phosflhites with Aniline in Presence of Carbon Tetrabromide.-Carbon tetrabromide 
was added to a mixture of the dialkyl or dibenzyl phosphite and aniline a t  room temperature and the 
product worked up next day. Yields of anilinophosphonate : from dibenzyl phosphite, 91 yo ; diethyl 
phosphite, 88% ; diisopropyl phosphite, 40%. 

Isolation of Halogenated Reaction Products.-The method employed was to  pass a slow stream of 
gaseous ammonia for several hours through an ethereal solution containing equimolar quantities of 
diisopropyl phosphite and the appropriate polyhalogen compound. The ammonium halide was filtered 
off, the ether removed, and the residue steam distilled under reduced pressure. The product was 
separated from the distillate and fractionated. Treated in this way hexachloroethane gave tetra- 
chloroethylene (70y0, b. p. 120-121'), iodoform gave methylene iodide (SOYo,  b. p. 90"/42 mm.), bromo- 
form gave methylene bromide (59%, b. p. 96-97'), and tetrachloro-1 : 2-dibromoethane gave a mixture 
of tetrachloroethylene (54%, b. p. 121") and trichlorobromoethylene (6.5%. b. p. 145-147'). 

Trichlorobromoethane,-The vapour from a refluxing mixture of dry chloroform (400 c.c.) and bromine 
(320 g.) was carried by a stream of nitrogen through a vertical silica tube heated t o  250" and then 
through an efficient condenser, the condensate being returned to the flask containing the refluxing 
mixture. Hydrogen bromide was rapidly evolved and when, after 3 hours, the bromine colour had 
disappeared, the mixture was allowed to cool, washed with dilute sodium carbonate, and dried (Na,SO,). 
Fractionation using a 20 cm. Fenske coloumn gave trichlorobromomethane, b. p. 104" (yield : 294 g. ; 
74%) ; the distillation residue which solidified on cooling consisted almost entirely of hexachloroethane. 

Dzrect Phosphorylation of Aniline and other Weak Bases by Means of Trichlorobromometlzane and a 
Phos$hite.-A mixture of the dibenzyl or other phosphite with trichlorobromomethane, diluted with 
an inert solvent (benzene or ethyl acetate), was allowed to react with the appropriate amine at room 
temperature. In this way were prepared 
the known diethyl anilinophosphonate (yield, 88%), diisopropyl anilinophosphonate (yield, 62%) and 
dibenzyl anilinophosphonate (yield, 92 yo) as well as the following : dibenzyl /3-naphthyZaminophos- 
phonate, colourless prisms, m. p. 75.5-76.5", from cyclohexane-ether (Found : C, 71.1 ; H, 5-2;  N, 3.5. 
C,IH,,O,NP requires C, 71.5 ; H, 5.4 : N, 3.5%) (yield, 93%) ; dibenzyl p-toluidinophosphonate, colour- 
less prisms, m. p. 89.5-90-5", from light petroleum (Found : C, 68.0; H, 6.0; N, 3.8. C,IH,,O,NP 
requires C, 68.5 ; H, 6-0 ; N. 3.8%) (yield, 89%) ; dibenzyl N-methylanilinophosphonate, colourless 
prisms, m. p. 86-87", from light petroleum (Found : C, 68.0; H, 6.0; N, 3.7. C,,H,,O,NP requires 
C, 68-5; H, 6.0; N, 3.8%) (yield, 64%). 

Barium Ethyl Phos$hate.-A mixture of dibenzyl phosphite (5.24 g.), ethyl alcohol (3 c.c.), 2 : 6- 
lutidine (5 c.c.), trichlorobromomethane (5 c.c.), and dry ether (25 c.c.) was set aside a t  room temper- 
ature for 24 hours. The oil obtained by working up in the usual manner was evaporated with water 
to  remove traces of lachrymatory material, dissolved in alcohol, and boiled for a few minutes with 
charcoal. The filtered solution (100 c.c.) was hydrogenated a t  atmospheric pressure using palladium 
oxide catalyst. When absorption of hydrogen was complete (10 minutes; 750 c.c.) the mixture was 
filtered and neutralised to  phenolphthalein with barium hydroxide, and the alcohol removed under 
reduced pressure. The residue was dissolved in water, and the solution filtered, concentrated, and 
brought to crystallisation by adding alcohol. Barium ethyl phosphate separated as its crystalline 
hydrate, and was converted to the anhydrous salt (2-7 g. ; 51%) by drying a t  100" (Found : Ba, 52.1. 
Calc. for C,H,O,PBa : Ba, 52.6%). 

Diphenyl Aminophosphonate.-Ammonia was passed through a solution of diphenyl phosphite 
(2.34 g.) in carbon tetrachloride (25 c.c.) for 15 minutes. The product (2.05 g. ; 82%). recrystallised 
from chloroform-light petroleum, had m. p. 149-150", undepressed in admixture with authentic 
diphenyl aminophosphonate (m. p. 149-150'). 

Tetrabenzyl Pyr@hosphcate.-A mixture of dibenzyl phosphite (26.2 g.), carbon tetrachloride (30 
c.c.), and aqueous potassium hydroxide (250 C.C. of N) was stirred a t  room temperature for 9 t  hours. 
The phases were then separated, the aqueous phase being washed with carbon tetrachloride. The 
combined carbon tetrachloride solutions were washed with water, dried (Na,SO,), and evaporated, and 
the residual oil was dissolved in a small amount of ether (ca. 50 c.c.) and cyclohexane added until slightly 
turbid. On standing, tetrabenzyl pyrophosphate separated in colourless needles (16.5 g. ; 61 yo), 
m. p. 60-61" undepressed by a sample (m. p. 60-61') prepared according to Deutsch and Ferno (loc. 
cit . ) .  From the aqueous phase, acidification and recrystallisation gave dibenzyl phosphate (2-6 
g. ; 9%), m. p. and mixed m. p. 78-79', while fractionation of the distillate from the isolation of the 
tetrabenzyl pyrophosphate gave chloroform (5 g. ; 42%). 

A similar experiment was camed out using trichlorobromomethane in place of carbon tetrachloride. 

After 18 hours the products were worked up in the usual way. 
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In this case difficulty was experienced in crystallising the oily tetrabenzyl pyrophosphate, and it was 
therefore identified by treatment with ammonia; it then yielded the expected mixture of dibenzyl 
aminophosphonate and dibenzyl phosphate. 

It may be observed in passing that tetrabenzyl pyrophosphate is a satisfactory phosphorylating 
agent-with ammonia it gave in a trial experiment dibenzyl aminophosphonate (93%) and dibenzyl 
phosphate (90yo)-and the fact that it can readily be prepared and stored in a crystalline condition 
gives it certain advantages as a reagent. 
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Chemical Industries (General Chemicals) Ltd. for the gift of a number of polyhalogen compounds used 
i n  the investigations. 

UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, August 21st, 1946.] 




