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CHAPTER I 

INTRODUCTION 

Phosphorus and Its Oxides 

The discovery of the element phosphorus is usually attributed to Hennig Brandt^ who, 

in his experiments with urine, discovered the white form of phosphorus circa 1669. It is 

probable though that an Arabian alchemist by the name of Alchid Bechil2 actually 

discovered phosphorus as early as the twelfth century. The name phosphorus, meaning 

roughly 'I bear light,' was initally given to all substances which glowed in the dark, but 

was later restricted to this mysterious element which burst into flames when exposed to 

air. The earHest preparations of phosphorus involved concentrating urine, followed by 

distillation after admixture with sand or charcoal. CurrenUy, phosphorus is produced by 

the reduction of phosphate rock with coke in an electric furnace. 

In 1680, Robert Boyle^ discovered that when elemental phosphorus is burned in air, 

the white clouds formed condense into a white powder, fairly pure phosphorus pentoxide, 

P4O10. This material was initally called "flowers of phosphorus."^ It is called phosphoais 

pentoxide rather than diphosphorus decaoxide because it was well described in the very 

early days of chemistry before acceptance of the Avagadro hypothesis. In those times, 

phosphorus pentoxide was written as PO5. In 1694, Boyle prepared phosphoric acid by 

dissolving this material in water. Currently, phosphorus pentoxide is produced by burning 

phosphorus in predried air, and the product precipitated from the vapor by cooling. This 

process yields commercial assays of 99.5% phosphorus pentoxide or better. Phosphorus 

pentoxide is a structural derivative of the P4 cage, and undergoes rapid and irreversible 

hydrolysis to form phosphoric acid, H3PO4. 



The structures of phosphorus pentoxide, phosphorus trioxide and their respecti v( 

hydrolysis products are shown. 
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In analogy to the pentoxide, the compound with the empirical formula P2O3 is know n 

as phosphorus trioxide. Phosphorus trioxide in reality has the formula P4O6, and was 

probably first produced by Le Sage,̂  who slowly passed a su-eam of dr>' air through a tube 

containing phosphorus. This slow oxidation produced an oxide originally confused \s iih 

"flowers of phosphorus," but Lavoisier̂ ^ recognized a difference in the oxide fomied 

diiriniz slow oxidation and the oxide fomied during combustion in air and inferred the 
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existence of two different substances. Dulong^ later demonstrated clearly the existence of 

two oxides of phosphorus in 1816. However, it was not until the work by Thorpe and 

Tutton8»9 in 1890, that a reasonable preparative method of phosphorus trioxide was 

described by controlled burning of phosphorus in air. Later, Wolf and Schmanger^O found 

that the best yields were obtained when yellow phosphorus was burned in a quartz tube of 

17-mm diameter at 46-50 ^ C in an enriched atmosphere containing 75% oxygen at a 

pressure of 90 mm Hg and a flow rate of 30 liters/hour. A yield of approximately 56% 

phosphorus trioxide is obtained. When prepared in this manner, phosphorus trioxide 

contains traces of unreacted dissolved phosphorus, which cannot be removed even by 

repeated distillation. Removal of unreacted phosphorus can be effected by irradiating the 

solution with ultraviolet light, which convens the yellow form of phosphorus to its 

insoluble red form, from which the phosphorus trioxide can be removed by distillation. 

Unreacted phosphorus can also be removed by recrystallization from carbon disulfide. In 

spite of earlier work, phosphorus trioxide cannot be made from the dehydration of 

phosphorous acid.ll P406is a structural derivative of the tetrahedral P4 cage of elemental 

yellow phosphorus, where the six edges of the tetrahedron are occupied by oxygen atoms. 

Phosphorus trioxide is a colorless, crystalline material with a melting point of 23.8 o C 

and a boiling point of 175.4 o C. It decomposes at temperatures above 200 o C to give 

phosphorus tetroxide and red phosphorus. 

Much of the descriptive chemistry of phosphorus trioxide was summarized in 1966 by 

Reiss and Van Weizer.^^ Phosphorus trioxide is soluble and unreactive in many common 

organic solvents, such as methylene chloride, chloroform, carbon tetrachloride, ben/ene. 

diethyl ether, carbon disulfide, dioxane, and tetranienthylsilane. It violently reacts \\ iih 

methanol, dimethlysulfoxide, dimethylformamide, and dimethyl sulfite to fonn a yellow 

solid and gaseous products. In acetone, pyridine and dimethyl sulfide, phosphorus 

trioxide reacts to fonn precipitates and colorless gels of unkncnvn composition. 



Phosphorus trioxide reacts violentiy with chlorine and bromine to produce the 

corresponding phosphoryl halides, but reacts very slowly with iodine to form an orange-

red solid of unknown structure."* 

Phosphorus trioxide reacts readily with an excess of cold water to form phosphorous 

acid, with the emperical formula H3PO3. Phosphorous acid is a white, crystalline, 

hygroscopic solid, which melts at 73.6 ^ C, and decomposes at 200 o C to phosphine and 

orthophosphates in the absence of water, and to hydrogen and orthophosphates in the 

presence of water. It is a strong reducing agent, with an estimated oxidation potential of 

0.28 V in acid solution and 1.12 V in alkaline solution.^3 Currently, the best method for 

production of phosphorous acid, an important industrial chemical, is the hydrolysis of 

phosphorus trichloride. The dissolved hydrogen chloride can be removed by heating under 

reduced pressure, but is a noxious and undesirable side product. Because of the dlftlculty 

of obtaining pure phosphorus trioxide, phosphorous acid is never made by treating 

phosphorus trioxide with cold water. Phosphorous acid may also be produced by the 

reaction of phosphorus trichloride with anhydrous oxalic acid. Phosphorous acid use is 

widespread in the agricultural chemical industry. 

Phosphorous acid may exist in two tautomeric forms, as shown: 

• ^ ^ " ^ . . ^ ^ 

H 
HO-^ P < ' ^P. 
HO^ HO^ ^ H 

Although the triester derivatives of phosphorous acid assume the pyrimidal form, tiie 

equilibrium lies overwhelmingly to the right in the free acid and all its other derivatives. 

This is confirmed by infrared. X-ray, and NMR studies of the acid and its simple salts. 

This is also confimied by the fact that the acid is dibasic and fomis only two series of saU> 



When phosphorus trioxide is shaken with an excess of hot water, the reaction is much 

more complex, with phosphoric acid, phosphine and red phosphorus being the major 

products. 

The goal of this project was to selecti\ ely oxidize yellow phosphorus to phosphonis 

trioxide, which, upon hydrolysis, gives phosphorous acid and to possibly provide a 

cleaner method of production of phosphorous acid. As previously mentioned, burning 

elemental phosphorus in air gives only fair to poor yields of phosphorus trioxide, and 

therefore, oxidation of phosphorus in the solution phase was attempted. Elemental 

phosphorus in very soluble in organic sohents such as benzene, toluene, and cirbon 

disulfide. 

Non-inorganic oxidants such as molecular oxygen and dinitrogen oxide with carbon 

black and platinum black catalysts were previously used in an attempt to oxidize elemental 

phosphorus in solution in a variety of solvents at reflux temperatures for a i)eriod of up to 

several days. These attempts were unsuccessful. It is amazing that a compound so easily 

oxidized in its gaseous phase, as elemental phosphorus, is so very difficult to oxidize in the 

solution phase. 

The use of common inorganic oxidants, such as potassium dichromate and potassium 

permanganate is widespread in aqueous oxidations. However, these oxidants are inorganic 

salts and insoluble in most of the organic solvents in which elemental phosphorus is 

soluble. Thus, the need for phase transfer catalysis to successsfully solubilize the oxidants 

in organic solvents. 

Phase Transfer Catalysis 

Synthetic chemists are often faced >.vith the problem of reacting compounds which 

exhibit vastly different solubility properties, for example, reacting inorganic salts and 

organic reagents. One classical solution to this problem is to use a mutual cosoUent whieii 



will bring together the insoluble reagents in a high enough concentration to allow a 

reasonable reaction rate. A solvent which is both water-like and organic-like is ethanol. 

The hydroxyl group gives hydrophilicity to the solvent and the organic portion of the 

molecule, the ethyl group, gives lipophilicity to the solvent. Another solution to the mutual 

insolubility problem is the use of dipolar, aprotic solvents such as dimethyl sulfoxide, 

acetonitrile, and dimethyl formamide. These solvents derive their polarity from nitro, 

amide, or sulfoxide functional groups, and their Hpophilic properties from methyl groups. 

Because they do not contain hydroxyl groups, they are not capable of hydrogen bondmg, 

and therefore do not solvate anions like hydrogen bonding solvents. This is one advantage 

to the the use of such solvents, for anions react at a faster rate than in corresponding 

alcoholic or aqueous solutions. Unfortunately, these solvents are not without serious 

disadvantages. They are, in general, high boiling and thus difficult to remove from the 

reaction mixture. They are also expensive, and difficult to purify. A third solution to the 

mutual insolubihty problem is the technique known as phase transfer catalysis, which 

enables one to avoid the use of such solvents, and achieve a reasonable reaction rate. 

Charles Starks first appUed the term "phase transfer catalysis" to the technique in 

patents and in the journals in 1971.^^ However, Jarrouse^^ observed as early as 1951 that 

the quaternary ammonium salt benzyltriethylammonium chloride accelerated the two-phase 

reaction of benzyl chloride with cyclohexanol, as well as the two-phase alkylation of 

phenylacetonitrile with benzyl chloride. Numerous other publications and patents appeared 

during 1950-1965 in which quatemary ammonium or phosphonium salts were used as 

catalysts in two-phase reactions. ̂ ^ jt j ^ probable in these instances that the catiilyuc activity 

was attributed to the surfactant properties of quatemary salts and that the general nature o\ 

phase transfer catalysis was missed. Later, with a v:u-icty of reactions, Makosa,'^ 

Brandstrom,'^ Hennis,̂ '-̂  and Stiu-ks^^ each recognized many of the elements of phase 

transfer catalysis by quaternary ammonium and phosphonium salts. 
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Starks introduced the underlying principles of phase transfer catalysis in 1971. The 

basic premise of phase transfer catalysis is that the reaction of two substances located in 

different phases of a mixture is brought about by the use of a phase transfer agent which 

can transfer one reactant across the interface into the other phase. The reaction Starks used 

to demonstrate this effect was the aqueous cyanide displacement reactions on alkyl halides. 

By definition, the phase transfer agent could transport the cyanide ion into the organic 

phase, or the alkly halide into the aqueous phase. Starks found that quatemary ammonium 

and phosphonium salts, which are soluble in organic solvents, were effective in the transfer 

of cyanide anions from the aqueous phase into the organic phase. As shown , the cyanide 

salt is dissolved in the aqueous phase, 

organic phase Q'̂ CN" + RCI — • RCN + C C f 

\i : tt 
aqueous phase Q^CN- + Na^Cr..^^ Na^CN- + O^Ci' 

where it undergoes cation exchange with the quatemary ammonium chloride salt, denoted 

Q+Cl', to form a quatemary ammonium cyanide salt now soluble in the organic phase. 

The quaternary ammonium cyanide salt crosses the interface into the organic phase, where 

it reacts with the alkyl haiide to form the displacement product and to regenerate the 

quatemary ammonium chloride salt. The quatemar>' ammonium chloride salt then returns 

to the aqueous phase where the cation exchange occurs, and the cycle begins again. 

Starks's reaction is an example of a Hquid-liquid phase transfer reaction. It is also 

possible to transfer from a solid phase to a liquid phase using ph.ase transfer agents. The 

finely crushed salt simply may be stirred in the organic solvent with an equimolar amount 

of the phase transfer agent. An exchange takes place, and the anion dissolves in the 

organic phase. In many cases this is preferable, especially when anyhydrous conditions 



are required. Also, it has been noted that some phase transfer agents which are not 

effective in a liquid-liquid system are effective in a soHd-liquid system.20 

The essential requirements for any phase transfer agent are that it must transfer one 

reagent from its phase to the phase of another reagent, and once the reagent is transferred, it 

must be available in a reactive form. Quatemary ammonium and phosphonium salts aie the 

most frequentiy used phase transfer agents, although crown ethers and cryptates,'̂ ^ acyclic 

polyethers,22 N-alkyl-pentamethyl-phoshoramides^^ and methylene-bridged phosphoms 

and sulfur oxides^^ have been used as phase transfer agents. The phase transfer agent of 

choice is dictated by its cost, availability, selectivity, ease of removal or recovery, and the 

stringency of conditions of the particular reaction (e.g., anhydrous conditions). 

Phase transfer catalyzed oxidations of organic compounds are numerous in the 

literature. They include the oxidation of alkanes,^^ alkenes,-^ alkynes,^^ arenes,-^ 

alcohols,^^ ethers,30 aldehydes,^! and amines.32 

Again, one of the main objectives of this study was to selectively oxidize yellow 

phosphoms to phosphonis trioxide, P4O6. Because the trioxide, as well as the pentoxide, 

P4O10, undergo rapid and irreversible hydrolysis to form phosphorous acid and 

phosphoric acid, respectively, anhydrous conditions are necessary to retard the hydrolysis 

process. The phase transfer agents utilized were Tetrabutylammonium bromide and 

Adogen 464, and were selected based on availabiUty, behavior under anhydrous 

conditions, and cost considerations. 



CHAPTER II 

EXPERIMENTAL 

General 

Many of the compounds and chemical procedures reported in this study required 

rigorous exclusion of oxygen and water and were performed using standard vacuum line 

and inert atmosphere techniques. Working vacuums were maintained at lO'^ to 10'^ torr. 

All solvents were dried prior to use according to accepted literature methods.^3 

Instmmental Methods 

Infrared spectra were acquired on a Nicolet MS-X fouiier transfomi spectrometer and 

on an Analylect FTIR spectrometer using polystyrene as the reference. Mass spectral data 

were obtained on a Hewlett-Packard 5995-B Gas Chromatography/Mass spectrometer 

operating at an ionizing current of 70 ev. 

Nuclear magnetic resonance measurements were recorded on an IBM AF-300 fourier 

transform NMR. All NMR data are reported relative to the following standards: ^H 

(TMS), and 31p (85% H3PO4), with positive values indicating downfield chemical shifts. 

Electron paramagnetic resonance measurements were recorded on a Century E Line 

100 EPR Spectrometer. 

Reactions of PA and Potassium Dichromate 

P4 was rinsed in benzene to remove any oxide coating and used without further 

purification. P4, finely cmshed solid K2Cr207 and Adogen 464 (Aldrich) were added [o 

benzene under a nitrogen atmosphere in the amounts and concentrations shown. The 

reaction mixtures were stirred vigorously overnight, or for several hours. The reaciion 

mixtures initially were yellow, due to the solubilization of the dichromate; then a ureen 
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solution occurred in each case, the more dilute reaction mixtures reacting more slowh- and 

being less intensely colored. In several cases, all of the potassium dichromate was not 

consumed and remained as a solid in the reaction flask, even after reflux. In all cases, ^ 'P 

NMR showed no trace of free P4, but no other reaction product save phosphorus acid and a 

trace of phosphoric acid after hydrolysis with deoxygenated water. This inability to 

observe signals in the 31p NMR is not indicative of the absence of phosphoms species, but 

rather may be due to paramagnetic broadening.34 Reactions are tabulated in Tables 2.1 

2.4. 

Table 2.1 Reactions of P4 and Adogen/Potassium Dichromate 1:1 Molar Ratio 

gP4(mmol) g K2Cr207(mmol) g Adogen (mmol) ml benzene IP4I (M) 

0.101 (0.815) 0.240 (0.816) 

0.123 (0.993) 0.292 (0.992) 

0.135(1.09) 0.321 (1.09) 

Table 2.2 Reactions of P4 and Adogen/Potassium Dichromate 1:2 Molar Ratio 

gP4(mmol) g K2Cr207(mmol) g Adogen (mmol) ml benzene [P4I (M) 

0.173 (1.40) 0.820 (2.79) 2.805 (5.61) 

0.146 (1.18) 0.706 (2.40) 2.495 (4.99) 

0.199 (1.61) 0.944 (3.21) 3.212 (6.42) 

0.817 (1.63) 

0.993 (1.99) 

1.091 (2.18) 

360 

100 

25 

2.3x10-3 

1.0x10-2 

4.2x10--

280 

120 

32 

5.0x10-' 

1.0x10-2 

5.0 X 10--
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Table 2.3 Reactions of P4 and Adogen/Potassium Dichromate 1:3 Molar Ratio 

g P4 (mmol) g K2Cr207 (mmol) g Adogen (mmol) ml benzene [P4] (M) 

0.126(1.02) 0.895(3.04) 3.041(6.08) 500 2.0x10-3 

0.136 (1.10) 0.965 (3.28) 3.303 (6.61) 250 4.4x10-3 

0.150 (1.21) 1.071 (3.64) 3.642 (7.28) 100 1.2 xlO-2 

0.125(1.01) 0.887(3.01) 3.025(6.05) 50 2.0x10-2 

Table 2.4 Reactions of P4 and Adogen/Potassium Dichromate 1:4 Molar Ratio 

g P4 (mmol) g K2Cr207 (mmol) g Adogen(mmol) ml benzene [P4] (M) 

0.131 (1.06) 1.245 (4.23) 

0.153 (1.23) 1.455 (4.95) 

0.189 (1.53) 1.794 (6.10) 

Dilute Reactions of Pd. and Potassium Dichromate 

A 3.4 X 10-3 molar solution of P4 in benzene was prepared by dissolving 0.147 g 

(1.19 mmol) P4 in 350 ml benzene. A solution of approximately 2.3 x 10-3 molar of 

K2Cr207 was prepared by stirring 0.101 g (0.343 mmol) K2Cr207 and 0.353 g (0.706 

mmol) Adogen 464 in 150 ml benzene until all the K2Cr207 dissolved. A 25-ml aliquot ot 

the P4 solution (0.085 mmol) was syringe-injected into 25 ml of the K2Cr207 (0.059 

mmol) solution and diluted to a total volume of 75 ml with benzene. The tlnal 

concentration of P4 was calculated to be 1.1 x 10-3. The reaction mixture was stirred 

overnight and remained undisturbed for several days. 31 p NMR, siiown in Figure 3.1, 

page 23. gave se\eral unidentifiable peaks. 

4.233 (8.47) 

4.947 (9.89) 

6.125 (12.3) 

150 

130 

50 

7.5 xlO-3 

9.2x10-3 

3.0x10-2 
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Reactions of PA and Potassium Dichromate in Other Solvents 

Solubihzation of potassium dichromate can be achieved in a variety of organic soKems 

using Adogen 464 as a phase transfer agent. The initial solutions are yellow, due to 

solubilization of the dichromate, and then slowly tum green, much like reactions in 

benzene. Again, 31p NMR showed no signals, save those of phosphorous acid and 

phosphoric acid after hydrolysis. Typical reactions are shown in Table 2.5. 

Table 2.5 Selected Reactions of P4 and Adogen/Potassium Dichromate 

g P4 (mmol) g K2Cr207 (mmol) g Adogen (mmol) solvent 

0.152(1.23) 0.721 (2.45) 2.449(4.90) methylene chloride 

0.131 (1.06) 0.621 (2.11) 2.202(4.40) carbon tetrachloride 

0.173 (1.40) 0.819 (2.78) 2.791 (5.58) chloroform 

0.198 (1.60) 0.938 (3.19) 3.196 (6.39) toluene 

Reaction of PA with Potassium Dichromate in Acetonitrile 

P4 (0.149 g, 1.20 mmol) and K2Cr207 (0.707 g, 2.4 Ommol) were dissolved in 250 ml 

acetonitrile at room temperature, and stirred ovemight. A green precipitate fomied, mixed 

with excess solid K2Cr207. The excess K2Cr207 was removed by rinsing with water. 

The green solid resisted solubilization in water, benzene, methylene chloride, methanol, 

and chloroform, but was slowly hydrolyzed in 2 molar NaOH. 3lp X M R of the 

hydrolysis product showed the presence of a small amount of phosphorus acid, along with 

several other unidentified products, shown in Figure 2.1. 
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Reaction of PA with Polvmer Dichromate in Acetonitrile 

The polymer supported oxidant was prepared according to the method of Cainelli and 

coworkers.35 To 35 grams of Dowex 1x2, an anion exchange resin containing quatern:u^ 

ammonium groups, was added 15 g of chromium trioxide in 100 ml of water. The mixtiu-e 

was allowed to stir for 30 minutes. The chloride ions on the anion exchange resin were 

quantitatively displaced by Cr04H-. The resin was rinsed with water and acetone and 

dried in vacuo for several hours. The average capacity of the resin was determined by 

Cainelli to be 3.8 mmole CrOy g of resin, and this value was assumed to be correct. White 

phosphorus (0.125 g, 1.01 mmol) was added to 5.025 g of the resin in 50 ml of benzene. 

The reaction mixture was refluxed overnight. The solution remained clear and colorless. 

31p NMR spectroscopic analysis showed only the presence of unreacted phosphoms. The 

reaction mixture was further refluxed for 24 hours. 31 p NMR again showed the presence 

only of unreacted phosphoms. However, hydrolysis of a portion of the reaction mixture 

showed evidence of the presence of phosphorous acid. The same reaction was performed 

using a larger excess of the resin in chlorobenzene with the hope that a higher temperature 

refluxing solvent would faciUtate the reaction. 3lp NMR again showed only the presence 

of unreacted phosphoms, but after hydrolysis, wet analysis indicated the presence of 

phosphorous acid. 

Reactions of PA and Potassium Permanganate 

Preparation of Tetra-n-butvlammonium 
Pennanganate (C£Ho)j.NMnOd 

Tetra-A2-butylammonium permanganate w as prepared according to the method of 

Karaman.36 Concentrated aqueous solutions of tetra-«-butylammonium bromide and 

potassium permanganate were mixed. An exchange of cations occurred, and the solid 

product which precipitated was filtered and dried in vacuo for several hours. 
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Stepwise Addition of Tetrabutivammonium Permanganate 

P4, 0.410 g (3.31 mmol), was dissolved in 150ml methylene chloride and the 

solution cooled to 0 o C. Tetrabutylammonium permanganate, 4.786 g (13.24 mmol) was 

added in approximately 1.2 g (3.31 mmol) aliquots to the solution. A NMR sample was 

taken after the addition of each aliquot of permanganate salt, and the NMR tube flame 

sealed. After addition of the first aUquot of salt, a hght red-brown soUd precipitate fomied. 

After additional ahquots of permanganate salt, the solid disappeared, and a dark brown. 

homogeneous solution formed. 31p NMR showed only a very broad elemental P4 

absorbance, indicating the presence of a paramagnetic species. 

Reaction of PA and Potassium Permanganate in Acetone 

Both KMn04 and elemental P4 have limited solubihty in acetone. P4 (0.199 g, 1.61 

mmol) was dissolved in 300 ml acetone. The solution was cooled to 0 o C. Potassium 

permanganate (1.013 g, 6.41 mmol) was dissolved in the minimum amount of acetone, and 

was syringe-injected to the P4/acetone solution. A dark brown precipitate formed 

immediately. The solution was stirred 2 hours, the acetone removed by water aspiration, 

and the precipitate dried in vacuo for several hours. The brown solid resisted solubilization 

in benzene, methylene chloride, chloroform, carbon tetrachloride, and water. It slowly 

hydrolyzes in strong base to give phosphorous acid, confirmed by wet analysis, and a 

darker brown solid, probably manganese dioxide. 

Reaction of P^ and Tetrabutvlammmonium 
Pennanganate in Acetone 

P4 (0.149 g, 1.20 mmol) was dissolved in 150 ml acetone. The solution was ecx)led 

to 0 o C. Tetrabutylammonium permanganate (1.737 g, 4.81 mmol) was dissolved in ihe 

minimum amount of acetone, and slowly syringe-injected into the P4/acetone solution. The 

reaction mixture immediatelv tumed dark brown, with no precipitate beir.g fonned. The 
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acetone was removed, which resulted in a viscous brown hquid. Attempts to cr>'stallize 

this product were not successful. 

Reactions of PA and Tetrabutvlammonium 
Permanganate Tor Ouantitative Analvsis 

In all the following reactions, solid tetrabutylammonium permanganate or potassium 

permanganate/Adogen 464 was first dissolved in the organic solvent indicated, then the 

solution cooled to 0 o C in an ice water bath. The P4 was added and slowh' dissolved. 

The initial deep purple solution gradually tumed dark brown with no hint of a precipitate or 

unreacted solid oxidant. The reaction mixture was stirred for 3 hours, after which cold, 2 

molar sodium hydroxide was added to hydrolyze the reaction intermediate. The resulting 

manganese dioxide was filtered off, and the organic and aqueous layers separated. In cases 

when the molar oxidant: P4 ratio was greater than 4:1, the methylene chloride layer 

retained a deep purple color. Quantitative analysis for phosphorous acid was performed on 

the aqueous phase, and is reported as g H3PO3 obtained. Reactions and results are 

tabulated in Tables 2.6-2.9. 

Table 2.6 Reactions of P4 and Tetrabutylainmonium Pemianganate in 
Methylene Chloride 

g P4 (mmol) g QMn04 (mmol) g PO32- obtained theoretical yield(g) % \ield 

0.141 (1.14) 0.412 (1.14) 

0.172 (1.39) 1.002 (2.77) 

0.180(1.45) 1.575 (4.36) 

0.046 (0.37) 0.531 (1.47) 

0.121 (0.98) 1.766 (4.89) 

0.048 (0.39) 0.970 (2.68) 

0.057 

0.159 

0.312 

0.103 

0.242 

0.097 

0.374 

0.455 

0.477 

0.1:2 

0.321 

o.ro 

15.2 

34.0 

65.4 

S4.4 

75.4 

73.5 

file:///ield
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Table 2.7 Reactions of P4 and Tetrabutylammonium Permanganate in Benzene 

g P4 (mmol) g QMn04 (mmol) g PO32- obtained theoretical \'ield(g) % yield 

0.162 (1.31) 1.884 (5.21) 0.353 0.428 82.5 

0.100(0.81) 1.754(4.85) 0.199 0.265 75.1 

Table 2.8 Reactions of P4 and Adogen/Potassium Permanganate in Benzene 

g P4 (mmol) g KMn04 (mmol) g PO32- obtained theoretical yield(g)% yield 

0.176 (1.42) 0.674 (4.26) 

0.176 (1.42) 0.897 (5.68) 

0.143 (1.15) 1.289 (8.16) 

Table 2.9 Reactions of P4 and Adogen/Potassium Permanganate in 
Methylene Chloride 

0.295 

0.387 

0.285 

0.467 

0.467 

0.379 

63.2 

82.9 

75.2 

g P4 (mmol) g 

0.161 (1.30) 

0.158 (1.28) 

0.114(0.92) 

Ouantitative Analvsi 

KMn04 (mmol) 

0.617 (3.90) 

0.805 (5.09) 

1.019 (6.45) 

s of Phosphite 

g PO32- obtained theoretical yield(g) % yield 

0.307 0.427 71.9 

0.345 0.418 82.5 

0.235 0.302 77.8 

An acid solution of phosphite reduced mercury (II) chloride to mercury (I) chloride 

which is then weighed. The reaction proceeds as follows: 

2 HgCl2 + H3PO3 + H2O—• HgsClg + H3PO4 +2 HCI 

so that moles Hg2Cl2 equals moles H:;P03. The procedure involves addition of the 
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phosphite solution to 50 ml of 3 % mercury (II) chloride solution, 20 ml of 10 % sodium 

acetate, and 5 ml of glacial acetic acid in the cold with stirring. The mixture is allowed to 

stand on a warm water bath at 40-50 o C for 2 hours, after which it is cooled, filtered, dried 

at 105-110 o C, weighed as Hg2Cl2, and reported as g H3PO3 obtained.3'7 



CHAPTER m 

PHASE TRANSFER CATALYZED 

DICHROMATE OXIDATIONS 

Results and Discussion 

The use of phase transfer agents to facilitate the solubilitzation of monovalent anions in 

organic solvents is wide spread. Divalent anions, such as the dichromate anion, Cr2072-, 

are rather more difficult to successfully solubihze in organic solvents and thus ha\e not 

been extensively utiUzed in this manner. Their lack of utihzation may be attributed to the 

problem in overcoming their strong crystal coulombic attractions and/or the steric problem 

of clustering two very bulky tetraalkyl ammonium cations or crown ether molecules in 

close proximity of the anion. The dichromate anion is indeed very difficult to successfully 

solubihze. Hutchins and coworkers38 found that the dichromate anion was strongly 

resistant to solubihzation in a wide range of organic solvents using several commonly 

available crown ethers and tetraalkyl ammonium salts. They found that the only successful 

reagent was Adogen 464, a commercially available mixture of of methyltricapryl (Cg-Cjo) 

ammonium chloride salts. Adogen 464 is a viscous, hygroscopic liquid with an 

approximate molecular weight of 500 g/mole. The reason for its success lies in the fact that 

the smaller methyl groups are able to associate closely with the dianion, while the longer, 

more organophilic carbon chains allow for the solubilization in organic solvents. The onh' 

common organic solvent unsuccessful in solubilizing the dichromate anion w as found to be 

hexane, in which Adogen 464 has limited solubility. To maintain anhydrous conditions, 

solid potassium dichromate can be directly dissolved into organic solvents by stirring the 

phase transfer agent and the powdered salt in a solution of the organic solvent. I lowever, 

the solubility of potassium dichromate under anhydrous conditions is not great. In 

addition, solutions of potassium dichromate in organic solvents have limited stability and 

19 
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tend to darken when stored. In general, it has been found that oxidation reduction 

reactions under phase transfer conditions proceed with the same stochiometry as predicted 

under aqueous conditions. If that is indeed the case in the reaction of P4 with K2Cr207, a 

2:1 molar ratio of oxidant to P4 should give the required stochiometry, as shown: 

P4 + 2Cr207^" + 8 H 2 O — • P 4 O 6 +4Cr^"' +16 0H" 

p31 NMR, however, has never indicated the presence of free P4O6. 3lp NMR data of 

several phosphorus compounds is given in Table 3.1.39 

Table 3.1 31p NMR Data of Phosphorus Compounds 

Compound Chemical Shift (ppm)^ Coupling Constant (Hz) 

P4 

P406 

H3P03 

H3P02 

-460 (s) 

112.5 (s) 

4.5 (d) 

14 (d) 

670 

570 

^s = singlet, d = doublet 

The absence of a signal for free P4O6 is not surprising, because each phosphorus atom 

in the P4O6 cage, as well as each oxygen atom, has a lone pair of electrons which should 

be available for donation to a Lewis acid site, such as Cr(lll). And, as Cr(lll) is 

paramagnetic, the effect of paramagnetic broadening could eliminate any possibility o( 

seeing an NMR signal. In previous work, a 31p NMR signal was obsen'ed at 
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approximately 80 ppm, an upfield shift from the 112 ppm shift signal for free P4O6. In 

hopes of reproducing this signal, several reactions at varying stochiometries and var> ing 

concentrations were mn with the thought that at a specific concentration, the relaxation time 

would be altered such that an NMR signal could be seen. Under very dilute conditions, 3lp 

NMR does show several unidentifiable peaks, certainly in the range one would expect to 

see if P4O6 were indeed complexed with chromium. The 3lp NMR spectmm is shown in 

Figure 3.1. This suggests that the paramagnetic broadening seen in more concentrated 

solutions is due to intermolecular rather than intramolecular interactions. If this is indeed 

the case, in very dilute solutions, the proximity of the paramagnetic species would be such 

that it would not sufficientiy alter the relaxation time to the extent of wiping out the NMR 

signal. 

Unfortunately, the NMR data does not allow speculation as to whether tlie chromium is 

bound to the phosphoms or the oxygen, or if the species generating the NMR signal is 

actually P4O6. If chromium is directly bound to phosphorus in the P4O6 cage, one would 

expect to see coupling between the unique phosphoms atoms. Previous NMR data 

conceming this P-O-P coupling in (CO)5CrP4O6^0 suggests that the coupling constant 

would be so small as not to be seen on the scale of Figure 3.1. 

Because of the unavailability of 31p NMR instmmentation during the latter part of this 

project, the relationship between solution concentration and observation of a NMR signal 

was not further pursued. In future work, even greater dilution of the reaction mixtures w ill 

probably be necessary to observe meaningful NMR signals. 

Electron paramagnetic spectroscopy of the green phosphoms trioxide-Cr(III) solution 

gave a very broad spectrum, indicating the presence of some paramagnetic species. TIK-

spectrum is shown in Figure 3.2. Even after dilution of the solution by a factor of 20. the 

spectmm remained broad. This is probably due to dipolar interactions between t\\ o or 

more paramagnetic species. However, it is not possible to determine if the interactions 
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are the product of two or more metal centers bound directiy to the phosphoms intermediate, 

or if they are intermolecular interactions. 

The complex absorbs in the UV-visible range at 625 nm. While tiiis indicates the 

presence of chromium (HI), no reference could be found which could distinguish whether 

the absorbance was indicative of chromium (III) bound to phosphoms or chromium (III) 

bound to oxygen, although it is speculated that the absorbance is due to chromium (III) 

bound to oxygen.41 

Infrared analysis of the green phosphoms trioxide-Cr(ni) solution yielded several 

absorbances at 2400 (w), 1037 (vs), and 690 (m) cm-l. Infrared data for several 

phosphoms compounds is listed in Table 3.2.̂ ^2 7he first could possibly be due to a P-H 

Table 3.2 Infrared Data of Phosphoms Compounds 

Bond Frequency Range (cm'^) 

-PO3 stretch 

vas 1170-1030 (s or vs) 

Vs 1025-940 (s or vs) 

P-H stretch 2430-2300 (m) 

P-O-P linkage to* 

Vas 1060-850 (vs) 

Vs 800-650 (m) 
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stretching mode, which would indicate some hydrolysis had akeady taken place, as 

confirmed by 31p NMR. The absorbance at 1037 cm-l is in the range of both Vas P-O-P 

Imkages and Vas -PO3 stretching frequencies. However, the third absorbance at 690 cm-̂  

corresponds well to the Vs P-O-P frequency, while the expected Vs -PO3 absorbance is 

absent. Thus, the infrared gives evidence of an intermediate which does possess oxygen 

bound to two phosphoms atoms, as in P4O6. 

Another proof of the formation of P4O6 lies in the fact that after hydrolysis of the 

green solution of the P406-Cr(III) intermediate, phosphorous acid, H3PO3, is seen in the 

31p NMR of the aqueous phase. A typical 31p NMR spectmm of the hydrolysis products 

is shown in Figure 3.3. However, only a small amount of phosphorous acid is obtained 

upon hydrolysis. Quantative analysis of the phosphite in the aqueous phase resulted in 

only a 11 % yield of phosphorous acid, with a very small amount of phosphoric acid being 

present from 31p NMR. The low yields are indicative of incomplete hydrolysis of the Cr-

(P4O6) intermediate.The presence of phosphoric acid appears not to occur with addition of 

excess oxidant, but rather depends upon the stringency of conditions employed. For 

example, in reactions where inert atmospheric conditions are ignored or not strictly adhered 

to, more phosphoric acid is seen, due to the air oxidation of P4 to P4O10, which is 

subsequently hydrolyzed to phosphoric acid. 

Although other trivalent phosphoms compounds will hydrolyze to give phosphoms 

acid, the 31 p NMR shows peaks well within the range expected for P4O6 bound to a 

chromium metal center. Infrared analysis lends support to the presence of P4O6. Isolation 

of the intermediate complex was attempted, but not successful. 

Polymer supported chromic acid on anion exchange resins 35 was reponed to gi\ e a 

simple oxidation of alcohols to aldehydes imd ketones in organic sohents. The attracti\e 

feature of these oxidations is that the oxidant remains attached to the anion exchanize resin. 
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chromium metal center. Infrared analysis lends support to the presence of P4O6. Isolation 

of the intermediate complex was attempted, but not successful. 

Polymer supported chromic acid on anion exchange resins 35 was reported to give a 

simple oxidation of alcohols to aldehydes and ketones in organic solvents. The attractive 

feature of these oxidations is that the oxidant remains attached to the anion exchange resin, 

and isolation of the reaction product simply involves filtering off the resin and removing the 

solvent by distillation. The reaction of P4 with the polymer supported oxidant was 

unsuccessful in that in the 31p NMR spectmm of the reaction solution, no signal for free 

P4O6 was observed. However, when the reaction solution was hydrolyzed with 

deoxygenated water, wet analysis indicated the presence of phosphorous acid. Possibly 

the P4O6 or other P(in) species formed was adsorbed onto the surface of the anion 

exchange resin, and insufficient quantities were present in the reaction solution to warrant 

a signal in the 31p NMR spectmm, or possibly the yield of P4O6 or other P(III) species 

was simply not sufficient as to give a 31p NMR spectrum. 



CHAPTER IV 

PHASE TRANSFER CATALYZED 

PERMANGANATE OXIDATIONS 

Results and Discussion 

The use of quatemary ammonium and phosphonium salts as phase transfer agents in 

organic permanganate oxidations is widespread. Because of the organophilicity of tiiese 

cations, the permanganate anion is drawn into the organic solution easily. Gibson and 

coworkers43 found that the permanganate anion will be extracted from an aqueous solution 

into an organic solution in preference to any other anion with the use of a phase transfer 

agent. This ease of extraction is probably due to the fact that the permanganate anion has a 

low charge to volume ratio and that the charge is delocalized. This would effectively 

decrease the amount of hydration of the anion and thus reduce the amount of energy 

necessary to draw it into the organic phase.44 The permanganate anion is also easily drawn 

into the organic phase from the solid form. Even acyclic polyethers, which are usually 

poor aqueous phase transfer agents, will draw the permanganate anion into organic 

solutions.45 

In aqueous solutions, potassium permanganate exists in an ionic form. In organic 

solutions, it was shown that quatemary ammonium permanganate exists as an ion pair. 

The quatemary permanganate salts used in this study were tetrabutylammonium 

pennanganate, which was isolated as a solid and simply dissolved in the organic solvent, 

and an Adogen 464/potassium permanganate, which was generated and used in situ 

without isolation. In the latter case, the isolated salt is not stable and decomposes rapidh. 

In general, quaternary ammonium and phosphonium permanganate salts are themially 

unstable and can decompose with explosive violence when heated to moderate 

28 
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temperatures.46 There are also reports that quatemary ammonium and phosphonium 

permanganate salts are shock sensitive.47 Extreme caution must be used when handling the 

isolated solid salts. 

Ogino and Mochizuki48 reported the preparation of stable solutions of several 

manganate (V) diesters by the reaction of alkenes with benzyltriethylammonium 

permanganate under anhydrous conditions. The dark brown solutions of the manganate 

(V) diesters were stable, probably due to the complexation of the diester witii die 

quatemary ammonium salt, as shown. 

H R 

R—Crt= Chf- R + Mn04" • R" H 

O O 
\ / 

Mr\ 

0 OQ^ 

There is evidence to support that in reactions of permanganate salts with phosphoms, 

the same type of intermediate stabiHzed by complexation with the quatemary ammonium 

cation occurs. In acetone, tetrabutylammonium permanganate reacts with phosphorus to 

form a dark brown, homogeneous solution, while potassium permanganate reacts with 

phosphoms to form a dark brown precipitate. Because of the organophilicity of the 

tetrabutylammonium cation, the complex stabihzed by the quatemary ammonium cation 

would be expected to be soluble in organic solvents, while the complex stabilized by a 

simple organophobic potassium cation could very possibly be insoluble in organic 

solvents. The dark brown solid formed by reaction of potassium pemianganate and 

phosphorus in acetone is indeed very insoluble in common organic solvents. Because this 
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solid is hydrolyzed in strong base to give phosphorous acid, it is possible that the solid 

and the dark brown homogeneous solution of the quatemary ammonium intermediate are 

very similar in nature and differ only in the cation complexed to the intermediate. The 

composition of the soUd is as yet unknown. 

Isolation of the intermediate formed from the reaction of tetrabutylammonium 

permanganate and phosphoms proved to be very difficult, and was only partially 

successful one time. Recrystalhzation of a 3:1 oxidant /phosphoms ratio solution yielded a 

brown solid, not uniform in color, and was probably a mixture of the two intermediates 

seen upon stepwise addition of tetrabutylammonium permanganate. The solid was very 

hygroscopic, and absorbed water to form a dark brown, viscous liquid. Possibly the 

reason other crystallizations were unsuccessful was due to trace quantities of water. 

In reactions of tetrabutyl ammonium permanganate and phosphoms monitered by 31p 

NMR, the only peak seen was that of unreacted P4, and that resonance was extremely 

broad, indicating the presence of a paramagnetic species. Because this reaction was not 

done under extremely dilute conditions, it is impossible to predict whether the broadening 

is the product of intermolecular or inu-amolecular interactions. In one of the fu-st attempts 

of this reaction, approximately a 2:1 molar oxidant /P4 reaction mixture was hydrolyzed 

with deoxygenated water, and yielded a 3lp NMR peak at -72 ppm, as shown in Figure 

4.1. This is not in the range of P4O6, but could be a partially hydrolyzed product of some 

unknown intermediate. When hydrolyzed with water, manganese dioxide is not 

immediately precipitated as in strong base hydrolysis, but rather the aqueous phase retains a 

homogeneous, brown color. Quite possibly, the partially hydrolyzed phosphorus 

intermediate is still bound to the metal center. Because the oxidant ratio was low, it ma\' be 

that the P4 was not fully oxidized to a trivalent intermediate at that point. 

The EPR specDT-im mn on a 4:1 oxidant /P4 reaction mixture showed a \'er\' broad 

absorbance with seven peaks indicative of manganese. A 2()-fold dilution showed little 
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change m the appearance of the spectmm. The spectmm is shown in Figure 4.2. Again, 

the broad absorbance is probably due to dipolar interactions between paramagnetic species, 

but it is hnpossible to predict if there is more than one metal center on the reaction 

intermediate or if the interaction is intermolecular or intramolecular. 

Analysis of the infrared spectmm of the tetrabutylammonium intermediate was 

difficult due to the nature of die intermediate. Many of the absorbances seen are suspected 

to be due to solvent. Infrared does show a broad absorbance between 850-1200 cm-l, ^^^ 

these are thought to be -PO3 stretches due to hydrolysis from exposure to air. Infrared of 

the potassium permanganate/acetone intermediate was also disappointing. It showed a 

medium absorbance at 720 cm-l, jn the region of Vs P-O-P, but lacked a strong absorbance 

in the Vas P-O-P region, giving only a weak absorbance at 971 cm-l. Thus, infrared does 

not conclude in there is an intermediate P4O6 complex being formed. 

The UV-visible spectmm was not meaningful. It gave only a very broad, flat 

absorbance over a period of 400 nm. It is possible that in the process of aquiring the 

spectrum, the complex hydrolyzed due to exposure to air. 

From the quantitative analysis of the phosphite obtained upon hydrolysis with strong 

base, it is clear that both tetrabutylammonium permanganate and Adogen 464/potassium 

permanganate are effective phase transfer agents in benzene and methylene chloride. The 

results are shown in Table 4.1. It is also evident that the best yields of phosphite are from 

reactions with a 4:1 molar oxidant/P4 ratio. In general, it has been found that 

oxidation/reduction reactions under phase transfer conditions proceed with the same 

stochiometry as predicted under aqueous conditions. If that is indeed the case in the 

reaction of P4 with the permanganate anion, the stochiometry of the reaction should be four 

moles oxidant to every mole of elemental phosphoms, as shown. 

P4 + 4 Mn04 + 2 H2O • P4O6 + 4 MnOg + 4 OH" 
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Table 4.1 Quantitative Analysis of Permanganate Oxidations 

Solvent System 

methylene chloride 

methylene chloride 

methylene chloride 

methylene chloride 

methylene chloride 

methylene chloride 

benzene 

benzene 

benzene 

benzene 

benzene 

Oxidant Ratio 

1/1 

2/1 

3/1 

4/1 

5/1 

7/1 

4/1 

6/1 

3/1 

4/1 

7/1 

Oxidant 

tetrabutiyammonium 
permanganate 

tetrabutiyammonium 
permanganate 

tetrabutiyammonium 
permanganate 

tetrabutiyammonium 
permanganate 

tetrabutiyammonium 
permanganate 

tetrabutylammonium 
permanganate 

tetrabutylammonium 
permanganate 

tetrabutylammonium 
permanganate 

Adogen 464/ 
KMn04 

Adogen 464/ 
KMn04 

Adogen 464/ 
KMn04 

% phosphite 

15 

35 

65 

84 

75 

74 

83 

75 

63 

83 

75 
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Table 4.1 continued 

Solvent System 

methylene chloride 

methylene chloride 

methylene cloride 

Oxidant Ratio 

3/1 

4/1 

7/1 

Oxidant 

Adogen 464/ 
KMn04 

Adogen 464/ 
KMn04 

Adogen 464/ 
KMn04 

% phosphite 

72 

83 

78 

As the ratio of oxidant increases to a 4:1 oxidant/P4 ratio, the amount of phosphite 

increases. At ratios higher than this, one sees a lower yield, not due to oxidation of P(III) 

to P(V) by the addition of excess oxidant before hydrolysis, but rather due to the fact that 

after hydrolysis, permanganate will oxidize phosphite under strongly basic aqueous 

conditions to form the green manganate anion, Mn042-. Both the tetrabutylammonium 

permanganate and the methyltricaprylammonium permanganate have slight solubility in 

water, and upon hydrolysis, a small amount dissolves in the aqueous phase, and can 

oxidize the phosphite. This is confmned by the hght green color of the aqueous phase after 

hydrolysis before acidification. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

Altiiough there is striking evidence for die formation of a Cr-P406 intermediate in the 

oxidation of phosphoms with dichromate under phase transfer conditions, the acuial 

identity of that intermediate is not known. The difficulty in isolating die intermediate ties in 

the phase transfer agent itself Adogen 464, the only effective phase transfer agent for 

dichromate, is a viscous hquid, and makes isolation of die intermediate difficult if not 

impossible. Also, die lack of a functioning 3lp NMR during die latter part of diis project 

Umited die amount of NMR data, especially for very dilute solutions, which could have 

given more clues as to the nature of the intermediate. It is also uncertain if hydrolysis of 

die Cr-P406 intermediate actually breaks die metal-(P406) bond, or if hydrolysis simply 

breaks the P-O-P bonds. 

The evidence of a Mn-P406 intermediate in the oxidation of phosphoms with 

permanganate is less striking. On the other hand, the elemental "phosphoms is clearly 

oxidized. Certainly, base hydrolysis of the intermediate and subsequent quantitative 

analysis of the hydrolysis product gives good yields of phosphorous acid, but again, other 

P(III) compounds will hydrolyze to give phosphorous acid. Because of the hygroscopic 

nature of the intermediate, acquiring infrared and UV-visible spectra, which could have 

given more clues as to the identity of the intermediate, was difficult. It is certain, though, 

that the intermediate is stabilized by complexation to the quatemary ammonium cation. By 

analogy, the analysis of the intermediate formed upon reaction of potassium permanganate 

and phosphoms in acetone could give valuable evidence as to the nature of the intemiediate 

formed under phase transfer conditions. High dilution techniques, which were not 

36 
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performed in this case due to lack of a functioning 3lp NMR, could give rise to meaningful 

31p NMR spectra, which could further identify the reaction intermediate. 

In previous studies of phase transfer catalyzed oxidations in organic chemistry, the 

major goal was to obtain a product, and the fate of the inorganic oxidant itself was not 

determined or described. One of the questions posed by this project is the fate of the 

oxidant in phase transfer catalyzed dichromate and permanganate oxidations. This is an 

aspect of the project which needs further study. Also, reactions of both dichromate and 

permanganate phase transfer catalyzed oxidations of phosphoms under very dilute 

conditions need to be studied to determine if the paramagnetic broadening seen in the 31P 

NMR spectra of concentrated solutions is due to intermolecular or intramolecular 

interactions. 
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