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Synthesis of Organic Phosphorus Compounds from Elemental Phosphorus 

Introduction 

Although the commercial manufacture of the element phosphorus did not develop 
until the 1830's and by 1844 the total phos[ahorus production in Great Britain 
was estimated at only 0.75 tons per year 73Jalready in 1845 Thenard 143) syn. 
thesized the first organophosphorus compounds by the interaction of calcium phos- 
phide (or phosphorus and calcium) and methyl chloride. Today elemental phos- 
phorus is readily and cheaply available. Its high reactivity makes it an excellent 
starting material for the synthesis of organic phosphorus compounds. 

In spite of this only since 1950 was more closely looked at the direct synthesis 
of organic phosphorus compounds starting from elemental phosphorus. Rauhut, 
in his thorough review in 1963 on this subject i 24), included 34 references. A year 
later, Grayson lectured on tltis subject 66). Since that time the number of referen- 
ces concerning the synthesis of organic phosphorus compounds from phosphorus 
has more than quadrupled (~ 160) wilich attests to the lively interest in tiffs field. 

In the past few years methods have been found wltieh allow the preparation 
of the following compounds starting directly from elemental phosphorus: 
primary, secondary, and tertiary phosphines, some of them having a very compli- 
cated structure, e.g., diphosphabarrellene (10), 
aminophosphines, 
stannylphosphines, 
biphosphines, 
cyclotetraphosphines, 
phosphonium salts, 
secondary and tertiary phosphine oxides, 
phosphonous and phosphinous halides, 
phosphonyl and phosphinyl halides, 
phosphonic acids, 
diphosphonic acids, 
phosphinic acids, 
secondary phosphites, 
thiophosphites, 
thiophosphonites, 
thiophosphates, 
phosphates, and 
polyhydroxyphosphates. 

It is the purpose of tiffs review to summarize all the syntheses of organic 
phosphorus compounds which used elemental phosphorus as a starting material. 
The literature concerning the subject of this review is covered through January 1, 
1971, including patent literature so far as abstracts are available in Chemical Ab- 
stracts. 



L. Maier 

I, Alkylation and Arylation of Phosphorus 

1. Reaction with Alkyl and Aryl Halides 

In 1861 A.W. Hofmann 7~) isolated from the interaction of phosphorus with 
ethyl iodide and zinc in a sealed tube at 150 to 160 ~ for several hours three 
products, e.g. 
[ EtaPH ] I .  ZnI2, 
EtaP--O.ZnI 2 and 
Et4PI. 

Some years later, Carius 27) found that ethyl iodide also alkylates white 
or red phosphorus in the absence of zinc when the mixture is heated in a sealed 
tube to 150 - 170 ~ The following equation was proposed: 

2 P + 4 E t I  ...... > PI 3+Et4PI 

By a modification, i.e., opening the tube after the reaction, introducing 
ethanol, resealing and heating again to 160 ~ EtaPO, 4 EtI and HaPO 3 were 
obtained 27). According to the above equation only 50% of the phosphorus 
should be converted to EtaPO. Since, however, Crafts and Silva 33) obtained 
up to 73.5% EtaPO (based on phosphorus reacted) and furthermore since Et4PI 
can only be isolated after reduction with H2S in 49% l o3) the reaction probably 
corresponds to the following equation 1 o3) 

2 P + 7 EtI --> Et4PI 3 + Et3PI 4 

Interest in the preparation of tertiary phosphine oxides by this route has re- 
cently been revived by several groups of workers with the result being consider- 
able improvement in the synthesis of tertiary phosphine oxides by this method 
(Kirsanov and coworkers) (for a summary see Table 1). 

Thus heating red phosphorus and lower alkyl iodides (ratio 1.5:3) in the pre- 
sence of a trace of iodine or diphosphorus tetraiodide in an autoclave at 200 ~ 
for eight hours, followed by treatment with aqueous sodium sulfite or succes- 
sive treatments with nitric acid and aqueous base gave MeaPO (54%), EtaPO 
(56%) and Bu3PO (66%) ag). 

Alkylations of phosphorus with higher alkyl iodide s, 44,4 s,s o) benzyl iodide, 
ag) and cyclohexyl iodide 46) did not have to be run in an autoclave. Hexyl 
iodide, for example, when refluxed with red phosphorus and small amounts of 
P214 (I 2 catalysis gave lower yields: 62%) for 30 hours gave, after treatment 
with sodium sulfite, tri-n-hexylphosphine oxide in 71% yield. 

It has been suggested 45) that the reaction of red P and a trace iodine (or 
P214) with alkyl iodide at temperatures of up to 200 ~ takes place not by a 
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Synthesis of Organic Phosphorus Compounds from Elemental Phosphorus 

radical mechanism but by an ionic mechanism. The reaction is not influenced by 
uv, or Bz202, and no radicals could be detected by esr. Furthermore, it has been 
said that the reaction proceeds by the initial formation of P214 which subsequent- 
ly reacts readily with RI to give products of composition [R3PI 3 ]2 46,52), for 
which structure I was proposed when R = cyclohexy146) 

(RI) H20 
p+ 12 ~ P214 > R6P216 + (possibly R3PIy) > RaP=O 

[ (c-C6H 11 )34 - - ' , P ( C 6 H  11-c)3 ] + 15- 

�9 i r"  

1 

Indeed it is known for a long time, (Auger, 1904) that P214 reacts with al- 
kylating agents [MeI, EtI, PrI] on heating to 180-210 ~ to give after nitric acid 
treatment RPO3H2, R2PO2H (2/a of the product)and RaP=O 7). When dicy- 
clohexyl-diidobiphospltine was treated with cyclohexyl iodide at 197-200 ~ for 
8 h, compound i was obtained in 33% yield. Benzyl iodide interacted with P2 I4 
already at 110 ~ to give, after hydrolysis, tribenzylphosphine oxide in 92% and 
dibenzylphosphinic acid in 2% 89). A similar reaction of PhCH2 C1 with P2 I4 at 
130 ~ for 17 h resulted in a 37% yield of the phosphine oxide 71 ). Allyl iodide 
(20.40%R3P=O) 77) and short 897 and long chain aliphatic alkyl iodides 44) 
gave with P2 I4 tertiary phosphine oxides in yields of 53 to 75%. By reactions 
of red phosphorus, substituted benzyl chloride, and iodine at 120-130 ~ several 
substitited tribenzylphosphine oxides have been obtained, after hydrolysis, in 
yields of 67-86% i sg). 

In a variation, high yields of phosphonium salts (77%) have been claimed to be 
obtained from the reaction of white phosphorus and benzyl halides, XC6H4CH2X, 
with the aid of metal or metal salt (CuC1) catalysis 2a). The reaction may also be 
carried out in a high boiling solvent. Here dialkylation prevails and tile phosphinic 
acid (PhCH2)2P(O)OH is isolated after hydrolysis 2 a) 

(170-180 ~ 
Pw + PhCH2Ci + CuC1 + trace decalin ~ (PhCH2)4PC1 (77%) 

(11.5 h) 

No catalyst is necessary in the reaction of methyl chloride or bromide with 
white phosphorus at temperatures ranging from 220-310 ~ and under pressure 
9 s ). The best conditions for making tetramethylphosphonium chloride in over 
90% yield is to heat a mixture of Pw: CHaCI = l: 1 to 1:2 to 250-260 ~ for 5 h 
under pressure. Tetramethylphosphonium bromide is similarly obtained in 90% 
yield at 230 ~ The desired phosphonium salts are accompanied by methylphos- 
phonous dihalide, phosphorus trihalide and sometimes a trace of dimethylphos- 
phinous halide 9 s) 



L. Maier 

Since the latter products can be made the main products under different con- 
ditions 94) the following reaction scheme was suggested: 

2 P + 3 R X  
E RP~2 ) R2PX3 

-PX 3 

RX P RX 
R2PX > R3PX 2 ~ R3P > 

-PX 3 

2 P + 4 R X  ) PX 3+R4P+X - 
X= CI, Br; R = CH 3 

RaP+X - 

This scheme seems reasonable since it is known from the literature that alkyl 
and arylhalophosphines can be alkylated with alkyl iodides 7,37,7 t ) or benzyl 
chloride 37,71 ) to give halophosphoranes and/or  phosphonium salts. Further- 
wore, reduction of halophosphoranes, R2PCI 3 142) and R3PC12 1 s 7)with ele- 
mental phosphorus to the threevalent state is also known. 

The conversion of phenylene-bis (dictflorophosphine) (2) 112) and of alkyl 
l a, 19) and aryldichlorophosphines J 7) to phosphonium salts or, after hydro- 

C 1 2 P ~ - P C 1 2  + ~ - C H , 2 C 1  + P 
X 

heating 
then h>'drolysis 

O O 

( ~CH2)2 I ~ f l  X - -  P " - ~ - ~  P ( C H 2 - ~ ' ~ x  X )" 

lysis, to phosphine oxides, by reaction with benzyl chlorides and elemental 
phosphorus seems to follow the same mechanism. The also formed PC13 19)again 
indicates that elemental phosphorus acts as a reducing agent for halophosphoranes. 

(170-230 oC) (OH') 
RPCI 2 + PhCH2CI + P ) PCI 3 + R(PhCH2)3PC1 > 

R(PhCH2)2P=O 

same mechanism. The also formed PC13 ~ 9) again indicates that elemental phos- 
phorus acts as a reducing agent for halophosphoranes. 

In a further variation, the primary products formed in the reaction of red phos- 
phorus with alkyl iodides, may be reduced with metals such as Mg, Na, Li, A1, 
Zn, Fe, etc., first at 145-150 ~ and then at 170 ~ to give tertiary phosphines 
in 70-80% s i ) 

10 



Synthesis of Organic Phosphorus Compounds from Elemental Phosphorus 

R6P216+6Na ~ 6 N a I + 2 R 3 P  2R ' I  ) 2[R3R,p] I 

If an alkyl halide is added to the reaction mixture after reduction but with- 
out isolating the trialkylphosphine, tetraalkylphosphonium halides are formed 
in 65 to 76% yield sl) .  

A cyclic phosphonium salt (3) was obtained, in addition to other products, 
when red phosphorus was treated with 1,4-diiodobutane at 210 ~ for 3 h in the 
presence of catalytic amounts of iodine a 6). Alkylation of elemental phosphorus 
with hydrocarbon halides are summarized in Table 1. 

+ + - 

~_/P~.c4H9 

A modification of the alkyl iodide reaction consists in the use of alcohols and 
iodine instead of alkyl halides as alkylating agents 43,47,48,49). In a preliminary 
note it was reported 49)that the yields of tertiary phosphine oxides were, after 
hydrolysis, between 85-90%. Later it was, however, found that phosphoric acid 
monohydrate, which is a by product in tiffs process, 

205-210 ~ 
ROH + Pred + I2 ~ ~ R3P=O 

1.5 h Na2SO 3 

terminates the alkylation at an earlier stage, as a result of which alkylphospho- 
nic acids are produced in 48 to 52% yield with higher alcohols (~  C s) 4 a), where- 
as lower alcohols (C3, C4, cyclohexyl and phenylethyl) give phosphinic acids 47," 
48) in addition to tertiary phosphine oxides (see Table 2). An independent expe- 
riment with alkyl iodides, phosphorus and iodine in the presence of HaPO4.H20 

reflux / NaOH 
ROH + Pr + 12 ) R3PO + R2PO2H + RPO3H 

gave similar results 48) 
While one group reported 4 s) that in the absence of iodine, red phosphorus 

and alkyl iodide (ratio 1:3) gave at 205-210 ~ for 12 h only high molecular 

11 
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Synthesis of Organic Phosphorus Compounds from Elemental Phosphorus 

weight resins, others 27,33,58,72, t o 3) actually isolated phosphonium salts. Kir- 
sanov and his coworkers 4 s ) have suggested that tetraiodobiphosphine (either 
added or formed from Pred + 12) is a required intermediate in the elemental phos- 
phorus-alkyl iodide reactions catalyzed by iodine. 

It is clear, however, that other evidence supports the direct attack mecha- 
nism and makes a radical chain mechanism likely, at least with alkyl chlorides 
and bromides. 

The first characterization of simple halophosphines as the primary products 
of the direct reaction of white or red phosphorus with trifluoromethyl iodide 
at 200-220 ~ under pressure was reported in 1953 by Bermett, Emel~us and 
Haszeldine i 3) 

200--220 ~ 
P4 + CF3I ) CF3PI2 + (CF3)2 PI + (CF3)3P + Pxly 

The products can equilibrate under the reaction conditions; therefore the 
individual yields depend on the reactant ratios and the reaction time. Moreover, 
the individual product yields can be varied by the addition of one of the products 
13). Very likely, the electronegative fluoroalkyl groups prevent complete conver- 
sion to phosphonium salts by severely reducing the uncleophilic properties of 
the products. A radical mechanism was suggested. 

Since CF3I is prepared by the action of iodine on CF3CO2Ag , the trifluoro- 
methyl-substituted phosphines may be prepared directly from silver trifluoro- 
methylacetate, phosphorus, and iodine 25 ) 

P+ CF3CO2Ag + 12 ~ CF3PI 2 + (CF3)2PI + (CF3)3P 

Extension of this reaction led to the preparation of perfluoroethyliodophos- 
phines 31 ) and perfluoropropyliodophosphines 39) by raction of 1-iodo-perfluo- 
roalkanes with red phosphorus under conditions indicated in the equations below. 

219 ~ 
Pr + C2F51 ~ C2FsPI2 + (C2Fs)2PI 

40 h 

230 ~ 
Pr + C3F71 > 

8h 
C3F7PI 2 + (C3FT)2PI 

30% 70% (with 60% conversion). 

While tris (perfluoropropyl) phosphine was not found even at 300 ~ 39 ) the 
tertiary phosphine, tris (pentafluorophenyl) phosphine, and PI 3 were the sole 
products when a mixture o fP  4 and C6FsI was kept at 220 ~ for 12 to 14 h 3o). 

13 



L. Maier 

220 ~ 
P4 +C6F5I > (C6Fs)3P +PI3 

12-14  tx 

It was shown by us 94) that the reaction of P with CF3I is not limited to 
the condensed or liquid phase. Red phosphorus is also alkylated by trifluoro- 
iodomethane vapor over a copper catalyst 94). The products are the same as 
in the liquid reaction but in reduced yield and different composition. The mono- 
and dialkylated compounds are the major products which is the reverse of the 
liquid system where the tris (trifluoromethyl)phosphine is usually the dominant 
product. This indicates that the phosphorus dihalide is a primary product of the 
reaction and not a decomposition or disproportionation product. 

Furthermore, we could show 94) that the reaction is not limited to perfluoro- 
alkyl iodides. When methyl or ethyl halides were passed through a mixture of red 
phosphorus and copper at around 350 ~ mainly phosphorus dihalides were pro- 
duced. The phosphinous lmlide is formed in small amount along with some phos- 
phines. With methyl bromide, e.g., the reaction product is composed of 80-90% 
CH3PBr 2, 2-3% (CHa)2PBr and 7-14% (CH3)2PBr 3. 

(280-360 ~ 
Prod + RX > RPX 2 + R2PX 

The phosphorane may have been formed either by addition of bromine - a 
pyrrolysis product of CH3Br - to (CH3)2 PBr or more likely by addition of 
CHaBr to CH3PBr 2 (compare a7,71)). The overall yield 

CH3PBr 2 +CH3Br 4 (CH3)2PBr3 

based on CHaBr used is 28.6% 94,99), while that with CHaC1 is only 16~ 94} 
A higher yield has been claimed to be obtained from the reaction of P 4 - v a p o r ,  
H 2 and CH3CI at 350 ~ over an active carbon catalyst (68% yield) 78 I. It was 
shown that the proportion of (CH3)2PC1 in the product can be increased from 
4% to 35% by quicker removal of the products from the hot zone 94). This indi- 
cates that (CHa)zPC1 is thermally unstable in tile vapor phase which accounts 
for the different product distribution between liquid and vapor reactions. Re- 
gardless of the alkyl halide structure, catalyst or reaction conditions we seem to 
get the same initial products in all of the alkylation reactions. 

The reaction mechanism of the copper catalyzed reactions is probably a radi- 
cal chain process like that proposed by Rochow for the direct synthesis of organo- 
silicon compounds 132) 

R X + 2 C u  ) CuX+(RCu)  > R" 

14 
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CuX + Px ----"+ " Px X + Cu 

R �9 

X Pk  - - I p ~  XPxR 

XPxX + R" 

Additional support for a free radical mechanism of the copper catalyzed re- 
action of red phosphorus with CHaC1 or benzyl chloride comes from the isola- 
tion of methane, ethane, ethylene and propene in the CHaCl-reaction and of trans 
stilbene and toluene in the PhCH2 Cl-reaction, in addition to phosphonous di- 
chlorides, RPC12 (R = CH3, C6H s CH2) s 9,61 ). 

Curiously CHaPC12 and (CHa)2P(O)C1 were obtained from the interaction 
of red phosphorus and chloromethyl-methyl-ether in the presence of CuC1 at 
360 ~ 60). 

CICH2OCH 3 > C I ' + [ - C H 2 O C l t 3 ]  

Pr + CI �9 + CH~ > CH3PC12 + (CH3)2PC1 

(CH3)2PCI + CH20 > (CH3)2P(O)CI + [CH2: ] 

> CH20 + CHj 

The proposed reaction path seems unlikely. From the interaction of(CH2)2PC1 
and CH20 one would expect (CH3)2P(O)CHzCI and not (CH3)2P(O)CI. 

Since reaction of phosphorus with alkyl halides occurs also without a catalyst, 
direct attack by the alkyl halide must be possible. Support that these reactions 
are also radical in nature has been provided by tile work of Petrov, Smirnov, and 
Emel 'yanov 119). In the reaction of white phosphorus with C 6 Hs CH2 C1 119), 
PhBr 94,1 ~ 9) rn-CH3 C 6 Ha Br and n-C 8 H 17 Br I 19) in the liquid phase phospho- 
nous dihalides are the predominant products but appreciable yields of phosphi- 
nous halides are also obtained. A correlation was observed between the tempera- 

P4 +3C6HSCH2 ~+3C1-  ~ C61tsCH2PCI 2 +(C6HsCH2)2PC1 

ture at which the reaction occurred and the stability of the radical 119) 

PhCH 2 �9 <PhCHCH 3 <Ph2CH �9 < P h 3 C  �9 

300 o c  270 ~ 250 o c  225 o c  

Benzyl bromide reacted with white phosphorus already at 150 ~ to give 
benzylphosphonous dibromide (30%) and tetrabenzylphosphonium bromide 
(20%) 144). (For other alkylation reactions see Table 1). 

Phosphonous dihalides are nearly the exclusive products in the alkylation of 
white phosphorus with alkyl and aryl halides dissolved in a phosphorus trihalide, 

15 
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which also takes part in the reaction 16j. The reaction is catalyzed by 12, RI, 
Br2, RBr and RzPX (Bliznyuk, Baranov, Kabachnik). 

P4 + 2 PX 3 + 6 RX ~ 6 RPX 2 

The mechanism of the alkylation of white phosphorus in the presence of a 
phosphorus trihalide is probably the same as without PX 3. However, the phos- 
phinous halides formed react with the phosphorus trihalide with the formation 
of phosphonus dihalides. The back reaction, i.e., formation of R2PX and PX 3 

R2PX + PX 3 ~-2 RPX 2 

from RPX 2 is well documented in the literature 12,1 sTj. Therefore, this reaction 
seems to be reversible and the yield of phosphonous dihalide is raised by increa- 
sing of the amount of PX 3 . 

If we assume that initially not white phosphorus but PX 3 ( w h i c h  in view of 
the weak basic properties in less probable) is alkylated then formation of RPX 2 
is expressed by the equation: 

P4 
6 R X + 6 P X  3 ~ 6RPX 4 ~ 6 R P X 2 + 4 P X  3 

Since the basic properties increase with the number of alkyl substituents, 
phosphinous halides are more readily alkylated than Pw or PX a. Catalysis by 
these compounds may therefore be expressed by: 

P4 PCI3 
RPX 2 + RX ) R2PX3 ' ) R2PX ~ RPX2 

If no phosphorus trihalide is present the reaction should stop at the phos- 
phinous halide stage or go even further to give tertiary phosphines. The prepara- 
tion of phosphinous halides has been claimed i a i ). 

340 oc  
Pw + RCI + RPC12 } RPCI2 + R2PCI 

411 

The reaction of white phosphorus with alkyl or aryl halides using PX 3 as sob 
ven t  has recently been used to prepare p- C1C6H4PC12 (34%) 10), phenylene-bis 
(dichlorophosphine) (3) l o) (38%), 

P4 + 6 p-CIC6H4CI + 2 PC13 + trace 12 
270-340  ~  

6 p-CIC6H4PC12 
l l h  

t6 
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P4 + 3 p-C1C6H4C1 + 2 PC13 + trace 12 
340 ~ 

) 3 p-CI2PC6H4PCI 2 
l l h  

3 

P.chloroisophosphindoline (4) 11) and P-chlorotetrahydroisophosphinoline (5) 9). 

Pw + 
[ cmc  ( T__cm +PC13 (I2) 270- 80~ c,, 

CH2C I tL ,~CH~P-  Cl 

4 

Vw + 
CHeCH2C1 

~ p  
+ P C l s  ( I2 )  23~176 

CHeC 1 - C1 

5 

The synthesis of halophosphines using PX 3 as solvent are summarized in Table 3. 

Several other thermally initiated reactions of white phosphorus with poly- 
haloalkanes have recently been reported. 

Thus heating white phosphorus with CCI 4 at 157 ~ for 104 h provides CC13PC12 
in 28% along with PC13 (10%) and red polymeric solids (5%) 117) 

157 ~ 
Pw + CC14 ~ CI3CPCI2 + PCI3 + Pred 

104 h 

While no higher alkylated product could be detected in the CC14 reaction 1 l 7), 
the formation of both, the phosphonous and phosphinous derivative was ob- 
served in the reaction of white phosphorus with bromoform at 190 ~ for 1 h 2) 
But also here the amount of the phosphonous dibromide was 4 to 6 times that 

190 ~ 
Pw + CHBr3 ) 

l h  
CHBr2PBr2 + (CHBr2)2 PBr + Pred 

of the phosphinous bromide. 
An unusual reaction is observed between white phosphorus and bromotri- 

chloromethane when they are heated to 100 ~ for 1 h. The biphosphines 6 
and 7 are obtained in 41 and 43% yield, respectively 1 ). A summary of the therm. 
ally initiated alkylation and arylation reactions of phosphorus is given in Table 1. 

100 ~ CI3C % _  p / C C I  3 + C l a C - . p _ p /  Br 
P4 + CC13Br 

Br / ~ Br Br / ~Br 
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L. Maier 

The reaction" of white" phosphorus withs~CC14 117), CHBr 3 2), 66)CClaBrcan 1 ), and 
also with cyclohexane, cyclohexane-CC14 , and 1-chlorobutane also be 
initiated at lower temperature by visible light, or better by radiation from a co- 
balt-60 source (Henglein and coworkers). Normally the same products are formed 
as in the thermal reaction. For example, CClaPCI 2 is obtained on irradiation of a 
solution of P4 in CCI 4 11 "7). Since the yield is greater than 40 molecules/100 eV 
above 130 ~ a chain mechanism is involved. At lower temperatures a type of 
red phosphorus is produced as a consequence of free radical attack on white phos- 
phorus. This red phosphorus contains a large number of radical groups from the 
solvent, e.g., 

CCI3P7Clo. 3 (from Pw+CC14) 117), 

C6H11p4. s (from p w + C6H12) s) and 

(C4H9)4P39C12010 (from Pw + C4H9C1 after oxidation) 66), 

and may be used for chemical synthesis, e.g.: 

cc13P7C10.3 + Br2 > CCI3PBr2 + PBr3 

It has been suggested that the initial step in the radiation chemical process 
involves the attack of a radical from the solvent on the P4-molecule 1,2,s,66,117) 

S > R - + R ' -  

R �9 + P4 > RP4" 

The radical RPa can either dirnerize or propagate the chain by reacting with 
another solvent molecule: 

2 RP, i ~ RP8R 

RP, i+S > RP4R+R'. 

Subsequent condensation of these intermediates leads to the formation of 
"substt'tuted"red phosphorus. The solvents CC14 117), 
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Synthesis of Organic Phosphorus Compounds from Elemental Phosphorus 

R R'  

I I 
nRP4R - - - - I  P P / \ / \ 

--~p p - p P 
nRP 4 " - p /  " . p /  

I I 
R' R 

R 

I 
P 

_ p p _ , . ,  
\ / 

P 
I 

P 
/ \  

CHBr 3 2) and C6H12/CCla 1 ) can, under the influence of ionizing radiation, 
react further with the corresponding "red" phosphorus to form low molecular 
weight products. 

However, when CCI3Br is used as solvent, no "red" phosphorus is formed be- 
cause the CC13Br bond energy (49 Kcal/Mo O is so low that the condensation 
reactions are dominated by competing degradation reactions l ) 

/ P +CI3CBr 
CCI3P4Br +. CCI 3 ~ CC13-P [ \ P-Br > 

\ p  

I 
CC13 

P Br 
CC13 P ~  [ \ p /  +.CC13 

P "" Br 
I 

CCI 3 

The fact that the biphosphines 6 and 7 are formed and not the monomers 
CCI3PBr2 and (CCI3)2PBr indicates that they are either stable to CCI 3 radicals 
or, more likely, are reformed after radical attack according to the scheme 1 ). 

(CCI3)(Br) P-P (Br)(CCI3) +. CCI 3 ) CCI3-~-Br +.P(Br)CCI 3 

6 co3  8 

8 + CCI3Br ) CCI3PBr 2 +- CCI 3 

(CCI3)2PBr + CC13PBr 2 ) 6 + CCI3Br 

In the radical initiated reaction of white phosphorus in the vapor phase with 
CFa-radicals, generated from trifluoromethane and benzoyl peroxide, a cyclic 

21 



L. Maier 

four-membered phosphorus ring compound, tetrakis (trifluoromethyl) cyclotetra- 
phosphine (9) was formed 1529. Interaction of white phosphorus with fluoro- 
form and benzoyl peroxide in carbon disulfide solution also gave a small yield 
of the cyclotetraphosphine 9 1 s2) 

F 3 C - P -  p-CF 3 

4 F 3 C - + P  4 > [ [ 
F 3C-P - -  P-CF 3 

Ultraviolet irridiation of solutions of white phosphorus in alkyl iodides and 
halobenzenes produced only organophosphorus polymers 82,83 ) containing phos- 
phorus-carbon bonds. In some cases, oxidation of the polymers with nitric acid 
gave phosphonic acids in small amounts 83). A summary of the radiation experi- 
ments is given in Table 4. 
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L. Maier 

2. Alkylation by Unsaturated Compounds 

The preparation of substituted diphosphabicyclo-octatrienes or "diphosphabarre- 
lenes" (10) was achieved by Krespan, McKusick and Cairns 86, 88) by direct re- 
action of red phosphorus with fluorinated acetylenes in the presence of a cata- 
lytic amount of iodine at 200 ~ for 8 h under pressure. The reaction might pos- 
sibly go through a diphosphorin intermediate (9), since phosphorin readily 

RFC CRFR  p 
P r e d  + R F C -  CRF ~OOOC ~) 

9 

RF 

~P 
R R F 

RF~ ~ RF 
10 

R F = CF31881, CICF2CF2186]. 

reacts with hexafluoro-2-butyne at 100 ~ to give a substituted "phosphabarre- 
10no" lO4) 

"Diphosphabarrelene" (10) was also obtained by reaction of red phosphorus 
with 2,3.diiodohexafluoro-2-butene at 210 ~ 88 ) 

Similarly, reaction of red phosphorus with tetrafluoroethylene in the presen- 
ce of iodine at 220 ~ produced octafluoro-l-iodo-phospholane (11, 4%) and 

87) r ra s a octafluoro-l,4-diiodo-l,4-dlphosphorinane (12, 27%) . F e e  dical h ve 
�9 87) b e e n  sugges ted  as i n t e r m e d i a t e s  in these  r eac t i ons  . 

I 
I 

Pred+ CF2=CF2 220~ F2 i~- F 2 F2~, P F~ 

I l 
I I 

11 12 

Under severe conditions (300 ~ 1000 atm.) white phosphorus is said to re- 
act with an olefin and hydrogen to give small yields of tertiary phosphines 112) 
The yields are substantially improved by the presence of alkyl iodides. Thus, the 
yields obtained with ethylene are indicated in the equation below: 

P + CH2=CH 2 + (CH31 , trace) + H 2 
250 ~ h 

> Et3P +Et4PI 
800-900 atm. 

4% 17% 
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Synthesis of Organic Phosphorus Compounds from Elemental Phosphorus 

A patent claims that red phosphorus reacts with 1-pentene in the presence of  
A1C13 at 35 ~ during 2 h to give a phosphorus containing olefm polymer sui- 
table for use as a lubricating oil 69). 

When phosphorus vapor with argon and ethylene, propylene, butene-1, pro- 
pane, methane, ammonia or hydrazine was swept through a discharge tube,, phos- 
phine, PH3, was produced as the major gaseous constituent in all cases 1 s a ;. 
Analysis of  the methane-phosphorus discharge reaction indicated at least six pro- 
ducts among which PH3, CHaPH2 and ethane were detected i s a), indicating a 
radical process: 

Pvapor + CH4 discharge > pH 3 + CH3PH2 + C2H6 

Reaction of a lubricating oil with white phosphorus at 150-300 ~ followed 
by oxidation with air gives a solution of oil soluble phosphorus compounds, be- 
lieved to contain phosphonic acid groups 13o). A summary of the reaction of 
unsaturated compounds with phosphorus is given in Table 5. 

3, Reaction with Alcohols, Phenols, and Amines 

While red phosphorus (from P4 + PI3) gave only orange solids free of iodine 
when contacted with methanol or ethanol at room temperature for several days 
1 t s), a mixture of the corresponding alkylphosphines and phosphonium salts 
was produced when white phosphorus was heated with methanol or ethanol at 

o fs) about 250 C for several hours (Berthaud). 

Pw + EtOH 250 PC> EtPH 2 ('-'20%) + Et4P+OH" (20-30%) 

Phenol did not react with red phosphorus at 300 ~ in the absence of water; 
but in the presence of small quantities of  water, reaction at 250 ~ gave small 
yields of phenylphosphine, diphenylphosphine, and phenylphosphonic acid 149). 
Large.r amounts of water favor the formation of (PhO)aP=O 149-). 

White phosphorus in contact with ethylamine in a sealed tube at room tem- 
perature turns first red, then dark-red, and finally gives a black precipitate of ap- 

--- , 141) th rammes yea  a proximate composition Ps: s 1H (C2 Hsi~tl2)0.26 .O e " gi p p -  
r ntl ar r s4~ e y simil p oducts . Obviously the effect of amine consists mainly in the 
conversion of white phosphorus to another modification 84) 

4. Reaction with Disulfides 

White phosphorus is reported to react with dialkyl disulfides at 200 ~ (2 h) to 
give the corresponding trithiophosphites, e.g., (BuS)aP (70% yield) 14o). This 
reaction may also be carried out in high boiling solvents such as hydrocarbons 
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200 o c  
P4 + 6 R S S R  ~ 4(RS)3P 

2 h  

which do not posses mobile hydrogen atoms, e.g., kerosin, at a temperature of 
170 to 210 ~ The products have been claimed to be useful as lubricating oil 
additives a o s) 

The reaction of white phosphorus with dimethyldisulfide, initiated by irra- 
diation, is composed of two steps: a) formation of red phosphorus with igarti- 
cipation of the solvent; b) formation of  (CHaS)aP from red phosphorus. The 
radiation chemical yields are of the order of  several 100 molecules/100 eV at 
room temperature which indicates a radical chain reaction l 33) 

"/-rays 
CH3SSCH 3 ~ 2 CH3S �9 

CH 3 S �9 + P4 , CH3SP4. 

CH3SP 4" + CH3SSCH 3 ~. CH3S- + CH3SP4SCH3 etc. 

At low dose rate red phosphorus lms the composition (CH a SP2)n z a a). While 
commercial red phosphorus does not react with Me2S 2 with irradiation, red phos- 
phorus, obtained from white phosphorus by irradiation in cyclohexane and 

s) having. ~;othe composition. (C6H! 1 P4-86) n , reacts with Me2S 2 when irradiated" " xa4) 
with Co ")'-rays to yield (CH3S)aP and C6H 11P(SCH3) 2 in the ratio 3.6 : 1 . 

'~-rays 
C6H 1 IP4.86 + CH3SSCH3 ~ 3.6 (CH3S)3P + C6H 11P(SCH3)2 

The yield of "~ 1000 molecules/100 eV proves a radical chain reaction. Further 
radiation after suspended phosphorus has disappeared gives the tlfiophosphate 
SP(SCH3)3 and the thiophosphonate C6H 1 I P(S) (SCH3) 2 again by a radical 
chain process. 

RP(SMe) 2 + C H 3 S ,  > RP(SCH3) 3 R (S)P(SMe)2 + 

Mc2S2 
[Me. Me2S + MeS -] 

The yield of C6H  11P (SCH3)2 is drastically diminished if file red phosphorus 
is contacted with air before reaction with Me2S2. This indicates that the reactive 
sites in red phosphorus are those phosphorus atoms which are not only linked to 
phosphorus atoms but also to another group 134) 

The ionic reaction of R2S 2 with white phosphorus in a dipolar aprotic solvent 
(acetone, CH3CN, DMSO) proceeds, unlike file thermal process, exceptionally 
smoothly under very mild conditions (25 ~ in the presence of a base. 

Yields of tritkiophosphites are high (~  90%) i s4) 
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OH- 
P4 +6RSSR r 4(RS)3P 

aprotic solvent 

Organic compositions claimed to be useful as insecticidal, rust-inhibiting, 
lubricant und fuel-oil additives were obtained on heating monoolefinic polymers, 
white phosphorus and $2C12 or SC12 to 195-200 ~ for 4 h 1o7). The reaction 
may also be initiated by 60Co -3'-radiation at 15-90 ~ 67 ) 

II. Orgaqic Phosphorus Compounds from Nucleophilic Attack on 
Phosphors 

1. Base Catalyzed Reactions with RX, CH20 , Olefins and R2NCH2OH 

Reaction of wlfite phosphorus with sodium hydroxide or sodium ethoxide in 
ethanol generates a dark red solution of an uncharacterized metastable phospho- 
rus compound 106) which possesses nucleoplfilic properties 6). The red product 
decomposes slowly even at 0 ~ to hydrogen, PH 3 and sodium hypophosphite 
l 06). But addition of methyl iodide to the solution gives CHaPH2, CH3PO 3 H2, 
(CH3)2PO2H and (CH3)aPO 6). Analogous products were reported from reac- 
tions of iso-amyl iodide. 

P4 + 6 NaOH + 2 RI --~. 2 Na2HPO 3 + 2 Nal + 2 RPH 2 

Organic phosphorus compounds are also produced in the interaction of wlute 
phosphorus with an epoxide or an episulfide and an alcohol or mercaptane in the 
presence of alkaline catalysts at 25 ~ to 200 ~ 14 s). In order to remove P-H 
bonds the reaction mixture is treated with formaldehyde and oxidized. The pro- 
ducts are said to be useful as hardeners for epoxy resins or as antistatic agents 
and fire retardants. 

High yields of  bis (hydroxymethyl) phosphinic acid ( ~  90%) have been clai- 
med to be formed in the reaction of white phosphorus with formaldehyde in a 
basic alcohol/water medium at 45.65 ~ Other aldehydes apparently react simi- 
larly 12 o) 

Our own research 1 o 2) indicates, however, that the reaction product from 
CH 2 0 and P4 consists actually of equal amounts (~  30% each) of hydroxyme- 
thyl-phosphonic acid (13), bis (hydroxymethyl)phosphinic acid (14), and me- 
thyl-hydroxymethyl-phosphinic acid (15). Small amounts of methyl-phosphonic 

102) acid and tris (hydroxymethyl)phosphine oxide were also detected . 
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P4 +CH20 CH3OH/H20) 

OH 

HOCH2PO3H 2 + (HOCH2)2PO2H + CH3(HOCH2)PO2H 

13 14 15 

Nucleophilic intermediates formed in the white phosphorus-hydroxide reaction 
are also trapped by electron deficient alkylating agents, such as acrylonitrile, 
acrylamide, ethyl acrylate 126,127), or vinylphosphonate 15 s ). Reaction of 
white phosphorus with KOH and acrylamide in aqueous ethanol resulted in the 
formation of tris (2-carbamoylethyl) phosphine oxide in 74%. An analogous re- 
action with acrylonitril gave tris (2-cyanoethyl) phosphine oxide (16) in 53% 
yield (based on P4 used) 126), and with vinylphosphonate produced tris (dietho- 
xyphosphonylethyl) phosphine oxide (17) in 100% yield 1 s s). Diethyl-, or 

P4 + 2 KOH + 4 H20 + 9 CH2=CHCN CH3C S N 3 OP(CH2CH2CN) 3 + K2HPO 3 

16 

O O 
II CH3CN) OP H II 

Pc + 2 KOH + 4 H20 + 9 (EtO)2PCH=CH 2 3 [C 2CH2P(OEt)2 ] 3 

17 + K2HPO 3 

diarylvinylphosphine oxides produced tris (oxophosphinoethyl) phosphine 
oxides when treated with P4 and a base 1 s 6). Reaction with ethyl acrylate gave 
the corresponding phosphine oxide only in 8% yield, along with 4% yield of the 
tertiary phosphine 126) 

The red metastable product, produced from P4 and KOH or KOEt, does not 
appear to be an intermediate in these.tertiary phosphine oxide syntheses, since 
when separately prepared, gave only minor amounts of phosphine oxide. This 
result indicates that the olef'mie compounds must attack an earlier intermediate. 
The initial step was thought to involve nudeophilic attack of  hydroxide ion on 
tetrahedral white phosphorus to give a phosphide ion that subsequently under- 
went a Michael-Addition to the electrophilic unsaturated compounds present 126) 
(Rauhut, Bernheimer and Semsel). 

p .p  Op P-OH 

+ OH ~ ~ 

p P 

18 
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XCHCH2P P - O H  XCHaCH2P " P - O H  

P P 

#9 

OHO/CH.,=CHX X C H  2 CH 2 - P - P - O H  OHe/R 
" ~. I I 

XCH2CH2-P--P-OH 

20 

o o 
II R U 

( H O / 2 P - P - P - P - O H  J" ~ * ~ 2 
I I I I I I I I I I 
RR R HR R H H R R  

OH~ 
3 R3P=O + H2POa e 

Table  6. Dependence of the yieM of tris(piperidinomethyUphosphine oxide on 
the ratio of the reactants at 70 ~ using 15 g P 

Ratio Reaction Yield of pure phosphine 
P:CH20:HNCsHlo Solvents (h) oxide in % (based on P4 

used) 

1:2.25:2.25 60 ml H20 + 9 29.94 
150 ml EtOH 

1:2.5:2.5 60 ml H20 + 9 37.5 
150 ml EtOH 

1:3:3 60 ml H20 + 6.5 31.45 
150 ml EtOH 

1:3.3:3.5 60 ml H20 + 9 26.6 
150 ml EtOH 

1:2.25:2,25 60 ml H20 + 3 16.8 
150 ml CH3CN 

1:2.5:2.5 60 ml H20 + 2.75 32.6 
150 ml CH3CN 
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Table 7. Dependence of  the yieM of  tris(piperidinomethyl)phosphine oxide on 
the solvent, using a ratio of  Pw.'CH20:HNCsH 1 o = 1:2.5:2.5 at 70 ~ 
(each time 15 g P were used) 

Solvent mixture Reaction Yield of pure phosphine 
(h) oxide in % (based on P4 used) 

60 ml H20 1.5 a) 13.3 

60 ml H20 + 150 ml CH3CN 2.75 32.6 

60 ml H20 + 150 ml C2HsOH 9 37.5 

- 200 ml C2HsOH b) 14 32.2 

60 ml H20 § 150 ml CH3OH 9 19.4 

60 ml H20 + 200 ml i-C3H7OH 10 17.4 

60 ml H20 + 200 ml n-C4H9OH 10 21.4 

60 ml H20 + 150 ml THF 12 23.0 c) 

- 200 ml THF b) 20 Reaction incomplete (Pw not 
completely used up) 

60 ml H20 + 70 ml Et3N + 150 ml EtOH 3.5 d) 24.2 

60 ml H20 + 150 ml C6H 6 13 Reaction incomplete 

60 ml H20 + 150 ml (CH3)2SO 18 2.4 

60 ml H20 + 150 ml acetone 12 10 

a )  A t  90 oC. 
b) Paraformaldehyde. 
c) In addition 3.7% tris(piperidinomethyl)phosphine were formed. 
d) The pH decreases during the reaction from 9.7 to 8.1. 

The absence of phosphonic and phosphinic acids seems to indicate that phos- 
phorus is stable in its trivalent form in the intermediates 18, 19 and 20. The in- 
stability of the pentavalent form was attributed to the increase in ring strain 
which would accompany the expansion of the bond angles in the transition from 
trivalent to pentavalent phosphorus 126) 

No such restrictions are found in the reaction of white phosphorus with N-hy- 
droxymethyldialkylamines 91,97,98). Here, tertiary phosphine oxides comprise 
up to 45% of the reaction products; the rest is composed of phosphonic- and 
phosphinic acids and small amounts of secondary and tertiary phosphines 97) 
(Maier). 

R 2 N H + C H 2 0  ~ R2NCH2OH 

H20/EtOH 
R2NCH20H + P4 > R2NCH2P(O)(OH)2 + (R2NCH2)2P(O)OH 

+ (R2NCH2)3P + (R2NCH2)3P=O 
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The yields of the various products depend on the mole ratio of the reactants 
(Table 6), the solvents (Table 7), and in particular on the pH of the reaction mix- 
ture (Table 8) 97). The highest yield of tris (piperidinomethyl) phosphine oxide, 
(CsHt oNCH2)3P=O, is obtained in the uncontrolled reaction when the ratio 
P : CsH 1 oNCH2OH is 0.5:1.25 and when 60 ml H20 and 150 ml EtOH are used 
as the reaction medium. At a pH of ten or above the reaction occured very rapid- 
ly which makes initial alkoxide attack on phosphorus very likely 97). This reac- 
tion, as suggested is reminiscent of the mechanism proposed for hydroxide at- 
tack on phosphorus 146). The H-P<bond in (21)reacts very rapidly with 
R2NCH20H to give R2NCH2P<+ H20 1 o 1 ). The phosphite bond is unstable 
and hydrolyzes to give a >P-OH bond 9s) 

RzNCHzOH + B P R2NCH20 ~ + BH | 

p p op P-OCH~NR~ + 

P P 

BH e 
H-P P-OCH2NR ~ 

P 

21 

Table 8. Dependence of the phosphine oxide yield on the pH of  the solution in 
the reaction Pw: CH20:CsHI o NH = 1:2.5:2.5 {in H20 - EtOH) 

pH Temp. Reaction (CsH loNCH2)3P=O 
(o C) (h) yield in % 

11-7 a) 82 8 42.5 
10 b) 82 1.5 4.1 
7 b) 85 6 41.2 
6 c) 85 11 11.2 
4 c) 85 57 reaction incomplete 

a) Uncontrolled reaction. 
b) Maintained with NaOH. 
c) Maintained with CH3CO2H. 

>P.OCH2NR 2 + H20 > ~>P-OH + HOCH2NR 2 

Repetition of these steps leads to the final products. It is worth noting that 
the same products can be obtained independently therefrom, whether the inter- 

V III mediate with structure 20 rearranges to P or remains in the P state. It has 
namely been found that phosphorous and hypophosphorous acids also react with 
N-hydroxymethdialkalamines to give dialkylaminomethyl-substituted phosphonic 
and phosphinic acids 96)  e.g., 
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2 R 2 N H + 2 C H 2 0 + H 3 P O  2 ) (R2NCH2)2P(O)OH + 2 H 2 0  

Since reaction of P4 with R2NCH2OH also occurs at pH 7 or below, albeit 
much slower, a direct attack of R2NCH2OH on P4 seems to be possible 97) 

R2NCH20- .. H 

p p e  H2NCH20-P P-H 

P P 

etc. 

Table 9 summarizes the synthesis of organophosphorus compounds with base 
catalysis. 

2. By Reactions with Organoalkali and Grignard Reagents 

A new approach to the synthesis ofdialkylamino-alkylphosphines consists in the 
reaction of white phosphorus with dialkylaminolithium compounds followed by 
treating the reaction mixture with alkyl halide; for example (CH 3)2 NP (CH 3)2 

3 CH3CI 
2 P + 3 LiN(CH3) 2 ~ LiP[N(CH3)2]2 + Li2PN(CH3)2 

-3 LiCl 

MeP(NMe2) 2 + Me2PNMe 2 

and [ (CH3)2N ] 2PCH 3 were obtained in ~ 10 and 25% yield, respectively 93, 
1 o 2). Small amounts of trimethylphosphine and tris (dimethylamino)phosphine 
were detected by a 1P-NMR spectroscopy 102) 

White phosphorus also reacts with carbon nucleophiles in ether or tetrahy- 
drofuran to give dark red solutions believed to be complex organophosphides 
12 S)(Rauhut and Semsel). Hydrolysis of a mixture obtained from reactions of 
white phosphorus with organolithium and organomagnesium compounds gives 
the primary phosphine as the major product, with small amounts of secondary 
and tertiary phosphines being formed under some conditions. 

C6HsLi + P4 ~ [organophosphide] > C6HsPH 2 + organopolyphosphine 

Under tile best conditions found (PhLi:P w = 1.6:1; Temp. 35-40 ~ Et20/ 
THF) phenyllithium gave a 36% yield of phenylphosphine and phenylmagne- 
sium bromide (PhMgBr : Pw = 1:1 ; Temp. 71 ~ THF) a 25% yield of phenyl- 
phosphine after hydrolysis. Use of a four fold excess of phenyllithium (PhLi: 
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Pw = 4:1, Temp. 25-30 ~ Et20 ) produced 15% diphenylphosphine in addition 
to 27% phenylphosphine. The alkylorganometallics, butyllithium and butyknag- 
nesium bromide, produced in the reaction with phosphorus only 7.9% butyl- 
phosphine and 1% dibutylphosphine, while phenylsodium and triisobutylalu- 
minum failed to produce simple compounds giving only polyphosphide products 
128) 

In all of these reactions the major by-product was an insoluble, non-~melting, 
amorphous, yellow solid containing 40-60% phosphorus. The observation that 
the polyphosphide intermediates react further with additional phosphorus points 
to an analogy with the well known reaction of (NH4) 2 S with sulfur to give am- 
monium polysulfides 12 8) 

2 Li2+ [ (C6Hs)2P4] 2- + P4 > 2 Li2+ [ (C6Hs)2P6 ] -2 

Like tile red solutions obtained from Pw and NaOR, the red phosphides de- 
rived from phosphorus and organometaUic reagents were found to react with al- 
kylating agents to give tertiary phosphines 12 s ). Addition of butyl chloride to 
the reaction mixture from phenyllithium and Pw (ratio 2:2:1) in ether gave di- 
butylphenylphosphine (37%) and butyldiphenylphosphine (44%). Similar pro- 
ducts were obtained from the reactions of 4-methoxyphenyllithium, 3-trifluoro- 
methylphenyllithium or phenylsodium with phosphorus and butyl halides 12 s) 

C6HsLi + P4 + C4H9C1 > C6HsP(C4H~))2 + (C6Hs)2PC4H9 

1-Naphthyllithium and butyl halide, however, gave the secondary and tertiary 
phosphines after hydrolysis. 

RLi + P4 + BuX - - ~ -  RBuPH + R2BuP 

R = B u  10% R = B u  39cA 

R =naphty135~ R=naphthyl  18~ 

Although hydrolysis of the reaction mixture from phenylsodium and Pw pro- 
duced no simple compounds, reaction with butyl chloride gave over 70% total 
yield of mixed tertiary phosphines. These results indicate the presence of struc- 
tural units having two phenyl groups bonded to phosphorus. But the presence 
of alkali diphenylphosphides is unlikely since they would hydrolyze cleanly to 
diphenylphosphine. 

Other electrophilic reagents also react with the polyphosphide ion 12 s ). Bis 
(2-hydroxypropyl)diphenylphosphonium bromide and 2-hydroxypropyldiphenyl- 
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phosphine were isolated, both in 19% yield, by treating the reaction mixture 
from phosphorus and phenyUithium with propylene oxide. And reaction of the 
complex lithium phenylphosphide with benzaldehyde gave bis(a-hydroxybenzyl) 

i I 

PhLi +P4 > [polyphosphide] OCH2"CHCH~ 

PhLi + P4 > Loolyphosphide] 1. PhCHO ) 
2. H20 

Ph2PCH2CHOHCH 3 + 

[Ph2P(CH2CHOHCH3 )2 ] +Br" 

O 
II 

PhP(CHOHPh) 2 

phenylphosphlne oxide in 12% yield i 2 s) 
In contrast to the reactions with the more reactive organoalkali compounds, 

the reaction of butylmagnesium bromide with phosphorus and butyl bromide 
(ratio 2:1:2) in refluxing tetrahydrofuran gave tetrabutylcyclotetraphosphine 
(22, R = Bu) in 42% yield 12s,129) along with a 6% yield of Bu2PH and a trace 
of Bu3P. With a molar ratio of6:1:10 the yield of (BuP)4 dropped to 17%; in 
addition Bu2PH (15%), Bu3P (1%) and Bu4PBr (10%) were also obtained in this 
case 125,129) .  

P P RP .PMgX R P - P M g X  

RMgX + R P - P M g X  

P P R - P  P - R  
I I 

R - P  P - R  

22 

This simple, one step synthesis of cyclotetraphosphine seems to be general 
for aliphatic Grignard reagents. For example the ethyl and propyl homologs, 
(EtP)4 and (PrP)4 , have been said to be formed in comparable yields by this me- 
thod 32). But reaction of iso-PrMgBr or cyclo-C6H 11MgBr with white phospho- 
rus and the appropriate alkyl bromide has been said to give solid compounds of 
composition R2P 8 (R --iso-Pr, cyclo-C6H 11 ) 3). Commercial red phosphorus is 
reported not to react with Grignard reagents or with diethylzinc 1 t s). Freshly 
prepared red phosphorus (from Pw and PBr3) containing Br-atoms as terminal 
groups, gave after treatment with CHaMgI or Et2Zn and oxidation with HNO3 
also only trace amounts of the corresponding acids 11 s). Electrolysis of organo- 
magnesium chlorides using a black phosphorus anode gave, however, tertiary 
phosphines 70). A summary of the reactions of organometallic compounds with 
phosphorus is given in Table 10. 
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Synthesis of Organic Phosphorus Compounds from Elemental Phosphorus 

3. By Reaction with Other Organometallic Compounds 

Carbanions arising from other organometallic compounds alSO react with phos- 
phorus with the formation of organophosphorus compounds. Heating tetraphen- 
yltin with elemental phosphorus (1:2) for 16 h to 320 oc  produced triphenyl- 
phosphine in 85% yield ] 35). Proof for the intermediate formation of tin-phos. 

(~ + ~- 2 Ph4Sn 
PhsSn-C6Hs + P4 . [Ph3SnP PPh] , 4 Ph3P + Sn3P n 

P 

phorus compounds was obtained when the reaction was carried out at 235-258 ~ 
for 12 h. In this case it was possible to isolate (Ph2SnPPh)3 , a yellow solid, 136); 
(the also claimed formation of (PhaSn)2P-P (SnPha) 2 could not be confirmed 
136a) 

A 70% yield of tris (pentafluorophenyl)phosphine was obtained from the 
reaction of bromo-bis (pentafluorophenyl) thallium (III) with phosphorus at 
190 ~ for 4 days as). 

6 (C6Fs)2TIBr + P4 ~ 4 (C6Fa)aP + 6 TIBr 

The report that triphenylphosphine is formed in quantitative yield when a 
mixture of Ph3As and P is heated to 300 ~ for 4 h 81 ) could not be confirmed 
by later workers 139) 

Photopolymerization of withe phosphorus with UV-light (100 days at 60-70 ~ 
in the presence of tertiary phosphines (R3P , R = Et, Ph) gave solid, insoluble po- 
lymers which contain organic radicals as terminal groups of the red P network. 
Oxidation of these polymers with HNO 3 gave small amounts of phosphonic 
acids 116). It is concluded that commercial red phosphorus is a polymer with 
termhlal groups composed of O and HO grouping. Thus red P, although contai- 
ning as much as 99% P, is truly a compound, not an element in the true sense 
116) 

Recently an unusual reaction was reported. Low valent coordinatively unsa- 
turated complexes of rhodium such as RhX(MR3)3, M = P, As, react with white 
phosphorus (S and Se)in dichloromethane solution to give complexes of the type 
[ RhX(MR3)2P 4 ]. The complexes appear to contain an intact P4 unit bonded 
to rhodium 90 ). A summary of these reactions is included in Table t0. 
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4. By Reaction with Metals and Alkylating Agents 

The first synthesis of organophosphorus compounds was achieved by the reac- 
tion of CaaP 2 with methyl chloride in 1845 by Thenard 1 ,)3). Ten years later 
Berl6 14) treated sodium phosphide with ethyl iodide at I00 ~ for 6 h and ob. 
rained triethylphosphine and a product containing 67.2% iodine (possibly EtaPI2). 
Cahours and Hofmann 26) found it impossible to separate the products from 
tile reaction of phosphorus with sodium and methyl iodide, but when zink in- 
stead of sodium was used and the mixture with phosphorus and ethyl iodide 
was heated in a sealed tube for several hrs to 150-160 ~ Hofmann 72) was able 
to isolate Et4PI , [EtaPH ] I'ZnI2 and Et3P=O-ZnI 2. 

In liquid ammonia, the alkali metals react with white phosphorus a I )and red 
phosphorus 21 ) to yield preferentially the biphosphides, M2P-PM2, which may 
be further reduced with NH4Br to the monosodium phosphides, MPHa, and cha- 
racterized after alkylation wifll CH3I as CHsPH 2 42), or which can be directly al- 
kylated to give depending on reagent proportions used 21 ~: Me: P -PMe2 (17%), 
Et2P-PEt2 (28%), EtPH:, Et2PH (29%), BuPH (34%) (the P-H compounds after 
an aqueous treatment), while subsequent treatment with sulfur gave (Me2PS)a 
(26%), (Et2PS)2 (26%); Me2Et2P2 $2 (20% meso-form), and Eta (PhCH 2)PS 
(20%). 

liquid NH 3 
(Px) P4 + 8 Na ) 

RX Na R'X 
r-------~ R2P.PR 2 ~ R2PN a ) R2PR, 
I '~  H20~ S I' Na2P-PNa 2 

RX..~ R2P-PR2 R2PH S 
il II 
s s  

In contrast to the liquid ammonia reaction trisodiumphosphide, NaaP , is the 
major product resulting from the reaction of white phosphorus (red phosphorus. 
proved less satisfactory) with sodium potassium alloy or with sodium dispersions 
in inert organic media (e.g. toluene) at temperatures varying from 80 to 145 ~ 
118). The phosphide Na3P reacts readily with methyl halides in glyme solvents 
to afford methylphosphorus compounds in ca. 60% overall yields under optimum 
conditions. A small amount (0,4%) of tetramethylbiphosphine was also isolated 
118) 

80-145 ~ CHaX 
3 M "~ P ~ M3 P (CH3)4PX + (CH3)3PH X NaOH 

hydro carbon glyme 
Me3P=O ) 

+ 60% 
Me3P 
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The claim that trialkylphosphine oxides are obtained by treating elementary 
phosphorus with sodium and alkyl halide during heating at 400 ~ in an organic 
solvent is surprising 147) 

From this type of reaction one would have expected the formation of ter- 
tiary phosphines. 

5. By Electrochemical Methods 

The electrolytic production, in all its variation, (different anode and cathode ma- 
terial different electrolytes, etc.) of phosphine is described in several patents 63) 
It is believed that the reduction by this method proceeds via formation of the 

Pw e ~ PH 3 
(I-120) 

tetraphosphine [PH]4 138) 
As discussed recently in detail 10o) PH3 can readily be added to olefins and 

carbonyl containing compounds. Instead of carrying out this reaction in two dif- 
ferent vessels, the process may be combined in one. One may then get not only 
primary, secondary and tertiary phosphines but also biphosphines and cyclote- 
traphosphines since reduction of Pw produces not only PH 3 but also P4H4, P2H4 
and certain other highly reactive compounds 2 a, 138) (Tomilov and coworkers). 
Thus electrolyzing white phosphorus in an aqueous buffered solution (CH 3 CO 2 Na~ 
using a lead cathode, in the presence of styrene gives 2-phenalethylphosphine 
(23) (26.7%), tris (2-phenylethyl) phosphine (24) (1.7%), and the biphosphine 
tetrakis (2-phenytethyI) biphosphine (25) (4%). 

Pw + PhCH=CH2 
e-/H20/CH3CO2Na 

Pb-cathode 
PhCH2CH2PH 2 + (PhCH2CH2)3P + 

23 24 

(PhCH2CH2 )2P-P(CH2CH2Ph) 2 

25 

Furthermore, PH 3 (~ 20%) and an incompletely alkylated red, crystalline 
product is always obtained 75) 

Running the electrolysis in THF gave 23 in 33.3% yield and 25 in 15.4%. 
Electrolysis in acetonitrile or methanol gives also small amounts of secondary 
phosphine (PhCH2 CH2)2 PH, which is not formed in other solvents 7 s ) 
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Electrolysis of organomagnesium chlorides in ethereal solution using a sacri- 
ficial black phosphorus anode, is reported to yield tertiary phosphines 7o). A ter- 
tiary phosphine oxide, tris (hydroxymethyl) phosphine oxide is produced in 64% 
yield (60% with respect to current) in the electrolysis of white phosphorus in a 
solution containing acetic acid, HC1, (CH3CO2)2Zn , (to improve the conducti- 
vity) and formalin and using a lead cathode. Tris (c~ -hydroxyethyl) phosphine 
oxide was similarly obtained in 42% yield I I a) 

+ 3H +, 3e" 3RCHO/H20 
1/4 P4 > PH3 O=P(CHOHR)3 

It would seem that the first formed PH 3 reacts with CH20 in acetic solution 
to give (HOCH 2)4PC1 which is reduced electrolytically to the phosphine oxide. 

Substituting cyclohexanone for formaldehyde in the white phosphorus elec- 
trolysis gives a secondary phosphine oxide in 21.3% yield (16.7% with respect 
to current) ~ 13) 

O 

r' w + 0 �9 
H 

This result is not so surprising since it is known that PH 3 reacts with ketones 
in acetic solution also with the formation of phosphine oxides 24) 

Electrolyzing white phosphorus in dimethylformamide solution in the pre- 
sence of butyl bromide gave several organophosphorus compounds as shown be- 
low. Obviously dimethylformamide took part in the formation of methyltributyl- 

(CH3)2NCHO/e" 
Pw + BuBr ;~ PH3, BuPH2 , Bu2PH, Bu3P= O 

% 6.3 1.95 6.35 1.46 

[Bu2P]2+[BuP]4' CH3Bu3P4, Bu3PO'Bu3PBr2, Pr 

% 9.2 4.36 9.1 35.6 

cyclotetraphosphine 74). The total yield of organophosphorus compounds was 
about 28.5%. 

Electrolysis of methanolic solutions of white phosphorus in the presence of 
alkyl halides and NaOH or NaOR gives a mixture of primary, secondary and ter- 
tiary phosphines (in 55% overall yield) when higher alkyls are used, and quater- 
nary phosphonium salts (29-44%), when lower alkyls are the reactants s a) 
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CH 3OH/CH 3ONa/e" 
Pw + C9HI 11 ;' 

CH3OH/CH3OK/e- 
Pw + EtI 

C9HIIPH 2 + (CgH11)2PH + (CgHI l)3P 

Et4PI 

Electrolysis of a stirred suspension of red phosphorus inalcohol with gra- 
phite electrodes and with continous introduction of gaseous HC1 gave trialkyl- 
phosphates and RCI. The following current yields were reported 148). 

(RO)aP=O, R--CH3 (48%, or 77.5% based on P), 

Et (55, or 55), 

Bu (58.7, or 88.3) and 

Am (70, or 63.1). 

An excess of HC1 was essential as a deficiency of HC1 caused a yield drop to some 
14%. 

Hydrogen was liberated at the cathode, while alkyl chlorides and (RO)aP=O 
were formed at the anode. The equation given for the reaction is 14 a). 

Pr +HCI+4ROH ~ (RO)3P=O+2.5H 2+RCI 

It would seem that while this equation represents tile overall process, the actu- 
al reaction taking place at the anode is the production of ctdorine which reacts 
with phosphorus and alcohol to give the products observed (compare Ref. s 6 ) 
With allyl alcohol no consumption of phosphorus was observed and dichlor> 
propanol was the sole product 148 ). A summary of organophosphorus com- 
pounds produced by electrochemical methods is given ha Table 11. 

III. Organic Phosphorus Compounds from Electrophilic Attack on 
Phosphorus 

White phosphorus is known to exist as a P4 molecule 146) which is in a tetra- 
hedral configuration containing an atom of phosphorus and an unshared pair of 
electrons at each apex. Therefore, this allotrope of phosphorus should be sub- 
ject to easy attack by electrophilic reagents. It is somewhat surprising that only 
one such reaction has been reported 4). When a solution of white phosphorus in 
carbon disulfide and one molar equivalent of A1Cl3 at -10 ~ was treated with 
1.5 molar equiv, of t-butyl chloride and the mixture hydrolyzed, a 30% yield of 
di-t-butylphosphinic chloride was isolated 4). A second product was identified 
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Pw + t-BuCl AIC13 ) H20. ,  (t.C4H9)2P(O)C 1 + (t.C4H9)2P(O)H 
CS2 

as di-t-butylphosphine oxide. Other alkyl halides, RC1 (R=t-amyl, i-propyl, n-Bu, 
cyclohexyl, n-octyl) and Lewis acids (FeCI 3, TiC14 but not ZnCI2, ZrC14, or 
HgCI2) also alkylate elemental phosphorus to give phosphinic acids or deriva- 
tives 4). 

IV,  Reaction of Phosphorus under Oxidizing Conditions 

1. Reaction of Phosphorus with Olefins and Oxygen 

It is known since a long time that phosphorus absorbs oxygen rapidly in the 
presence of olefinic compounds. The first observation of this type of reaction 
was probably made by Robert Boyle ha 1681 22 ) when he noticed that turpen- 
tine affected the oxidation of phosphorus. The glow accompanying the oxida- 
tion of phosphorus in air was not observed here. Graham 65) reported in 1829 
that ethylene had a similar effect. Carbohydrates, oxalates and fatty acid salts 
are oxidized by air at 35 ~ when white phosphorus is present 29). Several other 
reactions in which no identifyable product was isolated, have been summarized 
recently 62). In reactions with ethylene a 8,1 s o), isoprene 1 s o), cyclohexene 
3S,l so,l s 3), menthene i s a), pinene ~ s 3), trimethylethylene 1 s3), styrene 3s, 
i s o), cholesterol 1 o a), o~-methylstyrene 38), octene-1, decene-1, dodecene- I, 
heptene-1 and hexadecene-1 38,1 so), two atoms of oxygen are absorbed per 
atom of phosphorus and the products which separate during the reaction have 
a composition corresponding closely to the attachment of a P204 group to the 
double bond i so,l s3) or more correctly P20 n (4 ~<n ~<5) since n varies some- 
what 38) 

The oxygen content increases with increasing chain length of the olefin and 
approaches in reactions with 1-octene, 1-dodecene and 1-hexadecene the for- 
mula: olefin �9 P2Os 38,15o) 

The reaction between white phosphorus, oxygen and cyclohexene in benzene 
solution yielded a product with the empirical formula C6H l oP204 which hydro- 
lyzed in the presence of oxygen to cyclohexene-l-phosphonic acid, (28) i so, 
1 S l, 1 S 3). Earlier reports 123,1 s 3) of an isolable intermediate product, olefin 
"P203, could not be confirmed a 8, I s 0). The yields of products are very high. 

It was shown 1 s o)that the reaction involves a free radical chain process, sub- 
ject to catalysis by peroxides and a, a '-azobisisobutyronitrile, and inhibition by 

. . . .  0 lSO) hydroqumone . A kinetic chain length of at least 7000 at 50 C was estxrna- 
ted. 
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From potentiometric titration data it was deduced that the product 
C6H1 o" P20a hydrolyzed readily to/3-phosphitocyclohexanephosphonic acid 
(27) 1 s 1 ) which by/3-elimination lost phosphorous acid (Walling and coworkers). 

o ] 

v~o -P- j x  

26 

O 
I! 

2 H20 r (OH)2 
[ I .OH 
v'O --~"H 

0 

27 

o 
II 

~ P(OH) 2 + H3PO 3 

28 

When isobutylene was used, HOCH 2 C(CHa)2POaPb was isolated suggesting 
an initial attack on olefin during oxidation involving a radical with partial struc- 
ture P-O I s 1 ). For the product from cyclohexene a polymeric anhydride struc- 
ture containing one phosphorus per unit as a phosphonic anhydride and one phos, 
phorus as a phosphite anhydride was proposed I s 1 ). The formation of  dialkyl. 
phosphites, (RO)2P(O)H, by reaction of 26 with alcohols in 28-29% is in agree- 
ment with the proposed structure i s 1 ) 

As further evidence for the polymeric nature of the reaction products the 
1-hexadecene product (CI6H 32" P2Os) 15 o) and the 1-octene product 
(Call16" P2Os) 38) gave molecular weights corresponding to five units. 

Recent degradation studies indicate that in addition to 26 other structural 
units are present in the "phosphorate"product 38). Thus, hydrolysis of  the oc- 
tene product CsH 16.P205 followed by esterification with diazomethane gave 
an octanediphosphonate with probable structure 29 and trimethylphosphate (up 
to 57% yield, based on P used). And treatment of the cyclohexene adduct 
C6H 1 o" P2 04, with PCls followed by esterification allowed the isolation of the 
esters 30 to 33 a a). 

0 0 
ii " H 

C~HIs -- CH--CH 2 P(OCH3) 2 P(OC 3)~ 

(CH30h P p. (OCHah 
H H 

o o 

29 30 31 
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o II 
O11 [ ~  P(OCHa)2 

~ P(OCHs)2 ~P(OCH3) z 
II 
O 

32 33 

These results were interpreted to mean that the following structural units 
are present in the original "phosphorate" adduct: 

\ \ \ \ 
C-P C-P C-O C-P 
l ] I I 
c-P /c-o  /c-o /C-H / 

34 35 36 37 

The isolation of diphosphonates points to the structural unit 34, the unit 35 
is contained in 26. The formation of phosphates may indicate the presence of 
the unit 36, but so far no diol was isolated. The isolation of the saturated cyclo- 
hexylphosphonate 30 confirms the presence of 37 3s) (Eckert, Hunger, Tavs). 

The hydrolyzed products from the reaction of long chain olefins having even 
carbon numbers (Cs-C 14) with oxygen and phosphorus were said to have excel- 
lent surface active properties 11 o). In contrast to WiUst~tter and Sonnenfeld 1 s3) 
who reported that olefins used in excess of that required by the composition ole- 
fin -P204 were not consumed, Cummins 34) found recently that excess olef'm 
gives in addition to the "phosphorate" six- and eight-membered cyclic phospho- 
nic acid esters, e.g. 38 and 39 when styrene is used. Unlike the "phosphorates" 

O 

C6Hs_.~,F_ C6Hs C6H5"-~O--~' ~ OH 
t,...O HO~ ipl -- O ''~- C8H5 

HO I P'~O O 

38 39 

the cyclic phosphonates are stable to water and alcohols and may be separated 
from the "phosphorate" in this way. The absolute yields of 38 and 39 and the 
relative amounts of 38 and 39 in the crude product after removing "phosphora- 
te" depend greatly on the styrene: phosphorus ratio (see Table 12). The percen- 
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Table 12. Dependence of  the ring size of  cyclic phosphonates on the ratio o f  
reactants and olefins in the reaction of  white phosphorus with olefins 

Olefin Ratio Yield Cyclic Phosphonates "Phosphorate" 
olefin: % Distribution in % olefin �9 P204 

Pw 6-mem. 8-mem. yield % 
ring {38} ring (39} 

Styrene 0.5 22 24 76 
1.0 58 20 80 
2.0 75 48 52 
5.0 74 73 27 
7.7 70 83 17 

Cyclohexene 7.7 61 64 36 
O~-Pinene 5.0 56 40 60 
1-Octene 7.7 61 0 I00 

74 
47 
26 
28 
31 
24 
18 
22 

tage of 38 in the binary mixture of 38 and 39 increases from 24 to 83 as the sty- 
rene: phosphorus ratio is increased from 0.5 to 7.7 34) 

Like styrene, cyclohexene, o~-pinene and 1-octene also formed the cyclic 
phosphonates, but in somewhat lower yields. 

Distribution of 6- and 8-membered rings showed wide variation among the 
olefins examined (see Table 12). The esters were said to have surface-active pro- 
perties and impart flame-retartant properties to cotton 34). All the reported reac- 
tions of  olefins with phosphorus and oxygen are summarized in Table 13. 

2. Other Reactions of Phophorus under Oxidizing Conditions 

When an olefin such as decene-1 is heated with white phosphorus and di-t-butyl 
peroxide the reaction is reported to follow the equation s 7): 

x(olefin) + P4 + (t'BuO)2 
150-160 oc 

> RxP402H 2 + 2 C4H 8 
7h 

With 1-decene the value of x is between 4 and 6 under optimum conditions 
and the conversion of olefin and phosphorus is about 30%. The reaction is essen- 
tially complete in 3 hours. Small amounts of water accelerate the reaction. 

The phosphorus product was not definitively identified. From a bromina- 
tion experiment it was concluded that some double bond character remained in 
the hydrocarbon part. The product from 1-decene indicated about one acidic 
hydrogen for each two phosphorus atoms. Furthermore, the product appears to 
contain the tertiary phosphine structure, since treatment with CS2 produced the 
red color characteristic of  tertiary phosphines. Oxidation by nitric acid has been 
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said to produce phosphonic and phosphinic acids and only 7% phosphoric acid 
indicating that the remainder is bonded to carbon. A sulfurization experiment 
indicated that the product also contained P-P bonds s 7) 

To account for the formation of isobutylene in as high as 92% yield with 
(t-BuO)2 a free radical initiation was proposed 57) 

P p t - B u O - P  P- HO-P P- 

p P P 

In the same manner as with olefin, white phosphorus also reacted with car- 
bonyl compounds in the presence of oxygen to give products of apparently 
similar structure. For example with benzaldehyde it had the composition 
(C6HsCHO �9 P204) 1 i 1 ). In the reaction with acetone, cyclohexanone, aceto- 
phenone and benzophenone, oxygen was absorbed at a slower rate, and the 
amount of oxygen absorbed and the yield were not quantitative. Hydrolysis of 
these products in Water gave phosphoric and another dibasic of unkalown struc- 
ture Ill) 

Addition of oxygen to a mixture of white phosphorus and an alcohol pro- 
duces the corresponding dialkyl phosphite in 18-79% yields 4o) 

02 
P4+ ROH 

O 
I1 

(RO)2P-H 

R = Et (49%); Pr (44%); i-Pr (18%) 

n-C4H 9 (79%); n-C6H13. 

The reactions are either run in an excess of alcohol, or in benzene solution. 
They are exothermic and a reaction temperature of  50-75 ~ for 5 to 30 hrs is 
reported to be most satisfactory 4o) 

A recent patent claims that primary and secondary polyhydroxy phosphates 
are produced by admixing oxygen in at least the stiochiometric amount with 
white phosphorus and a polyhydroxy reactant such as a diol in the presence of 
a metal or metal oxide catalyst such as CuO, A1, Cu, Sc etc. 8). The polyhydroxy 

O O 
II / O H  ( H O ) x R I O ~  [l 

(HO)xR,O_ P ~ ; P-OH 
OH (HO)xR20 
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phosphates are claimed to be useful in the preparation of polyurethane foams 8) 
The reactions are carried out at around 100 ~ while passing air through the mix- 
ture for several hrs. Yields are between 70 and 80%. 

Similar products are apparently obtained in the interaction of white phos- 
phorus and oxygen with epoxides (epichlorohydrin, styrene oxide, and i ,4-bu- 
tylene oxide) 64) or with phenols, polyhydric alcohols or mercaptanes using 
ethylacetate as solvent 76). 

A simple way of preparing hydroxyethylidene-diphosphonic acid which is 
an excellent chelating agent for Mg and Ca-ions 92), consists in the reaction of 
white phosphorus with oxygen in acetic acid first at 80 ~ and then heating the 
mixture to 150 ~ 121 ) 

Pw + CH3COOH + 02  

0 OH O 
II I II 

(HO)2P-C-- P(OH) 2 
I 
CH 3 

40 

The reaction produces obviously a cyclic anhydride since a hydrolysis step 
is required to obtain the final product 40. The yield is high approaching 70 to 
80% 121) 

Finally reaction of white (or red) phosphorus in excess alcohol (ratio 1:15) 
with chlorine yields trialkylphosphates 56) 

P + 2 . 5 C 1 2 + 4 R O H  4 (RO)3PO+HCI+RCI  

The yield depends mainly upon the temperature used as shown in Table 14. 
Tile yellow flashing which is observed when chlorine is passed in, could be sup- 
pressed by diluting the chlorine with nitrogen. An excess of alcohol over the 
stoichiometric ratio 4:1 is believed to be necessary, its function being to com- 
plex the hydrogen chloride as the oxonium salt. Reduction of the ratio EtOH:P 
to 5.1 gave a chlorine containing product. 

Table 14. Dependence of  the triethylphosphate yieM in the reaction of  Pw + 
ROl l  + Cl2 on the temperature 

Reaction temp. Yield of (EtO)3P=O 
(o C) (%) 

-10 to 0 43 
25 -  30 66 
4 5 - 5 0  85 
78 (reflux) 46 
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It has beem suggested that the mechanism is probably the same as that of the 
trialkyl phosphite reaction, i.e., chlorination of phosphorus to a chlorophospho- 
nium species followed by alcoholysis and dealkylation. Whether PCI 3 or trialkal- 
phosphites are actually present as discrete entities during the reaction is not 

~" P CI + ROH CI" 
> ~ P + C I  ) ~.P+-OR ~ ~'P=O +RCI 

known s 6) The following phosphates were prepared: (Ro)3P=o, R=CH' 3 (61%), 
Et (85%), Bu (~  100%), stearyl (98%) s 6). 

V. Use of Phosphorus as Reducing Agent in Organic Chemistry 

It is outside tile scope of this review to give a full account of the use of phospho- 
rus as a reducing agent. However, a few reactions in which a phosphorus com- 
pound was produced as a by-product will be mentioned here. Red or white phos- 
phorus reduces phosphorus (V) halides to the three valent state. This reaction 
has been used to prepare Ph2PC1 from Ph2PC13 and red phosphorus 142 ) and 
Ph3P from PhaPCI 2 and white phosphorus 9 s, 1 s 7). Other halogen containing 
compounds are similarly reduced, e.g., PhSO 2 NCI 2 gives with red phosphorus 
PhSO2N=PC13 as), P3NCll 2 yields PC13 and (PNC12)3/4 54), RSC1 produces 
RSSR 1o9), ClaCSH gives CSC12 ss), PhCCI3 is converted to PhC12C-CCI~Ph 68~ 
and derivatives of nitrobenzene are converted by phosphorus to the correspon- 
ding azoxy-compounds and anaines 8o), while nitrobenzaldehydes yield on treat- 
ment with red phosphorus tile corresponding azoxybenzoic acids 79). Reduc- 
tions of other compounds with phosphorus have recently been summarized 79), 
p. 3 2 9 -  331) 1 0 8 a )  
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1. I ntroduction 

The present review summarizes recent studies carried out at Princeton which 
have dealt with the stereochemistry of displacement reactions at phosphorus. 
The review is divided into two principal sections. The first part (Sect. 2) de- 
scribes primarily the development of general synthetic methods for the stereo- 
specific conversion of phosphinates --> phosphine oxides ~ phosphines, and 
the configurational intercorrelations of these optically active organophospho- 
rus compounds. The second part (Sect. 3) evaluates the role of pseudorotat!on 
in the stereochemistry of various displacement reactions at tetracoordinate 
phosphorus. The influence of steric and electronic factors is discussed with 
the aid of a general topological representation which maps the stereochemistry 
of displacement reactions at tetracoordinate centers. 

2. Synthesis and Configurational Correlation of Phosphinates, 
Phosphine Oxides, and Phosphines 

2. 1. Stereospecific Conversion of Menthyl a) Phosphinates to Optically 
Active Phosphine Oxides Using Organometallic Reagents 

Optically active phosphine oxides occupy a central position in the study of 
organophosphorus reaction mechanisms and stereochemistry 1). Because the 
reported synthetic approaches 1) to these oxides lacked flexibility and were 
of limited use in configurational intercorrelations, a stereochemical investi- 
gation of the reaction of Grignard reagents with menthyl phosphinates was 
initiated 2), conceptually analogous to Andersen's Grignard synthesis of op- 
ticaUy active sulfoxides from menthyl sulfinates a) Chart I illustrates how 
the configurations of trialkyl-, dialkylaryl-, alkyldiaryl-, and triarylphosphine 
oxides may in principle be correlated via the appropriately substituted phos- 
phinates, assuming that the Grignard reaction maintains the same stereochem- 
ical direction throughout. 

RtR2P(O) OMen R] Ar3P(O)OMen Ar~Ar3 P(O)OMen 

gX NNN~r3MgX/2 MgX~Ar2 MgX~/~ I MgX~x Ar 1MgX 

RIR2R3PO R I R 2 A r 3 P O  R1Ar2Ar3PO ArlAr2Ar3PO 

Chart 1 

a) Throughout this review, "menthyl" (= OMen) refers to that group derived from 
natural (-)-menthol 
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Requisite diastereomerically enriched menthyl phosphinates may be con- 
veniently obtained by unexceptional methods 2), and examples which consti- 
tute the partial realization of this scheme for configurational intercorrelations 
are shown in Chart II. The absolute configurations of menthyl esters I and 2 
follow from their correlation with 3, whose chirality at phosphorus is known 
from X-ray analysis2). The stereochemical direction (inversion) of these highly 
stereospecific Grignard reactions, and thus the absolute configurations of the 
derived optically active phosphine oxides, was established by chemical corre- 
lations with a second reference compound (4,) of known absolute configura- 
tion 4). 

./OMen / O M e n  .~.C6Hs 
O=P:--C~H5 O=pz--CHa O=P:--C3 H7 

"~)Np "~C~Hs "~ OMen 

l 2 3 

~C6Hs ~C-~H5 witt ig CsHsCH2 +~I CHa p ~ _  Br= O. =P-:--CHa O=P=--CHa �9 
" ~ N p  ~Ca H7 reaction vCsH7 

6 5 4 

Chart II 
Np = fl-naphthyl 

The extreme sensitivity of the Grignard synthesis to variations in the 
groups on either phosphorus or on magnesium imposes a serious limitation of 
its scope and foiled early attempts 2) to realize all of the intercorrelations in 
Chart I. Accordingly, two modifications were investigated s): a structural mo- 
dification of the phosphinate, to reduce the steric requirement at phosphorus 
during nucleophilic substitution, and use of the more reactive lithium reagents, 
which have been employed in similar reactions in cases where Grignard reagents 
have failed 6). These changes proved successful and the results are summarized 
in Chart III. 

However, in contrast to the Grignard reactions of phosphinates, substitu- 
tion with organolittfium reagents was found to be sometimes significantly 
less stereospecific. Such loss of overall stereospecificity may be ascribed s) 
to one or a combination of factors: epimerization of the starting phosphinate, 
stereomutation of pentacoordinate intermediates by intramolecular ligand ex- 
change (see Sect. 3), or partial racemization of product through exchange 7) of 
groups bonded to phosphorus. 
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Np 
O= Pd-'C4Hs 

~An 

7 

/ O M e n  
O=Pzj "C2Hs 

2 ~IPCH a 

HaMgBr . . M g B r  CsHTMgBr 

X ~  p /  / C e  H.~ / C a l l 7  
0 = l:r-~ - - CHa 0 = P~- - CHs 

6 "~C2Hs "~C2Hs 

Np = ~-naphthyl; An = o-anisyl 

Chart III 

To assess the stereospecificity of the Grignard and organolithium reactions 
with menthyl phosphinates, the diastereomeric purity of starting menthyl 
esters was estimated by pmr spectroscopy (see Sect. 2.2) and, in most cases, 
highest reported rotations were used to estimate the. enantiomeric purity of 
the derived optically active phosphine oxides 2, s). The method of preference 
for determining the enantiomeric purity of a phosphine oxide, even in 
those cases in which a value for the rotation of optically pure material is re- 
ported, involves stereospecifie reduction of the phosphine oxide with hexa- 
chlorodisilane (see Sect. 2.4) to the corresponding phosphine, followed by 
quaternization with 2-phenyl-2-methoxy.ethyl bromide and pmr analysis of 
the diastereomeric phosphonium bromides (Eq. (1)) a, 9). This method for 
determining optical purity, shown s) to be applicable 

R3P+BrCH2CH(OCHa)C6Hs tRaP -CH2CH(OCH3)C6Hs Br- (1) 

to aliphatic, aromatic, and mixed tertiary phosphines, has allowed assessment 
of the absolute rotation of 7, and hence the stereospecificity of the reaction 
of diastereomericaUy pure I with o-anisyllithium s). 

2.2. Configurational Correlation of Menthyl Phosphinates by Nuclear 
Magnetic Resonance 

Menthyl phosphinates, in addition to being useful precursors for the synthesis 
of optically active tertiary phosphine oxides 2, s), phosphinamides lo), and 
phosphonothioates x 1), were found 12, 13) to exhibit pmr spectra which are 
a rich lode of structural information. For menthyl n-alkylphenylphosphinates 
[8) the upfield portion of the pmr spectra features the three methyl doublets 
of the menthyl moiety. Chemical shifts of these signals for diastereomers 
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CH3 CH3 
o y 

C6 H5 - pJO ~ 

Ctt3 

8 

which differ in chirality at phosphorus are anisochronous and may thus be 
conveniently employed as monitors of diastereomeric purity. For example, 
the upfield position of the H a doublet in (SJp.2 (Fig. 1), which is in a region 

(a) (b) 1 I (a) (b) 

] o I~" / L o T",H 
�9 ~, CH, bac I (_S)p (cC~ ~ ~.~ 

8.0 9.0 I0.0 8.0 9.0 I0.0 

Fig. 1. Pmr spectra of diastereomeric menthyi methylphenylphosphinates (R)p-2 
(left) and (S)p-2 (right), T scale 

unencumbered by other signals, readily allows detection and quantitative 
estimation of any significant contamination of {R)p-2 by (S)p-2. Further- 
more, since a similar upfield resonance o fH  a was observed in (S)p-3 but not 
in (R}p-3, the position o f H  a was suggested as diagnostic of phosphorus chi- 
rality: an upfield shift corresponding to the (S)p configuration 13). 

As a strictly empirical configurational correlation, applicable to com- 
pounds belonging to the system represented by 8, it is not necessary to iden- 
tify the source of the observed upfield shift, or the identity of the diastereo- 
topic 14) isopropyl methyl group which exhibits this diagnostic resonance. 
However, in order to gain further insight into these phenomena, and in order 
to provide a basis for extensions to cognate systems, the diastereotopic methyl 
groups were identified, by the following procedure. 
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The large upfield shift (ca. 0.5 ppm) of theH a doublet in[S]p-2 and (S)p-3 
was readily attributed to the diamagnetic anisotropy of the phenyl ring, 
rather than the phosphoryl group, for this shift was not observed when the 
phenyl group in 2 was replaced with a cyclohexyl group 13) (Fig. 2). 

0 I",H 
CH 3 

E 

8.0 9.0 I0.0 

Fig. 2. Pmr spectrum of a mixture of diastereomeric menthyl cyclohexylmethylphos- 
phinates, 7 scale 

Although anisochrony of diastereotopic isopropyl methyl groups is frequent- 
ly encountered, the rigorous identification of such groups had been reported 15) 
only once, prior to the study under discussion. As in the previous investigation 
is) this identification procedure utilized the pmr spectra of isotopically 
substituted derivatives in which the methyl groups under consideration had 
been stereospecifically deuterated. Chart IV summarizes the synthetic route 
used 13) to prepare the two appropriately deuterated (-)- menthols: 11, in 
which the pro-S 16) methyl group had been replaced by a deuteriomethyl 
group, and 14, in which the pro-R methyl group had been replaced by a 
trideuteriomethyl group. The key step in this synthetic scheme was the oxi- 
dative hydroboration of 9 and 12, an asymmetric synthesis which proceeds 
with a high degree of stereospecificity 17) to give 1013) and 13, respectively. 
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Comparison of  the pmr spectra of menthol, i1 ,  and 14 permitted assign- 
ment of the three methyl doublets in menthol (Fig. 3) and comparison of 

(a) (b )  

b ~ o  CHa'IrCH~ 

T,,,H 
CH 3 
(C) 

(=) (b) 
DCHz ,~II~CH 3 

b~T~ CH3 
(c} 

(0} (b) 
CH 3 C~ 

~o 

~ CH3 
(c) 

9 . 0  I 0 . 0  9 . 0  I 0 . 0  9 . 0  I 0 . 0  

Fig. 3 Pint spectra of menthol (left), and of deuteriornenthols I I  (center) and 14 
(right), T sca]c 

(o) (b) 
CH3 DCHt - ~ C H 3  

~, ~0 = ,,P ., 
C6H~ ~ H ' ~ , , H  

(S)p cH3 
(C) Cb 

8.0 

o 

I I I I I ] i I I I I 1 I I 
9 . 0  

(O) (b) 
�9 CH.,,. CD a 

(S)p ca3 
- (c) 

cb (] 
h5 

I 0 . 0  8 . 0  9 . 0  I 0 . 0  

Fig. 4. Pmr spectra of (S)p diastereomers of deutcriomenthyl methylphcnylphos- 
pkinates prepared from 11 (left) and 14 (right), 1" scale 
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(a) (b) 
D CH 2,..~CH3 

C8H5'~, O- -~H 
,,P~ , 

CH 3 
ba c (_R)p (c) 

. [  I I I I I I t I 1 I I I 1 I I I I 

8.0 9.0 IO.O 
Fig. 5. Pmr spectrum of the (R)p diastereomer of deuteriomenthyl methylphenyl- 
phosphinate prepared from 11, 7" scale 

the pmr spectra of the deuterated diastereomers of 2 (Figs. 4 and 5) with 
those of ordinary 2 (Fig. 1) led to the unambiguous identification of the 
upfield shifted protons (Ha} as those of the pro-S methyl group 13). 

Configurational assignments based on the abovepmr correlation have been 
made for menthyl benzylphenylphosphinate 18), phenylphosphinate t 9), and 
isopropylphenylphosphinate 19). Finally, a complete parallelism in pmr char- 
acteristics has been shown to exist between phosphinates 8 and menthyl 
p-iodobenzenesulfinate 2o). 

2.3. Stereospecific Alkylation of Menthyl Phenylphosphinate 

A synthetically useful development in the stereochemistry of menthyl phos. 
phinates has been achieved by the finding that menthyl phenylphosphinate 
may be stereospecifically alkylated with retention of configuration 19) Thus, 
a single precursor suffices for the synthesis of a wide variety of alkyldiaryl- 
and aryldialkylphosphine oxides of known absolute configuration. Chart V 
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summarizes the chemical correlation used to assign the stereochemistry of 
the alkylation, and exemplifies the utility of this new method. 

, / ,  i -C3 H7 
j O M e n  C H 3 L i  ~, O = P ~ . - C H 3  

O=P.~-  t 'C3 H7 0 
-C3H-' / CsHs "~C6H5 

i 
Nail 

OMen  
O=p_~(__H . . . . . . . . . . . . . . . . . . . . .  

"~c~H5 

N a H ~  IIsl 

OMen i -CsH?MgBr _C6H5 
O =P-'~--CHa u " O = P-'~--CH3 

~ ' C 8 H 5  " ~ i  - C3H7 

Chart V 

The reaction is presumed to occur by initial formation of [C6 Hs(MenO) 
PO]-, which then undergoes direct P-alkylation by nucleophilic attack of 
phosphorus on carbon with displacement of halide. An alternative alkyla- 
tion mechanism involving nucleophilic attack of oxygen on carbon, followed 
by a Michaelis-Arbuzov rearrangement 21) of a dialkyl phenylphosphonite 
(C6 Hs(MenO)POR) intermediate with the alkyl halide was effectively elimi- 
nated by the observation 19) that reaction of methyl phenylphosphinate with 
a tenfold excess of methyl-d3 iodide gave the product distribution shown in 
Eq. (2). 

O O O O O 
U U C6115-~ "-OcH' CD,I C6H5-~-OCH3. C~ ~ U 1 Nail' OCD3 + C6H$-PI -OCH3 + C6H$-P-OCD3 (2) 

H CD3 CD3 CH3 CH3 

>95% <5% <.1% 

Alkylation of alkyl methyl- and phenylphosphinates can also be achieved 
by radical addition to alkenes. Benschop and Platenburg reported 22)that 
addition of menthyl methylphosphinate to cyclohexene and to ethylene, ini- 
tiated by dibenzoyl peroxide or u.v. light, gave menthyl cyclohexylmethyl- 
phosphinate and menthyl ethylmethylphosphinate, respectively, with essen- 
tially complete inversion of configuration at phosphorus. In contradistinction, 
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we have found that dibenzoyl peroxide-catalyzed addition of menthyl phen- 
ylphosphinate to cyclohexene occurs with retention of configuration at : 
phosphorus 23). This apparent discrepancy was resolved, as follows 24). Alky- 
lation of menthyl methylphosphinate with ethyl iodide/sodium hydride gave 
the same diastereomer of menthyl ethylmethylphosphinate which resulted 
from the photochemical addition of ethylene to menthyl methylphosphinate 
(Chart VI). Given that the former reaction occurs with retention of configu- 
ration at phosphorus 19), it follows that free radical additions of menthyl 
rnethylphosphinate and menthyl phenylphosphinate to olefins both occur 
with retention of configuration at phosphorus, and that the tentative assign- 
ment of absolute configuration at phosphorus in menthyl methylphosphinate 
by Meppelder, Benschop, and Kraay 2s), on which the earlier claims were 
based 22), must be in error. As an additional consequence of these findings, 
it now appears that the conversion of menthyl methylphosphinate to men- 
thyl methylphenylphosphinate via menthyl S-methyl methylphosphonothio- 
ate (Chart VI), reported by Benschop and Platenburg ~2), must proceed 

/(bMen C2H~, h~, v _OMen 
O=P---H <~ O=P -'(- C2HB 

~CHs .-- ~CHs 
CgHsl, Na.H 

(CH3S)2, hv 

O=P(SCHs) (OMen) CHa 
C4HsMgBr 

Chart VI 

/ O M e n  
O=p---CeH5 

"~C Ha 

with overall retention (rather than inversion, as claimed 22)) of configuration 
at phosphorus; net retention of configuration at phosphorus has also been 
observed for the analogous conversion of menthyl phenylphosphinate to 
menthyl methylphenylphosphinate via menthyl S-methyl phenylphosphono- 
thioate 24). This means that the photochemical thiomethylation and the 
Grignard displacement must proceed with the same stereochemistry, i.e., 
both with retention or both with inversion. Inversion stereochemistry for 
the thiomethylation or retention stereochemistry for the Gngnard displace- 
ment is highly unexpected. The latter possibility has considerable import, as 
it bears upon whether the assigned absolute configurations for sarin and 
other anticholinesterases26) are correct. 
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2.4. Stereospecific Reduction of Phosphine Oxides to Phosphines 

Tertiary phosphines, in the absence of special effects 27), have relatively 
high barriers 28) (ca. 30-35 kcal/moI) to pyramidal inversion, and may 
therefore be prepared in otically stable form. Methods for synthesis of opti- 
cally active phosphines include cathodic reduction 29), or base-catalyzed hy- 
drolysis ao, a 1) of optically active phosphonium salts, reduction of' optically 
active phosphine oxides with silane hydrides 32), and kinetic 3 l) or direct 33j 
resolution. The ready availability of optically pure phosphine oxides of known 
absolute configuration by the Grignard method (see Sect. 2.1) led to a study 
34) of a convenient, general, and stereospecific method for their reduction, 
thus providing a combined methodology for preparation of phosphines of 
known chirality and of high enantiomeric purity. 

Homer and Balzer had earlier reported 32) that reduction of optically 
active phosphine oxides with either trichlorosilane (HSiCla), HSiCla/pyridine, 
or HSiCla/N, N-diethylaniline affords phosphines with overall retention of 
configuration, whereas reduction with HSiCla/triethylamine affords phos- 
phine with inversion of configuration at phosphorus. In summary, it was 
suggested 32) that this difference in overall stereochemistry of reduction re- 
flected a difference in the mode of hydride transfer from silicon to phospho- 
rus: intra- and intermolecular hydride transfer led to retention and inversion, 
respectively. The essential features of these mechanistic rationalizations are 
represented by Eq. (3). The intramolecular hydride transfer mechanism 32), 
which may include pseudorotation (see Sect. 3) if intermediate phospho- 

HSiC13 + O=PR3 ~ 

HSiC13 + O=PRs 

0•/_+ * 

PR3 -+ PR3 + [C13SiOH] 

I (" H C13 Si_ 

(C~Hs)3N HCIaSiO ~') PRa W~-g iCl3 '  N(C2H.~)3 

RsP + (OSiCl~) n + HSiCls + (C2Hs)3NHCI- 

(3) 

ranes ((Cls SiO) (H) PRa) are involved 34), remains consistent with available 
stereochemical data, and recently a similar mechanism has been proposed for 
the closely related HSiC13 reduction of aromatic sulfoxides 35). However, a 
more thorough survey 34) of the HSiCl3/tertiary amine systems revealed a 
striking dependence of the overall stereochemistry of reduction on the na- 
ture of the accompanying tertiary amine: strong bases (pK b (ca. 5) gave phos- 
phine with predominant inversion and weak bases (pK b ) ca. 7) gave phosphine 
with predominant retention of configuration. Furthermore, evidence was 
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presented in support of the hypothesis 34) that the inversion of configuration 
observed in the presence of strongly basic tertiary amines may result from re- 
duction via trichlorosilyl anion, as shown in Eq. (4), and/or via related per- 
chloropolysilanes (Sin C12 n+ 2) or silicon subhalides ((SiCl2)n), which may 
result from amine-catalyzed decomposition of HSiCla. Recent pmr studies 
36, 37) of HSiCla/tertiary amine systems are consistent with tile equilibrium 
shown in the first step of Eq. (4). 

+ 
HSiCI 3 + R3N :~ : -SIC13 + R3NH 

, q- + 
R3P=O + R3NH ~ ~ R3POH + RaN 

+ + 
ClaSi" + R3POH - 'u '*  CI3Si-PR 3 + -OH 

+ * 
HO" + C13Si-PR a ~ [HOSiCI 3 ] + PR 3 

(4) 

In order to test the above hypothesis, an investigation of the reducing pro- 
perties of lower members of the perchloropolysilanes b), i.e., hexachlorodisi- 
lane (n=2) and octachlorotrisilane (n=3), was initiated and led to the observa- 
tion 34, a9) that both of these compounds, and presumably their higher homo- 
logues, reduce optically active acyclic phosphine oxides with complete or 
nearly complete inversion of configuration. The stoichiometry and stereochem- 
istry of the Si2 C16 reduction of acyclic phosphine oxides are satisfactorily, 
and most simply 34) accounted for by the scheme in Eq. (5), wherein inver- 
sion results from nucleophilic attack on phosphorus by trichlorosilyl anion. 
Details regarding the possibility of intermediate phosphoranes and the effect 
on the stereochemistry of this displacement during reduction of cyclic phos- 
phine oxides with SizCl~ are discussed in Sect. 3.2. 

* + + 

R3P=O + Si2CI 6 ~ RaP-OSiC13 + -SiCI 3 o ~ C l sS i -PR  s +-OSiC! s 

_ + * 

CI 3 CI3SiO + CIaSi-PR3)  ~- CIaSiOS ~ + PR 3 

l-"'* Ci~Si + PR3 

[OSiCl2 ] + CI- ] 

(5) 

Hexachlorodisilane has been found s4) to be a convenient deoxygenating 
agent of amine oxides and sulfoxides, and has been used in the synthesis of 
condensed bridged phosphines4~ In addition, the first and only stereospe- 
cifie desulfurization of phosphine sulfides reported to date was also accom- 

b) Earlier investigations by Urry 38) led to recognition that perchloropolysilanes may 
function as reducing agents. 
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plished using Si2C16 and, in contrast to what was observed with the correspond- 
ing phosphine oxides, this desulfurization of acyclic phosphine sulfides was 
found to proceed with retention of configuration at phosphorus 41). To ra- 
tionalize these stereochemical differences, it was suggested 41) that with phos- 
phine sulfides, attack at sulfur by trichlorosilyl anion and elimination of phos- 
phine (retention, Eq. (6)) successfully competes with attack on phosphorus 
(inversion, Eq. (5)). Stabilization of the intermediate or transition state re- 
presented by 15, due to (p-d)rr bonding, which is not likely for the oxygen ana- 

* + 
R3P=S + Si2C16 ) R3P-SSiCI 3 +-SiCI 3 

R3P + CI6Si2S ~ RaP=S < 
SiCI3 

15 

(6) 

logue, may account for this stereochemical dichotomy. It should be noted 
however, that such stabilization, if present, does not lead to a similar reversal 
in stereochemistry of displacement for the closely related alkaline hydrolyses 
shown in Eq. (7), since both ethoxy- (X = O) and ethylmercapto- (X = S) 
phosphonium ions have been shown 41) to give phosphine oxide with inver- 
sion of configuration at phosphorus. 

4- 
* (C2Hs)30 + -OH "* 

R3P=X R3P-XC2Hs o ~ O=PR3 (7) 

3. The Role of Pseudorotation in the Stereochemistry of 
Displacement Reactions at Tetracoordinate Phosphorus c) 

3.1. Pseudorotation of Pentacoordinate Intermediates and the Utility of 
Topological Representations 

Bimolecular nucleophilic substitution at tetracoordinate phosphorus (Eq. (8)) 
may proceed by either direct (SN2) substitution or by an addition-elimination 
mechanism d). In the former, 16 represents a transition state, while in the 

c) A substantial portion of Sect. 3, has been adapted from Ref. 42). 
d) Unimoleeular substitution at second or higher row elements is considered to be a 

relatively less favored 43) mode of reaction. 
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latter, 16 represents a pentacoordinate (phosphorane) intermediate, which 
may, or may not be operationally detectable e). 

+ + 

X - + L 3 P - Y ~  t L 3 P X Y ~ L 3 P - X + y -  (8)  

16 

One of the ways in which a transient phosphorane may be detected is by 
its stereochemical non-rigidity: phosphoranes may undergo intramolecular 
ligand exchange (polytopal rearrangement 46)) by Berry pseudorotation 47), 
wherein pairwise exchange of apical (a) and equatorial (e) ligands in the tri- 
gonal-bipyramidal 4s) molecule takes place by way of a tetragonal-pyramidal 
transition state f). The "pivot" ligand, which remains equatorial in this pro- 
cess, occupie~ the apex of the pyramid in the transition state. 
Pseudorotation about pivot ligand 1 is illustrated by Eq. (9). To be operation- 
ally detectable, it is necessary that the energy barriers for pseudorotation are 
accessible, and that the phosphorane has a sufficient lifetime, relative to its 
tetracoordinate reaction partners. 

4 4 2 2 

1 I ~ P  ~ 1 - - P  ~ ~ ~ 

5 3 5 

As illustrated in Eq. (10), a chiral phosphonium ion can undergo attack 
by a nucleophile at any one of four different faces or six different edges, thus 
placing the entering ligand in the a and e positions, respectively. In the gene. 
ral case, when all five ligands are different, and in the absence of special con- 
straints (see Sect. 3.2) 20 isomeric phosphoranes, Which are interconnected 
by 30 pseudorotation steps, are thus produced from both enantiomers of the 
phosphonium ion. Because of the possibility for reaction via this complex 
intermediate manifold, interpretation of the stereochemical consequences of 

e) It has been suggested 44) that comparative rate studies of nucleophilic displacement 
reactions in the phosphetane ring system with appropriate acyclic models offer cri- 
teria which may enable discrimination between associative displacement through a 
pentacoordinate intermediate and an SN2-1ike dirckt displacement mechanism in 
this cyclic system. H.owever, see Ref. 45). 

D Alternative mechanisms are conceivable 49). However, see Ref. 50). 
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e (5) 

2 5 �9 
,6x  

2 

4 
a. 

(5) 

a 

, i x  

10) 

substitution at tetracoordinate phosphorus poses a formidable problem. Such 
an analysis may be accomplished by systematically listing all of  the possible 
intermediates and their pseudorotational interconversions. However, topolo- 
gical representations provide greater convenience and economy g). 

The set of  20 interconnecting isomers and the network of  30 interconnect- 
ing pseudorotations may be displayed in the form of a Desargues-Levi graph h), 
with isomers and pseudorotations represented by vertices and edges, respec- 
tively. The  first chemical application of  the Desargues-Levi graph was report- 
ed by Balaban, e t  al. s3), who applied it to 1,2-shifts of  carbonium ions. More 
recently, others s4) have utilized the same graph i) to describe pseudorotational 
interconversions of  stereoisomeric phosphoranes. As shown in Fig. 6, 

+ 

\ +\, 4/ +\ i,,+ 
3\ y \/4,, 

g) An alternative representation for topological analyses is a tabular or matrix dis- 
play 4 6 ,  51) .  

h) This name was suggested by Professor H. S. M. Coxeter; cf.. Ref. 52). 
i) Isomorphic graphs have the same graph properties 55), thus it is merely a matter 

of personal preference and convenience as to which image of the graph is employed. 
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' our 56) own geometric realization of the Desargues-Levi graph has idealized 
D3d symmetry. Indices of the pivot (nesessarily e) ligands for pseudorotation 
are designated by the numerals over the edges and are related through the 
center of symmetry. Consequently, the identity of each isomer is automati- 
cally defined and according to the convention employed s6), isomers are de- 
signated by the apical ligands. Chirality is denoted, arbitrarily, by the ascend- 
ing numerical order of equatorial ligand indices for each isomer: if clockwise 
when viewed from the a ligand with lower numerical index, the isomer is 
unbarred; if counterclockwise, barred. The isomer designations thus generated 
are given in Fig. 7. 

45 35 

" 

( ,q/, ,  

7"\ iX'",, 

Fig. 7 

Inter- and intramolecular displacement reactions at phosphorus which pro- 
ceed by way of intermediate phosphoranes incorporated in a small-ring sys- 
tem may be generalized by Eq. (11), in which the convention of  assigning 
indices 1 and 2 to the ring termini is employed. Since a small-ring system is 
incapable of spanning the a positions, diastereomer 12/12 and its six connect- 

77 



G. Zon and K. Mislow 

I ] I~  + /  L4 p ~  L ; J  L2~  + / L 3  
L~ + / P 

L2 Ls Ls L4 

H 
Lll L3 i t ~ p  " ~ + /  / L3 

L4 + I P k "~ (11) 
/ \ I /  ~-'-~ I 

L2 Ls L2 Ls 

L; + L? x~ P + / La 

I / " \  ~ / \ 
L2 L 4 L1 L4 

ing edges are eliminated from the graph in Fig. 7 leaving the 18-vertex graph 
shown in Fig. 8, which resembles the carbon skeleton of hexaasterane sT) 

Je 1 \ +  ..41 1 \ +  .-3 .l. 

! \ 

I Fig. 8 
r 

(idealized D6h symmetry), and for convenience has been referred to by that 
term s6). The hexaasterane graph has five different sets of edges, each set 
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being comprised of edges which represent pseudorotation about the same 
pivot ligand. Each set of  edges divides the 18 vertices into two subsets of  
nine and may be thought of as giving rise to a surface, an, where n specifies 
the index of the edges which are associated with the surface and are bisected 
by it. From these considerations and from Eq. (11) one anticipates that ol 
and tr2 are related to intramolecular displacement reactions and that o3, tr4, 
and es are related to intermolecular displacement reactions. Such relation- 
ships do exist and may be visualized by reference to Fig. 8. Each of  the three 
diastereomeric pairs of  enantiomers depicted in Fig. 8 straddles a o n and is 
operationally associated with it in the sense that each of the six phosphonium 
ions may give rise to the nine phosphoranes on its side of a n by intermolecu- 
lar nucleophilic attack of the appropriate fifth ligand, L n (n = 3,4, or 5). For 
example, phosphoranes 13, 14, 15, 23, 24, 25, 34, 35, and 45 comprise the 
western (Le., west of Os) subset of diastereomeric phosphoranes and are the 

products of attack by nucleophile L5 on the phosphonium ion ( (S) -  
1L2L3L4)) shown on the top left of Fig. 8. With the assumption that the 

star-point vertices 34, 34, 35, 35, 45, and 45 are inaccessible and represent a 
virtual barrier (see Sect. 3.2), ol and 02 fuse into a single horizontal surface, 
ol, 2, which divides the graph into top and bottom hexagons whose vertices 
represent the two enantiomeric and non-interconverting sets of diastereome- 

c phosphoranes de.rived from attack of Lt and L2 on the two enantiomers of  
L2 L3 L4 Ls) and iS(L1 L3 L4 Ls), respectively. By microscopic reversibility, 

each member of a particular subset of  nine phosphoranes reverts to the iden- 
tical phosphonium ion upon P-L n cleavage. 

Fig. 8 thus provides a useful topological representation of the stereochem- 
ical relationships of the displacement reactions in Eq. (11). In applications 
to chemical systems, the phosphonium ion may be chiral or prochiral J) (as in 
18, Rt :/: R2 ; see Sect. 3.2); however, the vertex-isomer relationship among 
the derived phosphoranes is dependent on which type of center is involved. 
I f  chiral, all vertices represent chiral molecules, enantiomers are related through 
the center of symmetry of Fig. 8 (e.g., 15 and 15 are enantiomers), and the 
phosphoranes in each subset are enantiomers of  those in the partner subset 

J) The term prochiral is used here (as it was before 42, 56)) with specific reference to 
a system such as 18 with R 1 =/= R 2, which is an achiral assembly containing two pro- 
chiral atoms (C-3 and P). If the prochiral carbon atom in 18 were removed ( R  1 = R 2 )  , 

then (under achiral conditions) the enantiotopic ring branches in 18 and in phos- 
phoranes derived from it would be operationally indistinguishable; this degeneracy 
simplifies the hexaasterane graph into a triasterane 56.57) of idealized D3h symme- 
try. Enantiomers in the three dl pairs are related by a plane of symmetry perpendi- 
cular to the threefold axis, and the three achiral (Cs) conformers occupy the vertices 
at the points of the star which are located on that plane. 
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related by On k). If prochiral J), the vertices on the top hexagon of Fig. 8 re. 
present six chiral diastereomers which are related to their mirror images, 
arranged at the vertices on the bottom hexagon, by reflection through a plane 
containing the points of the star (e.g., 15 and 25 are enantiomers), which 
represent meso forms, while the phosphoranes in each subset are diastereo- 
mers of  those in the partner subset related by a n- 

3.2. Effect of Ring Constraint on the Stereochemistry of Displacement 
Reactions by Intermolecular Nucleophilic Attack 

Nucleophilic displacement reactions which take place by attack on phos- 
phorus in phosphonium ions have different stereochemical consequences de. 
pending on whether or not the phosphorus atom is incorporated in a small 
ring system. In acyclic systems, displacements usually result in inversion, 
whereas in small cyclic systems, retention l) of  configuration at phosphorus 
is usually observed. This effect was first reported by Cremer and Chorvat s 9), 
who found that reduction of substituted phosphetane 1-oxides (17B) with 
HSiC13/triethylamine affords the corresponding phosphetanes (17A) with 
retention of configuration, in contrast to the inversion observed in the same 
reduction of acyclic phosphine oxides (see Sect. 2.4). Similarly, deoxygena- 
t.ion of 17B with Si2CI~ and base-catalyzed hydrolysis of  18B proceed with 
overall retention of configuration at phosphorus (Eq. (12)) 6o), whereas in- 
version obtains for these same reactions in related acyclic systems (Eq. (5) 
and (7)). To assess the factors responsible for these contrasting results, a de- 
tailed analysis of  the stereochemistry at the intermediate phosphorane stage 
was undertaken. 

k) It should be noted that if the phosphorane contains a second chiral center, which is 
not "racemized" by pseudorotation, two non-intereonverting enantiomeric sets exist, 
each containing 18 diastereomeric phosphoranes. Corresponding members of each 
set differ only in chirality at the second chiral center. Since enantiomers are indis- 
tinguishable under achiral conditions, either set may be chosen for analysis with 
the hexaasterane graph. Such an analysis has been reported s6) in connection with 
the base-catalyzed hydrolysis of cis- and trans-l-benzyl.l,3-dimethylphospholanium 
bromides (26, Sect. 3.2). 

1) For an example of nucleophilic displacement in the phosphetane ring system which 
has been unambiguously determined to proceed with retention of conf'tguration at 
phosphorus, see Ref. 58). 
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R2 C H3 

Rl lV[  [ CH3 

CHs ~ P . . . .  C s I ~  

CH3 O 

17 B 

R2, CH3 

R I ~  CH~ 

I ] + _-CsH5 
C H 3 ~ P . ' "  

CH3 OC~Hs 

Si2C15 

R2 
CH~ 

"J I RI P~' CH~ 

CHs--~._ p~ "'CsHs 

CH3 OSiCI3 

7 8 A  

] -SiCh 
R2 
k C H3 

~ H Rll r -  C s 

I I .-'CsHs 

CH~ 

18 13 17 A 

(12) 

cis..___: RI=H , R2= CH 3 
trans: RI=CH 3, R2= H 

Phosphetanium ions 18 may be coded as shown, where L, and L2 are en- 
antiotopic ring branches, L a = C6Hs, and L 4 = OSiCI3 (A) or OC2H s (B). 
Random attack by Ls (-SIC13 or -OH) on cis- and trans-18 yields the subsets 
of phosphoranes in the sectors west and east of as, respectively, however a 
number of simplyfying assumptions may now be made. First, face (a) attack 
is preferred over edge (e) attack s6); this eliminates all but 1--5, 25, ~"~, and 45 
from cis-18, and 15, 25, 35, and 45 from trans-18. Second, ring strain pro- 
duced when a four-membered ring is required to span the ee positions elimi- 
nates 35, 3"5, 45, and ~ .  Consequently, enantiomers ]'5 and 25, which are 
derived from attack on the enantiotopic faces ofcis-18, and 25 and 15, enan- 
tiomers similarly derived from trans-18, are sole candidates for the initially 
produced phosphoranes. 

1 1 ~ .4 \ .  I3  

ci__s- 18 t rans - 18 
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To determine whether retention or inversion obtains in the displacement 

of L4 by L~, one need only know the sector in which the ultimate phospho- 
rane, i.e., the isomer which loses L4 to give product, is located. By inspection 
of Fig. 8 it is readily perceived that the product will be cis- or trans-17 de- 
pending upon whether the ultimate phosphorane is located in the southwest 
or northeast sector defined by o4. 

In the process of evaluating what stereoisomers are likely possibilities for 
ultimate phosphoranes, the isomer number in each of the sectors related to 
o4 is reduced from nine to four by application of an "extended" principle 
of microscopic reversibility 61), which states in effect that the stereochemis- 
try (a vs. e) of entry and departure must be the same. The principle of mi- 
croscopic reversibility (PMR) has been extensively applied to displacement 
reactions at tetracoordinate phosphorus 56, 61) and it may be instructive to 
digress at this point in order to clarify the implications of this concept. 

In mechanistic terms, the PMR states that the pathways for forward and 
reverse reactions at equilibrium are described by the same energy surface; it 
does not  state that the profile of such a surface must be symmetrical with 
respect to the reaction path 62). Application of the PMR to displacement re- 
actions at phosphorus is aided by Fig. 9, which depicts all of the possible re- 
action pathways for degenerate ligand exchange at tetracoordinate phospho- 
rus that proceed either via pentacoordinate transition states or via phospho- 
rane intermediates capable of pseudorotation. The letters a and e in Fig. 9 

Fig. 9 ~ 

R3PX -I" X*,l P [RaPXX' ~ ,~ t R3PX*-t- X 
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designate apical and equatorial displacement (attack or departure), respective- 
ly, of the exchanging ligand (X or X*), and the four phosphorane interme- 
diates are interconverted by pseudorotation (t~) about the appropriate e lig- 
and, which is specified in the parentheses. From inspection of Fig. 9 it is 
readily perceived that certain reaction pathways for exchange, which may or 
may not include pseudorotation, have mirror symmetry while other pathways 
do not. However, for every unsymmetrical forward reaction pathway there 
exists an energetically indistinguishable reverse reaction pathway. Thus, it 
would be incorrect to state, without qualifications, that a attack at phospho- 
rus by X*, followed by e departure of X, violates the PMR. This restriction 
applies only if the energy profile has mirror symmetry and if e attack and 
departure are excluded. The most that can be said from the PMR is that, 
assuming that bond-making and -breaking processes are rate determining, 
e departure is rendered unfavorable to the same extent (for symmetry rea- 
sons 62)) as a attack is preferred 56) over e attack. Moreover, if the pseudo- 
rotational processes are rate determining (for an example of such a case, see 
Ref. 63)), a and e departure (or vice versa) can no longer be excluded as mech- 
anistic alternatives. Since a symmetric energy profile is only possible for a 
degenerate ligand exchange reaction, the "extended" principle (and any argu- 
ment based on it) is weakened in proportion to the extent by which the at- 
tacking and leaving groups differ in character (nucleophilicity, electronega- 
tivity, etc.). Nevertheless, as a simplifying postulate, a attack and a departure 
will be assumed throughout this review, unless noted otherwise. 

Returning to the evaluation of stereoisomers for candidates as ultimate 
phosphoranes, the isomer number is further reduced from four to two in 
each sector since ring strain effectively prevents access to the star-points(ee- 
ring). Accordingly, the ultimate phosphoranes derived from cis-18 v/a 15 and 
25 are identified as 24 and 14, respectively, for retention and 14 and 24, re- 
spectively, for inversion. The ultimate phosphoranes are the same, but the 
stereochemistry of displacement is reversed, when one starts from trans-18 
v/a 25 and 15. Since enantiomers are indistinguishable under achiral condi- 
tions, further discussion need only consider one of the two enantiomeric 
pathways, e.g., the pathway on the top of the hexagon. 

Starting from 15, two retention pathways exist: clockwise (15~23-~ 14--, 
25~13~24), and counterclockwise (15--,24). If it is assumed that, in the re- 
action under discussion, the rate of loss of L4 is fast compared to the rates 
of pseudorotation, the clockwise mechanism becomes the pathway for inver- 
sion. In summary, the initial phosphorane 15 faces three alternatives. The 
first pathway (15-~34) is blocked by ring strain, and the second (15~23) by 
the unfavorable m) placement of both relatively electronegative ligands in 

m) The generalization that electronegative substituents prefer a~ositions and electro- 
positive substituents e positions may be derived empirically 48), by extension of 
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the e position ("stereoelectronic strain" 42)) leaving i'5~24 as the only via- 
ble alternative, since this interconversion merely exchanges the a and e posi- 
tions of the two relatively electronegative ligands. It follows that retention 
(cis-18--> l--'eJ-->24-->cis-17) is the preferred pathway. 

Nonempirical LCAO-MO-SCF calculations on a heuristic model system 42) 
have led to the same conclusions as the arguments summarized above. In 
addition, these same calculations revealed previously unsuspected features 
of the reaction system, namely, the conditions under which the star-point 
barrier (45) is surmountable, since it appeared 42) that the relief of stereo- 
electronic strain afforded when both relatively electronegative ligands occu- 
py a positions (as in 45) all but compensates for ring strain. The following 
experimental results are in agreement with this prediction. 

The relative importance of substituent electronic effects and ring strain 
in controlling stereochemistry was demonstrated by the comparison of the 
stereochemistry of the alkaline hydrolysis of 19 with that of 20, and with 
that of the Si:Cle reduction of 21. When the displaced group is a poor leav- 

CH3 CH3 CHs 

4 �9 4 
C6H5 / "CH2C6H5 C6H5 / "CH2C6H5 C6Hs / %0 

19 20 21 

ing group and not strongly electronegative, e.g., benzyl, stereochemical 
crossover occurs at the six-membered ring stage: alkaline hydrolysis of 19 
proceeds with retention 67) while alkaline hydrolysis of 20 proceeds with 
partial inversion of configuration at phosphorus 68). However, when the dis- 
placed group is a good leaving group, and with an electronegativity compara- 
ble to that of the nucleophile, the crossover point is already reached at the 
five-membered-ring stage: the Si2 C16 reduction of 21, a reaction analogous 
to the transformation in Eq. (5), proceeds with predominant inversion 6"/). 
Thus, when the leaving group is benzyl, ring strain controls stereochemistry. 
However, when the attacking nucleophile (C13 Si-) and the displaced group 
(C13 SiO-) are both significantly more electronegative than alkyl or aryl, the 
lowest energy pathway leads, by way of a attack, to an intermediate phos- 
phorane in which entering and leaving groups occupy a positions (45 or 45); 
relief of stereoelectronic strain more than compensates for the concomitant 

ad hoc valence bond arguments 64), by EHMO calculations 65), or by LCAO-MO- 
SCF calculations on model molecules 66). 
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ring strain n). Departure of  the leaving group is faster than pseudorotation and 
inversion obtains. For these reasons, it has been suggested 42)that the Si2 CI~ 
reduction of six-membered-ring phosphorinane 1-oxides should proceed with 
predominantly inversion of configuration, as in the acyclic analogues. 

Factors analogous to those just discussed have been reported to explain 
the striking differences in stereochemistry of the alkaline hydrolysis of 22 
and 23: the former is hydrolyzed with predominant retention 7o), o) and the 
latter with nearly complete inversion of configuration atphosphorus 72). In 
22, the steric effect of the t-butyl group replaces ring constraint as the key 
factor controlling the conformation of intermediate phosphoranes, and hence 
the overall stereochemistry of displacement 72). Similar steric-bulk effects 
have been discussed with regard to the stereochemistry and product distribu- 
tion of the alkaline hydrolysis of 24 73). 

CH2C6tt s OC2Hs OC2Hs 

I I I 
(CHa)aC - -  P + - - C H  a (CHa)aC P+ CH 3 MenO P+ CH 3 

I I I 
C6H5 C6H5 C6Hs 

22 23 24 

n) In this connection, nuclcophilic substitution of chlorine in I by both mcthoxide 
and benzylamine has been reported 69) to occur with inversion of configuration at 
phosphorus. These results have been rationalized by suggesting 69) e-attack and e- 
departure v/a a trigonal-bipyramidal intermediate with an ae-ring and the lone pair 
on phosphorus in the a-position. It should be noted, however, that in these two re- 
actions the stereoelectronic demands associated with the relatively highly electro- 
negative entering and leaving groups, and with the lone pair on phosphorus may 
overcome the demands of ring strain, so that in the transition state, or intermediate, 
the four-membered ring is forced to span the ee-position, with the entering and leav- 
ing groups in the a-position and the lone pair in an e-position. 

CH3 
CHs. i 

CH 3 
CH3 I 

C1 

I 

O) Base-catalyzed hydrolysis of  22 with NaI8OH, under the reported 70) reaction con- 
ditions, has been found 71) to give t-butylmethylphenylphosphine oxidc with com- 
plete 180 incorporation. This proves that attack of hydroxide ion occurs at phos- 
phorus and excludes the possibility that attack of hydroxide ion occurs at the ben- 
zylic carbon, with displacement of t-butylmethylphenylphosphine which might 
then suffer oxidation to form the observed product. 
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Examples of other nucleophilic displacement reactions at tetracoordinate 
phosphorus, which proceed with retention of configuration and which involve 
systems possessing the necessary steric and electronic criteria for stereochemi- 
cal analysis along the lines discussed above, include the alcoholysis sS) 
and aminolysis 74) of four-membered ring phosphinates and phosphinyl 
chlorides, respectively, and the HSiCI3/triethylamine reduction of 17B sg),p). 
Similar analysis of the base-catalyzed hydrolysis of  25 7s) and 26 76)which, 
in contrast to the hydrolysis of acyclic analogs 77), proceed with retention 

CH3 

CH3 CH3 

CH3 

+ 
- -  CH2C6Ha 

I 
CsH5 

CH3 
CH3~CH2CsH5 

25 26 

of configuration, is admissible s6, 73). However, the difference between ben- 
zyl and hydroxy groups is substantial, and the possibility of direct a attack 
and e departure becomes a reasonable alternative in these cases. 

3.3. Chemically Induced Stereomutation of Cyclic Tetracoordinate 
Phosphorus Compounds 

Examples of chemically induced stereomutation of small phosphorus hetero- 
cycles include hydrogen chloride catalyzed epimerization of 9-phenyl-9-phos- 
phabicyclo [4.2.1.] nonatriene 7s), lithium aluminum hydride catalyzed 
epimerization of 17B 79), q) and the base-catalyzed epimerization of 27 81). 

In all three examples, stereomutation may be rationalized by conversion of 
each substrate into a pentacoordinate intermediate via attack of X (Eq. (8); 
formally: CI-, H-, and OH-, respectively) upon a tetracoordinate phospho- 
nium ion, followed by three pseudorotations, loss of X, and reversal to the 

p) The original observations 59) are ratlonahzed " by extension of  the analysis34)presented 
for 18A, granted that perchloropolysilanes are the active reducing agents . 

q) For  the related lithium aluminum hydride catalyzed stereomutation of  diastereo- 
meric secondary phosphine oxides, see Ref. 80). 
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CH a .CHs 

CH3 CH2C6H5 

CH3 C6Hs 

27 

starting substrate r). This sequence can be readily visualized by reference to 
Fig. 8. 

For instance, if X=Ls, a attack on the phosphonium ion west of as 
yields 45, 15, 25, or 35 as the only possible initial phosphoranes; three 
consecutive pseudorotations convert these to the four possible ultimate 
phosphoranes 35, 25, 15, or 45, respectively, which regenerate starting phos- 
phonium ion, with inverted configuration at phosphorus, upon loss of Ls. 
In each case the second pseudorotation, about L s , crosses as, which divides 
the stereoisomeric subsets. Note that stereomutation by this addition-pseudo- 
rotation-elimination mechanism does not require inversion of configuration 
of any of the intermediate phosphoranes. The only prerequisites are the 
maintenance of equilibrium conditions and the requirement that the rates 
for loss of the other ligands (e.g.,L4) are slow, relative to those for the three 

r) It has been reported that in D 20, hydrolysis of 2 7, which is slower 81) than epimeriza- 
tion, does not lead to deuterium incorporation at the C-3 position 75), thus ruling 
out epimerization mechanisms which involve stereomutation at this carbon atom. 
However, deuterium exchange at the benzylic carbon of 27 does occur in the pres- 
ence of NaOD-D20 and an alternative epimerization mechanism involving an ylide 
intermediate has been discussed 81). Indeed, stereomutation of authentic ylide de- 
rived from 2 7 has been reported 75), and it has been suggested 75) that  epimeriza- 
tion of 27 probably involves ylides and that interconversion of isomeric ylides may 
involve a "square planar sp2d-hybridized phosphorus". Available data do not 
warrant further speculation regarding this unusual stereomutation mechanism. How- 
ever, the base-catalyzed stereomutation of a phosphetanium ion incapable of ylide 
formation (e.g., H) would be of considerable interest. 

CH 3 C H3 
k~-- CH3 

CH3--~--P+--- C6 H4 X 
CHs I 

Cs H5 

II 
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pseudorotation steps and for the addition-elimination of X (L s). In contra- 
distinction, the enantiomerization of a phosphorane whose five ligands are 
different requires five pseudorotations 82), and in the present cases, which 
involve phosphoranes incorporated in small-ring systems, this enantiomeri- 
zation must lead through a high-energy (ee-ring; star-point) intermediate. 

The base-catalyzed hydrolyses of phosphetanium ions 27, 25, and 28 s) 
offer an interesting comparative series, which further illustrates the preceeding 
considerations and supports the suggestion of the intervention of steric-bulk 
effects in determining the conformational mobility of the intermediates form- 
ed during nucleophilic displacement reactions in these systems 7~, 7a). 

I 
C6 Hs 

28 

Whereas base-catalyzed epimerization of 27 is faster than hydrolysis 81), 
base-catalyzed hydrolysis of optically active 25 gives the corresponding P- 
phenyl phosphetane l-oxide with retention of configuration 7s). The initial 
phosphoranes A or A, which result from a attack of hydroxide on (R)- or 
(S).25, respectively, can in principle equilibrate with five diastereomeric phos- 
ph0ranes, as shown in Fig. 10 73) for (R)-25 t). However, A, C, and E are rela- 
tively high energy intermediates since a t-butyl group is located in the a po- 
sition 73). AS discussed above, racemization prior to hydrolysis requires that 
loss of benzyl is slow compared to pseudorotation and addition-elimination 

s) The synthesis of 28 was accomplished 71) using the sequence shown. 

CH3 CH3 
I. ) 2 CeHsPHNa , ~ .  ] I.) Si,Cl. 

2.) H~Oz P=O 2.) CeHsCH2Br 
cl  c~ I 

C~Hs 

~- 28 

t) In strongly alkaline media, the OH group is capable of conversion to 0 - .  Classifica- 
tion of this group as electronegative or electropositive is thus obscured; however, 
the conclusions based on the following argument are not affected by this problem. 
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""OH 
Bz Ph 

/ \ 

OH 

"~Bz 
Ph Bz 

"~Ph 
OH 

Fig. 10 

of hydroxide: this condition is not met in 25 since access to the requisite ul- 
timate phosphorane (D) is blocked by the relatively high energy intermediates 
C or E. Hence pseudorotation to B and loss of benzyl anion, with retention 
of configuration, is the preferred reaction path. In contrast, the corresponding 
phosphoranes derived from 27 all have t-butyl-like groups in the a position 
and all axe therefore of comparably high energy. Thus, pseudorotation and 
elimination of hydroxide can successfully compete with loss of benzyl anion. 
Consistent with this rationale, base-catalyzed epimerization of 28 has been 
found 71) to be faster than hydrolysis. The corresponding phosphoranes de- 
rived from 28 do not have any t-butyl-like groups for placement in the a po- 
sition and all intermediates are therefore of comparably low energy. It follows 
that pseudorotation anc~ loss of hydroxide can successfully compete with 
P-C bond cleavage u). 

3.4. Intramolecular Displacement Reactions Proceeding Through Cyclic 
Intermediates 

Intramolecular nucleophilic displacements at phosphorus in an acyclic sys- 
tem, which proceed v/a intermediate phosphoranes incorporated into a small- 
ring system (Eq. (11)), may result in retention of configuration. Examples 
of such reactions include those of benzaldehyde 77) and styrene oxide 83, s6) 

u) The base-catalyzed hydrolysis products from 28 consist of a ca. 1:1 mixture of 3- 
methyl-l-phenylphosphetane 1-oxide and benzyl-iso-butylphenylphosphine oxide, 
the latter product resulting from ring cleavage 71). 
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with ylides derived from benzylphosphonium salts. Since the inter- and intra- 
molecular displacements in Eq. (11) share the same cyclic phosphorane inter- 
mediate, the detailed stereoehemical analysis of intramolecular displacements 
follows the lines described in Sect. 3.2. 

As an illustration, consider the oxidation of acyclic phosphines by bis 
(2-hydroxyethyl) disulfide 84), which proceeds with retention s6) of configu- 
ration at phosphorus. The essential portion of this reaction, and appropriate 
ligand indexing, are shown in Eq. (13) for the oxidation of (R)-methylphenyl- 
propylphosphine (29). 

CsH5 C6H5 
\ CH3... pl+ 

CHs'---l: ' :  + (SCH2CH2OH)2 a~ " 
4 '  

C3H? C3H7 ~ SCHzCHzO- 

29 30 

Cell s (2) 
C6H5\ CH3"- L +  (5) CH3~ / O ~ c H 2  

c ~ . - - ~ P = o  ~- -  -" �9 (~) c 0 u ~  P I 
C3H7 C3H / ~OCH2CH2S- (4) C3H 7 ~ s / C H 2  

(1) 

(13) 

Apical attack of oxygen (L2) on the three available faces of the interme- 
diate phosphonium ion (30) derived from 29 leads to 23, 24, and 25, which 
may interconvert by pseudorotation via 13, 14,.and 15, as shown in Fig. 11. 

OUT A 

Fig. 11 

IN OUT 

3 4 

I S ~ 2  2 
4~1 p 4 I-- 1 4 

$ S 
A / 

J 4-..' 

IN OUT 
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Ring opening, by departure of the a sulfur (L~), may occur from any one of 
the three ultimate phosphoranes: 13, 14, and 15. These six diastereomeric 
phosphoranes represented by the vertices of the top hexagon of Fig. 8, are 
restricted (by ring strain) from ready conversion into their enantiomers, re- 
presented by the vertices of the bottom hexagon. The overall reaction thus 
proceeds with retention of configuration regardless of which are the initial 
and ultimate phosphoranes since these six possible diastereomeric intermedi- 
ate phosphoranes are all constrained to one side of at , : ,  Le., they all belong 
to the same configurational subset. 
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