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CHAPTER I 

INTRODUCTION 

In 1890 Thorpe and Tutton obtained a white, volatile 

compound from the oxidation of white phosphorus with air. 

They found the compound to be a suboxide of phosphorus with 

the empirical formula of P^O^. This value was assigned on 

the basis of gravimetric determinations, but molecular 

weight determinations showed the molecule to be a dimer, 

P.Og. At this time much interest was generated in the 

molecule, particularly relative to its structure, with 

many proposals showing a planar arrangement of phosphorus 

atoms with varying degrees of bridging and double bonded 

2 
oxygen atoms (Figure 1). Stostick and others, 50 years 

after the discovery of P.Og, performed a structure determi-

3 4 nation by electron diffraction. ' The results showed a 

highly symmetric tetrahedrally shaped molecule. The phos

phorus atoms were situated at the apices of a regular 

tetrahedron, while the oxygen atoms occupied the facial 

centers of the defined cube. It was also found that P,0,^ 

contained the same basic tetrahedral cage structure, except 

that each phosphorus atom had an exocyclic double bonded 

oxygen atom (Figures 2 and 3). 
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Fig. 1. Proposed structures of P40g. 



R.O 

Phosphoru 

O Oxygen 

3 

F i g . 2 . S t r u c t u r e of P«Og and P^O^ 



.:> 

4 4 

Phosphorus 

(J) Oxygen 

F i g . 3 . S t r u c t u r e s of P40g, P40^, and P^O^ 0 



> 

-7^ 

With the exceptions of studies of oxidation by sul-

5 6 
fur, and later oxygen, relatively little work had been 
performed with P40g, until Van Wazer showed the utility of 

o 

the phosphorus case as a ligand by reactions with Ni(CO). 
9 31 

and B2Hg, as monitored by P NMR spectroscopy. Van Wazer 

demonstrated that each phosphorus atom was indeed behaving 

as a potential phosphorus(III) Lewis base site. Since the 

geometry of the cage restricts any movement of the phos

phorus atoms, this precludes chelatation. P,0-. can be 
4 D 

visualized as a tetradentate, non-chelating ligand. 

This work is an extention of the earlier studies, 

where an examination of the donor ability of P.O^ was ex-
4 6 

tended to other metal carbonyl systems i.e. Fe(CO)c; Fe^-
— — 5 2 

(CO)^; and M(CO)g, where M=Cr, Mo, or W. The addition 

compounds of one to four Fe(CO) . units in the iron car

bonyl series showed the tetradentate chelating ability, 

while the Via metal carbonyls series showed the control 

over the degree of substitution by stoichiometry. 

The isolation of P^Og(S) and P^O- from oxidation re

actions of P40g with P4S^Q and by thermal decomposition of 

P.Og and their subsequent reaction with the above mentioned 

metal carbonyls, led to the synthesis of a series of mixed 

compounds which contained P , P , and P-M moieties on the 

same phosphorus cage. The analysis of these compounds re-
31 vealed unusual P NMR spectral patterns and trends in the 

NMR chemical shifts and coupling constants. 



CHAPTER II 

EXPERIMENTAL 

Instrumentation 

Vibrational data were recorded on a Perkin-Elmer Model 

457 grating infrared spectrophotometer and on a Jerrel-Ash 

Model 25-500 laser Raman spectrophotometer. Mass spectra 

were obtained using a Varian Mat-311 mass spectrometer 

operating at 2 0 and 7 0 electron volts. Nuclear magnetic 

resonance spectra were obtained on a Varian Associates NMR 

Model XL-100-15 Fourier transform spectrometer. Phosphorus-

31 NMR spectra enhancements were obtained by using a Varian 

Associates Model 1024 time averaging computer. Phosphorus-

31 NMR data are reported relative to P^Og as internal or 

19 2 

external standard with F external and H internal locks. 

Downfield shifts are recorded as negative values while up-

field shifts are reported as positive values. 

Special Apparatus 

Manipulations of air sensitive compounds were carried 

out under nitrogen atmosphere using Schenk ware tech

niques in conjunction with a helium-filled dry box using 

a recirculation system or a static helium atmosphere dry 

box using sodium/potassium alloy as oxygen and water 



scavengers. Tensimetric titrations were performed with a 

Pyrex tensimeter constructed of Pyrex glass using Teflon 

12 
stopcocks and couplings. Phosphorus-31 NMR data for the 

nickel carbonyl and boron halide adducts were obtained by 

using a sealed Pyrex tube fitted with a 24/40 ground glass 

joint to which three or four 5-mm bore NMR tubes had been 

attached. This "rocket ship" was then fitted with a high 

vacuum stopcock and attached to a high vacuum line by means 

of a ground glass joint. 

Preparations 

Metal carbonyls were obtained from Pressure Chemical 

Company, and sublimed before use. Phosphorus was purchased 

from several commercial sources, and used as received. All 

solvents were used as reagent grade and dried either by 

distillation from CaH- or LiAlH^, or by storage over CaH^ 

for several days. Molybdenum hexacarbonyl was also ob

tained as a gift from Climax Molybdenum Company, and was 

sublimed before use. Tetraphosphorus decasulfide and 

phosphorus pentoxide were obtained from Fisher Chemical 

Company. Tetraphosphorus decaselenide was obtained from 

Research Organic/Inorganic Chemical Corporation. Photo

chemical reactions were carried out using a 100 watt 

medium-pressure Hanovia lamp in Pyrex reaction vessels. 

I. P^Og 

A simplification of the method of Wolf and Schmager 
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was used where atmospheric oxygen was employed as the oxi

dizing agent with aspiration over molten phosphorus. The 

product was trapped in a -78° bath while P4O,^ and other 

solids were removed by glass wool plugs. 

A flow system consisting of readily obtainable ma

terials with the addition of an all quartz reaction tube 

was used (Figure 4). The system design allowed facile op

eration and handling of the product. By clampling the rub

ber tubing connection, the solid P40g could be melted by 

slight warming and transferred by pouring into an appropri

ate storage vessel. The compound P40g was prepared as 

follows: The flow system was assembled and tested for 

leaks. A water aspirator pressure of 25-35 torr (as in

dicated by manometer D) was maintained on the isolated flow 

system. The flow system was disconnected and glass wool 

plugs were placed in traps H and I and tube J. In trap H, 

the glass wool plugs were placed in front and next to the 

existing tube. These loose plugs are designed to remove 

large solid particles while allowing gases to pass freely 

through the trap (Figure 5). Trap I is a U-tube 4 cm. in 

height and 25 mm. in diameter. A tight glass wool plug was 

employed to aid in removal of fine solid particles and 

phosphorus vapor. Tube J was a connecting tube between I 

and the Dry Ice trap L. The glass wool plug in tube J was 

used as an additional trap for P. vapor. These glass wool 
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plugs determined the success or failure of any particular 

experimental run. If the glass wool plugs were too loose, 

this would allow P40^Q and other solid matter to pass 

through and clog the rubber tubing as well as the collec

tion tube L. In some instances plugs which were too loose 

were pulled into other portions of the system when the gas 

flow commenced. If the glass wool plugs were too tight, 

^4^10 ^°^-^^ have clogged the system and prevented any air 

flow through the system. 

The system was re-assembled, and after vacuum was 

achieved (with stopcock A closed), stopcock C2 was turned 

so as to isolate the first part of the flow system (A 

through D) from the remainder; the flow system past stop

cock C^ was pressurized and F was disconnected. Nitrogen 

was passed slowly through the reaction tube G from point 

JK. 

While N2 was flowing through the reaction tube, 30-35 

g of white phosphorus in 4-5 g pieces was placed in the 

tube at point F.. The N2 flow was stopped and F. and JK 

were connected. The aspirator pump was started and after 

several minutes, stopcock C^ was reopened slowly to allow 

all parts of the system to equilibrate. The white phos

phorus was then melted with a heat gun and the liquid was 

used to level the reaction tube. Trap L was then placed 

in a tall Dewar flask (ca. 28 cm), which had been filled 

1/3 full (to provide a temperature gradient to remove P. 
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vapor) with Dry-Ice acetone slush bath. The needle valve A 

was opened slowly to allow a small quantity of air to enter 

the tube with the resultant ignition of molten phosphorus. 

After ignition, 5 minutes was allowed for the flame to 

stabilize. The flow rate was slowly increased until a 

pressure of 90 torr was reached (this corresponds to a flow 

rate of ca. 2.5 1/hr.). Orange polymer and P^O,^ were 

visible at the point of ignition. Periodically, the P40g 

was melted by hand to prevent the clogging of the collec

tion tube L. The pressure gradually increased as P40,Q 

collected on the glass wool plugs. The reaction time was 

4-6 hrs. Yield 5-7 ml. 

P.Og was purified by repeated sublimation or by dis

solving P/Og in an equal volume of pentane and irradiating 

the solution in a Pyrex vessel with an ultraviolet lamp for 

2 hrs. The excess pentane was removed by vapor transfer 

and the resulting liquid (P40g + pentane) was distilled 

under dynamic vacuum through a -7 8° trap which trapped the 

pure P.O^ and allowed the pentane to pass through. 
4 6 

I (a). Fe(CO)^P^Og and trans (P^O^) ̂  Fe (CO) j: Thermal re

action of P^Og with Fe{CO)^. 

One milliliter (9.7 mmol) of P40g was added to 15 ml 

of degassed diglyme in a 25-ml three-necked round-bottom 

flask under N2 atmosphere. To this was added 1.4 ml (10.0 
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mmol) of Fe(CO)^. With the flask connected to an mercury 

bubbler, the reaction mixture was heated to 140° in an oil 

bath for 9 hours. The reaction mixture remained light 

yellow until a temperature of 110-120° was reached and then 

gradually darkened and became viscous. The reaction mix

ture was allowed to cool to room temperature and was fil

tered in an all glass system. The diglyme was removed from 

the filtrate at ambient temperature under dynamic vacuum 

and the resulting residue was fractionally sublimed at 80°. 

The sublimate consisted of about 3.0 mmol of P̂ O-, and 3.0 
4 7 

mmol of the less volatile, clear yellow crystals of (CO).-

Fe(P.Og). The residue from the initial sublimation was 

transferred to a conventional sublimator and heated to 12 0° 

for 3 hr yielding crystals (ca. 1.5 mmol) of trans(CO).-

I (b). Fe(CO)^P.Og and trariŝ (P̂ Og) 2Fe (CO) _ : Photochemical 

reaction of P40g with Fe(CO)c. 

One milliliter (9.7 mmol) of P40g and 1.3 ml (9.3 

mmol) of Fe (CO) c- were added to 50 ml of degassed benzene 

or tetrahydrofuran (THF) and irradiated under N^ atmosphere 

for 10-16 hr. Some evidence of reaction was noted after 

ca. 1 hr of irradiation. The reaction mixture was filtered 

and the solvent was removed from the filtrate via vapor 

transfer. The remaining oil was washed five times with 

10-ml portions of pentane. The residue was discarded. The 
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pentane was removed by vapor transfer and the residue was 

sublimed under a dynamic vacuum at 80°. The sublimate was 

identified as (CO).Fe(P.Og) while the unsublimed residue 

contained (CO)^Fe(P.Og)2. 

I (c). [Fe(CO).] P.O^ n=l,2,3,4: Reaction of P,0^ with 
4 n 4 D 4 6 

Fe2(C0)g.^^ 

One milliliter (9.7 mmol) of P40g was added to 20 ml 

of THF which had been purged with CO. While under CO at

mosphere, 12.8 g (36.0 mmol) of purified Fe2(CO)^ was added 

with vigorous stirring of the solution at 35°. The reac

tion was then heated to 50° for 30 min. After cooling, the 

THF was removed to give [(CO)-Fe].(P.Og) with some 

Fe-(C0)^2' ^^ progressively lowering the mole ratio of 

Fe^(CO)Q:P-Og in the initial reaction stoichiometry from 

ca. 4:1 to 1:1, the entire series of compounds [(CO).Fe] 

(P.Og), where n = 1-4, was observed. 

15 
I (d). Fe(CO).P.Og: Reaction of P40g with Fe_(C0),2« 

One milliliter P.Og[Fe(CO).] (9.7 mmol) of P40g was 

added to 30 ml of glyme or THF containing 2.0 g (4.0 mmol) 

of Fe^(C0),2« '̂ ŝ mixture was heated to 70° for 1 hr, dur

ing which time the green color of Fe., (00)^2 disappeared. 

The solution was cooled and filtered, and the solvent re

moved under dynamic vacuum at ambient temperature. The 

residue was heated to 48° to remove P40g and Fe(CO)_. A 
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nearly quantitative yield (based on P40g) was isolated by 

sublimation at 80°. 

I (e). Cr(C0)^P^0g: Photochemical reaction of P Og with 

Cr(CO)^. 
b 

One gram Cr (CO)g (4.5 mmoles) was dissolved in 50 ml 

of degassed tetrahydrofuran (THF). To this 0.46 ml P.O^ 
4 D 

(4.0 mmols) were added under a nitrogen blanket and the 

resulting solution was irradiated from the under side of 

the flask for 2 hours. Tetrahydrofuran was removed by 

vapor transfer and the resultant white residue was placed 

in a dry box and transferred to a sublimator. The residue 
-5 was sublimed at 50°/10 torr for 3 hrs to remove excess 

starting products. The residue was then placed in an all 

glass filtering system and washed with 90 ml of cyclohexane 

in 3 portions. The residue was discarded and the cyclo

hexane removed by vacuum yielding Cr (CO) ̂.P .Og. 

I (f). Mo(C0)cp40g: Photochemical reaction of P40g with 

Mo(CO)g. 

The same procedure given for preparation of Cr (CO) j.-

-5 P.O^ was used, and the residue was sublimed at 60°/10 4 6 

torr for 3 hrs. 

I (g). Mo(C0)cP40g: Thermal reaction of P40g with Mo(CO)g. 

Ten grams of Mo(CO)g (37.9 mmoles) was placed in 3 

neck round bottom flask containing 150 ml degassed methyl-

cyclohexane. To the solution, 3.5 ml (30.8 mmoles) of P.O^ 
4 D 
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was added and the mixture was heated to reflux for 4.5 hrs. 

The reaction mixture was allowed to cool and then was fil

tered through an all glass filtering system. The solvent 

was removed under dynamic vacuum to leave a white residue. 

The residue was heated to 50° to remove excess P.O^ and 
4 6 

remaining methycyclohexane. The residue was then treated 

as in the photochemical reactions. 

I (h). W(CO)gP^Og: Photochemical reaction of P40g and 

W(CO)g. 

The same procedure cited for preparation of Cr(CO)c~ 
5 

P.Og was used. The residue was then sublimed at 60° for 

12 hrs. 

I (i). [W(CO)^]2^405- Reaction between W(CO)^P.Og and 

W(CO)^NH2CgH5. 

Aniline tungsten pentacarbonyl was prepared by the 

method of Angelici and was purified by twice repeating 

the method used for purification of W(CO)j.P.Og. 

In a dry box 0.17 g W(CO)^P^Og (0.30 mmoles) was placed 

in a flask containing 0.13 g (0.31 mmoles) of (CO)cWNH^C^Hc 

in 7 ml of dry THF. The reaction mixture was stirred over 

night. The THF was removed by vapor transfer and the resi

due was taken up in dry benzene. 

I (j). P.OgS: Thermal reaction of P40g and P4S-1Q. 1 to 1 

stoichiometry. 

In a 100 ml three neck round bottom flask fitted with 
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a stirring bar was placed 50 ml of dry toluene. The 

toluene was degassed for 5 minutes and 0.6 ml (5.2 mmoles) 

of P40g and 2.4 g (5.5 mmoles) of purified P^S^Q were added 

to the toluene and the mixture was heated to reflux (110° 

C) for 30 minutes. The P4SJ^Q was insoluble in toluene and 

vigorous stirring was essential. The P̂ S.,-. began to darken 

from the original light yellow color to yellow-orange color 

at approximately 100°. After 30 minutes, the solution was 

allowed to cool and then filtered in an all glass filtering 

system. The toluene was removed from the filtrate by 

distillation at room temperature. The resultant white 

crystals were placed in a dry box and transferred to a 

sublimator and twice sublimed at room temperature onto a 

-5 0° cold finger at 10 torr. 

I (k) . P.O^S^: Thermal reaction of P.O^ and P.Ŝ ,.. 1 to ' 4 6 2 4 6 4 10 

1.5 stoichiometry. 

The procedure given for preparation of P.OgS was used. 

A mixture of 50 ml of dry degassed o-xylene, 0.41 ml (3.5 

mmoles) of P40g and 2.30 g (5.19 mmoles) of purified P4S^Q 

was heated to reflux (144° C) for 2 hr. The reaction pro

ceeded stepwise with formation of P40gS after approximately 

20 minutes of heating. The second sulfur atom added after 

an additional 30 minutes of heating (see text). The pro

duct was purified in an identical manner to that used in 

the purification of P.OgS. 
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I (1). P.O^S, and P.O^S.: Thermal reaction of P.O^ and 4 6 3 4 6 4 4 6 

^4^10" 

Dry o-xylene, 50 ml, was placed in a three neck 100 ml 

round bottom flask with 2.02 g (4.5 mmoles) P.S,,,. To this 
^ 4 10 

solution 0.4 ml (3.5 mmoles) of P40g was added and the re

sulting solution was heated to reflux for 5 hours. The 

solution was then allowed to cool and was filtered. The 

solvent was removed from the filtrate and the residue was 

sublimed at 60° onto a 0° C cold finger. Phosphorus-31 

NMR of the product showed the presence P.Ô S., and P OgS. 

with small amounts of P.OgSp being visible. The tetra

sulfide corresponds to the product obtained from the reac

tion of P.OT„ and P.S,n» 

4 10 4 10 
17 I (m) . P.O^S.: Thermal reaction of P.O,,. and P.S,,.. 4 6 4 4 10 4 10 

In a dry box 1.09 g (7.65 mmoles) of ^^O^^ and 1.11 g 

(5.01 mmoles of P.S,,. were mixed in a mortar. The solid 
4 10 

mixture was added to a Carius tube and attached to rubber 

tubing with a clamp. The clamp was closed and the Carius 

tube was removed from the dry box and placed on a vacuum 

line, evacuated and sealed. The contents were dispersed 

along the bottom of the tube and was then placed in an oven 

at 450° C for 8 hours. (Reactions with a lower ratio of 

P.S..Q were also run, see Results.) After cooling, the 

tube was taken into the dry box and crushed. Large pieces 

of glass were removed manually and the rest of the material 

was placed in the finger of a Soxhlet extractor and removed 
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with dry CS2 under a nitrogen blanket. The CS2 was removed 

by vapor transfer and the semi-solid residue was sublimed 

at 60° onto 0° C finger. Phosphorus-31 NMR were obtained 

in benzene, CS2 and THF as solvents. 

I (n) . P.O^Se: Thermal reaction of P.O^ and V.Se.rs-4 6 4 6 4 10 

The procedure for the preparation of P^OgS was used. 

o-Xylene was employed as the solvent, and 7.6 g (8.3 

mmoles) of V .Se^^ and 1.0 ml (8.8 mmoles) of P.O^ were 
4 10 4 6 

heated to reflux for 6 hours. The reaction was monitored 

every hour during heating. The product was purified in the 

same manner as P.O^S. 
4 6 

I (o). P-O^Se^, P.O^Se^: Thermal reaction of P.O^ and 4 6 2 4 6 3 4 6 

^4^®10* 

The above procedure was used. To 3 0 ml of o-xylene 

7.5 g (8.2 mmoles) of P4Se,Q and 0.7 ml (6.2 mmoles) of 

P^O^ were heated to reflux to 9 hours. As determined by 
4 6 

NMR, the residue contained approximately equal amounts of 

P.O^Se and P.O^Se^ with small amounts of P.O^Se... The 4 6 4 6 2 4 D J 

mixture of compounds was not separated. 

II. P.O-4 7 

The compound P4O- was prepared by the thermal decompo-

14 
sition of P.O^ in diglyme at 125°. The diglyme was puri-

4 0 

fled by distillation from CaH^ after refluxing CaH2 for 4 8 

hours. Forty ml of the dry diglyme was transferred into a 
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3-necked round-bottom flask using standard inert-atmosphere 

techniques and purged for 15 minutes with N2. To the dig

lyme was added 5.0 ml (48 mmol) of liquid P40g. The system 

was then connected to a mercury bubbler and heated in an 

oil bath to 125°. As the temperature approached 100°, the 

reaction mixture started to turn a yellow color (phorphorus 

oxide polymer) with concomitant formation of P^O-. The tem

perature was maintained at 120-125° for 14-16 hours. As 

the reaction proceeded the polymer became thicker and 

stirring was essential. After the reaction, the mixture 

was allowed to cool in the oil bath to ambient temperature. 

The cool liquid was filtered in an all-glass system using a 

coarse-glass fritted filter. The yellow residue was washed 

twice with 5 ml of diglyme. The solution was clear to 

slightly-yellow in color. The diglyme was removed by 

vacuum distillation (40°, 0.1 torr), and as the product 

precipitated from solution an oil sometimes formed. The 

temperature was increased to 50° C for 2 hours, or until 

the product was solidified as a white to yellow-white solid. 

The residue was transferred in a dry box into a sublimator 

-5 and sublimed at 50° at 10 torr onto a -78° cold finger 

for 24 hours. The sublimate was removed in a dry box, the 

cold finger was replaced and the process was repeated at 

55°. Following this sublimation, the process was repeated 

three times at respectively higher temperatures of 60°, 65°, 
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and finally 70°. The nonsublimed material was dark yellow. 

Pure P^O^ was obtained in 50-55% yield (based on P40g). 

This sublimation procedure was the one which seems to 

be the best compromise between yield and purity. A single 

sublimation produces reasonably pure material. Sublimation 

at higher pressures, e.g. 10~ torr, produces much more 

decomposition of the P40^ during the sublimation process. 

If the diglyme was not completely dry, a reaction 

occurred immediately with the formation of a white to 

yellow-white turbidity. The decomposition of P^Og to P^O-

had been attempted in dry o-xylene heated to 14 0°, with no 

noticeable reaction or precipitate formation after 3 hours. 

If a trace of water was added to the o-xylene, heating 

produces both P^O- and a yellow precipitate. 

II (a). [Ni(CO)-] P40^, n=l,2,3: Reaction between P40^ 

and Ni(CO)^. 

The reaction was carried out in a "rocket ship" in 

conjunction with a high vacuum line. The "rocket ship" was 

flamed and allowed to cool to 110° in a drying oven. The 

vessel was then placed in the vacuum port of the dry box 

and allowed to cool under vacuum to room temperature. In 

the dry box 0.34 6 g (1.45 mmoles) P40^ was placed in the 

"rocket ship" and 3 ml of dry degassed toluene was vapor 

transferred to the P40^ on the vacuum line. 

The solution which was 0.48 M in P4O- was frozen at 
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-196° C and 1.0 mmoles of Ni(CO). was measured in the cali

brated portion of the vacuum line and allowed to condense 

onto the frozen solution. The solution was then allowed 

to warm to -7 8° in a Dry Ice-acetone bath, and then to 0° 

C in ice bath. The reaction was allowed to proceed until 

evolution of CO had stopped. The reaction was quenched by 

freezing at -196° and the vessel was then evacuated until 

pressure of 10 torr was obtained. The mixture was allowed 

to warm to -78° and then frozen to -196° and again evacu-

-4 ated to pressure of 10 torr. The mixture was allowed 

to warm to -78° once again and an attached NMR tube was 

then cooled to -7 8° along with the entire side of the re

action vessel which came into contact with the solution. 

The solution was then poured into the NMR tube to give a 

height of approximately three centimeters. The tube and 

bulk solution were frozen at -196° and the tube was sealed. 

Phosphorus-31 NMR showed a mixture of products with 

P.0^Ni(C0)3 being the major component. The entire process 

31 was repeated and a P NMR was taken showing [Ni(CO)2]2-

P.O- to be the predominate component. A third portion of 

Ni(CO). was added and the above process repeated to yield 

['Ni {CO)-.] J?.0^ as the major product. 

II (b). [Fe(C0)4] P4O7, n=l,2: Thermal reaction of 

Fe2(C0)g and P4O7. 
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The reaction was carried out in a dry box. To 50 ml 

of dry glyme (distilled from LiAlH^) 1.0 g (2.8 moles) of 

purified Fe2(CO)^ was added with vigorous stirring at 40° C 

(ambient dry box temperature). The solution was stirred 

for 3 hours, and a 5 ml portion of the green solution was 

removed and the solvent evaporated at 10~ torr. To the 

dark green residue, 1.0 ml of benzene was added and a P 

NMR taken which showed the presence of Fe (CO) .P .0., and P^O^. 

To the green solution prepared above another 1.0 g of 

Fe2(CO)g was added and the solution was stirred at 50° for 

3 hours and then at 55° for 1 hour. After the reaction 

mixture had cooled the mixture was treated as above. 

II (c). Cr(C0)cP40-: Photochemical reaction between 

P.O- and Cr(C0)g. 

In a 50 ml three neck round-bottom flask 2 0 ml of dry 

THF was added to 0.53 g (2.26 mmoles) of P4O., and 0.8 g 

(3.6 mmoles) of Cr(CO)g. The materials were stirred until 

nearly all solids had dissolved. (Due to the hydrolysis of 

P.O- some fine material remained undissolved but did not 4 7 

affect the reaction.) The solution was irradiated from the 

underside of the flask for 2 hours. (During irradiation 

the solution turned yellow due to M(CO)c-THF, and if al

lowed to stand with stirring without irradiation the solu

tion again became clear.) Reaction was stopped and THF was 

removed by vapor transfer. The reaction flask was placed 
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in a dry box and residue was taken up in 2 ml of benzene 
_ 31 

and a P NMR was obtained showing (CO) ̂ CrP .0., as major 

product. 

II (d). Mo(CO)^P^O^: Photochemical reaction of Mo (CO) 
6 

and P.0_. 4 7 

The procedure provided for the preparation of Cr (CO) £.-

P4O7 ^as followed, using 0.30 g P̂ O.̂  (1.3 mmoles) and 0.5 

g (1.9 mmoles) Mo(CO)g in 50 ml dry THF. The solution was 

irradiated for 2.5 hrs. 

II (e). W(C0)cP40_: Photochemical reaction between 

W(CO)g and P40_. 

The procedure listed for the preparation of Cr (CO) j.-
5 

P.O- was followed, using 1.3 mmoles of W(CO)g and P4O- in 

dry THF with irradiation for 4 hours. 

II (f). P.O_S n=l,2, or 3: Reaction of P.O- and P.S,^. 4 7 n 4 7 4 10 

In a dry box which contained a polished, medium-wall 

NMR tube, P^O- was added until a height of 1.5 centimeters 

was reached. Tetraphosphorus decasulfide was then added 

until a total height of 8 centimeters was reached. Dry 

toluene was added to fill 3/4 of the volume of the NMR 

tube. The NMR tube was capped with a-micro-stopcock and 

removed from the dry box to a vacuum line and twice de

gassed by freeze-thaw method. The NMR tube was then 

sealed and the tube was inverted to allow all the solids 

to collect at the top portion of the tube. The material 
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was then manipulated until the solid (mostly P4S,^) was 

spread no closer than 1/3 of the distance to the bottom of 

the NMR tube and was covered by the liquid. The tube was 

then heated to 135° until all P O- had reacted. Reaction 

31 
was monitored by p NMR every 2 hours. After the P,0^ had 

4 7 
been consumed, the temperature was increased to 150° C to 
facilitate the formation of P.O-S^ and P̂ O-,Ŝ . 

4 7 2 4 7 3 

II (g) . P̂ Ô Ŝe: Reaction of P^O^ and P.Se^ . 

The same procedure given for the synthesis of P^O-S 

was used. 

II (h) . -p^O^iBF^)^ n=l,2: Reaction of P^O^ and BF^ at 

78° C. 

In a tensimeter was placed 0.0342 g (0.137 mmoles) 

12 of P4O-. The tensimeter was then evacuated and three 

milliliters of dry toluene was vapor transferred to the 

P.OT. Boron trifluoride was measured in the calibrated 4 7 

portion of the vacuum line and added to the frozen solution 

at -196° C and allowed to warm to -7 8° C in a Dry Ice ace

tone bath. Equilibration time was about 1.5 to 2.0 hours. 

A plot of the number mmoles of BF^ vs. the vapor tension 

of BF_ was made (Figure 6). 

III. SP.0g[Ni(C0)^] n=l,2,3: Reaction between SP O and 

Ni(CO)^. 

The method cited for the analogous P4O- system was used 
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Generally reaction times were faster at 0° C, and after 

each addition of Ni(CO). the reaction was quenched after 

1 1/2 hours. Phosphorus-31 NMR spectra were run at -15°. 



CHAPTER III 

RESULTS 

Tetraphosphorus Hexaoxide 

The controlled combustion of white phosphorus to pro

duce P40g encompassed several methods of preparation. The 

literature methods which were repeated included use of 

18 
liquid sulfur dioxide as a solvent, high temperature gas-
phase oxidation of white phosphorus by N2O, and finally the 

method which proved most satisfactory, a modification of 

13 the procedure used by Wolf and Schmager. 

In the flow system described (Figure 4), the rate of 

flow greatly determined the rate of oxidation. A low flow 

rate (< 1.5 1/hr.) did not allow for the rapid oxidation of 

the phosphorus and caused a clogging of the reaction tube, 

by allowing a build up of red polymer several centimeters 

past the point of ignition. Rapid flow rates (> 2.5 1/hr.) 

created greater amounts of P.O..̂ ,̂ which caught on the glass 

wool plugs, thus clogging the system. An intermediate flow 

rate ('̂  2.0 1/hr.) seemed to be the optimum for the de

scribed system. This allowed sufficient oxygen to limit 

production of the higher oxides, while allowing the product 

to be carried along with the fine solids to the posterior 

28 
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portion of the system where separation of the solids was 

accomplished on the glass wool plugs. 

Purification of the product by irradiation of solu

tions of P40g would not consistently convert white phos-

20 

phorus to the insoluble red form. Thus, repeated sub

limation over a period of a week was sometimes employed 

for large volumes of P.O^ (50 ml.). Pure P^O^ melts at 
4 D 4 o 

31 23.8° C and shows a sharp singlet in the P NMR at -112.8 
21 ppm, relative to H PO. (Table 1). 

Iron Carbonyl Derivatives 

The thermal reaction of iron carbonyl with P^Og pro

duced a mixture of three compounds which were separable by 

fractional sublimation. The most volatile of the three was 

isolated as clear, colorless crystals indicating the ab

sence of iron, and was identified as an intermediate oxida

tion product of P40g to P.O^Q, viz. , P4O.,. The compound 

P.O- has been independently synthesized in high yield by 

14 the thermal decomposition of P^Og in diglyme. The more 

volatile of the two remaining products was isolated as 

light yellow, clear crystals. The infrared (ir) absorp

tions in the carbonyl region at 2075(m), 1995 (m), 1965(s) 

indicated local C-. symmetry about the iron atom, as in 

22 31 (CO).FePPh . The P NMR spectrum consisted of a doublet 

coupled to a quartet which leads to the assignment of this 

compound as (CO)^Fe(P^Og) (-5.6 ppm (d); - 48.5 ppm (q): 
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TABLE 1. P NMR Absorptions of Mixed P^, P'̂"'"'̂  Oxides and 
Sulfides. 

Oxidized Uncoordinated , 
Compound Phosphorus Phosphorus 6* J 

P407 

^4^8 

^4^6^ 

^406^2 

4 6 3 

4 6 4 

P.O^Se 4 6 

P.O^Se^ 4 6 2 

P .O^Se-, 
4 6 3 

P.O^NC^H^^ 
4 6 6 5 

P=S 

P40gS3(SO) 

P40gS2(SO)2 

173.0(q) 

154.7(t) 

101.7(d) 

92.3(t) 

91.8(d) 

103.0(s) 

100.2(q) 

93.9(t) 

93.0(q) 

155 

103.9(d) 

105.8(t) 

-20.0(d) 

-11.3(t) 

-12.5(q) 

- 9.2(t) 

+27.5(q) 

— 

-11.0(d) 

- 6.9(t) 

+24.1(d) 

-27 

P=S=0 

159.8(q) 

159.2(t) 

1 9 3 . 0 2 . 4 

1 6 6 . 0 1 3 . 5 

1 1 4 . 2 1 2 . 8 

1 0 3 . 2 1.9 

6 4 . 3 1 4 . 3 

111 .2 1 7 . 5 

1 0 1 . 0 9 .0 

6 8 . 9 4 . 0 

182 4 . 5 

5 0 . 0 

5 4 . 0 

^Benzene solvent. ^6* = [(shift of coordinated P) - (shift 

of uncoordinated P)]. ^In Hertz. Reference 20. 



31 

J = 34.0 Hz) (Table 2). Mass spectrum which showed a 

parent peak (m/e 388, 24% relative intensity) in addition 

to major peaks for (CO) Fe(P.O^), where n = 3 (360, 42%), 
n 4 b 

2 (332, 37%), 1 (304, 92%), and 0 (276, 95%), further con

firmed the assignment (Table 3). The remaining, less-

volatile iron compound is trans (CO) _,Fe (P^O^) ̂  . This as-
3 4 6 2 

signment was made on the basis of ir absorptions in the 
carbonyl region (1955 (s) cm ) (Table 1) which indicated 

22 31 
local D^ symmetry, as in (CO)^Fe(PPh^)2; P NMR data 

which showed second order AA^X_X' spectrum (Table 2 and 

Figure 7); and mass spectral data which exhibited a parent 

peak (m/e 580, 16%) in addition to peaks for the progres

sive loss of one (522, 21%), two (524, 24%), and three 

(496, 90%) CO groups (Table 3). 

The photochemical reaction of P40g with Fe(CO)^ pro

duced the same iron-containing products (CO).Fe(P.Og) and 

tran£(CO)-Fe (P-0g)2/ but no P4O., was formed. The photo

chemical reaction of P40g with Fe(CO)^ was found to be 

31 

solvent dependent. Based on P NMR integrated peak in

tensities, the ratio of (CO)^Fe(P^Og) to trans(CO)^Fe(P^Og)2 

in THF solvent was approximately 15:1, whereas in benzene 

solvent the ratio was 2:1. These product ratios were not 

appreciably affected by increasing the P40g concentration 

over a fourfold range, in an effort to increase production 

of trans(CO)3Fe(P^Og)2. 
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It has recently been postulated that Fe2(CO)^ in THF 

under a CO atmosphere produces the reactive intermediate 

23 

(CO)^Fe»THF. Thus, at room temperature the reaction of 

Fe2(CO)g with P^Og in THF under CO atmosphere produced a 

mixture of products of the general formula [(CO).Fe] P.O^, 
4 n 4 D 

which were essentially controlled by the reaction stoichi

ometry. When a one to one mole ratio of Fe-(C0).« to P^O^ 
2 ̂  '9 4 6 

was employed, mono- and disubstitution on the phosphorus 
cage occurred, î .e. , n = 1 or 2. At a mole ratio of 

31 approximately 4:1, a P NMR spectrum indicated that the 
reaction mixture contained the following (Figure 8): no 

(CO).FeP.O^, a barely observable quantity of [ (CO) .Fe]-, 
4 4 D 4 3 

P.Og, and approximately 50% (based on the amount of P^Og) 

of [(CO)-Fe].P.Og. Because of the high molecular weights 

and extreme air sensitivity, the di-, tri-, and tetra-

substituted products were not isolated. 

An extensive study of the reaction Fe2(CO),2 with P40g 

was not pursed. However, the general behavior of the sys

tem appeared to parallel the Fe2(CO)Q-P^Og system. For 

example, when excess p40g was allowed to react with 

Fe^(CO),2 ^^ glyme or THF, an essentially quantitive yield 

of (CO).FeP.Og was produced. 

Group VIb Metal Carbonyl Derivatives 

Reactions of group VIb metal carbonyls with P40g did 

not produce the mixture of compounds found in the iron 
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series. Each of the hexacarbonyls reacted readily with 
O A 

^4^6 ^^ "̂ "̂  under irradiation, giving a white powder 

after recrystallization from cyclohexane. The molybdenum 

product was also prepared by the direct combination of 

molybdenum hexacarbonyl and phosphorus(III) oxide in re-

fluxing methycyclohexane. 
The mono-substituted products were readily purified by 

-5 sublimation at 10 torr, which removed any parent carbonyl 

and residual P40g. The resultant residue varied in color 

from light yellow to white, and the product was extracted 

by washing the residue with dry cyclohexane. Removal of 

the cyclohexane left a white powder which was soluble in 

most aprotic organic solvents. 

The products of reaction of group VIb metal carbonyl 

31 with P^Og were identified by P NMR spectroscopy. Each 

compound showed a coupled doublet (area 3) and quartet 

(area 1), indicative of mono-substitution upon the phos

phorus cage (Table 4). For chromium and molybdenum , the 

quartets for P-M resonance appeared at low field with re

spect to the free ligand; while the tungsten compound 

showed the P-W resonance to be upfield. This is in opposi

tion to the general trend of metal coordinated phosphorus 

resonances.^^'^^'^^ The M-P resonances for group VIb P^Og 

compounds did show the expected behavior of decreasing 

chemical shift as the metals varied down the periodic 

column from chromium to molybdenum to tungsten. 
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31 
TABLE 4. P NMR Absorptions of Some Metal Carbonyl Ad

ducts . 

Oarpound 

P40gNi(CO)3^ 

P40g[Ni(CO)3]2 

P40g[Ni(00)3]3 

P40g[Ni(CO)3]4 

P40gFe(CO)4° 

P40g[Fe(CO)4]2'' 

P40g[Fe(CO)4]3° 

P^OgEFeCCO)^]^^ 

P^O^CciCO)^^ 

P ^ O ^ (00) 5*̂  

P^OgWCCDJg'̂  

Coordinated 
Pliosphorus 

-13 (q) 

-17 ( t) 

-19 .6(d) 

- 1 9 . 9 ( s ) 

-44 .0(q) 

- 5 4 . 9 ( t ) 

-56 .1(d) 

- 51 .6 ( s ) 

-46 .0(q) 

-20 .2 (q) 

+ 9.7(q) 

Uncoordinated 
Phosphorus 

-4 (d) 

-7 (t) 

- 7 .2 (q ) 

— 

-4.85(d) 

- 2 . 7 ( t ) 

+8.2(q) 

— 

-2 .4 (d ) 

-2 .5 (d ) 

-2 .7 (d ) 

6*^ 

9 

10 

12.4 

— 

39.2 

52.3 

64.3 

— 

43.6 

17.7 

12.4 

pop 

^ 1 8 3 ^ = 

,(Hz) 

38.8 

36.7 

34.8 

— 

34.0 

30.0 

26.0 

— 

35.5 

35.0 

33.0 

=485.5 

(P40g)2Fe(CO)3 -48.7 -6.2' 32.5 

^6* = [(shift of coordinated P) - (shift of uncoordinated 

P)]. 

^Reference 8. ^Tetrahydrafuran solvent. Benzene solvent 

®Value taken at center of spectral pattern. 
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Infrared spectroscopy showed a four band pattern in 

the carbonyl region confirming mono-substitution upon the 
38 

metal center (Table 2). Mass spectroscopy of the group 

VIb metal carbonyls showed, in all three cases, a parent 

ion peak. These peaks were approximately 15-2 5% of the 

base PO peak (mass 47). Each compound showed the succes

sive loss of five carbon monoxide molecules to give peaks, 

of 50-60% ion intensity, corresponding to MP.O^^^ (Table 3). 
4 6 

In addition to loss of carbon monoxide units, peaks cor

responding to the fragmentation of the phosphorus cage were 

also found. The fragmentation of the phosphorus cage 

occurred with and without the metal attached. Several low 

intensity peaks (̂  20%) were observed, and the most intense 

peak corresponded to the ion MP.̂ 0- . It could not be de

termined whether the metal center retained the carbonyl 

groups, due to the over all low intensity of the peaks. 

Chalconides of Tetraphosphorus Hexaoxide 

Tetraphosphorus hexaoxide was found to be oxidized by 

tetraphosphorus decasulfide and the analogous selenide com

pound. The oxidation was found to produce a series of 

mixed sulfides and selenides with the chalconide being 

exocylic to the cage. When P4S,Q and p40g were heated in 

refluxing toluene, the first sulfur atom added to P40g ap

proximately 1/2 hour after reflux was attained, as moni-
31 tored by P NMR. The reaction could be stopped at this 
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point to isolate the monosubstituted product, or continued 

heating produced P40gS2. The reaction was quenched by 

cooling; filtration removed the excess P̂ Ŝ v̂. The toluene 

was removed under vacuum to yield an off-white residue. 

The residue was twice sublimed at room temperature onto a 

0° C cold finger to give pure P.OgS. The product showed a 

coupled doublet and quartet indicative of monosubstitution 

(-12.5 ppm (d); +101.7 ppm (q): J=12.8 Hz). Infrared 

spectroscopy showed a reduction in symmetry in the P-0 

region, as expected in lowering the symmetry from T, to 

C3^ (Table 2). 

By increasing the P4S,Q to P40g ratio, or increasing 

the reflux time, the second sulfur atom added to the cage, 

and the compound P40gS2 can be isolated by the above 

31 methods. The P NMR revealed two coupled triplets (-9.2 

ppm (t); +92.3 ppm (t) : J=1.9 Hz). Prolonged heating 

(overnight) or changing solvent to o-xylene (b.p. 144° C), 

resulted in the formation of P40gS3 and P^OgS^. The former 

compound exhibited a coupled quartet and doublet area 1 to 

3 (+27.5 ppm (q); +91.8 (d): J=14.3 Hz) and the tetrasul-

fide gave a single P resonance peak (+103.0 ppm) indica

tive x>f four-equivalent-phosphorus atoms. This resonance 

was same as that observed for the product of the reaction 

of PAO.A. and P4S-,Q in a sealed tube (Table 1). 

When the reaction of P40^Q and P4S^Q was investigated, 

the stoichiometry of the reactants was varied from 6:1 to 



41 

3:2 of P40^Q to P4SJ^Q, respectively, in an effort to obtain 

^4°6^n* ^ lower 3 to 2, ratio of P40^Q to P4S3^Q, upon 

heating to 450° gave red, low viscosity liquids which 

solidified upon cooling to yellow masses, along with black 

residues. After extraction the product showed only P.OgS.. 

When the proportion of P40^Q was increased the liquid 

phases was not formed upon heating (450°). However, upon 

cooling the residues appeared to be the same as the lower 

ratios, along with the same black residues. Isolation of 

products from these mixtures showed the tetrasulfide was 

present in all cases, along with varying amounts of unknown 

compounds which appeared to be two other compounds identi

fied by a coupled doublet and quartet (+104.0 ppm (d); 

+159.8 ppm (q): J=49) and a pair of coupled triplets 

(+105.8 ppm (t); +159.4 ppm (t): J=54 Hz). (NMR spectra 

were measured relative to internal P40gS. which occurs +103 

ppm and referenced to P40g) (Figure 9). 

The selenide of P.O^, P.O^Se, was observed after 5 
4 D 4 O 

hours of heating in an o-xylene solution. The solution was 
31 concentrated, and a P NMR spectrum exhibited a coupled 

doublet and quartet (-11.0 ppm (d); +100.2 ppm (q): J=17.5 

Hz). The di- and trisubstituted product could be produced 

by increasing the amount of P.Se,Q and the reaction time. 

The disubstituted product exhibited a pair of coupled 

triplets (-7.0 ppm (t); +93.9 ppm (t): J=9.0 Hz), while 
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the trisubstituted product revealed a coupled quartet and 

doublet (+24.1 ppm (q); +93.0 ppm: J=4.0 Hz) (Table 1). 

Tetraphosphorus Heptaoxide 

Tetraphosphorus heptaoxide, P4O , was prepared by the 

thermal decomposition of p40g. In dry diglyme, the reac

tion took place above 100° C; but if the diglyme was wet, a 

reaction was noticed at room temperature. The effect of 

water upon P40^ formation was also noted when other sol

vents were tried. Thus, no reaction was found after heat

ing P40g in very dry o-xylene at 14 0° for 6 hours. If a 

drop of water was added and the solution was heated, P.O., 
4 7 

was formed. In diglyme, the oxygen atoms of the solvent 

may influence the reaction, which was also enhanced by the 

presence of water. 

The method used to recover P.0_ was to filter the 
4 7 

diglyme solution and remove the solvent from the filtrate 

using vacuum. The yellow residue was warmed to 50° C at 

10 torr to remove last traces of diglyme. The residue was 

then taken into a dry box and placed in a sublimator. The 

P.O- was sublimed at 35° onto -78° C cold finger. The com

pound showed a coupled doublet and quartet of relative area 

3 to 1 (-19.9 ppm (d); +173.0 ppm (q): J=2.4 Hz) (Table 

1). Vibrational data for the isolated compound were con

sistent with the reduction in symmetry from T^ (for P40g) 

to C, (for P40^). The peak at 1362 cm was assigned to 
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a P=0 stretch. Slight decomposition of the P40^ occurred 

in the laser beam, as indicated by some yellowing of the 

otherwise colorless crystals (Table 2). 

The mass spectrum of P4O., showed three equally in

tense 100% ion current peaks at m/e values of 47, 173, and 

236 consistent with PO, PoO^, and P4O- units, respectively. 

Also observed were peaks at 252 (30%) and 283 (23%) assign

able to P40g and PrOo/ respectively, which were formed in 

the spectrometer by the addition of oxygen or a PO unit to 

P O- (Table 3). 

In reactions with metal carbonyls, P.0_ showed the 

same versatility as P^Og. The addition of the exocyclic 

oxygen decreases the reactivity of the P atoms toward 

metal carbonyls, but allows the now harder phosphorus atoms 

to add to the hard acid BF . The heptaoxide was found to 

react with Ni(CO)., Fe2(C0)Q, M(CO)g, where M=Cr, Mo, and W 

and BF _. 

Metal Carbonyl Derivatives 

Due to the toxicity of Ni(CO). an entirely closed 

system, in conjunction with a vacuum line was used. The 

"rocket ship" allowed the reaction to be controlled by 

stoichiometry, by the successive addition of Ni(CO).. 

After degassing, the solution was transferred to an NMR 

tube and sealed. The NMR tubes were stored in liquid 

nitrogen until spectra were obtained. The probe temperature 

was held at -16° C to ensure no further evolution of carbon 
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monoxide in the sealed tube. The reaction ratios of ap

proximately 0.5, 1.0, and 2.0 of Ni(CO)^ to P^O^ were used 

to aid in the reduction of mixed products. Also if ratios 

of Ni(CO) . became too high (> 2.0), precipitation occurred. 

For the stoichiometry of 0.5, the NMR revealed a mix

ture of Ni(CO)3P.0- and P40^. The nickel containing pro

duct showed an AM2X spectral pattern (Figures 10 and 11). 

The coupling constant J remained characteristically small, 
mx 

1.5 Hz, while J retained about the same coupling constant 
am i:- ^ 

of 30 Hz as found in Ni(CO)-P.Og. The new coupling of J 

was found to have an intermediate value of 22.0 Hz (Table 

5 and Figure 10). 

The chemical shifts for P (X) resonance moved down-

field 4.1 ppm, compared to P of P40^, while the P 

resonance occurred 15.4 ppm downfield compared to the P 

resonance of P.O^, and P-Ni resonance occurred 20.3 ppm 
4 6 

downfield from P.OgNKCO)^. 
For the stoichiometry of 1.0, the NMR spectrum showed 

a mixture of Ni(CO)3P.O^ and [Ni(CO)3]2P40^, with a small 

amount of P^O-. The disubstituted product showed an A^MX 
4 7 ^ 

spectral pattern (Table 5 and Figures 12 and 13). The 

coupling constant J increased to 5.0 Hz while Ĵ ^̂  and J^^ 

decreased slightly to values of 26.5 and 29.0 Hz respec

tively. The chemical shifts of [Ni(CO)3]2P4O7 also showed 

the same variance. The P resonance again moved downfield 
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P̂ Ô  Fe(CO) 
4 

AM^X spacfrym 

Fig. 10. Structure of (CO)^FeP^O^ 
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31 V 
TABLE 5 . P NMR A b s o r p t i o n s of Mixed P h o s p h o r u s P , P-M 

O x i d e s . 

Ccrnpound' Chemical Sliift Coupling Pattern Found 

P̂ Ô N̂i (CO) 3 

P^0.7[Ni(CO)3]2 

P^0.7[Ni(C0)3]3 

SP^OgNi (CO) 3 

SP^Og[Ni(00)3]2 

SP40g[Ni(C0)3]3 

6_ = - 33.3 

6„ = - 15.4 m 

6 = +168.9 

6 = - 31.3 

6 = - 7.8 
m 

6 = +166.7 

5 = a 
6 = 
X 

- 26.1 

+165.4 

6 = - 26.9 

6 = - 10.7 
m 

6 = +101.5 

6 = - 26.1 

6 = - 5.1 
m 

6 = + 99.6 
__x 
6 = 
a 
6 . = 

- 22.5 

+ 98.8 

J =30.5 
am 
J =22.5 
ax 

J = 1.5 
mx 
J =30.5 
ma 
^xa=22-5 
J = 1.5 
xm 

Overlapping doub
let of triplets 

doublet of 
doublets 

doublet ̂of 
triplets 

J =28.5 
am 
J =26.5 
ax 
J = 5.0 
mx 
J =29.0 
ma 
J =26.5 
xa 
J = 5.0 
xm 

triplet of 
doublets 

triplets of 
doublets 

doublet of 
doublets 

J =31.5 
ax 
J =31.5 
xa 

doublet 

quartet 

J =31.0 
am 
J =15.5 
ax 
J = 9.5 
mx 
J =31.0 
ma 
J =15.5 
xa 
J = 9.5 
xm 

overlapping doub
let of triplets 

doublet of 
doublets 

doublets of 
triplets 

J =28.0 
am 
J =20.0 
ax 
J = 6.0 
mx 
J =29.0 
ma 
J =20.5 
xa 
J = 6.5 
xm 

Triplet of 
doublets 

Triplet of 
doublets 

doi±>let of 
doublets 

J =24.5 
ax 

J =24.5 
xa 

doublet 

qua r t e t 

^ T o l u e n e s o l u t i o n s a t - 1 6 ° C. 
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P407(Fe(CO)4 

A2MX s p e c f r u m 

F i g . 12 . S t r u c t u r e of [(CO)^Fe]2P40^ 

TEXAS TECH LJBRARY 
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Fig. 13. P NMR spectrum of an A2MX pattern 
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2.4 ppm while the P and P-M resonance occurred 7.6 and 

2.0 ppm upfield respectively (Table 5). 

The final addition of Ni(CO). brought the ratio of 

Ni(CO)^ to P40.^ to 2.0. The predominant compound was 

found to be, as expected, [Ni(C0)3] P 0-, producing an A3X 

NMR spectral pattern. The coupling constant now revealed 

only J , which increased over other J values of 31.5 Hz. ax ax 

The chemical shifts of P again decreased, 1.3 ppm compared 

to [Ni(CO)-]2P40_, while P-M increased 5.2 ppm. The reac

tion of P4O- with Fe2(CO)Q showed this oxide not to be as 

thermally reactive as P.O^. When a one to one mixture was 
4 6 

investigated, it was found that only Fe(CO).P.0_ and P4O-

were present, after stirring at 40° (ambient dry box tem

perature) . The disubstituted product was found after 
further Fe^(CO)Q was added with gentle heating to the 

2 9 

existing Fe (CO) .P .0- solution. Trisubstituted P4O.7 was 

found, but not fully characterized. The use of THF in this 

reaction scheme was found to be unsatisfactory. At high 

concentrations of Fe2(C0)Q, THF polymerized. Glyme was 

found to be a satisfactory replacement and allowed concen

tration of the solutions without polymerization. 

The coupling constants for Fe (CO) ̂P40.7 increased 

slightly over the values observed for Ni(C0)3P^0^, but were 

of the same order of magnitude (Table 5). The value for 

J was found to be 3.0 Hz, while J was measured to be 
mx am 
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26.0 Hz, and J^^ was 22.0 Hz, somewhat smaller than in the 

Ni(CO)^ system. The chemical shifts of Fe (CO) .P4O.7 re

vealed the same trends as in the Ni(CO)^P,0-, system. The 
3 4 7 ^ 

X portion, P , of the spectrum was shifted 5.2 ppm down-

field while the P resonance was shifted 13.2 ppm down-

field from the free ligand, and the P-M resonance was 

shifted 26.0 ppm downfield from Fe(CO).P.O^. After addi-
4 4 6 

tion of a second equivalent of Fe2(CO)_ and heating, the 

sample revealed two iron containing compounds: The mono-

substituted and disubstituted phosphorus cages, Fe(CO)-P.0^ 

and [Fe(CO)^]2P4O-, respectively. The disubstituted pro

duct produced an A2MX spectra pattern (Figure 13). Rela

tive to Fe (CO) .P .0., the coupling constants in [Fe (CO) . ] ̂ P .0-
for J and J increased while J decreased. Con-mx ax am 

comitantly, the chemical shifts for P moved 3.7 ppm down-

field from the monosubstituted product, while P and P-M 

resonances moved upfield 16.1 ppm and 5.4 ppm respectively. 

Due to turbidity and decomposition, the third unit of 

Fe(CO). was not observed to add to the cage. 

The group VIb metal carbonyls Cr(CO)g, Mo(CO)g, and 
W(CO)^ reacted to form one to one reaction products, 

6 

M(CO),-P.OT The adducts of chromium and molybdenum gave 
5 4 / 

first order AM2X patterns, while W(C0)cP40^ showed a second 

order AB^X pattern. (The X portion, P resonance, was 

sufficiently separated to be identified as a pseudo doublet 
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of triplets.) (Figure 14). 

The coupling constants for Cr(CO)cP^O-, showed J to 
5 4 7 mx 

be small, as expected, while J and J were found to be 
ax am 

identical. This caused the P-M resonance to appear as a 

quartet by the overlapping of a set of doublets of trip

lets. The chemical shifts were found to maintain the same 

trends as those observed earlier. For the P^ resonance 

(X portion of the spectrum) a downfield shift of 4.3 ppm 

was found, while the P and P-M resonances were observed 

13.1 ppm downfield from P40g and 20.0 ppm downfield from 

Cr(C0)cP40g, respectively (Table 6). 

The coupling constants for Mo(CO)CP4O7 were essen

tially identical to Cr (CO) (.P .0_ . The only difference was 
J was 0.5 Hz larger than J , and the resonance for P-M ax ^ am 

still showed the apparent quartet. The chemical shifts of 

all resonances showed the same downfield shifts as noted 

for Cr (CO) t-P̂ O-, when compared to the compounds V.O^, V.O^^t 

and P.O^Mo (CO) £.. 4 6 5 

Addition of a second Mo(CO)^ unit to the cage showed 

similar results to the Ni(CO)3 and Fe(CO)^ systems. The 

coupling constants J and J increased to 7.5 Hz and ^ ^ mx ax 

30.5 Hz, respectively, while J decreased by 2.0 Hz. The 
am 

chemical shifts in [Mo(CO)^]2P40_ for P shifted downfield 

by 1.7 ppm while the resonance for P and P-M shifted 

upfield 13.5 and 5.2 ppm, respectively, when compared to 
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TABLE 6. P NMR Absorptions of Mixed Phosphorus P^, P-M 
Oxides. 

4 7 ̂ ^'5 

P^O^eiCO)^ 

^^°^^^^^^^ Chemical Shift Coupling Pattern Found 

J =28.0 overlapping doub-

6̂  = - 66.0 J =28.0 ^^^ °^ triplets 
a ax apparent quartet 

Jĵ =̂ 2.5 doublet of 
P O Cr (CO) 6^ = - 13.1 J =28.0 doublets 
^ / 3 m ma 

J^^=28.0 doublet of 
6 = +168.7 J = 2.5 triplets 

-K xm 
J -25.0 overlapping doi±>-

6 = - 40.4 J =25.0 let of triplets 
a ax apparent quartet 

Jj^= 2.0 doublet of 

P40^(00) x̂n = -13.4 J =25.0 doublets 

J^=25.5 doublet of 
6 = +168.6 J =2.5 triplets 
X xm 

J^=23.0 triplet of 

6 = - 35.2 J =30.5 a ax 
doublets 

J = 7.5 triplet of 
m x J UT 4-

P.0-[Mo(C0)^]., 6 = - 0.2 J =23.0 doublets 
4 / D z m ma 

J^ =30.5 doublet of xa 
6 = +166.9 J =7.5 X xm 

doublets 

, 6 = - 12.8 
P^O^W(OO)^ 6 = - 10.3 

6 = +168.8 
X 

6 = - 66.0 
a 

6 = - 13.9 
m 

6 = +168.8 
X 

6 = - 60.6 a 

J =26.0 am 
J =32.5 
ax 
J =26.0 
mx 
J = 3.0 
ma J =32.5 
xa 
J = 3.0 
xm J =22.0 
am 
J =39.0 ax 

overlapping doub
let of triplets 

doublets of 
doublets. 

doublet of 
triplets 

triplet of 
doublets 
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Corpound' Chemical Shift Coupling Pattern Found 

P407[Fe(CO)4]2 6 = + 2.2 
m 

6 = +165.2 
X 

mx 
J =22.0 
ma 
J =39.0 xa 
J = 9.5 
xm 

triplet of 
doublets 

doublets of 
doublets 

Benzene solutions. 
Values taken at center of spectral pattern. 

Mo(CO)cP40^ (Table 6 and Figures 12 and 13). 

Chalconides of Tetraphosphorus Heptaoxide 

The product of the reaction between P4O- and P4S^Q, 

P.O_S, also showed an AM X pattern (Figure 13). (For 

clarity, the A resonance is now defined as P = S.) The 

coupling constant J was found to be larger, by 5.5 to •̂  ^ mx 

8.0 Hz than any corresponding metal carbonyl derivatives. 

The coupling constant J^^, P = S to P , was expected to 

be about the same magnitude as J , P = 0 to P , but was 

found to be inexplicably small at 0.7 Hz. The coupling 

between the two phosphorus V moieties was found to be one 

of the largest values for any type of P-O-P linkage at 

46.0 Hz. 

The monosubstituted sulfide oxide, P4O.7S, showed the 

resonances occurring downfield 12.9 ppm for P=0 compared 

to P=0 in P4O7/ and downfield 13.6 ppm for P=S compared to 
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P40gS. The disubstituted sulfide oxide, P40^S2, revealed 

an increase in the coupling constant for all three J values 

when compared to P40^S. The P^ to P^^^ couplings increased 

16.6 and 18.0 Hz for oxygen and sulfur, respectively, to 

values of 2 8.1 and 18.7 Hz. The coupling constant J , 
V _ V "̂̂  

P - O to P = S, increased by 4.0 Hz to a value of 50.0 

Hz. Concomitantly, the chemical shifts for P^ = O decreased 

4.6 ppm and for p = s increased 1.0 ppm, while the P''""̂''' 

resonance was located at a value of +32.9 ppm, an increase 

of 43.9 ppm. All resonances are compared to P^O-S (Table 
7). 

The trisubstituted product P.0^S3 exhibited an A.̂ X 

pattern. The coupling constant J remained about the same 
ax 

value of 47.5 Hz. The chemical shifts increased 4.0 and 

14.1 ppm for P = 0 and P = S,.when compared to the same 

resonance for P.O.,Sp. 

The reaction between P^O- and P.Se^^ produced a mono

selenide product, P.O^Se, which is analogous to P.O_S. The 

coupling constants, which were generally larger, revealed 

values of 9.0 Hz for J , 51.0 Hz for J , and 5.0 Hz for 
mx ax 

J . The P = S to P coupling was the smallest value am £- ^ 

observed for P.O-S, but is somewhat larger than the sulfur 

analog. The chemical shifts were of the same approximate 

values as in the sulfide system with P = 0 resonance 

occurring at +163.9 ppm, 9.1 ppm downfield of P40^, and the 
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TABLE 7. P NMR Absorption of Mixed Phosphorus P^, P"̂ "̂̂  
Oxide Sulfides. 

Conpound^ 

P^O^S 

P407S2 

P407S3 

P.O_Se 
4 7 

Chemical Shift 

6 = + 88.1 
a 

6̂  = - 11.0 m 

6 = +160.1 

6 = + 89.1 
a 

6 = + 32.9 
m 

6 = +155.5 
X 
6 = +103.2 
a 

6 = +159.5 
X 

6 = + 84.0 
a 

6 = - 10.5 
m 

6 = +163.9 
X 

Coupling 

•̂ ax̂ ^̂ -̂  cLX. 

J^= 0-7 
am 
mx 
J = 0.7 
ma J =46.0 xa 
J = 9.5 
xm J =50.0 
ax 
J =18.0 
am 
J =27.5 
mx 
J =18.5 
ma J =50.0 

J =28.0 
xm 
J =47.5 
ax 

J =48.5 
xa 
J =51.0 
ax 
J =5.0 
am J = 9.0 
mx 
J = 5.0 
ma J =51.0 
xa 
J = 9.0 
xm 

Pattern Found 

doublet of 
triplets 

doublet of 
doublets 

doublet of 
triplets 

triplet of 
doublets 

doublet of 
triplets 

doublet of 
doublets 

doublet 

quartet 

doublet of 
triplets 

doi±>let of 
doublets 

doublets of 
triplets 

Toluene solutions. 
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i' - se resonance occurring at +84.0 ppm, 16.2 ppm down-

field from P^OgSe. The p-̂-̂-"- resonance occurred 10.5 ppm 

downfield from the free ligand (Table 7). 

Boron Trifluoride Adducts of 
Tetraphosphorus Heptaoxide 

The tensimetric titration of BF_ with P.O., indicated 
3 4 7 

two adducts were formed at low temperature (-78°). A 

pressure rise did not occur until a ratio of 1.89 to 1.0 

of BF3 to P^O^ was reached. After this ratio was attained, 

the pressure rose rapidly after each addition of BF . The 

ratio indicated a possibility of a 2 to 1 adduct, 
(BF-,) -P 0_, being formed from an intermediate BF.,'P̂ O., J z 4 / 3 4 7 

(Figure 6) . 

Nickel Carbonyl Derivatives 

With the isolation of P.OgS, a direct comparison of 

oxygen to sulfur effect on the cage could be made by com

paring the reaction products of P40_ relative to P.OgS. 

The monosulfide was used in a reaction with Ni(CO). and 

was found to be similar to the P40^ system. Approximately 

the same ratios of Ni(CO). to P.O^S were used as in the 
4 4 6 

P 0_ system. For a stoichiometry of 0.5, the NMR spectrum 

revealed a mixture of Ni(CO)-P.OgS and P OgS. The product 

showed an AM X spectral pattern (Table 5, Figures 10 and 11) 

The coupling constant J was smaller by 3.3 Hz than for 

the parent compound P OgS, while J was smaller by 7.0 
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Hz when compared to Ni(C0)3P^0g. The new coupling constant 

"̂ ax ̂ ^^ found to be 15.5 Hz. The chemical shifts for P^ 

shifted 2.6 ppm downfield compared to 4.1 ppm for 

Ni(C0)3P^0^, while the p-'--̂-'- and P-M resonances occurred at 

10.7 and 13.2 ppm downfield of P.O^ and P ,0^Ni (CO) .,, re-
4 5 4 6 3 

spectively. 

For the stoichiometry of 1.0, the NMR spectrum showed 

a mixture of Ni(CO)3P^0gS and [Ni(CO)3]2P40gS. The di

substituted product showed an A2MX spectral pattern. The 

coupling constants referenced to the monosubstituted com

pound all showed a decrease of 3.0 Hz: 5.0 and 2.0 Hz for 

J and J^/ respectively. The chemical shifts of P de

creased 1.9 ppm, while P increase 5.6 ppm and P-M 

resonance increased 0.8 ppm (Table 5, Figures 12 and 13). 

For the stoichiometry of 1.5, an A_X pattern was found 

with J of 24.5 Hz. The chemical shift values showed a ax 

decrease of 0.8 Hz for P resonance, while P-M resonance 

increased 3.6 Hz relative to [Ni(CO)3]2P40gS. 



CHAPTER IV 

DISCUSSION 

Tetraphosphorus Hexaoxide 

From the very earliest description of phosphorus (III) 

oxide, it was recognized that the molecule conformed to 

twice its empirical formula. Much interest was generated 

in the molecule, particularly relative to its structure, 

with many proposals showing a planar or "saw horse" ar

rangement of phosphorus atoms with varying amounts of 

bridging or double bonded oxygen atoms. Infrared analysis 

coupled with Raman spectra indicated a highly symmetric 

structure for the 10-atom molecule. It was almost fifty 

years before Stostick performed a structure determination 

by electron diffraction, and showed each phosphorus atom 

to be bound to three other oxygen atoms, each bound by a 
3 

single bond. In addition, it was shown that each phos

phorus atom was occupying an apex of a regular tetrahedron 

with the oxygen atoms occupying the edges. 

With the advent of nuclear magnetic resonance spec

troscopy, the structural elucidation of phosphorus com

pounds was greatly improved. Investigation of P40g re

vealed a singlet, and Van Wazer had shown the utility of 
61 
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this spectroscopic tool and of the phosphorus oxide cage 

in the reactions with Ni(CO)^. Upon reaction with any sub

strate, one of the phosphorus atoms' chemical environment 

will be changed while, due to symmetry, all the other atoms 

retain chemical and magnetic equivalence. ' ' This will 

result in a spectrum exhibiting a set of coupled peaks, a 

quartet and doublet in the case of monosubstitution, (rela

tive areas 1 to 3) while, for di- and trisubstituted com

pounds coupled triplets (relative area 1 to 1) and doublet 

and quartet (relative area 3 to 1) will obtain. Tetra-

substitution will yield a singlet indicating again all 

nuclei are equivalent (Figure 8). 

31 The P resonances vary widely compared to coupling 

constant, and in all but one case, the NMR spectra showed 

first order or pseudo first order patterns. The phos

phorus chemical shifts in this study can be divided into 

three types: (1) the phosphorus(III) resonances, occurring 

usually between -20 and 0.0 ppm, (2) the phosphate region 

P = X; X = 0, S, Se occurring at high fields of +170 ppm for 

X = 0, +100 ppm for X = S, Se; (3) the coordinated phos

phorus region, P-M occurring downfield -60 to -20 ppm with 

the only exception being P-W at +10.0 ppm. 

Iron Carbonyl Derivatives 

The thermal reaction of P40g with Fe(CO)^ can be sum

marized by the unbalanced equation: 
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4̂°6 ̂  ̂ ^(CO)^ ^lllr% (CO)4FeP40g + trans(00)3Fe(P40g)2 + P4O7. 

Presumably, P^o^ was produced by the autoxidation of P^Og, 

independent of any iron containing compounds. The photo

chemical reaction of P^Og with Fe (CO)^ produces no observ

able amounts of P4O.7, but does enhance the ratio of 

^^4°6^2^®^^°^3 ^° ^^4^6)2^^(00)^ in benzene or ether type 

solvents. The monosubstituted iron compound showed a 

simple first order spectra while the disubstituted iron 

product showed a AA"X3X^ pattern (Figure 7). The spectrum 

was analyzed by the method outlined by Harriŝ -*- and used 

32 
by Verkade. The X portion of the spectrum corresponds 

to the limiting case, which indicates J and J ,̂ being 
ax aa 

close to the same value, approximately 32.0 Hz. The reac

tion of Fe2(CO)Q can be summarized by the equations: 

Fe2(CO)5 + THF ^̂ moŝ p̂herê  ̂ ^(^0^5 ^ (C0)4Fe.THF 

n(CO)^Fe-THF + P^Og > [ (CO) ̂ Fe]^P^Og n=l, 2, 3, or 4 

The degree of substitution was controlled by reaction 

stoichiometry, with a mixture of products always being 

.- 14 present. 

31 
The study of the P chemical shifts for [(CO).Fe] 

4 •" n 

P.Og system provides some insight into the inductive ef-

31 fects of metal coordination onto the P40g cage. While P 

chemical shifts are dominated by anisotropic contribu-
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33 

tions. Grim et al. , have shown that upon coordination of 

a metal carbonyl to phosphorus(III), invariably a downfield 

shift of the phosphorus resonance occurred. ' They used 

with considerable success the coordination chemical shift, 

where 6' = 6 (coordinated P) -6 (free ligand), to help 

rationalize trends occurring in the complexes of a homol

ogous series of metal carbonyls with various phosphine 

Lewis bases. It was found that in the study of the 

[(CO) -Fe] (P.O^) system, an internal coordination chemical 
4 n 4 D 

shift, where 6* = 6 (coordinated P atoms) -6 (uncoordinated 

P atom on the same P40g cage), is useful (Figure 15). A 

linear relationship was observed when plotting 6* vs. the 
15 number of (CO).Fe units coordinated to the P40g moiety. 

With increasing coordination number, a progressive down-

field shift occurred for the coordinated phosphorus atoms, 

while a progressive upfield chemical shift obtained for the 

uncoordinated phosphorus atoms. In [(CO)^Fe]3(P^Og), the 

uncoordinated phosphorus atom resonated upfield of even 

free P^O^. The use of 6* implies that each (CO).Fe unit 
4 6 ^ 

affects the cage in an equivalent manner and that this 

effect is additive. This was also observed if the data for 
o 

the Ni(CO).P.O^ system were treated in the same way (Table 
4 4 6 

2). 

Not only did the 6* value show a linear relationship 

with increasing numbers of (CO)^Fe coordination but J 
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Fig. 15. Plot of the number of Fe (CO) . units vs. 6* 
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coupling also exhibited a linear decrease with increasing 

coordination of the cage. it is tempting to relate this to 

the manner of orbital overlap of the coordinated phosphorus 

dn orbitals through oxygen n* orbitals to the uncoordinated 

phosphorus dn orbitals. Molecular orbital calculations 

have predicted some n-bond character in the P-0 linkage. "̂^ 

When coordination of a (CO)^Fe occurs and the iron back

bonds to the phosphorus atom, less s character of the Fe-

P-O linkage should ensue. This argument can be extended by 

observing P.O- with J = 2.0 Hz and P.O^-NC^H^ with J = 4.5 4 / 4 5 6 5 
37 

Hz, in which the unique phosphorus atoms were formally 

oxidized or quarternized and undergo appreciable change in 

hybridization and bond angles, as evidenced by the un

usually high chemical shifts which arose from bond angle 
33 strain. This argument was somewhat taxed when (CO).Fe-

(P.0_) was investigated. This molecule has J = 26.0 Hz 4 7 ^ ax 

and J = 3.0 Hz. If the coupling mechanism is dependent 

on oxygen overlap, then a value of near 2.0 Hz would be 

expected for both J values. Indeed, the (CO) .Fe(P.0 ) data 

suggest that sign changes of the coupling constant may 

dominate, since J involves coupling between two quarter-
ax 

nized phosphorus atoms, whereas J is coupling between ^ mx 
38 three- and four-coordinated atoms. A determination of 

the signs of the coupling constants should be undertaken 

to fully explain the observed trends. 
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Group VIb Metal Carbonyl Derivatives 

Monodentate coordination of the P.O^ produced, as ex-
31 

pected, a P NMR spectrum of a coupled doublet and quartet 

for molecules (CO^MP^Og, M = Cr, Mo, W. Of particular 

interest was the chemical shifts, of which now the two 

types are involved: the coordinated phosphorus atom PM; 

and the three magnetically equivalent uncoordinated phor

phorus (III) atoms. With P^Og acting as a monodentate 

31 
ligand, the coordinated P resonance was shifted to -4 6.0 

and -18.6 ppm in the chromium and molybdenum compounds. 

However, for (CO)^WP.Og the coordinated phosphorus atom 

was shifted upfield +9.7 ppm. This may be partially ex

plained by neighboring anisotropy effect caused by heavy 

atoms, i_.£. tungsten, as has been observed previously in 

27 
series of Cr, Mo, and W compounds. The upfield shift may 

also be related to the 0-P-O bond angle in the P^Og cage 

31 inasmuch as P chemical shifts have been shown to be 

33 
sensitive to bond angle changes upon coordination. For 

3 
free P40g the 0-P-O bond angle is 99.5° and certainly that 

angle must change upon coordination. However, any change 

in bond angle will probably be relatively slight, due to 

the extremely constrained nature of the adamantane-like 

P.O^ cage. Thus the expected downfield shift due to a 
4 6 

hybridization change upon coordination of the phosphorus 

atom was more than overcome by the anisotropic effect. 
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producing a resultant small upfield chemical shift. "̂"̂  

The chemical shift of the three equivalent uncoordi

nated phosphorus (III) atoms in a monosubstituted P.O^ com-
4 6 

pound appears to be almost solely dependent upon inductive 

effects through the MP-O-P̂ "̂ ""̂  linkage. Thus, the chemical 

shift of the uncoordinated phosphorus atoms give a direct 

measure of the interaction of the coordinated phosphorus 

atom with a Lewis acid. The chemical shift of the phos

phorus (III) atoms in the compounds (CO)cCrP.O^, (CO) ,.MoP .0^, 
O 4 5 5 4 5 

and (CO)5^^405 was almost independent of the coordinating 
metal center, as the donating ability of P.O^ should vary 

4 5 

little in this homologous series. A greater interaction 

was observed as monitored by the shift of the phosphorus 

(III) resonances between P^Og and the metal carbonyls in 

(CO) NiP.Og^ and (CO).FeP Og"*"̂  with shifts of -4.0 and -5.6 

ppm (Table 4) respectively. Data to support this argument 

was evidenced by the dramatic shifts produced in phos

phorus (III) atoms when P40g was oxidized by very electro

negative group Via chalconides. 

There is evidence to support the idea that P40g be

haves as a strong Lewis base only when the cage can also 

be a strong electron acceptor: for example, ^^O^, can act 
8 15 

as a tetradentate base towards Ni(CO)4 and Fe2(CO)g, 
Q 

but towards B2Hg (which cannot behave as a donor), the 

phosphorus cage exhibits only moderate basisity. The argu-
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ment for P^Og behaving as a strong acceptor is greatly sup

ported by the coupling constant J., __ in (CO),WP,0,. 
-3lp_-L0J^ 5 4 5 

Grim found a linear relationship between the '̂ P̂-'̂ ^̂ W 

coupling constant and the E species C-0 stretching fre

quency for a number of complexes of the type (CO^WPR-. 
5 3 

They interpreted the relationship in terms of n acceptor 

ability of the phosphines. They found the best n acceptor 

ligand to be (CgH^)3P based upon the fact that the complex 

(C0)^WP(CgH^)3 had the highest C-0 stretching frequency 

(1943 cm" ) and the greatest "̂•''P "'•̂•̂W coupling (208 Hz).^^ 

Assuming at least the qualitative validity of their 

interpretation of the data in terms of n acceptor ability 

of the ligand, P40g is indeed an excellent IT acceptor 

ligand as indicated by J.. ^ _ of 485.5 Hz, and a C-0 
31p_183 

stretching frequency of 1996 cm 

Chalconides of Tetraphosphorus Hexaoxide 

In their original study of P40g, Thorpe and Tutton made 

the first mixed phosphorus(III, V) oxide sulfide, P40gS., 

5 

by heating elemental sulfur with P40g at 160°. The struc

ture was confirmed by NMR and electron diffraction and was 

found to be isostructural to ^AO-^Q (Figure 3). (Each phos

phorus atom of the P40g cage had been oxidized from P 

to P^ by the addition of an exocyclic sulfur atom.) The 

oxidation process was found to be sequential, as observed 

in the metal carbonyl system, but unlike the iron carbonyl 
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adducts where regular trends were noted for 6* and the J 

values, these trends were not found for the sequential ad

dition of sulfur to the cage. The sulfur series, P.O^S , 
4 6 n 

where n = 1,2,3, and 4 showed 6* values of 114.2, 103.2, 

and 64.3 ppm respectively, while the selenium series 

closely paralleled the sulfur analogs at 111.2, 101.0 and 

68.9 ppm for n = 1,2, and 3. The P^ resonance did show a 

regular decrease in going from n = 1 to 4 for both sulfur 

and selenium, while the P resonance can be rationalized 

by the inductive effect place upon P=S linkage with the 

addition of a second sulfur atom. The chemical shifts of 

the P resonance for P40gS2 and P OgSe2 decrease by 9.4 

and 6.3 ppm, respectively, when compared to the correspond

ing monomer. The trisubstituted sulfide and selenide cages 

also show the same effect, but were less pronounced. Thus, 

when compared to the disubstituted product, the P reso

nance decreases by 0.5 and 0.9 ppm, respectively, for the 

trisubstituted analogs. The decrease in chemical shift in 

going from n = 1 to 4 for the sulfide and selenide was not 

surprising in that, from a qualitative point of view it may 

be rationalized that in P^OgX the P=X linkage competes with 
three P -^-^ atoms, while in P.O^X^ the linkage must compete 

H b Z 

now with two P atoms, as well as one other P=X linkage. 

The downfield shifts for the P atoms were rational

ized on the basis of inductive effects. Thus, the pro-



71 

gressive upfield shift of the P^^^ resonance upon increas

ing oxidation of the cage was unexpected! It was reasoned 

that the P resonance would be most affected by oxidation 

and that increasing the number of electrons withdrawing 

groups would reinforce the inductive effect, causing a pro

gressive downfield shift as oxidation upon the cage in

creased. In an effort to explain this reversal, it was 

found that bond angle strain contributed large upfield 

shifts to overall results of "̂•'•p chemical shifts. ̂ ° As the 

cage was oxidized the P bond angles were changed, and thus 

caused a concomitant change in the P -O bond angles. It 

appears that little or no strain was in effect in the mono-

substituted complex as all showed rather large downfield 

shifts. When the second P atom was oxidized to P an

other downfield shift was expected, due to the cumulative 

effect of two P moieties, but, rather the 0-P -O bond 

angles begin to show some strain, and an upfield shift. 

Upon oxidation of the third P atom the strain begins to 

show dominance over the inductive effects resulting in 

large upfield shifts for P resonance in P OgS3 and 

P.O^Se_. 4 6 3 
2 

As with the chemical shift values, the J coupling 

constants do not reveal a set pattern as was found in the 

iron system. Whereas a linear decrease was noted upon co

ordination, upon oxidation by sulfur the coupling constant, 

decreases from 12.8 to 1.9 Hz then increases to 19.3 Hz 
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frsT 2-r T.V ^ „ I I I . 
ror J p -0-P m going from P^O^S n = 1, 2, or 3. In 

4 6 n 

the analogous selenium compound the apparent anomaly was 

not observed for P^0gSe2, ̂ ^^ ^ steady and irregular de

crease was noted, going from 17.5 to 9.0 to 4.0 Hz for the 

selenide analogs. Indeed the data suggests that sign 

changes or relative sign values were differing and a de

termination of the signs of the coupling constants should 

be undertaken to aid in interpretation of this data. 

Pernert found that P40gS- could be prepared by heating 

a stoichiometric mixture of P4O,-. and P4S..- in a sealed tube 
17 at 450°. The product isolated was implied to be the same 

compound obtained from oxidation of P^Og by an excess of 

sulfur. Conformation was obtained by melting and boiling 

points as well as infrared spectroscopy. Investigation of 

31 the same reactions by P NMR confirmed this work, as both 

compounds exhibit a singlet at 103.0 ppm. Pernert either 

did not attempt, or report results from varying the 

stoichoimetry of these reactions. When the reaction 

stoichiometry was investigated, it was found that if P4S-Ĵ Q 

was in excess, the only product isolated by extraction was 

P OgS-, but if higher concentrations of P40-^Q were used, 

several products were formed. The spectra of the product 

obtained from a 6 to 1 ratio of P40^Q to P4S-LQ, which was 

intended to produce P40gS , showed three compounds. The 

tetrasulfide, P-OgS., was easily identified by the singlet 
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at +103.0 ppm. In addition, two other compounds were 

found, which contained approximately 50% of the total phos

phorus content and exhibited what appears to be psuedo-

first order spectra of a coupled quartet and doublet, as 

well as a coupled set of triplets. The fact that simple 

spectra were obtained indicates the new compounds were 

derivatives of P^Og cage and, due to the chemical shifts, 

indicate the compounds were derivatives of P^O^S.. Rela-
4 6 4 

tive to P.OgS., a doublet and triplet appeared at 1.0 to 

2.5 ppm upfield of P.OgS., while the quartet and triplet 

were +56.5 ppm upfield. Since the unknown compounds were 

formed upon prolonged heating, it was reasoned that when 

P.0,^ and P.S,^ were heated at 450° C the first compound 

formed was P.OgS., regardless of the stoichiometry, and the 

new compounds were formed by the oxidation of P.OgS., caused 

by excess P/0,-. present. The new compounds were tentatively 

identified as P.O^S (SO) where n = 3 or 2 and m = 1 or 2. 
4 5 n m 

The chemical shifts could then be explained. The resonance 

which occurred closest to P-OgS. were the P=S linkages, 

while the upfield resonances were assigned to the P=S=0 

linkage. The assumption followed was that as the electro

negativity of the moiety bound to phosphorus increases so 

does the chemical shift. (The P^ which was bonded to S 
V 

in P=S=0 was expected to be higher field than P bonded to ,11 . in P=S.) When psuedo first order spectra were tested. 



74. 

by taking the ratio of A6 to J, it was found that these 

values fall well within the value of first order spectra. 

Thus the multiple line content could be explained by con

sidering the possibilities of structural isomers. (This 

is indeed the case for P406S2(S0)2 if the P=S=0 bond angle 

is considered to be the same as in SO2 and that rotation 

about the P=S bond is slow.) In fact when molecular models 

were constructed, three isomers were found for P.O^S^(SO)^. 
4 6 2 2 

Recently, Heinz has conducted reactions of P,0^ with 
4 6 

^4^10 ^^^ produced compounds of stoichiometry P4O- p, 

^4^8.3 ^^^ ^4^8.9' ^® postulated the existence of inter

mediate oxides '^AO-J, and P40g and P4OQ which were inter-
6 7 mediates in the oxidation of P.O^ to P.O,^. ' 4 6 4 10 

Tetraphosphorus Heptaoxide 

When the diglyme solution of P^Og was heated at 140°, 

the solution slowly and progressively darkens and yellows. 

A white crystalline compound, P4O- can be abstracted from 

the reaction in approximately 50% yield. Oxidation of P40g 

occurs not from external oxygen, but rather from an apparent 

internal redox reaction. Phosphorus-31 NMR confirmed the 

structure of a P.O^ cage with the addition of an exocyclic 
4 5 

oxygen atom. The structure, (Figure 2) is consistent 

with this data, and is also in accord with the structure 

proposed by Heinz, The coupling constant of 2.0 Hz is the 
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smallest observed coupling for P-O-P linkage of which we 

are aware. This may be interpreted as indicating a de

creased sigma character in the unique phosphorus to cage 

oxygen bonds, while an increase in n character is expected. 

Similar behavior has been observed in C^H^NP^O^, with J = 
6 5 4 6 

4.5 Hz where one phosphorus cage atom is formally quarter-
37 nized. The unique phosphorus atom in P^O- is similarly 

oxidized. When the above coupling constants are compared 

to their monosubstituted P40g complexes such as (OC)cMoP.Og, 

(OC)-FeP-Og, and (0C)3NiP^0g with J = 35.0, 34.0, and 38.8 

Hz, respectively, it is seen that the larger coupling is an 

indication of the retention of a significant portion of the 

sigma character of the M-P-(OP) cage linkage, possibly be

cause of the synergistic dll-dn bonding of the metal 

carbonyls upon the unique phosphorus atom after complex-

ation. 

Boron Trifluoride Adducts 

The addition of the exocyclic oxygen to the P^Og cage 

has a distinct effect on the ability of the other phos

phorus atoms to act as Lewis base sites. Tensimetric 

titrations of P-0_ with B2Hg at ambient temperatures indi

cate no absorption of BH3, whereas P^Og will react with 

B H giving P^0g-2BH3. In contrast P40g will not take up 

BF but will slowly decompose, whereas P̂ O.̂  will take up 

two equivalents of BF3. When Pearson's hard soft acid 
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base theory is considered, B2Hg is a softer acid than BF3, 

thus P^Og is softer than P^o^. This resultant ability of 

P4O7 to bind to hard acids is attributed to the inductive 

effect of an exocyclic oxygen atom oxidizing P^^^ to P^ 

which in turn withdraws electron density from P̂-̂""" through 

the P -0-P linkage. In reactions with metal carbonyls 

P4O7 does not show a great reactivity difference compared 

to PytÔ S or P.O^. 4 6 4 6 

Metal Carbonyl Derivatives 

The compound P40g has been reported to react stoichi-

ometrically with four equivalents of Ni(CO). and Fe2(C0)Q, 

while P40.̂  also reacts stoichiometriclaly with three 

equivalents of Ni(CO). and two equivalents of Fe2(C0)Q. 

It may be argued that the effects of the exocyclic 0=P upon 

the other phosphorus atoms is mainly an inductive one, and 

that the ability to coordinate metal carbonyls, in which 

back donation predominates, is not greatly perturbed. 

The effect of P=0 bonding upon the cage can be more 

readily examined by the investigation of a series of metal 

carbonyl adducts of P4O- and comparison to the correspond

ing P^Og analogs. It was found for P40g that the P 

resonances are independent of the metal. In P.O_M(CO)c 

31 this same trend is observed, but since the P NMR of 

W(C0)cP40^ is second order, the comparison cannot be 

carried through the entire group. (The X portion of the 



77 

A2BX spectral pattern for W(C0)^P^0-, could be reached to 
D 4 7 

locate vx.) The P=0 resonances for the group VIb series 

all showed the same value of 168.7 ±0.1 ppm. It is in

teresting to envision the reduction of electron density at 

P=0 linkage caused by donation of one of the P"'"-'"-'" units. 

When the P-M resonance is observed for both chromium and 

molybdenum, it is seen again they occur at values close to 

one another, -13.1 and -13.4 ppm respectively. These are 

approximately 6.5 ppm higher than the P •'"•'• resonance in 

P.O- and 10.4 ppm lower than the P resonance in the 

corresponding metal carbonyl-P-Og product. It seems no 

single factor can be envoked to explain this data, but it 

is interesting to note that if the chemical shift for P 

(-20 ppm) in P^O- is subtracted from the M-P resonance in 

P^O^ adducts of Cr(CO)g, Mo(CO)g, Ni(CO)^, and Fe(CO)^, 

that the result is the value for corresponding M-P reso

nance in P^Og series of Cr(CO)g, Mo(CO)g, Ni(CO)^, and 

Fe(CO)^. 
The coupling constant J , which would be expected to 

ax 

be the messenger of this information shows no trends and 

does not remain constant for the series of P^Og or P^O^ ad

ducts of chromium, molybdenum, nickel, or iron carbonyls. 

It was hoped that information of the type 6* could be ex

tracted from polysubstitution of P^O^ with iron, nickel and 

molybdenum carbonyls, where additive cages effects upon 

coordination could be deduced. The only clearly estab-
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lished trend in P^O^ series was the progressive downfield 

shift of the P=0 group upon substitution. This is not sur

prising considering the data for the group VIb metal car

bonyls with P40g, in which the sigma donation from cage 

was found to be independent of the coordinating metal in 

this series. The degree of the shift was not the same in 

all cases but was remarkably close, within 2 ppm, for the 

entire series of carbonyls studied. 

Chalconides of Tetraphosphorus Heptaoxide 

The Isulfur analog to P4O-, P-OgS, was also used as a 

base for Ni(CO)-. The results from the series of compounds 

of the general fo3rmula SP^Og [Ni (CO) 3]^ n = 1, 2, 3, closely 

resembles that acquired for the P^O^Ni(CO)3 series. Gen

erally, the other resonances (P-M, P ) were not observed 

downfield as much as when oxygen atoms were the exocyclic 

oxidant. But, the P^=S resonance does show the same type 

of trend, progressive downfield shift, when the number of 

coordinating nickel groups is increased. 

The oxidation of phosphorus oxide was not limited to 

a homologous series. The monoxide, P4O7, could be further 

oxidized by P40^Q, P4S3̂ o, and P4Se-̂ Q to give mixed oxides 

sulfides and selenides. The disubstituted oxides sulfides 

offer two types of P^ resonance. Both of these resonances 

showed the inductive effect of the other. Thus for P40^S 

and P 0-,Se the P =0 resonance occurred at +160.1 and 
4 7 
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163.9 ppm, which are 13.0 and 10.0 ppm downfield from P40^, 

respectively. The other P^ resonance showed a similar be

havior when P=S or P=Se was located. They were found to 

be at +89.1 and +84.6 ppm, which are 13.6 and 15.6 ppm 

downfield of P40gS and P OgSe. When the P=0 resonance of 

P^Og was compared to P40^S and P^O^Se, it was found that 

this resonance occurred upfield 5.3 and 9.2 ppm. When the 
V 
P =X, X=S or Se of P.O^X^ was compared to P̂ O-,S and P̂ O_,Se, 

4 6 2 "̂  4 7 4 7 

it was found that these resonances, P =X, occurred down-

field 4.2 and 9.9 ppm respectively. This shows the two 

elements which are most electronegative have greatest dif

ficulty removing electron density from one another by in

duction. 

The coupling constants for this entire work do not show 

an overall consistant trend, but do show a generality cor

responding to the oxidation state or the coordination of 

the phosphorus atom in question. In general, the closer 

the phosphorus atoms are in oxidation state, the larger the 

coupling constant; the reverse is also true. Moreover in 

a homologous series, increasing coordination upon the cage 

resulted in a smaller coupling constant. Thus P40^Se has 

the largest observed coupling of 51.0 Hz for (0)P-O-OP(Se), 
while P.O-,S has the smallest observed coupling of 0.7 Hz 

4 7 

for P-̂-̂-"- -O-P(S). 

When the reaction between P40^ and P4S2^Q was carried 
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out, it was noticed that after an initial period, in which 

P4O7S was formed, that P^Og and P40gS2 were also present. 

Since the reaction was being carried out in a sealed tube 

this precluded entry of oxygen to produce the P40g. In 

addition, the appearance of P.O-S., without the presence 
4 5 2 

of P40gS seems to favor a bimolecuar exchange of oxygen 

and sulfur. 

2 P^O^S > P^Og + P40gS2 

Also, P40gS3 and P40gS4 were found in the reaction after 

several hours of heating. These products were most likely 

formed from the oxidation of P40gS2 by P4S-,Q. (Products 

which would corresponded to P40gS were not found, indicating 

P-0„ not to be as reactive as P.O^S^ in this system.) 4 8 4 5 2 



CHAPTER V 

SUMMARY 

The phosphorus suboxide, P40g, was shown to react with 

Fe2(C0)g to produce t^e(CO)^]^P^Og, where n = 1-4, and with 

group VIb metal carbonyls to produce M(CO)cP.O^, where M = 
5 4 5 

Cr, Mo, or W. In addition to coordination by metal car

bonyls, P40g was also found to be sequentially oxidized by 

group Via elements to produce P.Og(O) , where n = 1 or 2; 
P-O^(S) , where n = 1, 2, 3 or 4; and P.O^Se. 4 5 n 4 5 

Isolation of monoxidized products P40_ and P.OgS lead 

to an investigation of their chemistry. In the case of 

P.0-, reactions were carried out with Fe2(CO)^ to produce 

P.0-[Fe(CO)-] , where n = 1 or 2; with Ni(CO)- to produce 
4 / 4 n 4 

P̂ 0.7[Ni (00)3] , where n = 1, 2, 3; and M(CO)g to produce 

M(CO)cPy.O-, where M = Cr, Mo, or W. In addition to coordi-
b 4 / 

nation, further oxidation of P^O^ by P4S^Q to produce 

P^O^S^, where n = 1, 2, or 3 and by P4Se^Q to produce 

P-O-Se was carried out. The monosulfide P40gS was also 

allowed to react with Ni(CO)4 to produce (S)P^Og[Ni(CO)3]^, 

where n = 1, 2, or 3. 

These compounds were identified and characterized by 

31 a variety of methods, mainly P NMR. Various trends in 
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nuclear magnetic resonance chemical shifts and coupling 

constants are noted and discussed. Tetraphosphorus hexa

oxide, then, has been shown to be an excellent and versa

tile ligand which can be described in most general terms 

as a tetrahedral, nonchelating, and tetradentate. Ligative 

properties of the cage can be progressively modified by 

addition of exocyclic chalconides (Fig. 16). 
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APPENDIX A 

OTHER RELATED INVESTIGATIONS 

Other cage compounds P^(NCH3)g, ^4^3' ̂ ^^ ^4^^3 ^^^® 

also investigated. For P^(NCH3)g an apparent triplet was 

observed which had been investigated in the light of the 

31 
discussion by Harris, and can be explained as a limiting 

case of an A2A2X3 spectrum. Preliminary studies indicate 

the ability of P^ (NCH3) g to react with the group VIb metal 

carbonyls. 

In our investigation of P.S- and P.Se.. it was found 
4 3 4 3 

that the unique phosphorus atom would not take up any 

boron Lewis acid at room temperature, and only react with 

the most active metal carbonyls. This indicated a poor 

sigma donor ability and some difficulty in participating 

in dn-dn back bonding. Reaction with W(CO)cNH2CgHc and 
1,3,5 (CH.,) ..C^H^Mo (CO) - confirmed this hypothesis: by NMR . 

3 3 5 3 3 

investigation it was shown that exchange of coordinated 

P.S3 with free P4S3 was taking place indicating a labile 

ligand for systems which do not usually show this phenomen. 

Attempts to purify and isolate these compounds led to 

decomposition. 

88 



APPENDIX B 

SUGGESTIONS FOR FURTHER INVESTIGATIONS 

Several other avenues for possible further investiga

tion have become apparent through the completion of this 

dissertation. Structural determination of phosphorus 

oxide series by x-ray crystallographic methods is a logical 

extention of this work. A series of crystal structures of 

these compounds would provide data concerning bond lengths 

and bond angles and their relationship with the exocyclic 

moieties and comparison with existing NMR data. Investi

gation of other compounds with the case structure _i.ê . 

P-(NCH3)g, P03CgHQ, and (BCH3)g(CH)^. The preliminary 

investigations of P-(NCH3)g have indicated that this 

tetrahedral tetradentate nonchelating ligand is as reactive 

as P.O^. But, investigations of this system suffers from 
4 6 

14 
the inclusion of other nuclei which contain spins î .e. N 

and •''H. The main interest in this ligand will be to see if 

the same arguments which held in the P40g cage analysis 

will hold for P.(NCH3)g. The compound P03CgHg which con

sists of the same adamantane structure as P^Og with a 

phosphite group PO3 attached to the 1,3,5 positions of a 

cyclohexane ring (CgH^) offers a possibility of study of 
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the cage effects monitored by two different nuclei. Prob

ably the most intriguing cage is the electron deficient 

boron cage (BCH3) g (CH) ̂ . Studies by •'"•'•B, -"-H and "̂ Ĉ should 

provide a further insight since reactions would then add 

electron density to the cage and occur at the faces of the 

tetrahedron rather the apices. 






