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The methanolysis of phosphorus trichloride coordinated to nickel 

(0) has been studied. Free phosphorus trichloride reacts with methanol 

to give dimethyl hydrogen phosphonate, methyl chloride, and hydrogen 

chloride. The reaction involves a rearrangement on phosphorus using 

the lone pair, in which the coordination number increases from three 

to four. In the complex Ni(PC13)4, tetrakis(trichlorophosphine) - 

nickel(0), the lone pair is already involved in coordinate bonding and 

the coordination number is already four. Attack of methanol might be 

on the complex itself, with the metal -phosphorus bond retained through- 

out the reaction, or might be on free phosphorus ligand in equilibrium 

with a partly dissociated complex. 

The reaction of methanol with tetrakis (trichlorophosphine)nickel(0) 

in hydrocarbon solvents was found to be quite slow, to involve a series 

of various colored heterogeneous intermediates, and to give eventually 



a clear green solution. Hydrogen chloride, methyl chloride, dimethyl 

hydrogen phosphonate, and nickel in the plus two oxidation state were 

identified as the major reaction products. These were identified by 

vacuum line separation and characterization, gas chromatography, 

and spectroscopic techniques. 

No specific reduction product was identified. It was established that 

hydrogen was not formed. It is postulated that a reduced organo- 

phosphorus species was formed, such as a hypophosphite, possibly 

through the intermediate formation of a hydrido -nickel complex. Such 

a species could be formed by oxidative addition of hydrogen chloride 

to a nickel(0) complex. Experimental evidence of an indirect nature is 

presented to support this suggestion. 

With free phosphorus trichloride, methanolysis in the presence of 

a tertiary amine (which consumes hydrogen chloride as it is formed, 

but is otherwise inert) permits synthesis of the unrearranged tertiary 

phosphite ester. An attempt to use this technique in studying metha- 

nolysis of the nickel(0) complex was unsuccessful. An unexpected 

direct reaction took place between triethylamine and tetrakis- 

(trichlorophosphine)nickel(0). Methanolysis of the unidentified 

product of this reaction also gave oxidized nickel(II) species. 

Reaction of tetrakis(trichlorophosphine)nickel(0) with sodium 

methoxide in methanol causes hydrogen chloride to be consumed as 

fast as it is formed and also involves methoxide ion, a more reactive 



nucleophile than methanol. The product of this reaction, in hydro- 

carbon solvents, was tetrakis(trimethyl phosphite)nickel(0). Condi- 

tions for obtaining this product in the pure state, conveniently, and 

in good yield were developed. The method is recommended as the 

preferred method of synthesis of this compound. 
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METHANOLYSIS OF TETRAKIS- 
( TRIC HLOROPHOSPHINE )NIC KE L( 0) 

I. . INTRODU C TION 

The alcoholysis of a free halophosphine (R2PC1, RPC12, PC13) in 

an inert medium involves the lone pair of electrons on phosphorus in 

an Arbuzov rearrangement to give four -coordinate phosphorus, e. g. 

PC13 + 3ROH HP(0)(OR)2 + 2 HC1 + RC1 

A tertiary ester, e. g. (R0)3P, is obtained if the reactants are brought 

together in the presence of a tertiary amine base, e. g. pyridine or 

triethylamine, which consumes hydrogen chloride but is otherwise 

inert. A less common preparation for these tertiary phosphites has 

been to add phosphorus trichloride to a suspension of sodium alko- 

xide (e. g. NaOEt) in an inert medium, but the yields have been low. 

The representative equation follows: 

3 NaOR + PC13 > 3 NaC1 + (RO)3P 

The goal of this research was to study the alcoholysis of 

halophosphines coordinated to a transition metal, as in tetrakis- 

(trichlorophosphine)nickel(0), Ni(PC13)4. The phosphorus would 

already be four coordinate, and the lone pair of electrons is involved 

in the sigma (donor) portion of the coordinate bond. 

Experimental evidence that could lead to an understanding of the 

stoichiometry, and then, perhaps, the course of this reaction was 

sought as the major goal. 

. 
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II. HISTORICAL 

The coordinative behavior of phosphorus trichloride with platinum, 

palladium, gold, and iridium has been long known. As early as 1870 

Schutzenberger (28, 29, 30) had described the preparation and 

characterization of PtC12' PC13 and PtC12' 2PC13. Later the analogous 

palladium -halophosphine complexes were reported (11). Others then 

prepared a gold complex, AuCl PC13 (22), a copper(I) complex (10) 

(CuCI)2 PC13, and an iridium complex, IrC13(PC13)3 (34). All 

except the latter were reported to solvolyze in the lower alcohols to 

give the corresponding coordinated phosphite ester, e. g. MC12 P 

(OR)3. One might think from these examples that the metal - 

phosphorus bond remained intact during the replacement of chloride 

by alkoxide. 

In contrast, the first successful preparation of tetrakis- 

(trichlorophosphine)nickel(0), Ni(PC13)4, occurred in 1951. It was 

characterized and reported initally by Irvine and Wilkinson (15). 

Their procedure, in which nickel carbonyl is treated with an excess 

of phosphorus trichloride in an inert atmosphere, is still the one 

currently in use (32). Wilkinson observed qualitatively that Ni(PC13)4 

would solvolyze in alcohols to give green and brown solutions, but no 

definitive studies were reported (15). 

A description of the properties given in the literature (32) for 
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tetrakis (trichlorophosphine)nickel(0) is quoted here for convenience: 

Tetrakis (phosphorus(III)chloride)nickel is a pale yellow 
crystalline solid at room temperature and becomes 
colorless on cooling to about -30 °. This compound is 
stable in air when dry and unreactive with water at 
room temperature for a period of several days. It 
reacts rapidly in the cold with aqueous ammonia but 
more slowly with sodium hydroxide. It is reported 
that no decomposition occurs below 120° when the 
solid is heated, but that at higher temperatures the 
solid is decomposed and phosphorus(III) chloride is 
liberated; however, decomposition at 80° has been 
observed. Tetrakis (phosphorus(III)chloride)nickel ap- 
pears to be nonvolatile. The compound is readily 
soluble in organic solvents, e. g. , air -free benzene, 
carbon tetrachloride, pentane, and cyclohexane; the 
compound when dissolved in these solvents decomposes 
at room temperature. 

Wilkinson and co- workers (39) also found, during the initial investiga- 

tion of Ni(PC13)4, that the compound can be treated with an excess of 

phosphorus tribromide or phosphorus trifluoride to give the analogous 

tribromo- and trifluorophosphine complexes of nickel (0). The latter 

compound was found to be the most stable, thermally and chemically, 

while the phosphorus trichloride complex was intermediate among the 

three studied. In ethanol Ni(PBr3)4 is reported to undergo rapid 

decomposition. Ni(PF3)4 is reported to be insoluble in cold ethanol, 

but to give a colorless solution on warming (39). 

Tetrakis (trihalophosphine)nickel(0) complexes, Ni(PX3)4, are 

formally analogous to nickel carbonyl, the parent compound. 

Supporting this view is the currently accepted theory that PX3 

participates in coordinative bonding with transition metals using a 
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synergic bonding mechanism. One might expect that as the electro- 

negativity of the groups on phosphorus increases, the basicity (sigma - 

donor ability) decreases through an inductive effect. Experimental 

evidence supports this idea (13). On the other hand, the relative 

importance of pi- acceptor ability at phosphorus in these complexes is 

open to controversy. In a recent study (12) it was found that ligands 

with strong pi- acceptor ability tended to be good sigma- donors, as 

well. From work on the phosphine exchange and infrared spectra of 

nickel - carbonyl -phosphines, Ni(CO)x(PR3) , 

Y 
Meriwether and Fiene 

(24) concluded that the nickel -phosphine bond is primarily of the 

sigma type with partial pi -bond character apparent in complexes of 

phosphorus halides and phosphites. At present there appears to be no 

clear -cut measure of the relative sigma and pi effects in metal 

phosphine complexes. 

Leto and Leto (20), who were investigating catalytic properties, 

demonstrated the ability of each of the three different tetrakis- 

(trihalophosphine)nickel(0) compounds, previously mentioned above, 

to promote cyclotetramerization of unsaturated monomers, e. g. 

ethyl propiolate, in hydrocarbon solvents. Catalyst activation was 

said to proceed by way of a tricoordinated nickel(0) species. Thus 

it was found that added free PC13 caused a decrease in the total con- 

version, but did not affect the product distribution. This fact was 

supportive to the proposed dissociation theory (20). The results of 
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a 31P nmr study (conducted by the same workers) of phosphine ex- 

change in benzene or cyclohexane solution indicated that one or more 

of the PX3 ligands is subject to a rapid reversible dissociation. 

Thus a ligand deficient nickel(0) species containing only phosphines 

was produced according to the equation: 

Ni(PX3)4 _ Ni(PX3)n + (4 -n)PX3 

That equilibrium in this system lies far to the left is indicated by 

molecular weight data (15) in benzene: found, 600 ± 20; calculated 

for Ni(PC13)4, 608. 

Clark and his co- workers (7) carried out a study which provided 

some experimental facts about the possible course of the reactions 

of Ni(PC13)4. They wanted to determine whether the following re- 

action goes by ligand exchange or halogen exchange: 

Ni(PC13)4 + 4 PF3 > Ni(PF3)4 + 4 PC13 

Sealed tubes, previously evacuated, containing both Ni(32PC13)4 

and PF3 were heated for various periods of time. After some further 

manipulation, the radioactivity in the free PC13 fraction was compared 

with the activity in the Ni(PF3)4 fraction. The evidence obtained 

clearly supported their conclusion that the reaction proceeded by 

ligand exchange. The thermal decomposition of Ni(PC13)4 in an inert 

gas also was investigated by these workers. In its first stage of 

decomposition, in the temperature range 100 -150 °, 79. 6% of the 

weight was lost and PC13 was released. Other decomposition products, 

. 
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at much higher temperatures, were anhydrous NiC12 (found as a 

yellow sublimate) and a nickel phosphide of mixed stoichiometry. 

Surprisingly, metallic nickel was not isolated among these products. 

Phosphite and chlorophosphite ester complexes, such as 

Ni[P(OR)3_xClx]4 (x=0,1,2; R= Me,Et,n -Pr), also may be considered 

to be derivatives of nickel carbonyl, and indeed, have been prepared 

by complete displacement of carbon monoxide (3). Tetrakis(trialkyl 

phosphite)nickel(0) complexes also have been prepared in several 

other ways, e. g. from a trialkyl phosphite and nickelocene (25) or a 

nickel(II) halide (37), by reduction of a nickel(II) halide -trialkyl 

phosphite complex with potassium graphitate (16), or by treatment 

of pentakis(trialkyl phosphite)nickel(II) perchlorate with base (8). 

Kruck and Höfler (19) have prepared tetrakis(trimethyl phosphite) - 

nickel(0) by the reaction of sodium methoxide with tetrakis(tri- 

fluorophosphine) nickel(0). 

These coordinated phosphite complexes are relevant to the 

present study. They might be found among the products of the 

methanolysis reaction of Ni(PC13)4. 



III. EXPERIMENTAL 

Materials 

Solvents 

Benzene 

7 

Benzene (Baker and Adamson Reagent Grade) was purified by 

distillation, the fraction boiling in the range 80. 8 -80.9° C being 

collected. The solvent was stored in a glass stoppered flask until 

used. 

Carbon Tetrachloride 

Carbon tetrachloride (Baker and Adamson Reagent Grade) was 

used without additional purification. For spectral studies, however, 

carbon tetrachloride (Matheson Coleman and Bell Spectroquality 

Grade) was used. 

Ether 

Ethyl ether, Anhydrous (Baker and Adamson Reagent Grade) 

was used without additional purification. 

n- Pentane 

n- Pentane (Matheson Coleman and Bell Pure Grade) was allowed 
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to stand over sodium strips for at least 12 hours, and was subsequent- 

ly purified by distillation. That fraction boiling in the range 36. 5- 

36.9° C was collected. The solvent was stored in a glass stoppered 

flask until used. 

n- Hexane 

n- Hexane (Phillips 66 Petroleum Company) was allowed to 

stand over sodium strips for at least 12 hours, and was subsequently 

purified by distillation as needed. The fraction boiling in the range 

69.2 -69. 8° C was collected. 

Petroleum Ether 

Petroleum ether (Baker and Adamson) boiling range 30 -60° C 

was used without further purification. 

Reagents 

Nickel Carbonyl 

Nickel carbonyl (Matheson Company, Inc. ) was used directly 

from the cylinder without additional purification. 

Phosphorus Trichloride 

Phosphorus trichloride (Baker and Adamson Reagent Grade) 

was purified by distillation in a nitrogen atmosphere, the fraction 
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boiling in the range 74. 4 -75. 5° C being collected. 

Tetrakis (trichlorophosphine)nickel(0) 

Tetrakis (trichlorophosphine)nickel(0), Ni(PC13)4, was syn- 

thesized by treating nickel carbonyl with an excess of phosphorus 

trichloride, according to the method of Smith (32). Changes in the 

method included the use of prepurified nitrogen as the inert gas, and 

the use of a safety trap connected to an oil bubbler, through which the 

gases exited. Immediately before the use of tetrakis(trichlorophos - 

phine)nickel(0), it was purified by recrystallization from either n- 

pentane or anhydrous ethyl ether. 

Methanol 

Methanol (Baker and Adamson Reagent Grade) was purified by 

distillation, the fraction boiling in the range 65. 6 -66. 0° C being 

collected. The reagent was stored in a glass stoppered flask until 

used. 

Sodium Methoxide 

Sodium methoxide solutions were prepared by dissolving freshly 

cleaned sodium metal in an excess of methanol. The material was 

used without delay. 
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T riethylamine 

Triethylamine (Matheson Coleman and Bell) was mixed with 

phosphorus(V) oxide and allowed to stand overnight; subsequent 

purification was carried out by distillation. The fraction boiling in 

the range 89. 0 -90. 0° C was collected. 

Dimethyl Hydrogen Phosphonate 

Dimethyl hydrogen phosphonate (Mobil_ Chemical Company) was 

used as a qualitative standard for gas- liquid chromatography. 

Dimethyl Methylphosphonate 

Dimethyl methylphosphonate (Aldrich Chemical Company) was 

used as a qualitative standard for gas - liquid chromatography. 

Hydrogen Chloride 

Hydrogen chloride, Anhydrous (Matheson Company, Inc. ) was 

used directly from the cylinder without additional purification. 

Analytical Methods 

Chloride 

The chloride content of a sample was gravimetrically deter- 

mined. A sample was dissolved in distilled water, acidified with 
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dilute nitric acid, and in certain cases treated with 3% hydrogen 

peroxide (Baker and Adamson U.S. P. Grade). The chloride was then 

precipitated and weighed. 

Nickel 

The nickel content of a sample was volumetrically determined. 

A sample was dissolved in conc. H2SO4, heated to fumes of SO3, 

diluted in distilled water, made slightly basic, and titrated with 

standardized EDTA solution to the purple endpoint of murexide. 

Qualitative Analysis for Phosphorus 

Qualitative analysis for phosphorus was by the method of 

sodium fusion, oxidation with concentrated nitric acid, and precipita- 

tion with ammonium molybdate to give a characteristic yellow 

precipitate. 

Phosphorus, Carbon, and Hydrogen 

Quantitative microanalyses for phosphorus, carbon, and 

hydrogen were carried out by Galbraith Laboratories, Inc. , Knox- 

ville, Tennessee and by C. F. Geiger, Ontario, California. 
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Instrumental Methods 

Infrared Spectra 

Infrared spectra, in the range 2.54 (4000 cm -1) to 14.5p, (690 

cm -1), were obtained on a Beckman Microspec double beam record- 

ing infrared spectrophotometer. Demountable cells with sodium 

chloride windows and 0. 025 mm Teflon spacers were used for 

qualitative analyses of solutions. Spectroquality grade carbon tetra- 

chloride (Matheson Coleman and Bell) was used as the reference 

solution; samples were prepared as 5% solutions in carbon tetra- 

chloride. Those solutions which could attack sodium chloride cells 

were placed in 0. 025 mm fixed path length silver chloride throwaway 

cells (Research and Industrial Instrument Co. Part No. TAC -1). 

Solids were pressed into pellets in a potassium bromide matrix 

by use of a Wilks Scientific Co. Minipress. Samples were prepared 

as approximately 10% (wt) solute in spectrograde potassium bromide; 

the reference was air. 

Nuclear Magnetic Resonance Spectra 

A Varian Model A -60 nmr spectrometer was used to record 

proton spectra. Calibrants were ethylbenzene and tetramethylsilane. 

The sample tubes (Wilmad 501 -GS) were loaded and capped in a 

nitrogen -filled dry box. Samples were prepared as approximately 5% 
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solutions in benzene and were scanned using tetramethylsilane as an 

internal standard. Studies in the hydridic proton nmr region, re- 

quiring a greater offset to high field than could be obtained with the 

A -60 spectrometer, were run by Mr. B. Nist at the University of 

Washington on a Varian HA -60 spectrometer. 

Electronic Spectra 

A Beckman Model DK -2A double beam ratio recording spectro- 

photometer was used to record both solution and reflectance spectra. 

The nominal range of this instrument is from 2850 mµ (3500 cm -1) to 

218 mµ (45,900 cm-1). Solutions were contained in one cm silica 

cells (Infrasil). The reflectance spectra of powdered solid samples 

were obtained using the standard Beckman reflectance attachment. 

Magnesium oxide was the reference. Both the sample and reference 

were covered with Scotch Brand Magic Mending Tape, which did not 

interfere with spectral studies in the visible and near - infrared re- 

gions, but precluded work in the ultraviolet. 

A Coleman Model 124 Hitachi double beam ratio recording 

spectrophotometer connected to a Beckman Microspec strip -chart 

recorder was used, also, to obtain solution spectra in the range from 

800 mµ (12, 500 cm -1) to 190 mµ (52, 600 cm -1). 
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Gas - Liquid Chromatography 

A F and M Scientific Model 700 Chromatograph connected to a 

Sargent Model SR Recorder was used for qualitative analysis. Identi- 

cal dual stainless steel six ft columns of 1/4 in. o. d. filled with 

Reoplex 400 (20 %) (polypropylene glycol adipate) -Chromosorb W 

(water washed) 30 -60 mesh were used. The carrier gas was helium. 

Rapid injection o f sample solution into the port of the column was done 

with a Microliter Syringe (Hamilton Model No. 701). Certain instru- 

ment settings will be described in the Procedures Section, because 

the chromatograph is equipped with a linear temperature programmer. 

Melting Points 

Samples were loaded into capillaries in a nitrogen -filled dry 

box. These were stoppered and subsequently sealed. A Buchi 

Schmelzpunktbestimmungs Apparat was used to obtain melting points. 

If decomposition at high temperature was anticipated, a Fisher -Johns 

melting point apparatus was used. Observation was made on a sample 

spread between two micro -cover glasses. 
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Reaction Procedures 

Preliminary Studies 

Methanolysis of Free Phosphorus Trichloride in Carbon Tetrachloride 

A preliminary experiment designed for the synthesis of dimethyl 

hydrogen phosphonate, HP(0)(OCH3)2, was carried out to develop 

experimental techniques. The purified product was needed as a 

reference standard for gas -liquid chromatography and infrared 

spectroscopy. 

Apparatus and technique. A three -necked one liter round 

bottom flask was fitted with a thermometer, magnetic stirring bar, 

dropping funnel with pressure - equalizing side arm, and a reflux 

condenser connected first to a safety trap and then to an oil bubbler. 

The apparatus was flushed with purified dry nitrogen. In a nitrogen 

atmosphere the flask was charged with 400 ml of carbon tetra- 

chloride and with approximately 90 ml (1. 0 mole) of freshly distilled 

phosphorus trichloride. The dropping funnel was filled with 

approximately 175 ml (4. 3 mole) of methanol and this was added 

dropwise to the well- stirred, ice -cooled contents of the reaction 

flask. When the addition of the methanol was completed, the reaction 

mixture was stirred for another two hours at room temperature to 

expel volatile gases. 
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Removal of solvent and the excess of methanol was carried out 

by distillation at atmospheric pressure. Approximately 100 ml of 

colorless liquid was left in the distilling vessel. 

Purification of product by reduced pressure distillation. A 

three- necked 200 ml round bottom flask was fitted with a capillary gas 

inlet tube for admission of dry purified nitrogen, a thermometer, and 

a 470 mm Vigreux distilling column with a Claisen head that was 

connected to a condenser, vacuum adapter, and an udder -type fraction 

cutter with 50 ml receivers. The vacuum adapter was connected 

first to a safety trap cooled with liquid nitrogen, then to a Cole - 

Parmer cartesian diver -type manostat, a manometer, and to a high 

vacuum system of the type described by Sanderson (26). A heating 

mantle was used to heat the contents of the flask. The upper parts 

of the assembly were insulated with glass wool. The flask was charged 

with approximately 100 ml of the impure product and a pure sample of 

dimethyl hydrogen phosphonate was obtained by distillation. Its 

infrared spectrum is presented in the Appendix. The middle fraction 

collected had a boiling point range of 58.6-59.00 C (12 mm), lit. (33) 

55 -57° C (10 mm). 

Methanolysis of Tetrakis (trichlorophosphine)nickel(0) in Carbon 
Tetrachloride 

A second preliminary experiment was designed to study 
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qualitatively the alcoholysis of tetrakis (trichlorophosphine)nickel(0) 

in an inert solvent. The experiment was designed to allow the complex 

to react with methanol first in a 1: 12 molar ratio, and then with a 

large excess of methanol in carbon tetrachloride as solvent. 

Apparatus and technique. A four -necked 100 ml round bottom 

flask was fitted with a gas inlet tube, graduated dropping funnel, 

condenser connected to a drying tube for exit of gases, magnetic 

stirring bar, and a glass tube with a stopcock. The top end of this 

tube was covered with a rubber septum to permit withdrawal of 

samples by a syringe. The assembly was flushed with dry purified 

nitrogen. The flask was charged with a 0.985 g (O. 00162 mole) 

quantity of freshly recrystallized Ni(PC13)4 and approximately 75 ml 

of carbon tetrachloride. Under a nitrogen blanket, the dropping funnel 

was charged with 25 ml of methanol and approximately 0.75 ml 

(O. 0186 mole) of this was added dropwise to the well- stirred contents 

of the flask. After seven minutes, by the use of a hypodermic syringe 

inserted down the glass tube through the bore of the stopcock, a 2 ml 

aliquot of the reaction mixture was withdrawn. The aliquot was 

immediately transferred to a cuvette, previously capped with a rubber 

septum. The spectrum of the yellow -brown sample was determined in 

the range 2850 mµ to 400 mµ. A colloidal suspension appeared to be 

present. The reference was carbon tetrachloride. 

An additional milliliter of methanol was added dropwise to the 



18 

flask, and the contents were found to show a positive Tyndall effect. 

This was followed by complete dropwise addition of the methanol to 

the flask, and the observation that the reaction mixture changed into a 

clear lime -green solution. 

Methanolysis of Tetrakis(trichlorophosphine) - 
nickel(0) in Hydrocarbon Solvents 

General Procedure 

As a precaution against the atmosphere all materials were 

transferred in a nitrogen -filled dry box. The reactions were carried 

out in standard taper apparatus, previously heat -dried, connected to a 

glass high vacuum system of the type described by Sanderson (26). 

Dow Corning High Vacuum Silicone grease was used on all stopcocks 

and joints in the vacuum system. Materials that were introduced to 

the vacuum line were frozenwith liquid nitrogen. The air was removed 

by pumping, and a cycle of thawing and refreezing was followed to 

ensure degassing of the material. Liquid nitrogen was also used for 

the transfer of materials within the vacuum system. 

Reaction in n- Pentane 

Apparatus and technique. A 7. 042 g (12. 69 millimole) quantity 

of tetrakis (trichlorophosphine)nickel(0) and a magnetic stirring bar 

were placed in a 500 ml flask in the dry box under nitrogen. The 
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flask was stoppered, removed from the dry box, and quickly attached 

to the vacuum line and evacuated. Approximately 200 ml of the solvent, 

n- pentane, was degassed in another flask on the vacuum line and was 

transferred into the reaction vessel, which was immersed in liquid 

nitrogen. The mixture was allowed to warm to room temperature 

with stirring, and then was frozen in liquid nitrogen. An exactly 

measured quantity of methanol was then transferred into the reaction 

vessel. To do this, a quantity of degassed methanol was transferred 

from a storage flask on the vacuum line into a 15 ml weighing bulb 

equipped with a stopcock and standard taper joint. The bulb was re- 

moved, weighed, and reconnected to the vacuum line. Part of the 

methanol was then transferred to the reaction flask, and the weighing 

bulb was subsequently reweighed, giving a measurement of the exact 

quantity of methanol taken for reaction. The 5. 33 g (O. 166 mole) 

quantity of methanol taken corresponded to a 14.4:1 molar ratio to the 

nickel complex; a 12: 1 molar ratio would correspond to the amount 

required stoichiometrically for the simple methanolysis of the 

phosphorus trichloride in the complex. 

The reaction mixture was then allowed to warm. Stirring was 

initiated as soon as the contents of the flask were partly melted. 

Chemical reaction was indicated by the formation of an oily red - 

brown liquid phase, and a clear yellow upper liquid phase. During the 

period of reaction, the flask was opened to a mercury manometer on 

. 



20 

the vacuum line. Five minutes after stirring had commenced, the 

pressure was 221 mm. In 12 hours, this had changed to 358 mm 

(measured at the same temperature). No change in the physical 

appearance of the reaction mixture was seen during this time. The 

vacuum line stopcock immediately above the reaction flask was then 

closed, and the vapor in the manifold (including the manometer, 

connecting tubes, and a U trap) was quenched in liquid nitrogen. The 

residual pressure was found to be 1. 5 mm. 

Removal of the more volatile reaction components. All gas 

noncondensable at -196° C was pumped from the system. The solvent 

and other readily volatile components of the reaction mixture were 

distilled from the reaction flask through the vacuum system and con- 

densed in a storage vessel. These volatile materials formed two 

colorless liquid phases. The larger quantity (upper phase) presumably 

included the bulk of the n- pentane. The volume of .. the lower layer was 

about 5. 6 ml. Both liquid phases were analyzed by gas chromato- 

graphy. 

Instrumental conditions for qualitative analysis were as follows: 

the injection port and detector temperatures were 150° C, the oven was 

operated isothermally at 52 °, the filament current was 150 ma, and 

the carrier gas flow rate was 40 ml /min. All injections, which includ- 

ed standards and volatile reaction materials, were 1. 0 -3. 0 µl in 

volume. Since a moderate oven temperature was used, any possible 
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elution peaks corresponding to higher boiling organophosphorus 

components could not be observed. The chromatographic data are 

given in Table I. 

The reaction residue. During the removal of the solvent, layers 

of brown and of yellow- orange crystalline material separated out and 

coated the sides of the reaction flask. One and one -half hours later, 

the color of the residue was observed to change rapidly into a brownish- 

green. The last small quantity of liquid remaining was removed by 

opening the reaction flask directly to the vacuum line pumping 

system. This last portion of the volatile material was collected in a 

U trap at -196° C. The nearly dried residue in the reaction flask was 

brownish -black, and retained this appearance after being pumped on 

for 60 hours. The volatile material in the U trap was allowed to 

warm to 29 °. It was a colorless liquid with a vapor pressure of 129 

mm. Twelve hours later, the apparent vapor pressure was 205 mm 

at the same temperature, and decomposition was evident. An in- 

definite yellow deposit (of the type frequently encountered in work with 

phosphines and halophosphines) had formed in and around the U trap. 

A test for noncondensable gas was made by installing liquid nitrogen 

baths on two U traps in the line. The residual pressure in the 

system was 62 mm, indicating that a gas, presumably hydrogen, had 

been released during the decomposition of the colorless organo- 

phosphorus material. 

. 



Table I. Gas Liquid Chromatographic Data for Volatile Reaction Components and Solvent. 

Assignment 
Magnitude of Peak 
Height Relative to 

Largest Peak as 100 

Elution Peak 
Retention Times 
Observed (min) 

Retention Time 
of Standard 

Sample (min) 

Reaction of Ni(PC13)4 with McOH (1: 14.4 mole ratio) in n- pentane: 

Upper Liquid Phase: 

n- pentane 

methanol 

Lower Liquid Phase: 

hydrogen chloride(gas) 

n- pentane 

methanol 

100 0. 85 0. 85 

85 2.90 2. 80 

Not observed 0. 65 

4 0. 85 0. 85 

60 2. 80 2. 80 

-- 
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Dry nitrogen was admitted to the reaction flask, and it was 

removed from the vacuum line and quickly stoppered. The flask was 

opened in the dry box. Approximately 1. 5 g of the residue was 

transferred to a weighing bottle. Quantitative determinations were 

carried out for chloride and nickel content. A qualitative test also 

indicated . the presence of phosphorus. A portion of the residue in a 

sealed capillary tube under nitrogen was sent to Galbraith Labora- 

tories, Inc. Microanalyses for phosphorus, carbon, and hydrogen 

were carried out. 

Further methanolysis of reaction residue. A preliminary 

qualitative test indicated that the brownish -black residue would 

dissolve in hot methanol to form a clear lime -green solution. An 

experiment was designed to allow the residue to react with an excess 

of methanol within a closed evacuated system. In the dry box, a 300 

ml round bottom flask was charged with a 2. 4537 g quantity of the 

brownish -black residue, fitted with a magnetic stirring bar, and 

stoppered. The flask was connected to the vacuum line and evacuated. 

Methanol in another flask was degassed according to the technique 

previously described. The vapor pressure of the methanol measured 

at 0° was 32 mm, and at 18.2° was 90 mm; lit (6) at 21. 2° is 100 mm. 

The reaction flask was submerged in liquid nitrogen, and approxi- 

mately 200 ml of methanol was transferred into it. The reaction 

mixture was allowed to warm to room temperature; stirring was 
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started as soon as it had partly thawed. The mixture had the 

appearance of a cloudy dark brown suspension. A water bath was 

positioned around the reaction flask. Vapor pressure measurements 

during the first three hours, in the temperature range 9 -27 °, were in 

reasonable agreement with the literature values for methanol. Tests 

for formation of more highly volatile reaction products, or of non - 

condensable gas, during the subsequent period of reaction, were pre- 

cluded due to apparent development of a leak in the vacuum system. 

Stirring of the mixture was continued overnight, for a total period of 

12 hours, without apparent change. The temperature of the surround- 

ing water bath was then increased, and was maintained for five hours 

in the range 60 -70 °. The water bath was removed and the flask 

allowed to cool to room temperature. Dry nitrogen was admitted, and 

the reaction flask was removed from the vacuum line and quickly 

stoppered. The contents consisted of a brown flocculent suspension in 

a pale green liquid. The flask was opened in the dry box. The suspen- 

sion was poured into a tared medium -porous glass filtering funnel. 

Only a very small amount of residue was collected; its weight after 

oven - drying was 0.0382 g. The lime -green filtrate was transferred 

quantitatively into a 250 ml round bottom flask, using methanol for 

washing. This flask was stoppered and stored in the dry box. The 

flask containing the clear lime -green solution was subsequently 

attached to the vacuum line, evacuated, and degassed. The volatile 
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components were transferred through the vacuum system to a 

storage vessel, and were analyzed by gas chromatography. The 

chromatograph instrument settings were as described in the section 

on Removal of the More Volatile Reaction Components, except that 

the oven temperature was 58° and the flow rate was 30m1 /min. Only 

methanol (retention time 3. 65 min, exactly matched by an authentic 

sample) was observed. During this process, layers of orange and of 

green solid material were seen to separate out from the original 

solution. The last small immobile quantity of liquid covering the 

residue was removed by raising the temperature of the surrounding 

water bath and opening the flask directly to the vacuum line pumping 

system. The dry solid residue consisted of a circular orange layer on 

top of a larger green crystalline material. 

Dry nitrogen was admitted to the reaction flask, and it was 

removed from the vacuum line and quickly stoppered. The flask was 

opened in the dry box and approximately 1. 2 g of the residue was 

transferred to a weighing bottle. After its total weight had been re- 

corded, the residue was segregated (to a major extent) into green and 

orange portions in a nitrogen atmosphere. Quantitative determinations 

were carried out for chloride and nickel. Segregated samples of 

orange and of green residue were placed individually into capillary 

tubes, stoppered, and subsequently sealed. Microanalyses on the two 

kinds of samples for phosphorus, carbon, and hydrogen were carried 
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out by Galbraith Laboratories, Inc. 

Reaction in n- Hexane 

Apparatus and technique. This experiment was designed to allow 

an excess of methanol to react with tetrakis (trichlorophosphine)nickel - 

(0) in n- hexane. In the dry box, a 250 ml round bottom flask was 

charged with 6. 0621 g (9. 970 millimole) of Ni(PC13)4, fitted with a 

magnetic stirring bar, and stoppered. This reaction vessel was then 

connected to the vacuum line and evacuated. Approximately 200 ml 

of n- hexane in a storage vessel on the vacuum line was degassed as 

described previously and was then transferred to the reaction vessel. 

When the Ni(PC13)4 solution was partly thawed, it was stirred until it 

had warmed to room temperature. When all of the solute had 

dissolved, a light pale -yellow solution was observed. The reaction 

flask was submerged in liquid nitrogen. A 11. 965 g (O. 373 mole) 

quantity of methanol (37. 3: 1 mole ratio) was transferred to the 

reaction flask from a tared weighing bulb in the manner described 

previously. After some thawing had occurred, the mixture was 

stirred and reaction was evidenced by formation of an opaque lemon - 

yellow suspension. 

Observations on the reaction mixture. Observations made during 

this reaction are presented in Table II. The reaction mixture was 

stirred constantly. After two hours from the initial reaction, the 



Table II. Observations on the Methanolysis of Tetrakis (trichlorophosphine)nickel(0) in n- Hexane in 
a Closed Evacuated System. 

Time Temp of Vapor Pressure 
After Surrounding From Hg Barometer 

Reaction Water Bath (approx. ) 

Observation of Reaction Mixture 

0 min 

8 min 

12 min 

29 min 

31 min 

35 min 

55 min 

2 hour 
3 hour 

8 hour 

20 hour 

Oo C 

0o C 

Oo C 

5o C 

8o C 

13° C 

15.8° C 

26.5° C 

27.5° C 

26.5° C 

Contents are thawing; lemon -yellow suspension 
100 mm Brownish oil in lower layer; pale yellow -green 

upper layer 
Red -brown oil in lower layer; darkening with 

green in upper layer 
Red -orange in lower layer; darkening with 

orange in upper layer 
Dark red in lower layer; yellow in upper layer 
Red oil in lower layer; yellow in upper layer 

180 mm Unchanged 

280 mm Unchanged 

390 mm Olive green in lower layer; yellow -green in 
upper layer 

430 mm Olive green in lower layer; yellow -green in 
upper layer 

440 mm Dark lime -green in lower liquid layer; clear 
colorless upper liquid layer 
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stopcock immediately above the reaction vessel was closed. The 

vapor in the vacuum line manifold, which had been in equilibrium with 

the reaction mixture, was condensed in a liquid nitrogen cooled bulb. 

By use of a mercury barometer connected to the manifold, the residual 

pressure was estimated to be no more than one millimeter, indicating 

that no significant amount of noncondensable gas had been formed. 

During the night, however, a leak developed which admitted air through 

the stopcock grease. After this, the residual pressure was measured 

to be approximately 30 mm. For the purpose of identifying this non - 

condensable gas, a Toepler pump was used to transfer it into a tared 

weighing bulb. A subsequent molecular weight determination con- 

firmed that the gas was indeed air. The leak was eliminated, and all 

gas noncondensable at -196° was pumped from the system. 

Separation of volatile reaction components. The reaction flask 

was submerged in a slush bath (temp -79° C), the stopcock immediate- 

ly above it was opened, and a few milliliters of the most volatile 

reaction components were allowed to distill through a series of U- 

traps at -79 °, -110 °, -131 °, and into a -196° C trap, resulting in 

fractional separation. Pressure measurements were obtained on the 

more volatile components after the separation and are presented in 

Table III. 

. 
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Table III. Pressure Measurements on Components of Reaction 
Mixture. 

Temperature 
(degree C) 

Pressure Observed 
(mm Hg) 

Pressure Calculated 
for Pure Material 

Phase 
Observed 

Component obtained in U trap cooled at - 196 °: 
HC1 

-196 0 -0- 
-131 23.5 19 

-110 41.5 137 

solid 
solid 
solid 

Component obtained in U trap cooled at -110 ° 
CH3C1 

-196 0 0 solid 
-131 0.5 0 solid 
-110 2.5 0 solid 

-79 23 33 liquid 
-63.5 75 91 liquid 
-45.2 219 268 liquid 
-23.5 493 760 

The following technique was used to determine the molecular 

weight of the volatile material condensed, by fractional separation, in 

the U trap cooled at -110° C. It was transferred in the gas phase to an 

evacuated tared bulb (with a stopcock and standard taper joint). The 

net weight was recorded (0. 3256 g). The gas was then carefully 

transferred into a previously calibrated storage bulb connected to a 

manometer, and its pressure was recorded at room temperature (99 

mm at 20.5° C). The storage bulb to the manometer contained a 

volume of 1. 08 liters. From the ideal gas law and experimental 

values, the molecular weight of the material was found to be 50.5 

(calc for CH3C1: 56.0). 

Approximately 95% of the solvent and other readily volatile 

' 

1 

- 
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components remaining in the reaction mixture were then distilled from 

the reaction flask through the vacuum system and condensed in a 

storage vessel. 

Analysis of material remaining in the reaction mixture. Dry 

nitrogen was admitted to the reaction flask, and it was removed from 

the vacuum line and quickly stoppered. The flask was opened in the dry 

box. The volume of the lime -green liquid layer, covered with a small 

amount of solvent, was about 15 ml. 

Two milliliters of the lower layer, withdrawn by pipette, was 

loaded under nitrogen into an Infrasil cuvette. Its spectrum was 

obtained in the visible region, the reference being air. About 5 ml 

of the lime -green solution, withdrawn by pipette, was transferred 

under nitrogen into a 10 ml volumetric flask, and then diluted with 

anhydrous methanol (Merck and Co. , Inc. Spectro - grade) to the mark. 

The spectrum of this diluted solution was obtained in the visible and 

ultraviolet regions, the reference being air. The spectrum included 

the following absorption peaks: 

750 mµ med broad 
690 mµ med shoulder 
413 mµ large sharp 
310 mµ small broad 
250 mµ ultraviolet cut -off 

The recorded spectrum is given in the Appendix. Work in the near - 

infrared was precluded by strong absorption of the solvent. 

In the dry box, a fixed path length AgCl cell was loaded with 

the lime -green solution. The infrared spectrum was obtained and is 
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presented in the Appendix. The presence of a P -H linkage (2420 cm -1) 

and a possible coordinated phosphoryl group (1190 -1110 cm -1) were 

indicated. Other absorptions included 1620, 1440, 1040 and 790 cm -1. 

Using the linear temperature programmer, the lime -green 

solution also was analyzed qualitatively by gas chromatography. 

Instrumental settings for analysis were as follows: The temperature 

of the oven, initially at 55° C, was programmed to increase to a 

final temperature of 190° C at the rate of 20°/min during a run. The 

temperature of the injection port was 200 °, the temperature of the 

detector was 265 °, the filament current was 150 ma, and the carrier 

gas flow rate was 30m1 /min. Injections, which included standards 

and volatile reaction materials, were 1. 5 -2. 0 pl in volume. All 

retention times are in minutes and include the time from injection of 

the sample to the elution of the compound at the detector. The results 

for the analysis of the reaction mixture along with the retention times 

for all standard samples are given in Table IV. Chromatography of a 

sample distilled from the lime -green solution in vacuo again gave the 

same results, although an unidentified component was observed at 

7. 1 min. 

Nmr sample tubes containing the lime -green solution under 

nitrogen were sent to Mr. B. Nist at the University of Washington for 

study of the proton nmr region at high field from tetramethylsilane, 

the internal standard. There was no hydride signal in the region 



Table IV. Gas Liquid Chromatographic Data for Volatile Reaction Components and Solvent. 

Assignment 
Oven Magnitude of Peak Elution Peak Retention Time 
Temp Height Relative to Retention Times of Standard 

( °C) Largest Peak as 100 Observed (min) Sample (min) 

Reaction of Ni(PC13)4 with Methanol (1:37. 3 mole ratio) in n- hexane: 

n- hexane 

hexane isomer 

methanol 

dimethyl hydrogen 
phosphonate 

dimethyl methyl - 
phosphonate 

(glpc std) 

72 8. 6 1. 3 1. 3 

75 1. 1 1. 6 1. 6 

107 100 2. 8 2. 8 

190 4. 8 8.6 -8.8 8.7 

190 Not observed 9. 3 



33 

associated with hydrido -complexes. 

Methanolysis of Tetrakis (trichlorophosphine)nickel(0) 
in Hydrocarbon Solvents in the Presence of a Base 

Reaction in the Presence of Triethylamine 

Direct reaction of Ni(PC13)4 with triethylamine in benzene. This 

experiment was designed to allow an excess of methanol to react with 

tetrakis (trichlorophosphine)nickel(0) in benzene in the presence of a 

tertiary amine. It was discovered, however, that a tertiary amine 

(triethylamine) reacts directly with the original complex. 

In the dry box, a 500 ml round bottom flask was charged with 

1. 8354 g (3. 018 millimole) of Ni(PC13)4, fitted with a magnetic stir- 

ring bar, and stoppered. This reaction vessel was then connected to 

the vacuum line and evacuated. Approximately 150 ml of benzene in a 

storage vessel on the vacuum line was degassed as described previously 

and was then transferred to the reaction vessel at -230. The mixture 

was allowed to warm to room temperature; stirring was commenced 

when it had partly thawed. All of the complex dissolved and a light 

pale yellow solution was formed. The reaction mixture was then 

cooled to about 30; stirring was continued. Triethylamine was allowed 

to distill into the reaction flask from a tared weighing bulb connected 

to the vacuum line. Within the first minute the reaction mixture had 
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turned dark green and smoke was seen above it. After 18 minutes, the 

contents appeared black. The transfer continued until 9. 8985 g 

(97. 820 millimole) of triethylamine had condensed into the reaction 

flask. The solvent and other readily volatile components of the 

reaction mixture were distilled from the reaction flask through the 

vacuum system and condensed in a storage vessel. The dry residue 

in the reaction flask was brownish -black. 

Methanolysis of the reaction product. The original plan, to add 

an excess of methanol to the reaction flask, was carried out. The 

reaction flask was submerged in liquid nitrogen, and approximately 

100 ml of methanol was transferred into it through the vacuum line 

system from a storage bulb. The reaction mixture was allowed to 

warm to room temperature; stirring was started as soon as it had 

partly thawed. The mixture had the appearance of a cloudy dark black 

suspension. Some of the dried residue on the inner side of the flask 

seemed to dissolve after several hours. Dry nitrogen was admitted, 

and the reaction flask was removed from the vacuum line, quickly 

stoppered, and allowed to stand overnight. 

The next morning the contents consisted of a brown flocculent 

suspension in a lime -green liquid. The flask was opened in the dry 

box. The suspension was poured into a tared medium -porous glass 

filtering funnel. Only a very small amount of residue was collected; 

its weight after oven- drying was 0. 0551 g. The lime -green filtrate 
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was transferred quantitatively into a 200 ml volumetric flask, using 

methanol for washing and adding to the mark. 

About 10 ml of this solution, withdrawn by pipette, was loaded 

under nitrogen into an Infrasil cuvette. A spectrum was obtained in 

the visible and ultraviolet regions, the reference being anhydrous 

methanol. It included the following absorption peaks: 

413 mµ small broad 
312 -235 mp. rising broad band 
260, 254, 248 med sharp shoulders 

The .recorded spectrum is given in the Appendix. 

The remainder of the solution was transferred to a flask, which 

was subsequently attached to the vacuum line, evacuated, and degassed. 

The volatile components were transferred through the vacuum system 

to a storage vessel, and subsequently were analyzed by gas chroma- 

tography. Instrumental conditions for qualitative analysis were the 

same as that described for analyzing the reaction mixture for the 

methanolysis reaction in n- pentane. 

Since a moderate oven temperature was used, any possible 

elution peaks corresponding to higher boiling organophosphorus 

components could not be observed. Only methanol was identified. 

The dry solid residue in the reaction flask consisted of a lime - 

green material which retained its appearance after opening the flask 

directly to the vacuum line pumping system. Dry nitrogen was 

admitted to the reaction flask, and it was removed from the vacuum 
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line and quickly stoppered. The flask was opened in the dry box and 

approximately 0.93 g of residue was transferred to a weighing bottle. 

Quantitative determinations were carried out for chloride and nickel. 

A qualitative test also indicated the presence of phosphorus. A 

portion of the residue in a sealed capillary tube under nitrogen was 

sent to Galbraith Laboratories, Inc. Microanalyses for phosphorus, 

carbon, and hydrogen were carried out. A melting point determination 

was attempted, but the material underwent a permanent color change 

without melting in the range 90 -225° C. 

Reaction in the Presence of Other Amines 

Because of the observed reaction of tetrakis(trichlorophosphine) - 

nickel(0) with triethylamine, tests for its reaction with other amines 

were carried out. The observations are presented in Table V. 

Reaction in the Presence of Sodium Methoxide 

Apparatus and technique. Preliminary work indicated that 

sodium methoxide in solution in methanol would react with tetrakis- 

(trichlorophosphine)nickel(0) in hydrocarbon solvents to give tetrakis- 

(trimethyl phosphite) nickel(0) according to the equation: 

Ni(PC13)4 + 12 NaOCH3 y Ni[ P(OCH3)3]4 + 12 NaCl. 

Several runs were made using pentane and petroleum ether as solvents 

and varying the details of the reaction conditions. It was found 



Table V. Reaction of Tetrakis (trichlorophosphine)nickel(0) with Amines in Benzene. 

Amine 
Immediate Observation of 

Reaction Mixture After 
Addition of Amine 

Subsequent Observation of 
Reaction Mixture After 

Addition of an Excess of McOH 

T riethylamine 

Tributylamine 

n-Propylamine 

Ammonia (conc. , 

aq. ) 

Smoke, orange -brown precipitate 

Smoke, bluish -green translucent 
suspension 

Smoke, deep red -brown precipitate 

Light smoke, orange -brown 
precipitate 

Clears up to light gold -brown solution 

Clears up to gold -brown solution 

Clears up to rust -brown solution 

Upper liquid colorless; lavender 
precipitate at bottom 
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satisfactory to use a slight excess of sodium methoxide, and to carry 

out the reaction in a nitrogen atmosphere in ordinary standard taper 

glassware. Use of the vacuum line was found unnecessary. Yields 

were decreased when a large excess of methoxide was used. Green 

discoloration (oxidation) occurred when the reaction was conducted in 

air. 

The following specific reaction procedure represents the best 

experimental method from the standpoint of convenience, yield, and 

purity of product. Yields of purified product ranging from 59 to 64% 

of theory were obtained. 

A weighed quantity (approx. O. 01 mole) of Ni(PC13)4, freshly 

recrystallized from ether, is placed in a 500 ml two -necked flask 

fitted with a magnetic stirring bar, a dropping funnel with pressure - 

equalizing side arm, and a reflux condenser. A stream of purified 

nitrogen enters through the top of the dropping funnel and exits through 

the condenser and a mineral oil bubbler. Through the dropping funnel 

is quickly added approximately 200 ml of petroleum ether (30 -60° 

boiling range) and the mixture is stirred to give a clear yellow solu- 

tion. Freshly cut sodium (approx. 0. 14 mole) is dissolved in methanol 

to give 50 ml of a solution of sodium methoxide. With the reaction 

flask cooled in an ice bath, the sodium methoxide solution is added 

dropwise under nitrogen with stirring over the course of one hour. 

The reaction mixture is then refluxed for about 30 minutes, and the hot 
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solution is decanted through a medium porosity glass filtering funnel 

under a blanket of nitrogen. The sodium chloride residue is washed 

three times with 20 ml portions of boiling petroleum ether, and the 

washings are combined with the filtrate. The volume of the petroleum 

ether solution is reduced to about one -sixth by passing a stream of 

nitrogen over it while under aspirator vacuum. The first crop of 

crystals is removed by filtration, and a second crop is obtained by 

cooling the mother liquor in a Dry Ice bath. The yellowish crude 

product is recrystallized from petroleum ether three times; the 

purified material is colorless. 

Characterization of tetrakis(trimethyl phosphite)nickel(0). A 

quantitative nickel determination was carried out. Microanalyses 

for carbon and hydrogen were supplied by C. F. Geiger. An infrared 

spectrum was measured using a sample in a KBr matrix. The proton 

magnetic resonance of the sample was obtained on a benzene solution. 

A melting point determination indicated that the compound partially 

decomposes above 135° with complete blackening at 205° C. 

Reaction by- product. In one of the preliminary experiments, 

with pentane as the solvent, a 35:1 molar ratio of sodium methoxide 

to nickel complex was used. The off -white residue which presumably 

contained the sodium chloride was collected and analyzed. It had an 

odor typical of phosphites, was water soluble (slightly basic), and 

reduced silver nitrate solution to a black suspension. A sample of the 
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residue, made into a pellet in a KBr matrix, was scanned in the 

infrared region. The residue would not melt within the range of the 

Fisher -Johns apparatus. 

Reaction of Tetrakis(trimethyl phosphite)nickel(0) 
with Anhydrous Hydrogen Chloride in n- Hexane 

Apparatus and Technique 

This experiment was designed to allow an excess of anhydrous 

hydrogen chloride to react with tetrakis(trimethyl phosphite)nickel(0) 

in n- hexane. In the dry box, a 300 ml round bottom flask was charged 

with 3. 3750 g (6. 086 millimole) of Ni[P(OCH3)3]4, fitted with a 

magnetic stirring bar, and stoppered. This reaction vessel was then 

connected to the vacuum line and evacuated. Approximately 100 ml 

of n- hexane in a storage vessel on the vacuum line was degassed as 

described previously and was then distilled into the reaction flask. 

When the Ni[ P(OCH3)3]4 solution was partly thawed, it was stirred, 

and with an ice -water bath brought to a temperature near 0° C. An 

estimated excess of anhydrous hydrogen chloride gas, from a storage 

vessel on the vacuum line, was transferred to the reaction vessel. 

Reaction was evidenced by formation of a dense lemon -yellow suspen- 

sion. 
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Observations on the Reaction Mixture 

Observations made during this reaction are presented in Table 

VI. Tests for the formation of a noncondensable gas, i. e. hydrogen, 

were made as follows: The stopcock immediately above the reaction 

vessel was closed. The vapor in the vacuum line manifold, which had 

been in equilibrium with the reaction mixture, was condensed in a 

liquid nitrogen cooled bulb. By use of a mercury manometer connect- 

ed in the system, the residual pressure could be determined 

accurately. 



Table VI. Observations on the Reaction of Tetrakis(trimethyl phosphite)nickel(0) with Anhydrous 
Hydrogen Chloride in n- Hexane. 

Time Residual 
After Pressure 

Reaction (mm Hg) 
Observation of Reaction Mixture 

0 min 0 Contents are thawing; lemon -yellow suspension is forming. 
5 min - Clean yellow -lemon suspension. No blackening nor decomposition 

10 min - Lemon -yellow suspension is thicker. Few black specs visible. 
15 min - All of the stored HC1 is now exposed to the reaction mixture. 
30 min 0 Test for noncondensable gas is negative. 
35 min - Olive -green lumpy precipitate forming at bottom of flask. 
45 min - Olive -green gel -like material has replaced yellow suspension. 

1 hr 5 min 4. 5 Test for noncondensable gas is positive. 
1 hr 30 min 4. 5 No change. 
1 hr 50 min 8. 0 Olive -green material has broken up into globules and swirls up 

into hexane layer, but is immiscible. 
2 hr 2 min 17.0 Color change to a definite dirty yellow. Hexane is now cloudy. 
4 hr 5 min 24.0 Color change to a green; material has solidified. Hexane is 

colorless but cloudy. Small bubbles seen to evolve from solid. 
14 hr 15 min 34.0 Dark green solid residue remains at bottom of flask. Two tones 

of green can be seen. Hexane is clear pale green solution. 
26 hr 35.0 No further change. 
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IV. RESULTS 

Preliminary Studies 

Methanolysis of Tetrakis(trichlorophosphine) - 
nickel(0) in Carbon Tetrachloride 

Several experiments in carbon tetrachloride demonstrated that a 

sequence of various -colored colloidal phases was formed. An excess 

of methanol eventually gave a light green clear solution, which on 

evaporation left a yellow- orange residue. Oxidation of nickel was 

suggested. Some hydrogen chloride was evolved. Work in carbon 

tetrachloride was discontinued because of the heterogeniety of inter- 

mediates and a report of the reaction of Ni(PC13)4 with this solvent 

(27, 31). 

Methanolysis of Tetrakis(trichlorophosphine)- 
nickel(0) in Hydrocarbon Solvents 

Reaction in n- Pentane 

Reaction with a 14. 4: 1 Molar Ratio of Methanol 

The methanolysis of tetrakis (trichlorophosphine)nickel(0) 

evidently occurred slowly. Methanolysis of the complex, using only a 

slight excess of methanol over the 12: 1 mole ratio theoretically 

required, resulted in a brownish -red precipitate. Pressure measure- 

ments indicated that no noncondensable gas formed. Removal of the 
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more volatile material (containing pentane and methanol) left behind 

a green -brown residue. The last fraction of the volatile material was 

a colorless liquid organophosphorus compound, which decomposed on 

standing at room temperature, apparently to a phosphorus -rich in- 

definite solid deposit and hydrogen gas. The reaction residue was now 

brown -black. It was infusible and dissolved slowly in methanol, water, 

or nitric acid to give a green solution. Its analysis did not correspond 

to any pure substance, and demonstrated that the degree of methanoly- 

sis of the starting material was quite small. Anal.: found; Ni, 13. 31; 

Cl, 53.09; P, 20.67; C, 2.64; H, 1.46. 

Further Reaction With a Large Excess of Methanol (Undiluted) 

A quantitative experiment, designed to allow the residue to 

dissolve in a large excess of methanol, was carried out. More than 

98% of the residue dissolved, giving a green solution from which 

orange and green residues were obtained. The analyses of the orange 

and green portions were very similar. While they still did not 

correspond to any pure chemical compound, they indicated a much 

greater degree of methanolysis thanhad been observed for the original 

brown -black residue. Anal. : Orange residue; Found: Ni, 22. 34; 

Cl, 18. 88; P, 17. 79; C, 9.27; H, 3. 58. Green residue; Found: 

Ni, 20. 89; Cl, 17. 99; P, 18. 52; C, 8. 93; H, 3.53. 
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Reaction in n- Hexane With a 37. 3 Molar Ratio of Methanol 

The methanolysis of tetrakis (trichlorophosphine)nickel(0) in 

hexane was carried out as described in the Experimental Section. One 

difference from the work in pentane was that a larger initial excess of 

methanol was used, so that a clear green solution of the reaction 

product was obtained directly. Again the methanolysis was slow, and 

dark red and brown intermediate colors were formed; again the 

reacting system was heterogeneous from the start. 

Hydrogen chloride and methyl chloride were identified among the 

most volatile reaction components; no noncondensable gas, e. g. 

hydrogen, was formed. The electronic spectrum of the green solution 

was characteristic of octahedral d8 Ni2 

matched by that of an authentic d8 Ni2+ 

This spectrum was exactly 

sample (anhydrous nickel(II) 

chloride in absolute methanol), with a relatively sharp, intense peak 

at 412 mµ (24. 3 x 103 cm -1), and a lower, broader absorption at about 

755 mµ (13.2 x 103 cm -1) with a shoulder at about 690 mµ (14.5 x 103 

cm -1). The presence of dimethyl hydrogen phosphonate in the reaction 

mixture was suggested by its infrared spectrum; where P -H and P =0 

groups were indicated. This was positively confirmed by gas 

chromatographic analysis. The nmr spectrum did not suggest the 

presence of a hydrido -complex. 
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Methanolysis of Tetrakis(trichlorophosphine)- 
nickel(0) in Hydrocarbon Solvents in 

the Presence of a Base 

Reaction in the Presence of Triethylamine 

The original plan, to study the methanolysis reaction with a 

tertiary amine present as an inert base to take up any hydrogen 

chloride formed, went awry when the amine proved not to be inert. 

The product of the vigorous direct reaction of triethylamine with 

tetrakis (trichlorophosphine)nickel(0) in benzene was a brown -black 

material. This, with methanol, again gave a green solution from 

which a green solid was obtained on evaporation. Its analysis differed 

significantly from that observed for the previous methanolysis 

products. Anal. : Found: Ni, 15. 32; Cl, 28. 22; P, 8. 18; C, 29. 31; 

H, 7. 31. 

Reaction in the Presence of Sodium Methoxide 

The study of the reaction of tetrakis (trichlorophosphine)nickel(0) 

with sodium methoxide in methanol has been developed into a procedure 

which can be recommended as the preferred method for the synthesis 

of tetrakis(trimethyl phosphite)nickel(0). Following the specific 

directions given in the Experimental Section, one is able to obtain the 

product conveniently, in good yield, and in a satisfactory state of 

purity. Anal. : Calc for Ni[ P(OCH3)3] 4: 
Ni, 10. 58; C, 25. 97; 
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H, 6.54. Found: Ni, 10. 24; C, 26. 24; H, 6.46. 

The infrared spectrum of tetrakis(trimethyl phosphite)nickel(0) 

indicates the absence of typical absorption bands for P -H and P =0 

groups. The spectrum, which is given in the Appendix, differs little 

from that of free trimethyl phosphite. The infrared spectrum of the by- 

product (obtained when a large excess of sodium methoxide was used) 

is shown in the Appendix. 

The nmr spectrum of the complex is presented in the Appendix. 

The conditions of the Varian Model A -60 nmr spectrometer when 

analyzing the sample of Ni[P(OMe)3]4 were: Integral Amplitude, 

Off; Filter Bandwidth, 4; Spectrum Amplitude, 32; R. F. Field, O. 01; 

Sweep Time, 250 sec; Sweep Width, 500 cps. The proton resonance 

of hydrogen is split into a doublet by coupling with phosphorus 

(JP -H =10. 8 Hz; â =3. 60 ppm). 

Reaction of Tetrakis(trimethyl phosphite)nickel(0) 
With Anhydrous Hydrogen Chloride in n- Hexane 

The reaction of tetrakis (trimethyl phosphite)nickel(0) with 

anhydrous HC1 in hexane was carried out as described in the Experi- 

mental Section. This reaction proceeded slowly and a series of 

insoluble heterogeneous intermediates was noted. Hydrogen was 

evolved, but its appearance was delayed until the latter stage of the 

reaction. The observed data seem to suggest a possible oxidative 



48 

addition of HC1. The formation of hydrogen can be postulated, 

however, from reduction of an intermediate, e. g. phosphorous acid. 

The result does indicate that tetrakis(trimethyl phosphite)nickel(0) is 

destroyed by HC1. 
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V. DISCUSSION 

One can postulate several reaction paths for the methanolysis 

of tetrakis(trichlorophosphine)nickel(0). For example, the nickel - 

phosphorus bond might be retained, at least initially, in a process 

involving attack of methanol on quadruply- connected phosphorus: 

- P - Cl + CH3OH - P OCHS + HC1 

Alternatively., since uncoordinated phosphorus trichloride reacts very 

rapidly with methanol, the partial dissociation of the initial complex: 

Ni(PC13)4 Ni(PC13)3 + PC13 

followed by attack on triply- coordinated phosphorus 

PC13 + CH3OH -> products 

might represent the major initial reaction path. (Even though tetrakis- 

(trichlorophosphine)nickel(0) shows a monomeric molecular weight in 

a hydrocarbon solvent, the previously reported halophosphine ligand 

exchange studies as well as the effect of an excess of phosphorus 

trichloride on catalysis of olefin polymerization indicate that a slight 

reversible dissociation occurs. ) 

In either case, complications may be anticipated in subsequent 

stages of the reaction, particularly due to the build -up of hydrogen 

chloride. Thus, a net reaction 

Ni(PC13)4 + 12 CH3OH -y) Ni[P(OCH3)3] 
4 

+ 12 HC1 

cannot be expected, as the nickel(0)- trimethyl phosphite complex is 

destroyed by hydrogen chloride, with formation of hydrogen. 

Ni 

-7' 

- Ni 
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Similarly, coordinatively unsaturated nickel(0) species such as 

Ni(PC13)3 would be very reactive and readily attacked, and the net 

reaction by complete dissociation: 

Ni(PC13)4 Ni + 4 PC13 

4 PC13 + 12 CH3OH ---3 4 HP(0)(OCH3)2 + 4 CH3C1 + 8 HC1 

would necessarily lead to a nickel- hydrogen chloride reaction forming 

hydrogen. 

An attempt to avoid the interference from hydrogen chloride, by 

studying the reaction in the presence of an excess of a tertiary amine, 

was thwarted when a vigorous direct reaction of the amine with 

tetrakis (trichlorophosphine)nickel(0) took place, giving a black solid. 

When sodium methoxide in methanol was used, the hydrogen chloride 

was consumed as fast as it was formed, but this also involved chang- 

ing the nucleophile from methanol to the more reactive methoxide ion. 

For the sodium methoxide reaction, a dissociation mechanism: 

Ni(PC13)4 Ni(PC13)3 + PC13 

would be in accord with the known formation of the tertiary phosphite 

ester with methoxide: 

PC13 + 3 CH3O- ---> P(OCH3)3 + 3 CF 

but would require that the free phosphite return with high efficiency to 

the coordination sphere of the nickel at each of four stages of 

dissociation, since Ni[ P(OCH3)3]4 was formed in high yield (over 60% 

after extensive purification). Twelve steps of direct substitution on 

- 

--- 
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phosphorus remaining coordinated to nickel, 

Ni(PC13)4 + 12 CH30- Ni[ P(OCH3)314 + 12 C1- 

would also and more simply account for the observed results. 

Compounds of the type Ni[ P(OCH3)xC13 -x]4, which would be inter- 

mediates in such a process, have previously been prepared(3). 

For the methanolysis reaction in the absence of base, the pro- 

ducts established in the present work were hydrogen chloride, methyl 

chloride, dimethyl hydrogen phosphonate, and nickel in the +2 

oxidation state (as a complex of nickel(II) chloride). No hydrogen was 

formed. However, the formation of the clear lime -green solution 

containing these net reaction products was quite slow, requiring, e. g. 

nearly two days under the typical conditions involved in this work. 

Within a few minutes of mixing, heterogeneous intermediates of 

changing colors (yellow, orange, brown, red) started to appear. A 

preliminary attempt to study the reaction spectrophotometrically in 

carbon tetrachloride was abandoned due to colloidal phenomena (and to 

the possible interference of a direct reaction involving the solvent). 

However, addition of an excess of methanol eventually led to a clear 

green solution in carbon tetrachloride. 

In pentane, when a 14.4 molar ratio of methanol to nickel com- 

plex was used, a red -brown oil quickly separated. One component 

of the reaction mixture, an unstable organophosphorus compound of 

moderate volatility, was isolated by distillation in the vacuum line. 

- --I 
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That the methanolysis reaction was very incomplete after many hours 

was proven by analysis of the non -volatile brownish -black nickel - 

containing residue: Ni, 13. 31; Cl, 53. 09; P, 20. 67; C, 2. 64; H, 

1.46, This may be compared to the starting material: Ni, 9. 66; Cl, 

69. 97; P, 20. 37; and to the eventual green product obtained by 

subsequent treatment with excess neat methanol: Ni, 20, 89; Cl, 

17. 99; P, 18. 52; C, 8. 93; H, 3. 53. Data on the similar slowness of 

the reaction in hexane, and the sequence of heterogeneous interme- 

diates, are summarized in Table II. In this case, a clear green final 

reaction mixture was obtained directly, since an excess of methanol 

(37. 3 molar ratio to nickel) had been taken initially. 

The amounts of the reaction products, hydrogen chloride, methyl 

chloride, dimethyl hydrogen phosphonate, and nickel(II), were not 

measured quantitatively. However, all were clearly major products, 

present in significant quantities. The identification of the products of 

the reaction in hexane with an excess of methanol involved vacuum 

line fractionation and isolation of hydrogen chloride (identified by vapor 

pressure measurements and acidity) and of methyl chloride (identified 

by vapor pressure measurements and molecular weight). Gas chroma- 

tography of the concentrated (less volatile) components of the remain- 

ing green solution conclusively identified dimethyl hydrogen phosphonate. 

Chromatography of a sample distilled from this in vacuo again showed 

the presence of dimethyl hydrogen phosphonate and demonstrated 

the absence of dimethyl methylphosphonate (although an unidentified 
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component was observed). Dimethyl. hydrogen phosphonate 

was also characterized by the P =0 and P -H absorptions in the infrared 

spectrum of the reaction mixture. 

While the solubility of methanol in hexane is limited, the 

concentration used in this work was within the solubility limit. The 

separation of a second liquid phase early in the reaction is significant, 

and may be related to the known insolubility of dimethyl hydrogen 

phosphonate in hexane (33). Much of the remaining methanol and all 

of the colored nickel species were eventually partitioned into this 

phase. Its electronic spectrum was typical of octahedrally coordinated 

d8 nickel(II), with 3A2g (P) or V'3 
3 

at 24.3 x 103 cm -1, 

3A2g -> 3Tlg(F) or W2 at 13.2 x 103 cm -1 (with a shoulder at 14.5 

x 103 cm -1), and with the following parameters then evaluated from 

literature tables (21): Dq /B = O. 862, B = 926 cm -1, and 10 Dq = 7.95 

x 103 cm -1. The 
3A2 g 

---> 
g 3T2 transition, = 10 Dq, would then 

be expected at about 1.26 microns in the near infrared; severe inter- 

ference by a methanol absorption in this region was encountered, but a 

partly resolved peak at 1.23 microns was observed. The spectrum 

was matched by that of a solution of authentic anhydrous nickel(II) 

chloride in methanol. 

A completely methanolyzed solution was obtained by further 

treatment of the initial product of partial methanolysis in pentane. This 

gave, on evaporation, a mixture of orange and green powders of very 

- 

g 
---> 

g 

V' 
1 
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similar analysis. The colors were interconvertible on exposure to the 

air; such behavior is very typical of nickel(II) salts. The analysis 

indicated 1. 4 atoms of chlorine per atom of nickel; presumably the 

anion deficiency is made up by some type of phosphite. 

In summary, with methoxide ion as nucleophile and no hydrogen 

chloride interference, a fairly rapid reaction gives tetrakis(trimethyl 

phosphite)nickel(0) in good yield. With methanol alone, in hydrocarbon 

solvents, a slow complex heterogeneous reaction takes place. 

Ultimate products include those characteristic of methanolysis of 

free phosphorus trichloride, namely hydrogen chloride, methyl 

chloride, and dimethyl hydrogen phosphonate. Nickel is oxidized, 

appearing as the methanol complex of nickel(II) chloride (or, partly, 

some type of phosphite). The mysterious feature is that no reduction 

product has been identified. The most obvious reduction product would 

be hydrogen gas, regardless of the initial steps of the methanolysis 

reaction. It has been established definitely that no hydrogen is 

formed. In addition, it has been shown that reaction of authentic 

tetrakis(trimethyl phosphite)nickel(0) with hydrogen chloride in hexane 

gives a heterogeneous intermediate which does slowly give off hydro- 

gen gas. 

One mode of nickel oxidation, typical (1,2) of complexes of the 

Ni, Pd, Pt triad, could be oxidative addition of hydrogen chloride: /H 
-Ni (0) + HC1 -> Ni -C1 
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No evidence of Ni -H infrared or nmr spectral absorptions was obtained 

in this work. It has been demonstrated, however, (2, 4, 35, 38) that 

hydrido -complexes of nickel are very unstable, unlike those of 

palladium and platinum, and so it is not unreasonable that measure- 

ments (made after lengthy delays) failed to demonstrate any. A 

possible reaction of such a hydrido -nickel complex (other than reaction 

with hydrogen chloride, which would give hydrogen) could be with the 

organophosphorus product, to give a hypophosphite ester. Hypo - 

phosphite esters have never been reported, and would not be 

expected to be stable (36, p. 357). Such speculation, to account for 

a reduction process to accompany the observed oxidation of nickel, 

might be summed up in the equation: 

Ni(PC13)4 + 17 CH3OH --> 3 HP(0)(OCH3)2 

HP(OH) (OCH3) + 4 CH3C1 + 6 HC1 + [Ni(CH3OH)6] C12 ... 

Experimental evidence includes (a) the isolation, after partial 

methanolysis in pentane, of an unstable volatile fraction which de- 

-composed to an indefinite yellow phosphorus deposit and hydrogen gas, 

(b) the observation of an unaccounted -for peak in both the chromato- 

gram and the infrared spectrum of the hexane methanolysis reaction 

mixture. 

The reaction of triethylamine with tetrakis(trichlorophosphine) - 

nickel(0) was not anticipated, because it is known (14) that triethylamine 

and phosphorus trichloride do not interact, and because the bonding 

+ 
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descriptions of these nickel(0) complexes emphasize the importance 

of at least some degree of pi bonding. The saturated aliphatic 

tertiary amine is completely restricted to sigma bonding. On the 

other hand, a number of examples of partial amine substitution of 

metal carbonyls (not including nickel) are known. No conclusions can 

be drawn about the reaction or its product at this time. It may be 

noted that the ultimate complete methanolysis of the amine -nickel 

residue gave a sample somewhat resembling the products of the direct 

methanolysis reaction, and containing nickel(II). Its analysis gave the 

nearly integral atom ratios, Ni 1. 00 : P 1.01 : Cl 3. 05, which may be 

coincidental. The excess of chlorine may well be present as 

alkylammonium chloride, but it is not apparent why this should be in 

any stoichiometric relationship to nickel chloride. 

In conclusion, the simpler reaction of tetrakis(trichlorophos - 

phine)nickel(0) with sodium methoxide has been characterized, and 

developed into a recommended synthetic method for tetrakis(trimethyl- 

phosphite)nickel(0). The more complicated reaction with methanol 

will require additional investigation. Four major products, hydrogen 

chloride, methyl chloride, dimethyl hydrogen phosphonate, and nickel 

(II) have been established. Detailed qualitative observations on the 

course of the reaction have been recorded. At this time, one is 

limited to making reasonable postulates about a reduction product 

arising from nickel oxidation; it has been shown, however, that 
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hydrogen is not formed. Future work should involve the qualitative 

identification of this material, and establishment of the stoichiometry 

of methanolysis by quantitative determination of the amounts of all 

products. 
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