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I. In t roduct ion  

Before 1964 no stable compound with a localized or delocalized carbon-phos. 
phorus double bond was known. Indeed, it was generally assumed that the atomic 
radius of  phosphorus, being larger than that of  carbon or nitrogen, would not 

l) provide sufficient 2plr-3plr overlap for such a ~r system to be stable . Our first 
communication, written jointly with Peter Hoffmann 2a), which described the 
synthesis of  a stable "'phosphamethin-cyanine'" 1 with a delocalized P - C  double 
bond was therefore received with skepticism l). However, after Allmann confirmed 
the structure by X-ray analysis 3), the existence of  a new type of phosphorus bond 
�9 ~ )  
m a cationic delocalized rt system was unambigously established . 

This development encouraged further attempts to synthesize a neutral system 
with a delocalized P - C  double bond, which - by analogy to pyridine - could 
be termed phosphorin a) or, more systematically, phosphabenzene. G. M~irkl 

s) (1966) first succeeded in preparing 2.4.6-tri-phenylphosphabenzene 2, or as 
we shall call it, 2.4.6-triphenyl-Xa-phosphorin. 

M~irkl 6) had previously synthesized a different type of cyclic, unsaturated 
phosphorus compound 3 (R 2 = R 4 = R 6 = H; R 1 = R 1' = C6H5), which appeared 
to have P -C  bonding much like the P--C double bond in the phosphonium ylids 
discovered by Wittig 7). It  was not at first clear whether this compound had an 
ylid P--C bonding system in which the negative charge is delocalized over the five 

2 
sp - C  atoms or whether it represented a new type of fully delocalized 6rr-electron 
aromatic system. Several properties of  the unsubstituted 1,1-diphenyl-XS-phos - 
phorin, such as high reactivity and basicity, seemed to stress the ylid character. 
On the other 3 hand, its close relationship to the X -phosphorins as well as the 
extreme stability of a large series of compounds having hetero atoms at the phos- 
phorus were more in line with a 67r-electron aromatic system. Indeed, many of 
these compounds fail to display typical ylid reactions. Current arguments support 
the "aromatic" nature of  X~-phosphorins 3 as we shall demonstrate. 

A comparison of the X s-phosphorins with the well known cyclic phosphacenes 8) 
reveals relatively large differences in their physical and chemical properties. 

a) Taken from the Ring Index 4), which suggested the term phosphorin, prior to its discovery. 
In order to distinguish between 2 and the P,P-substituted phosphorins 3, we designate 
compounds of type 2 as ha-phosphorins and compounds of type 3 as hS-phosphodns. 
Nomenclature proposed by IU PAC-Commission, see Angew. Chem. 84, 526 (1972); 
Angew. Chem. Int. Edit. 6, 506 (1972). 



Introduction 

Phosphame thin-cyanine 

N/~__ Y Y ~ 

R X| R 

;k3-Phosphorin 

R 4 

R I ~ R  2 

1 2 

Y = S, NR,  CH = CH; R 2, R 4,  R 6 = H, 
X = CIO 4, BF 4 Alkyl, Aryl 

XS.Phosphorin 

R 4 

R 6 ~ R  2 
R ~ R I' 

R 2, R 4,  R 6 = H, 
Alkyl, Aryl 
R 1, R 1' = Alkyi, Aryl, 
OR, NR2, SR, F 

This progress report summarizes the extensive work on the syntheses and 
properties of compounds of the three classes 1 ,2  and 3. 
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II. Phosphamethin-cyanines 

A. Synthesis 

All presently known phosphamethin-cyanines were prepared according to our 
original procedure (1964) in which two quaternary salts of a heterocyclic base 
(e. g. 4) are condensed with tris-hydroxymethyl-phosphine 5 in the presence of 
a proton-abstracting base 2a, b). The preparation of bis-[N-ethyl-benzothiazole(2)]- 
phosphamethin-cyanine-tetrafluoroborate 6 illustrates the synthetic sequence. A 
mixture of 2 moles of N-ethyl-2-chlorobenzothiazolium-tetrafluoroborate 4 and 1 
mole of tris-hydroxymethyl-phosphine b) 5 in dimethylformamide is slowly reacted 
with ethyl-di-isopropylamine or pyridine at 0 ~ Addition of water immediately 
affords the crystalline cyanine dye 6 in ca. 45% yield: 

CH2OH 
I 

+ HOCHz--P--CH2OH + "-'~N f " ' - ~  

I 5 I 
C2Hs C2Hs ! 

BF*~ l /! 3 CH:O E)BF4 
4 .+ 3 NR3 3NR3H ~ 4 

2 CIt~, BF4 e 

_P 

BF4 | 
C2Hs C2Hs 

Quaternary salts of other heterocyclic bases can also be employed. For 
example, symmetrically substituted phosphamethin-cyanines having quinoline 
and benzimidazole moieties, 7 and 8, respectively, have been prepared 2b, 9) 

b) Due to danger of explosion, tris-hydroxymethyl-phosphine should not be distilled. In case 
of an aqueous solution containing benzene, the water and organic solvent can be removed 
by vacuum distillation (maximum temperature 60 ~ We thank Farbwerke Hoechst A. G. 
for generous gifts of aqueous P(CH2OH)3-solutions. 
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Phosphamethin-cyanines 

~2Hs ~zHs 

I I 
C:Hs C:Hs C2Hs C:Hs 

7 8 

BF4 Q 

Unsymmetrically substituted phospha-methin-cyanines 9 with two different 
heterocyclic bases can also be synthesized. Here the quaternary salt of one hetero- 
cyclic base (e. g. 4) is reacted with tris-hydroxymethyl-phosphine 5 in dimethyl- 
formamide or glacial acetic acid without the addition of a base. Then one mole of 
the quaternary salt of the other heterocyclic base (e. g. 10) and the base are added. 
The base deprotonates the hydroxymethyl groups of the phosphine 5, thus liber- 
ating formaldehyde and yielding the phosphine base which then reacts with the 
second quaternary salt: 

I BF4 @ CI [ BF, 
C2Hs CzHs 

4 5 10 

~ C I  
C:Hs 

10 

BF4 G 

+ P(CH~OHh 

DMV I 
+ Base I 

@ 

N BF4 (9 
I C2Hs C2Hs 

DM t 
+ Base / 

DMF 

t 
C2Hs 

BF4 e 



Synthesis 

Our assumption that the first step of the reaction involves the formation of 
an intermediate was confirmed by Greif 9), who isolated two such compounds, 
12 and 16, starting from 1,3-dimethyl-2-chloro-benzimidazolium-tetrafluoroborate 
11 and 1-methyl-2-chloro-quinolinium-tetrafluoroborate 15: 

CH3 CHs CH3 
I I I 

[~"~N/~-- CI + 2 P(CH2OH)s ~ [~- . -N~P(CH20Hh ~ / ~ _  

CH3 5 CH3 + P(CH2OH)4 

13 

11 12 

14 

+ 2 P(CH2OH)3 ~ ~ P ( C H ~ O H h  
1 ~ " N  r "C1 

BF~ @ 5 I 
15 CH3 + 

16 ( -  Z2 ) 

+ 

BF4 @ 

13 

During formation of the addition compounds 12 and 16, no free formaldehyde 
accumulates. We assume that the liberated formaldehyde immediately reacts with 
tris-hydroxymethyl-phosphine, forming the quaternary tetrakis-hydroxymethyl- 
phosphonium salt 13. The addition compounds 12 and 16 are relatively unstable, 
but can be purified for analysis. Intermediates 12 and 16 can also be employed 
in the synthesis of symmetrical or unsymmetrical phosphamethin-cyanines. For 
example, Klapproth 1 t) synthesized 18 in 60% yield by condensing 16 with 11. 

CH3 
/ CH~ 

P(CH~OH)2 + CI DMF N / 
"N / "CI + Base ~-- P 

1 t BF4@ N 
CH3 CH3 CH~ ] CHa 

16 11 18 

••Cl 
17 

BFa ~ 

It is likely that intramolecular dealkylation of 12 and 16 leads to 14 and 17, 
respectively, since these are sometimes formed in considerable amounts as side- 
products in the synthesis of  phosphamethin-cyanines. 

A similar phosphamethin-eyanine synthesis starting from tris-trimethylsilyl-phosphine has 
been described by M~kl. Usine this procedure, arsamethin-cyanines can also be prepared 
from tris-trimethylsilyl-arsin 10). 

Table 1 lists all phosphamethin-cyanines which have been obtained in analytically 
pure form, together with some of their physical properties. 
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Phosphamet hin-cyanine s 

B. Physical Properties 

The spectral features in the UV and visible re#ons of phosphamethin-cyanines 
resemble those of the correspondingly substituted methin, and azamethin-cyanines. 
The position and extinction coefficient of the maxima as well as the general shape 
are quite similar (Fig. 1). 

,X, (nm) 

200 220 250 2"10 300 350 400 A50 500 600 700 1000 
1 0 0  0 0 0  i i ' I [ I ] . . . .  I . . . . . . .  i . . . .  I ' ~ i I I ~ -  

1 1  

10000 

1000 

100 
5OOOO 

,...----',,./ ~ , - ,  

., ! ;I i / \  
% ." I I / II 

:..,., i sl/! / 
k : \  i \  I ! l  , I 

\ \! \ 

CH . . . . .  J 

I l I i I i I I I I l i I I I } I I I I I I I l I I t I I 

40000 30000 20000 
~' (cm -1) 

i t [ L 

10000 

Fig. 1. [IV spectra of bis-lN-ethyl-benzthiazole(2)]-phospha-methin-cyanine-tetrafluoro- 
borate compared with the aza- and the earbomethme-cyanine 

In accord with the electron-gas model of cyanines of H. Kuhn 12) phospha- 
methin-cyanines with the less negative phosphorus absorb at longer wavelengths 
than the cyanines, in contrast to azamethincyanines with the more negative 
nitrogen which absorb at shorter wavelengths 13). The absorption maxima of un- 
symmetrically substituted phosphamethin-cyanines lie between those of the 
corresponding symmetric compounds; thus, rules similar to those which Brooker 1 s) 
has proposed for methin-cyanines appear to be valid here also. Preliminary studies 
have also shown that phosphamethin-cyanines can be utilized as sensitizing agents 
in photography 14) 

In the phosphamethin-cyanine series with benzimidazolium substituents, the 
effect of the size of the N-alkyl groups on the absorption spectra (Fig. 2) was also 
investigated 9). Table 1, 8a-8e, shows that with increasing alkyl size, the long- 

12 
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Phosphamethin-cyanines 

(6 = 4,9 and 4,7 ppm) and triplets (6 = 1,15 and 1,55 ppm) with Jr~_c__c._ H = 
12,5 Hz, as well as some weak phosphorus coupling in the quartet (ca. 1 Hz). 
This points to the existence of  a sufficiently high energy barrier between two 
different forms of 6b. Four different forms are conceivable, all of which could 
be interconverted by configurational inversion at the P-atom or by P-C bond 
rotation: 

S P S 

// ' ,\.--N N-.-.-// \\ \ / 

l[ inversion 

bond rotation 

~2Hs 

II inversion 

bond rotation --~ 
N.- . 'P ;  S 
/ | 

C2H5 

At present we do not know which of  these processes accounts for the NMR 
spectrum. 

In contrast, bis-[1,3-dimethyl-benzimidazole-2]-phosphamethinr 8a 
shows a single, sharp signal for all four methyl groups (in pyridine at 8 = 3,62 ppm) 
(Fig. 3). In formic acid it shifts to 5 = 4,25 ppm, in trifluoroacetic acid to 
6 = 4,35 ppm. In these acidic media this strongly basic phosphamethin-cyanine is 
protonated, forming the dication. Due to the steric hindrance between alkyl 
groups, neither the neutral nor the protonated cyanine dye can be expected 
to be planar. The situation here is apparently quite similar to that of the corre- 
sponding bis-[ 1,3-dimethyl-benzimidazole-2]carbomethincyanine, which also 
shows only one signal for the four methyl protons (DMSO solvent) at 3,54 ppm. 
In the corresponding dication the signal shifts to 4,02 ppm 11). 

The two N-methyl groups of 1.2.3-trimethyl-benzimidazoliumiodide in DMSO 
also absorb at 4,05 ppm, while the signal due to the methyl groups at C 2 appears at 
2,9 ppm i x) 

In the 1,3-diethyl derivative of  the benzimidazolephosphamethin-cyanine 
series 8d, one finds the four ethyl groups to be equivalent (pyridine as solvent). 
The quartet due the CH 2 group (Jn.c-c-n = 8Hz) appears at fi = 4,35 ppm, con- 
siderably lower than the singlet due to the CH 3 groups in 8a. The small broad- 
ening seems to be due to P-coupling (ca. 1 Hz). The triplet of the CH 3 group 
lies at 5 = 1,25 ppm. In formic acid the quartet and triplet appear at 6 = 4,72 
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and 1,55 ppm, respectively, while the JH-C-C-H coupling remains the same. 
Phosphamethin-cyanines with different alkyl groups at the two N atoms of 
both benzimidazole rings show two distinct signals (in formic acid). For example, 
in formic acid the CH 2 protons of  the ethyl groups in 8e appear as a quartet 
at ~ = 4,62 ppm and the CH protons of  the isopropyl groups as a multiplet at 
ca. 5 = 5,3 ppm. The signals of  the CH 3 groups belonging to the isopropyl 
substituent appear at 8 = 1,75 ppm (6H) and the CH3 groups of  the ethyl 
substituents at fi = 1,45 ppm (3H). 

No temperature dependence has yet been observed. However, the solubility of  the 
phosphamethin-cyanines is generally so limited that little variation is possible with respect to 
solvent, concentration or temperature. Comparative experiments with corresponding methin- 
and azamethin-cyanines are currently under way in our laboratories I1). 
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Phosphamethin-cyanine s 

In the case of  unsymmetrical phosphamethin-cyanines 18, the signal of  the 
CH 3 protons o f  the more basic imidazole ring appears at lower field than that of  
the CH3 protons o f  the quinoline ring. 

Table 2 summarizes the 31P-NMR data. It is noteworthy that only the 6-values 
of  31p within a chemically related series are approximately constant. We have not 
yet  been able to offer a clear explanation of  the large differences o f  the 31P-shifts 
between the three series. Possibly the degree of  distortion out  o f  the plane o f  the 
rings has a pronounced influence on the delocalization o f  the P = C bond and on 
the partial charge on the P-atom. 

Table 2.31p chemical shifts of phosphamethin-cyanine tetrafluoroborates 
in DMF and 13(2 chemical shifts of analogous methin-cyanine tetrafluoro- 
borates 

831p (85%H3PO 4 ~13C (TMS 
standard) standard) 

6a - 26,05 ppm 
6b - 24,9 ppm 
6c - 22,0 ppm 

7a - 57,1 ppm 
7b - 48,8 ppm 
7c - 66,6 ppm 

8a �9 + 103,8 ppm 
8b + 104,9 ppm 
8c + 97,9 prom 
8d + 112,1 ppm 
8e + 109,2 ppm 

18 + 16,3 ppm 

- 82,6 ppm 

- 92,3 ppm a) 

- 49,0 ppm 

a) N-methyl. 

By investigating laC labeled methin-cyanine analogs 11), we have found that 
the chemical shift of  the 13C signals show a quite similar dependence on the nature 
o f  the basic ring d). 

C. Results of X-Ray Analysis 

Allmann 3) and Kawada and Allmann 17) carried out X-ray analysis on bis-[N-ethyl- 
benzthiazole]-phosphamethin-cyanine perchlorate 6b and bis-[N-ethyl-quinoline]- 
phosphamethin-cyanine perchlorate 7b. In 6b the two heterocyeles lie roughly in 
the same plane. The C - P - C  bond angle is 104,6 ~ The P - C  bond lengths, 1,754 and 
1,757 A, can be regarded as identical, proving that the C - P - C  bond network is 

d) We have to thank Prof. Dr. W. v. Philipsborn, University of Ziirich, for the 13C_NMR_data 
and helpful discussion. 
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Results of X-Ray Analysis 

( ~  1.40 
lt,3 I/,0 8 | _,z \t37 ~/ 8 \,.,-, 

137 - t, \.,--.. 173~, ~ 2 95 . ._. .  1.74J. ,,,.:.~ \ " -  

Lk-E,,t- 5 1.37 ~' / \ -6 &. If,1 

| L ~  ',. ,' ,+," - ,A .~  '-" w 

" 0 "  ~ I t , 8  
/ 149  k , ~  : 

- ,oz|174 t-~3-~ 

\ ~ , ~ , .  ,,,<~=. ,,,&~. ,,. "<,;,.|174 

~i ~ "  ~| " "-'i~< | |174 
Fig. 4. X-ray structure of his-iN-ethyl-benzthiazole-(2)l-pho spha-methin-cyanine-perchlorate 

| 
11.55 

(~  ~ 1/.2 
152~,"4~ 1G1 1~-~3L'~-'4"-"'(~ 139 

@ o ~ , ; I . ~ |  ,,.j,.,.3 < i.~=~o 
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Phosphamethin-cyanines 

symmetrical, as in the case of methin-cyanines 18) The shortening of the two 
P -C  bonds by 0,07 )l. as compared to that of  triphenyl-phoshine (P-C + 1,83 A 19)) 
is significant; the C - P - C  bond angle of  ca. 102-103,5 ~ however, is only a little 
wider (1,5~ 

Different results were obtained for 7b. Here steric hindrance causes the two 
ring systems to be twisted 60 ~ out the common plane. The C - P - C  bond angle is 
only 100,4 ~ , the P - C  bond lengths are no longer identical and both are longer 
than in 6b. To our knowledge, no comparable data on methin- or azamethin- 
cyanines have been reported (Fig. 4 and 5). 

D. Chemical Properties 

Phosphamethin-cyanines, like methin-cyanines, can be protonated by strong acids, 
forming colorless dications. These can be converted back to the original phospha- 
methin-cyanines by careful addition of weak bases such as tert.-butanol. This acid- 
base reaction is least successful in the case of the weakly basic bis-benzthiazole- 
phosphamethin-cyanine 6. For bis-quinoline-phosphamethin-cyanine 7 b, we 
obtained with perchloric acid in glacial acetic acid the absorption spectrum of 
the N-ethyl-quinolinium salt. 

The more basic benzimidazole-phosphamethin-cyanines can be easily proto- 
nated. In acetonitrile with 50% ethereal HBF4 the cyanine absorption bands 
at 440-421 nm and 347-335 nm (Table 1) of  his-J1,3-dimethyl-benzimidazole- 
2]-phosphacyanine disappear completely. A new sharp absorption at 300 nm (e = 
30000) can be observed. Addition of tert-butanol restores 90% of the starting 
material, as can be seen by the spectrum. I f  the protonation is carried out in 
ethylene chloride with an excess of  ethereal HBF4, the product can be isolated 
as a colorless, stable, but not analytically pure salt. Ethyldiisopropylamine or 
more ether will regenerate the cyanine. 

TabLe 3. Benzimidazole-phosphamethincyanines 8 
Absorption maxima of phosphamethin-eyanines 8 in comparison to their Ag-addition com- 
pounds 

Cyanin AgBF4-Komplex 

R 1 R2 ~kmax-I ~max'I[ ~max'I ~.max-II e I e II 
(mn) Otm) (mrO (mn) 

8a CH 3 CH 3 417 332 367 327 50 5 
8d C2H 5 C2H 5 434 340 375 323 59 17 
8b CH 3 C2H 5 420 333 358 320 62 13 
8c CH 3 CH(CH3) 2 422 338 369 324 53 14 
8e C2H 5 CH(CH3) 2 437 345 375 327 62 18 
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Chemical Properties 

By treating benzimidazole-phosphamethin-eyanines 8a with methanolic silver 
tetrafluoro-borate solutions, Greif 9) isolated colorless, crystalline silver complexes. 
Their absorption bands lie at shorter wavelengths. The extinction coefficients 
are little changed. Here, too, a clear dependence of the position of the absorption 
maxima on the nature of the N-alkyl substituents can be observed (Table 3). 

Addition of excess methanol destroys the silver complexes and regenerates the 
phosphamethin.cyanine salts. It is more advantageous to bind the Ag~ions by 
addition of tris-fl-cyanoethyl-phosphine. 

Mercuric chloride in methanol also reacts with compounds 8 (in dichloro- 
methane), forming colorless mercury complexes, which can in turn be reconverted 
to the cyanines 8. Such addition compounds are stable only as solids, decornposing 
rather quickly in solution. Mercuric acetate in methanol reacts rapidly with the 
formation of elemental mercury, where by the phosphamethin-cyanines are destro- 
yed; uniform products from this reaction have not as yet been isolated. 

The reaction of diazonium salts with methln- 2~ and phosphamethin eyanines 
gives interesting results 11) which are now investigated in detail. 

The action of water on cyanines 8d for longer periods of time (with or withot/t 
careful exclusion of oxygen) leads to 1,3-diethyl-benzimidazolium-tetrafluoroborate 
19. This corresponds to the hydrolytic cleavage of quaternary phosphonium salts. 

~2Hs ~aH: ~2Hs 

I I BF40 I 
C2H5 C=Hs C2Hs 

8d 19 

BF, e 

A similar hydrolytic cleavage, which we initially interpreted as an oxidative 
cleavage 2b), was also observed in the case of bis-benzthiazolphosphamethin- 
cyanine 6b, leading to N-ethyl-benzthiazolium perchlorate. 

Treatment with H202 in alkaline solution affords oxidation products. For 
example, 6b is oxidized to N-ethylbenzthiazolone-(2) 20. 

I I BF,  I 
C2Hs C~Hs C2Hs 

6b .20 

+ H3PO4 

In summary, the chemistry of the phosphamethin-cyanines as far as it has been 
investigated to date resembles that of  the methincyanines. However, the phospha- 
methin-cyanines are considerably more reactive. The smooth cleavage of the P-C 
bond has no counterpart in methincyanine chemistry. 

19 



II I. ;~3-Phosphorins 

A. Synthesis 

1. Method A: Reaction of Pyrylium Salts with Tris-hydroxymethylphosphine 

Our attempts 21), as well as those of C. C. Price 22), to react 2.4.6-triphenylpyry- 
lium salts with phosphine, phenylphosphine or tris-hydroxymethyl-phosphine in 
the hope of isolating phosphorins or their P-substituted derivatives were unsuccess- 
ful. In contrast, M~irkl s), applying essentially the same principle but using pyri- 
dine as base and solvent, succeeded by heating 2.4.6-triphenylpyrylium-tetrafluoro- 
borate 21 with tris-hydroxymethyl-phosphine e) 5. He was able to isolate 2.4.6- 
tfiphenyl-;ka-phosphorin 22, m. p. 171-172 ~ as the first k3-phosphorin in 
20-25% yield. 

+ P(CH2OH)3 pyridine _ 

BF, | 
21 5 22 

+ P(CH2OH)3 .pyridine -_ 

BF4 e 

23 5 24 

+ 3 CH~O 

+ 3 CH20 

Using this procedure, numerous other aryl-substituted ~a-phosphorins 23)3(see 
also Table 4), as well as the first alkyl-substituted analog, 2.4.6-tri-tert-butyl-k - 
phosphorin 24, were synthesized 24). 

2. Method B: Reaction of Pyrylium Salts with Tris-(trimethylsilyl)-phosphine 

This second method is also due to M~irkl 2s) and again involves pyrylium salts. 
However, instead of  CH20H groups, which are easily sPlit off  under basic condi- 

e) See footnote on p. 7 
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Synthesis 

tions -Si(CHa) 3 groups are used as protective groups of the phosphine. Since the 
starting material P[Si(CH3)3]3 is not easily prepared, this method (B) offers no 
advantages over Method A. 

+ P[Si(CH3)3]3 ~ 

BF4 ~ 

21 22 

+ (CH3)3 Si-O-Si(CH3)3 

3. Method C: Reaction of Pyrylium Salts with Phosphoniumiodide 

M~rkl 26) has developed a third and extremely useful synthetic sequence again 
reacting pyrylium salts but merely with PH4J or PH 3 in the presence of acids. The 
components are heated with butanol as solvent in a pressure flask or glass autocla- 
ve at 120 ~  130 ~ for 24h. The corresponding "~a.phosphorins are isolated in yields 
often greater than 50%. This method is particularly useful for the synthesis of 
methyl substituted ;ka-phosphorins (e. g. 26) where tris-hydroxymethyl-phosphine 
cannot be used because its relatively large size leads to steric repulsion with the 
large substituents at C-2  and C-6 positions. The addition thus occurs at the less 
sterically hindered C-4  position, when ring closure to the phosphorin system is 
no longer possible. A similar behavior was previously observed in the condensation 
of nitromethane anions with 4-methyl-2,6-diphenyl-pyrylium salts 27). Moreover, 
in the reaction with tris-hydroxymethylphosphine the liberated formaldehyde 
probably condenses with the methyl groups of the pyrylium salt, yielding undesi- 
red side products. 

CHa CHs 

butanol 
+ PH4J 120_130oc ~ 

BF40 

2.5 26 

The reactions in Methods A, B and C, which all start from pyrylium salts 28) 
are analogous to the well-known conversions of 2.4.6-substituted pyrylium salts 
27 with ammonia, primary amines, hydrogen sulfide or the anions of CH activated 
compounds to the corresponding heterocyclic or isocyclic aromatic systems 29). 
The first step involves addition of the basic phosphine at C-2  (or C-6) to form 
28. Ring-opening, ring-closure and elimination of water are likely steps in the 
formation of the product 2. 
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~3-Phosphorins 

R 

+ PH~ 
R R - H X  = 

X @ 

27 

R R R 

2 R R R 
I I 

H~ H H 

28 29 30 

-H~O 

R 

However, radical intermediates cannot be definitely exclueled, at least not in the reaction 
of pyrylium salts in pyridine. Steuber 30) showed that such pyrylium salts as 2.4.6-triphenyl- 
pyrylium-or 2.4.6-tri-tert-butyl-pyrylium-tetrafluoroborate can be reduced to stable pyryl 
radicals 32 by pyridine; this reduction proceeds particularly smoothly if traces of copper 
powder are added. 

21 31 32 33 

At the same time the py~idine is oxidized to a pyridine radical cation which by dimeriza- 
tion and proton loss forms 4,4'-dipyridyl. However, ff 2.4.6-triphenylpyridine 31 is used in- 
stead of pyridine, it forms the stable radical cation 33, which can be observed in the ESR- 
spectrum in addition to the pyryl radical 32 31) 

These three methods can be used to prepare a larl~e number o f  2.4.6-tri-or 
higher substituted X3-phosphorins (Table 4). M~irkl 323 describes only a single case 
(no details given) in which a pyrylium salt with an unsubstituted o~-position 2.4.5. 
triphenylpyrylium salt is used to form a Xa-phosphorin which has no substituent 
at the 6-position: 2.4.5-triphenyl-;~3.phosphorin (Table 2, no. 27). 

4. Method D: Elimination of HCI from Cyclic Phosphine Chlorides 

An entirely different method for the preparation of  ;ka-phosphorins utilizes phos- 
phine chlorides 36 or 40. Treatment with bases leads to HC1 elimination and to the 
formation of  the ;~3-phosphorins 37 and 41, respectively. The phosphine chlorides 
can be prepared from cyclic phosphinic acids 34 by reduction with diphenylsilane 
to the cyclic phosphines 35 followed by chlorination with phosgene. Alternatively, 
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Synthesis 

suitable bromides, such as 38 or 39, can be reacted with Grignard reagents followed 
by treatment with diethylamino-dichlorphosphane: 

CH CH 
o r  

r B r 

"~ 'O HO r 38 (R=H) 39 (R=[I;0) 
, \ / 

I ) Mg in THF 

2) PIN(CH3)21CI2 

' l  
H COC12 

35 

' l  CI base 

36 

37 

R 
I 

I 
CI 

40 (R=H;r lbase 

R 

41 (R=H;r 

In this manner de Koe, van Veen andBickelhaupt [33, 34, 35] were able to 
prepare the very unstable 9-phosphaphenanthrene 37 0 as well as 9-phospha- 
anthracene 41a. These compounds were stored in solution and could not be isola- 
ted as solids.However, if the C - 1 0  position of  41 is blocked by a phenyl group, 
the same procedure leads to the much more stable yellow crystalline, 10-phenyl- 
9-phospha-anthracene 41b (4-phenyl-dibenzo[b, e]-phosphorin) (m. p. 173-176 ~ 
Another stable substituted phosphaphenanthrene 43 has been prepared(albeit in 

f) Meanwhile P. de Koe could synthesize by a similar ~rocedure cristaUine air sensitive 
10-Phenyl-9-phospha-phenanthrene m.p. 124-131 C, ~.max 339 nm (11900) in ether; 
(private communication by Dr. Vermeer). 
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~3-Phosphorins 
low yields) according to Method A by treatment of the appropriate pyrylium salt 
42 with tris-hydroxymethylphosphine 36). All attempts to dehydrogenate tetra- 
hydro-naptho-X3-phosphorin 44, (easily prepared from the corresponding pyrylium 

- - 3 7 )  salt by Method A) to 43 failee . 

0 0 

42 43 44 

5. Method E: Treatment of Cyclic Tin Compounds with PBr 3 Followed by HBr 
Elimination 

A very elegant procedure for the synthesis of  unsubstituted X3-phosphorin is due 
to A. Ashe 38,39). It can also be used to prepare the analogous arsabenzene 
(arsenin) and stibabenzene (antimonin) ~9). 1,4-Dihydro-1,1-dibutylstanna-benzene 
45 40) is simply allowed to react with phosphorus-tribromide, yielding 46. Elimi- 
nation of HBr by a suitable proton-abstracting base, such as 1,5-diaza-bicyclo 
[4.3.0] nonene-(5) 41), gives a volatile liquid 47 having a characteristic phosphine 
odor. 47 can be purified by gas chromatography and is stable under an inert gas 
atmosphere; it is very unstable in air. This procedure has not yet been used to 
synthesize substituted X~-phosphorins. 

H H H H 

~S~n ~ +PBr~ .= ~ (-ItB.~N/~) L Sn(C4H9) z Br2 N 
H9C4 C4H9 Br 

45 46 4 7 

6. Method F: Elimination of the 1.1-Substituents in ;ks-Phosphorins 

The direct synthesis of  1.1-substituted 7~5-phosphorins requires many tedious 
steps 6) (see p. 76). Cleavage of the 1.1-substituents is possible in some cases (see 
p. 90), but on the whole this method has no preparative value. 

On the other hand, k~-phosphorins can easily be converted to 1.1-hetero-~, s- 
phosphorins which can be reconverted by cleaving the 1.1-substituents to the 
Xa-phosphorins (see ~. 88). The value of this procedure lies in the fact that the 
phosphorus of the X -phosphorins can be protected by the 1.1-hetero groups. 
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Synthesis 

Functional groups can than be introduced or altered. The new X s-phosphorin-com- 
pound is then reconverted to a X3-phosphorin which cannot be synthesized in any 
other way. 

7. Method G; 4.4'-Bis-X3-phosphorins from Thermolysis of 1.4-Dihydro-;k 3- 
phosphorins 

M~irkl, Fischer and Olbrich 48) showed that thermolysis of 1. l'-dibenzyl- 1. l'- 
diphospha-4.4'-pyrylene at 350 ~ under careful exclusion of oxygen leads to 
4.4'-bis.2.6.diphenyl-X 3 .phosphorin of m. p. 236~ ~ 

VH2r HsC20~ 

350 ~ O2/C2HsOH 
--~ - -CH2- -CH2- - r  or 

HgCIz/CzHsOH 

~ . v ~ . ~  ~/~..p:~.~ ~ ~ p ~  
[ O >" OC2H5 
CH2r 

The UV spectrum (Xmaxl  = 328 nm, e I = 16600, Xmax2 = 280 nm, e2 = 64500) 
is similar to that of 4.4'-bis-2.6-diphenylpyridine (X maxl = 317 nm, e 1 = 16700, 
Xmax2 -'- 246 nm, e 2 = 79500). The compound is easily oxidized; oxidation in air 
at 220 ~ yields a deep red polymer, but oxidation in the presence of ethanol and 
air or mercuric chloride gives the bis-phosphinic acid ester (m. p. 318-320 ~ 
which has UV absorption bands at 440 nm (55800) and 317 nm (26300). 

M~irkl and coworker have developed the following route to 1.1-dibenzyl- 1. l'- 
diphospha-4.4'-pyrylene: 

o o o 
M2-.~ 

CH SeO2/CaHsOH H,,C ~ 

CH CHr pyridine [ 
+ _~ 

-2 CH20 CH2-~ CH2--r 
HOH2C-- P--CH2 OH 

/ CH2~ IP(OC2Hs)3 
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~t3-Phosphorins 

. ,  l H=C,,...~) 

Si[']3 ~ ~ PCls 

CH+ CI CI CH++ 
I 

p . F I . 

The direct reaction of 4.4 -bls-2.6.2.6 -tetraphenyl-pyryhum tetrafluoroborate 
with tris-hydroxymethylphosphine did not lead to the desired product. 

Table 4 contains all now known X3-phosphorins. 

B. Physical Properties 

I. UV Spectra 

The absorption spectrum of 2.4.6-triphenyl-X3-phosphorin 22 in methanol has a 
pronounced maximum at 278 nm (e = 4100). The spectrum is quite similar to 
that of 2.4.6.triphenylbenzene and 2.4.6-triphenylpyridine (see Fig. 6 and 
Table 5). 

,,,. "k (rim) 
200 220 250 270 300 400 500 600 1000 

2 .  105 

105 

C 

10000 . ' ,  ' 

"1 1ooo 

lo0  
5 0 0 o o  40 o00  30 o o o  20 o0o  10 000 

Fig. 6. UV spectra of 2.4.6-triphenyl-X3-phosphorin, -pyridine and -benzene in cyelohexane 

26 



Physical Properties 

0 

,.-I 

0 

o_ 

O 0  

~ -  ~ ~ ~ . ,  , ,  , , , ,  

2"/ 



tO
 

O
O

 
T

ab
le

 4
 (

co
nt

in
ue

d)
 

R
 2 

R
 3

 
R

 4 
R

 5
 

R
 6 

m
.p

. 
[~

 
M

et
ho

d 
L

it.
 

26
 

H
 

un
st

ab
le

 
D

 
33

) 

27
 

C
 

C
6H

5 
~

/ 
17

3-
6 

D
 

35
) 

28
 

H
 

~ 
C

 
~ 

un
st

ab
le

 
D

 
34

) 

29
 

H
 

C
6H

 5
 C

6H
 5

 
H

 
C

6H
 5

 
- 

30
 

C
6H

 5
 

H
 

C
6H

 5
 

H
 

C
6H

 5
 

17
1-

17
2 

A
, B

, C
 

31
 

C
6D

 5
 

H
 

C
6H

 5
 

H
 

C
6D

 5
 

16
7 

A
 

32
 

C
6D

 5
 

H
 

C
6D

 5
 

H
 

C
6D

 5
 

16
8-

71
 

A
 

33
 

C
6H

 5
 

C
6H

 5
 C

6H
 5

 
H

 
C

6H
 5

 
20

9-
10

 
A

 
18

8-
18

9.
5 

A
 

34
 

C
6H

 5
 

C
6H

5 
C

6H
5 

C
6H

5 
C

6H
 5

 
25

3-
25

4 
A

, B
 

21
6-

21
7 

A
 

35
 

C
6H

4C
H

3 
(4

) 
H

 
C

6H
 5

 
H

 
C

6H
 5 

15
5-

15
6.

5 
A

 

36
 

C
6H

4C
H

3(
4)

 
H

 
C

6H
 5 

H
 

C
6H

4C
H

3(
4)

 
13

3-
13

4 
A

 

37
 

C
6H

4C
H

3(
4)

 
H

 
C

6H
4C

H
3(

4 
) 

H
 

C
6H

4C
H

3(
4)

 
16

7-
17

0 
A

 

38
 

C
6H

3[
C

(C
H

3)
3]

 2
 

H
 

C
6H

 5
 

H
 

C
6H

3[
C

(C
H

3)
3]

 2
 

22
0 

A
 

(2
,4

) 
(2

,4
) 

39
 

o~
-N

ap
ht

hy
l 

H
 

C
6H

 5
 

H
 

C
6H

 5
 

16
3-

4 
A

 
23

) 

40
 

C
6H

4O
C

H
3(

4 
) 

H
 

C
6H

 5
 

H
 

C
6H

 5
 

16
1.

5-
3 

A
 

23
) 

32
) 

5,
 2

5,
 2

6)
 

23
) 

23
) 

2S
, 2

6)
 

9)
 

2S
) 

9)
 

23
) 

25
) 

37
) 

45
) 

o 



T
ab

le
 4

 (
co

nt
in

ue
d)

 

R
 2 

R
 3 

R
 4 

R
 5

 
R

 6
 

m
.p

. 
[~

 
M

et
ho

d 
L

it.
 

41
 

C
6H

 5 
H

 
C

6H
40

C
H

3(
4 

) 
H

 
C

6H
 5

 
10

6 
A

 
25

, 
23

) 
(1

10
-1

12
) 

46
) 

42
 

C
6H

4O
C

H
3(

4)
 

H
 

C
6H

40
C

H
3(

4 
) 

H
 

C
6H

 5
 

13
4-

6 
A

 
23

) 

43
 

C
6H

40
C

H
3(

4)
 

H
 

C
6H

 5
 

H
 

C
6H

4O
C

H
 3

 (4
) 

13
6-

7 
A

 
25

) 
13

2-
3 

23
) 

44
 

C
6H

4O
C

H
 3 
(4

) 
H

 
C

6H
4O

C
H

 3 
(4

) 
H

 
C

6H
4O

C
H

 3 
(4

) 
10

5-
6 

A
 

25
) 

45
 

C
6H

4O
C

H
3(

4 
) 

H
 

C
6H

4-
C

6H
5 

(4
) 

H
 

C
6H

 5
 

14
8.

5-
50

 
A

 
23

) 

46
 

C
6H

4C
1(

4)
 

H
 

C
6H

 5
 

H
 

C
6H

 5
 

16
6-

7 
A

 
23

) 

47
 

C
6H

4C
1 (

4)
 

H
 

C
6H

4C
1 (4

) 
H

 
C

6H
4C

1 
(4

) 
18

1-
2 

A
 

23
) 

48
 

C
6H

 5
 

H
 

C
6H

4B
t 

(4
) 

H
 

C
6H

 5
 

14
8-

9 
A

 
47

) 

49
 

C
6H

 5
 

H
 

C
6H

4N
(C

H
3)

2 
(4

) 
H

 
C

6H
 5

 
11

6-
17

 
A

 
46

) 

H
sC

6
~

C
6

H
s.

 

50
 

C
6H

 5 
H

 
H

 
C

6H
 5

 
23

6-
8 

g 
48

) 

51
 

C
6H

 5 
H

 
H

sC
6

-y
P

.~
6

H
s 

H
 

C6
IS

15
 

21
8 

A
,B

,C
 

48
) 

-.
y

 
t~

 ~t
 

t~
 



~s-Phosphorms 

o 

-g 
_= 

i 
m 

r 
t 

I 

i e 
t .. 

�9 ..o 

. p  

. . . , . . " "  

o 

J 

~q  

O 

> 

The spectral properties of the k3-phosphorin ring system can be identified 
more easily in molecules with alkyl substituents such as 2.4.6-tri-tert-butyl-k 3- 
phosphorin 24 (Fig. 7) or 2.4.6-trimethyl-k3.phosphorin. M/irkl 49) attributes the 
long-wave absorption (shoulder at 312 nm~ to an n ~ lr* transition (see, however, 
p. 38), the absorption in the center to an L(a)-transition, and the short-wave ab- 
sorption to an 1L(p)-transition. The values are listed in Table 5 together with the 
absorption bands of the unsubstituted ~3.phosphorin. 
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Table 5. Absorption bands of identically substituted benzene, pyridine, 
pho sphorin co mpounds 

Physical Properties 

pyrylium and ;k 3- 

Substituents Benzene ~,max [nm] Pyridine ~yrylium-Salt 
in 2.4.6- ~,max [nm] Amax [nm] 
position 

~-Phosphorin 
~max[nm] 

Lit. 

C6H 5 254 56000 254 49500 355 22000 
312 9390 403 16400 

C(CH3) 3 262 333 262 2800 240 2670 
290 7800 

CH 3 213 8200 212 8800 
263 219 265 6630 

H 180 25000 175 80000 
193-204 8000 192 6300 
255 250 250 2000 
(230-270) 270 450 

278 
314 

262 

41000 
12600 

4100 

227 27200 
261 7390 
312 246 

213 19000 
246 8500 

5,9 

24 

49 

38 

~0t~O 3000 2~0  1500 "~2~1 1000 800 0~1 

Fig. 8. IR spectra of 2.4.6-tri-tert-butyl-ha-phosphorin, -pyridine and -benzene (in KBr) 
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~3-Phosphorins 

2. I R Spectra 

The IR spectra of the corresponding benzene, pyridine and X3-phosphorin deriva- 
tives resemble each other, although Xa-phosphorin is s~ectrally closer to benzene 
than to pyridine. Only in the region 1200-1400 cm - j  additional bands are to be 
detected. However, these alone do not suffice to identify the ~,3-phosphorin sy- 
stem. Fig. 8 shows the IR spectra of 2.4.6-tri-tert-butyl-X3-phosphorin compared 
with those of the anologous benzene and pyridine derivatives. 

3. NMR Spectra 

a) The ~H-NMR spectrum of 2.4.6-triphenyl-X3-phosphorin shows an absorption 
band at ~ = 7-7 ,8  ppm due to the 15 protons of the three phenyl groups. 
More significant are the two peaks (2 protons) centered at 8 = 8,1 ppm (in 
CDC13 TMS internal standard) with a coupling constant of 6 Hz. These signals 
are due to the two equivalent protons at C-3  and C-5  which are split into a 
doublet by phosphorus, as can be seen by inspection of the NMR spectrum of 
tds-pentadeuterophenyl-;~a-phosphorin (Fig. 9 and 10). 

- -  I I t I I l v 
8 7 6 5 PP~d" ) 

Fig. 9. IH-NMR spectrum of 2.4.6-h3-triphenylphosphorin 22 

32 

8 7 6 5 P ~ ( i  ) 

Fig. 10. IH-NMR spectrum of 2.4.6-tris-pentadeutero-phenyl-h3-phosphorin 



Physical Properties 

~.3-Phosphorins are thus "'aromatic" in the sense that they show a clear ring-cur- 
rent effect. The spectrum of  2.4.6-tri-tert-butyl-?ta-phosphorin 24 in CDCI 3 is 
quite similar in that the two ring protons absorb at ~i = 7,77 ppm with a coup- 
ling constant of  J p - c - C - H  = 6 Hz. The 2.6-tert-butyl groups can be found at 
8 = 1,47 ppm (18 H), and 4-tert-butyl group at 6 = 1,37 ppm (9H); neither 
shows any appreciable coupling with phosphorus. 
For comparison, Table 6 contains some NMR data o f  analogous aromatic com- 
pounds. 

Table 6.1H-NMR spectral data of identically substituted benzene, pyridine, pyrylium and 
~3-phosphorin compounds (6 in ppm, TMS internal standard) 

Substituents Benzene Pyridine PyryUum ?~3-Phosphorin 
in 2.4.6- Salt 
positions 

C6H 5 7.3-7.8 (m, 17H) 7.8 (s, 2H) 
7.3 -7.6; 
8.0-8.3 
(m, 15H) 

C(CH3) 3 7.20 (s, 2H) 7.02 (s, 2H) 
1.34 (s, 27H) 1.34 (s, 18H) 

1.30 (s, 9H) 

H 7.26 (s) 8.48 (or, 5.5 Hz) 

8.42 (s, 2H) 8.1 (d, 2H, J = 6Hz) 
7.5-8.4 7-7.8 (m, 15H) 
(m, 15H) 

7.78 (s, 2H) 7.77 (d, 2H, J = 6Hz) 
1.51 (s, 18H) 1.46 (d, 18H, J = 2Hz) 
1.47 (s, 9H) 1.37 (s, 9H) 

9.55 (m, 2H) 8.6 (Jl = 38Hz 
9.2 (m, 1H) J2 = 10Hz) 
8.4 (m, 2H) 7.25-8.4 (m) 
[in (CF2CI) 2 
c(o.)2] 

Thiopyrylium-tetrafluoroborate has the following absorptions ((CF2C1)2C(OH)2 
solvent): 6 -- 10,0 ppm (m, 2H); 6 = 8,9 ppm (m, 3H); 2.4.6-tri-tert-butyl- 
pyridinium-tetra-fluoroborate (C2HsC12 solvent): ~ = 7,88 ppm (d, 2H, J = 
2Hz); 1,63 ppm (s, 18H); 1,47 ppm (s, 9H). The signal for the N - H  proton is 

' not observed. 
Unsymmetrically 2.4.6-~3-phosphorins with different substituents at the 

C - 2  and C - 6  positions can easily be distinguished from the symmetric com- 
pounds, since the C - 3  and C - 5  protons couple with each other, giving rise to 
an ABX splitting pattern (JH,H = 1--2 Hz; J a - c - c - p  = 6 Hz). For example, 

a' H a 

49 
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~3-Phosphorins 

2-tert-butyl-4-(4'-methoxyphenyl)-6-phenyl-?~3-phosphorin 49 gives rise to 8 
peaks (8 = 8,10 to 7,88 ppm) for the a and a' protons. The 9 protons of the 
two benzene rings appear as multiplets between ~ = 7,7 and 6,85 ppm, the 3 
protons of the methoxy group as a singlet at 5 = 3,70 ppm, and the 9 protons 
of the tert-butyl group as a singlet with a very small splitting by phosphorus at 

= 1,55 ppm. 
b) The 31p-NMR signals of both the aryl and alkyl substituted k3-phosphorins 

appear between 6 = -170  and -180 ppm (85% H3PO4, external standard). 
They are thus quite unlike those of the phosphamethin-cyanines and appear 
to be rather characteristic of ~3-phosphorins. The small coupling with the pro- 
tons is usually not easily detected. Some characteristic values are given below: 

2.4.6.triphenyl.k3 phosphorin 31p: fi =-178,2  ppm 
2.4.6.tri.tert.butyl.h3 phosphorin 31p: 8 = -178,5 ppm 

4. Mass Spectra 

The parent peak, usually having the highest role value, can easily be identified in 
all cases. Triphenyl-~a-phosphofin also has an intense peak at m/e = 120, which 
M~irkl 32) attributes to the C6H5-C ~- P fragment. Fig. 11 shows the mass spectra 
of 2.4.6-tri-tert-butyl-?$-phosphorin 24. The parent peak as well as the fragments 
CH 3 (15) and C(CHa)3 (57) are easily identified. 

100 - 
% 

9 0 -  

8 0 -  

7 0 -  

60 

5 0 -  

4 .0 -  

3 0 -  

2 0 -  

1 0 -  

0 
0 

57 

M = 264 

41 

137 

I I  , , " ' ! ' q " ' l " l ' u " l  . . . . .  , ,11, 
40 60 80 100 120 ' 1}-.0 ' 

m / e  

21.9 

193 

264 

18 29 221 

I I I .  7 . . . . . . . .  , 

:~0 '  160 ' 180 200 220 2.6,0 260 

Fig. 11. Mass spectrum of 2.4.6-tri-tert-butyl-ha-phosphorin 
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Physical Properties 

5. X-Ray Analysis 

X-ray structure determinations o f  50 and 51 were reported simultaneously by 
Bart and Daly 42) and by Fischer, Hellner, Chatzidakis and Dimroth 5o) 

H a C ~ H 3  

OCH+ 

50 51 

1.404 ~ 1.429 

120.1 119.8 I 

1.,13 

I?! ' .3.V ~ 20., 

388~) 
117"~J k 120.4 

/ / 1.3~+ 
,.~1o/ / 

. . . .  1 7 3 4 ~ / ~ 7 / ,  6 1.523 

P 

Fig. 12. Crystal structure of 2.6-dimethyl-4-phenyl-h3-phosphorin 50 42) 
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X3-Phosphorins 

Figs. 12 and 13 show that the bond distances in the X3-phosphorin ring, 
particularly those of the C-P bonds are nearly equal; the C - P - C  angle and 
the nearly planar shape of the X3-phosphorin ring are quite similar in the two 
systems. 

c--.c 141• 004~ 
<:~ 120~177 3 ~ 

150 

T26~ I ; ~  

o o 
C~C 1.42• 003A C-C 156• 
<~ 120 ~ ~ ~ 109 o• ~ 

Fig. 13, Crystal structure of 2-tert-butyl-4-(4Lmethoxyphenyl)-5.6-dihydronaptho [1.2-b)-h s- 
phosphorin 51 s~ 

These structure determinations prove that the.bonds in ?,a-phosphorin do not 
alternate (switch), but are rather delocalized over the entire system, much like the 
aromatic pyridine system. It is noteworthy that the two P-C bond lengths in 50 
and also in 51 are equally large, 1,75 and 1,73 h ,  and 1,75 and 1,75 )k, respecti- 
vely. These values are very similar to these of the lahosphamethincyanines(p. 16). 
They lie between those of P-C single bonds (e. g. 1,83A in tri-phenylphosphine sO 
and those of the P = C bonds of phosphorylenes (1,65 or 1,68 )k s2~). The C-P-C  
bond angle has the same value (103 ~ in 50 and 51 and corresponds to the C - P - C  
angle found for triphenylphosphine (also 103 ~ sl). The ring in the ?,a-phosphorins 
is practically planar and the C-C bond lengths are much like those of phenyl rings; 
however, the C - C - C  bond angles are slightly wider. In summary, the shapes of the 
~,3-phosphorin ring system are much like those of the iso- and heterocylic analogs. 
The only significant difference lies in the fact that the large P atom causes some 
widening in the C - C - C  bond angles. 
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Bonding in the ha-Phosphorin System 

6. Photoelectron Spectra 

The photoelectron (PE) spectra of 2.4.6-tri-tert-butyl-X3-phosphorin 24 and 2.4.6- 
tri-tert-butylpyridin 53 have been recorded by Oehling, Schafer and Schweig sa) 
(Fig. 14). 

I 

8 9 I0 
IP leyJ 

Fig. 14. Photoelectron spectraof 2.4.6-tri-tert-buty|-pyridine 53 and 2.4.6-tri-tert-butyl-h 3- 
phosphorin 24 

The ~a-phosphorin is ionized more easily (maxima at 8,0 and 8,6 eV) than the 
pyridine analog (maxima at 8,6 and 9,3 eV) g). 

C. Bonding in the X3-Phosphorin System 

On the basis of CNDO/2 calculations on the model compounds 2.4.6-trimethyl- 
pyridine and 2.4.6-tri-methyl-3.3-phosphorin, Schweig and coworkers 53, s4) found 
that the MO sequences of pyridine and X3-phosphorin do not correspond to each 
other, For simplicity, methyl- rather than tert-butyl groups were used in the cal- 
culations (whereas the PE and UV spectra of the tert-butyl compounds have been 
recorded; the synthesis of the unsul~stituted ?~3-phosphorin was unknown at the 

g) The tert-butyl groups cause the IP of pyridine to be lowered by ca. 1,0-1,2 eV. A similar 
effect should operate in the h3-phosphorin system. 
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time). In pyridine the highest occupied MO corresponds to the n orbital of the 
lone electron pair at the nitrogen atom. In contrast, in the Xa-phosphorin the 
highest occupied MO is a ir orbital. The calculations point to a [n, 7r 1 , 7r 2 , ol ] 
sequence for pyridine and a [1r2, n, a l ,  7rl ] sequence for ~3-phosphodn. Since 
CNDO/2 calculations on unsaturated systems often give energy values for o or- 
bitals which are too high, Schweig contends that for ~.3-phosphorin the sequence 
rr2, n, 7rl, al  is more reasonable. According to the calculations the n MOs of 
both systems have the same energy. 

In pyridine the energetically high-lying 2s and 2px AO's of the N atom mix 
to form the n MO. In ~.3-phosphorin a similar situation arises if one mixes the high- 
lying 3s and 3px orbitals of phosphorus. Since the s orbital component is greater 

X 

in this case than it is in the nitrogen analog, the differences in energy between the 
2 and 3 shells of  N and P are almost compensated. Thus, the ionization potentials 
of the n MO's of the two systems have approximately the same value. The peaks at 
8,6 eV in the PE spectra must necessarily be attributed to the n MO's. Similarly, 
the n MO's of  PH 3 and NH 3 have nearly identical ionization potentials. In pyridine 
the highest occupied rq orbital has a node at the N atom. In ~,3-phosphorin how- 
ever, the 3dyzAO of  phosphorus can participate in the 7r I MO, so that n conlugation 

-10 

-11 

W 

(=9 

-12 
Z 
tlJ 
=._I 

l=- 

'~ -13, 
r r  

o 

-14 

38 
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Fig. 15. Orbital schemes of pyridine and h3-phosphorin 



Chemical Properties 

is transmitted through the Patom. Thus, the energy of this rr 1 MO in ~,3-phospho- 
tin is somewhat lower than the corresponding rr I MO of pyridine. 

On the other hand, the ~3.phosphorin 7r 2 orbital (which in pyridine has a high 
electron density at the N atom) rises sharply in energy, since the 3pTr-2prr conjuga- 
tion between phosphorus and the neighboring carbon atom is much weaker than 
the corresponding 2pn.2pn conjugation in pyridine. This causes the lr 2 MO in ?3. 
phosphorin to be the highest occupied MO. 

The decrease in effective conjugation discussed above is much more impor. 
rant than any possible participation of phosphorus 3dxz orbitals. Such weak d- 
orbital conjugation is not expected to lower the energy of the n 2 MO to any signi- 
ficant degree. Fig. 15 roughly summarizes the orbital schemes of the two hetero. 
systems. 

D. Chemical Properties 

No chemical studies have been carried out on the unsubstituted X3-phosphorin. 
This highly reactive compound probably does not lend itself to specific chemical 
transformations. Most likely, the situation here is quite similar to that of pyry- 
lium compounds, where the unsubstituted pyrylium salt ss), unlike the 2.4.6- 
substituted form, has no preparative significance 29). In the following discussion 
we therefore limit ourselves to the reactions of 2.4.6-substituted ~3-phosphorins. 

1. Basicity, n and a Complexes with Transition Metals and Charge-Transfer 
Complexes 

In contrast to pyridine derivatives, aryl- and alkyl-substituted k3-phosphorins can- 
not be protonated by strong, non-oxidizing acids such as trifluoroacetic acid. Ad- 
dition of trifluoroacetic acid to cyclohexane solutions of various k3.phosphorins 
fails to produce any change in the UV spectra 47). Similarly, alkylation by such 
strong agents as oxonium salts or aeylation by aeylehlorides cannot be induced at 
the P atom or any ring C atom. This behavior has also been discussed theoretical- 
ly ssa). 

Addition of  a few drops of  60% perchloric or conc. sulfuric acid to a solution of 2.4.6- 
triphenyl-h3-phosphorin 22 affords a deep blue compound which is soluble in polar solvents. 
This new compound is not the protonated form of the h3-phosphorin, but rather a cation 
which results from oxidation of  the h3-phosphorin (see p. 50). 

According to the acid-base concept of Pearson, h3-phosphorins can be viewed 
as "soft bases"; the lone electron pair at phosphorus is much more delocalized 
than the lone pair at nitrogen in pyridine. Thus, such soft Lewis acids as Hg 2+ 
ions are more likely to react with h3-phosphorins (see p. 84). 

Investigations using diborane and boronhalides as Lewis acids have not been 
completed. According to preliminary results of N6th and Deberitz s6), the vapor 
pressure of B2H 6 at low temperatures is reduced significantly upon addition of 
2.4.6-triphenyl-~3-phosphorin. By raising the temperature the postulated equili- 
brium 22 ,~54 can be shifted to the left. 
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2 ~ + B2H6 ~ 2 

BH3 

22 54 

Deberitz and N6th sT) have also found that 2.4.6-triphenyl-X3-phosphorin 22 
(in contrast to the sterically hindered 2.4.6-tri-tert-butyl-X3-phosphorin) reacts 
with chrominmhexacarbonyl, expelling CO and forming a o complex 55. In 
refluxing dibutylether both the tri-tert-butyl- and the triphenyl-Aa-phosphorins 
react to form n-complexes. In the case of 2.4.6-triphenyl-A3-phosphorin, the 
n-complex 56 is a crystalline, deep red compound of m.p. 156-158 ~ (dec.) ss) 
The elemental analysis and SPxeCtral properties o f  56 are consistent with the 
proposed 7r-structure. In the H-NMR spectrum the shift of the C-3 and C-5 

I 
Cr(CO)s 

55 56 

Fig. 16. Crystal structure of 2.4.6-triphenyl-chromium-tficarbonyl-k3-phosphorin 59) 
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protons from ~i = 8,07 to • = 6,00 ppm, and the concominant lowering of the 
JP-H value from 6 to 4,5 Hz provide strong evidence for the formation of a 
n-complex. Such complexation is also evidenced by the 31p resonance shift 
from/i = -178,2  to ~i = +4,3 ppm. 

The crystal structure determination by Vahrenkamp and N6th s9) proves the 
assumed structure of this new and interesting chromium-tricarbonyl complex 56 
(Fig. 16). 

2.4.6.TriphenylO,3-phosphorin interacts with iodine or other polarizable elec- 
tron donors, as well as with such electron acceptors as tetrachloro-p-benzoquinone 
and tetracyanoethylene, to produce deeply colored solutions. Such coloration points 
to the formation of  charge-transfer complexes (see p. 43). In some cases electron 
transfer occurs with the formation of 2.4.6-triphenyl-;k3-phosphorin cation radical 
and tetracyanoethylene anion radical. Weber 63) is currently investigating the de- 
tails of these reactions (see p. 43). 

2. Electron Transfer Reactions 

a) Radical Cations 

The position of  phosphorus with respect to nitrogen in the periodic table led to 
the expectation that it should be much easier to remove one electron from Xa-phos- 
phorins than from pyridines (see also p. 37). Indeed, soon after the synthesis of 
2.4.6-triphenyl-Xa-phosphorin 20 by M/irkl, we discovered that addition of 2.4.6- 
triphenoxy157 64) in benzene induces oxidation to the very stable radical cation 
58 60): 

lot " i_ol 
| 

I" 
0 

20 5 7  58 59 

This transformation can be monitored by ESR-spectroscopy (Figs. 17 and 18). 
The intense singlet due to 5 7 disappears, and a new doublet of equally intense 
signals with a coupling constant of 23.2 Gauss and a complex hyperfine structure 
appears. The large coupling constant is due to the interaction of the lone electron 
with phosphorus; the hyperfine structure arises from coupling with the 17 protons. 
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~k3-Phosphorins 

The novel delocalized A3-phosphorin radical cation 38 is unusually stable and quite 
insensitive to air. 

I C~uss 
! i 

Fig. 17. ESR spectrum of 2.4.6-triphenylphenoxyl 

Fig. 18. ESR spectrum of 2.4.6-triphenyl-ha-phosphofin radical cation 

That this oxidation leads to the radical cation58 and not to a ~.4-phosphorin- 
oxide radical 59 was evidenced by the observation that 170 labelled triphenyl- 
phenoxy radicals do not lead to any 170 coupling pattern, but rather to precisely 
the same ESR spectrum as before. Nevertheless, the possibility of an equilibrium 
with the neutral radical 59 cannot be excluded with certainty since the 170 coup- 
ling may be quite small and the P-coupling may not be changed very much. 

Later on we could show that numerous other oxidizing agents can be employed 
to produce 58; in all cases identical ESR s~ectra were obtained. Indeed, bubbling 
air through a solution of 2.4.6-triphenyl-k -phosphorin in benzene or acetonitrile 
for some time results in formation of the radical cation 58. Useful oxidizing agents 
are AuCIa or Hg(OAc)2 in DMF, lead tetrabenzoate in benzene, or a suspension of 
lead oxide in benzene in the presence of  a small amount of 2.4.6-triphenylphenol 
as a redox catalyst. With Hg(II) or Pb(IV) salts, the oxidation is somewhat slug- 
gish; several hours are required to produce higher concentrations of the radical ca- 
tion. 
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Stiide 4s, 61) observed an interesting oxidation with tetrachloro-p-benzoquinone. 
In methylene chloride an intense red coloration appears, but no signal in the ESR 
spectrum. Apparently only a charge-transfer complex 61 is formed, without elec- 
tron transfer. A similar observation has been made in the reaction of N, N, N', N'- 
tetramethyl-p-phenylenediamine with tetrachloro-p-benzoquinone in non-polar 
solvents 62). Here, as in our case, electron transfer does not take place until a 
polar solvent such as acetonitrile is added. The ESR spectrum initially shows the 
doublet of 58 (23,2 Gauss) overlapping with the sharp singlet of tetrachloro-semi- 
quinone 62 (which has a somewhat smaller g factor). The semiquinone signal slow- 
ly disappears until finally only the doublet of 58 remains. The following scheme 
summarizes the reaction course: 

o 

+ CI CI CH2CI~ 

o o 

22 60 61 

I CH~CN 

0 (9 ~ 0 

+ C I ~ C I  +22 4 + C I ~ I  

�9 O | " O 
(9 

58 63 58 62 

According to Weber 63) the course of the oxidation of 2.4.6-triphenyl-h 3- 
phosphorin with tetracyanoethylene is similar. 

Despite its complexity, the ESR spectrum (Fig. 18) of the 2.4.6-triphenyl-?, 3- 
phosphorin radical cation 58 could be analyzed in full detail. In principle we pro- 
ceeded in the same way as in the previous case of 2.4.6-triphenylphenoxy radi- 
ca]. 64, 45). Replacement of the three phenyl substituents by penta-deuterophenyl 
groups leads to the ESR spectrum in Fig. 19. The coupling constant due to the 
protons in positions 3 and 5 can easily be determined by inspection of the twofold 
triplet. The spectrum is quite similar to that of the 2.4.6-td-tert-butyl-Xa-phos - 
phorin radical cation (Fig. 20), in which the hyperfine structure of the tert-butyl 
groups (ap = 0,8 Gauss) can be detected. Here, ap = 26,9 Gauss and at-/(protons in 
3 and 5 positions) = 2,9 Gauss. 
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_2 
c6oi "P" "csosJ 

Fig. 19. ESR spectrum of 2.4.6-tris-pentadeuterophenyl-~,3-phosphorin radical cation 

Fig. 20. ESR spectrum of 2.4.6-tri-tert-butyl-h3-phosphorin radical cation 

By systematically replacing the phenyl groups in positions 2,4 and 6 by pen- 
tadeuterophenyl groups and the H of the smallest coupling constant by tert.- 
butyl groups (e. g. 64), the coupling constants of all hydrogen atoms could be 
determined, 
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64. It is interesting to compare the coupling constants of the 2.4.6-triphenyl-X a. 
phosphorin radical cation 58 with those of the 2.4.6-triphenylphenoxy radical 
57 64) and the 2.4.6-triphenylpyryl radical 32 31): 

2.3 
0.7 
2.3 

2.3 

~ 0 . 2 3  
~ , ~  ~ . ~  0.46 

23.2 

1.75 2.40 
0~  o83 
1.75 K. .~  2.17 

6/~---h 1.66 

0.37 ~ " J ~ O ~  0.4 I 
0.7 ~ ~ 1.23 

(9.7) 

58 5 ? 32 

By using the McConnell equation 65) and the experimental 1H-coupling constants, it is 
possible to calculate the spin density at the carbon atoms bearing protons. The missing para- 
meter which is needed to calculate the spin density at the P atom has been estimated by 
Thomson and Kilcast 66). 

Other 2.4.6-trisubstituted ~3-phosphorins can also be oxidized to stable radi- 
cal cations. Examples are 2.4.6-tri-tert-butyl-;~3-phosphorin 24 (Fig. 20) 44) and 2.6- 
dimethyl-4-phenyl-;k3-phosphorin 50 (Fig. 21) 67). Whereas the ESR spectrum of 
the radical cation of  24 is easy to interpret (see p. 43), that o f  50 is rather com- 
plex. Using a spectrum expansion of 81 Gauss, the coupling constant was deter- 
mined to be at, = 23,2 Gauss. A septet due to the six equivalent methyl protons 
with a H = 7,5 Gauss and intensities 1:6:15: 20:15: 6:1, as well as an overlap- 
ping sextet with a n = 2,2 Gauss can also be observed. In analogy to other k3-phos- 
phorin radical cations, we ascribe these signals to the two 3,5 protons of the cen- 
tral ring and the three ortho and para protons of the phenyl ring, which happen to 
be degenerate. Finally, the splitting of the triplet due to the two meta protons of 
the 4-phenyl ring has a value of 0,9 Gauss. 

10 6au~ 
i I 

Fig. 21. ESR spectrum of 2.6-dimethyl-4-phenyl-k3-phosphorin radical cation 
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b) Radical Anions, Dianions, and Radical Trianions 

Whereas the oxidation of ~3-phosphorins to radical cations requires no special 
precautionary measures, the reduction to radical anions must be carefully perfor- 
med, particularly as regards the complete exclusion of oxygen and moisture. We 
operate in a sealed apparatus without any stopcocks; all trace of oxygen have to 
be removed by repeatedly applying a freeze-thaw procedure under vacuum and 
by distilling the solvent. If a THF solution of 2.4.6-triphenylO,3-phosphorin is then 
allowed to flow over a K/Na mirror, one can observe after a short time a growing 
doublet (32,4 Gauss) which can be ascribed to the coupling of the lone electron 
with the phosphorus 68). The I H hyperfine structure is usually not very well de- 
fined. A degree of resolution which would enable all coupling constants to be 
determined has not yet been achieved. 

If the above-mentioned radical solution is allowed to come in contact with 
the K/Na mirror once again, then a point is reached where no ESR signal can be 
observed. Further contact with the mirror results in the appearance of a new sig- 
nal (Fig. 22). 

32,4 G 10 G 
t I I 

Fig. 22. ESR spectra of the radical anion, dianion and radical trianion of 2.4.6-triphenyl-h 3- 
phosphorin 

T i p  yl-X -p osp . . . .  y p" p 
anion 65, which with more K/Na is then reduced to the diamagnetic anion 66. 
A third electron is then transferred from the contact with the K - N a  alloy, 
forming the paramagnetic radical trianion 6 7. The phosphorus coupling constant in 
67 ofap = 4,6 was calculated from the ESR spectrum of 2.4.6-tris-pentadeutero- 
phenyl-Xa-phosphorin. 
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(ap = 23.2G) (ap = 32.4G) (ap = 4.6G) 

58 22 65 66 6 7 

Our interpretation is strengthened by the following observations: 
1) Upon mixing equivalent amounts of separately prepared solutions of the radi- 

cal cation 58 (ap = 23,2 Gauss) and the radical anion 65 (ap = 32,4 Gauss), the 
ESR signal disappears. The typical absorption of 2.4.6-triphenyl-X3-phosphorin 
22 can be seen in the UV spectrum. 

2) If a solution of the radical trianion 67 (prepared by the K/Na method) is "titra- 
ted" with a solution of the Xa-phosphorin 22, then upon addition of one aliquot 
of 22 to 2 aliquots of 67 no ESR signal can be seen (formation of the dianion 
66). Continuation of the titration results in the appearance of an ESR signal 
due to the radical anion 65 (at, = 32,4 Gauss), which reaches maximum inten- 
sity after addition of one equivalent of 22. 

Of course, in all of  these experiments sealed, high-vacuum glass systems with complete 
exclusion of  air and moisture have to be employed. Under such conditions the results are 
easily reproducible; the radical ions themselves are indeed very stable. The radical mono- 
anion 65 is best prepared by first reducing all the way to the radical trianion 67, and then 
adding the double amount of  starting solution o f  2.4.6-triphenyl-h3-phosphorin. 

2.4.6-triphenyl-ka-phosphorin can also be directly reduced with sodium in 
THF. In this case the reduction stops at the level of the radical monoanion 63). 

R 4 

R ~ R  2 

Table 7 .31p  coupling constants of  some X3-phosphorin radical cations and anions 

R 2 R 4 R 6 ap (Gauss) 

Radikal- Radikal- 
cation anion 

C6H s C6H 5 C6H 5 23.2 32.4 

C6Ds C6H 5 C6D s 23.2 32.4 

C6D 5 C6D 5 C6D 5 23.2 32.4 

C6H 5 C(CH3) 3 C6H s 23.7 31.8 

C(CH3)3 C6H 5 C(CH3) a 23.7 30.5 

C(CH3) 3 C6H4OCH3(4) C(CH3) 3 23.3 29.1 

C(CH3)3 C(CH3) 3 C(CHa) a 26.9 27.8 
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2.4.6-Tri-tert-butyl-~.a-phosphorin 24 in THF could not be reduced to a 
radical trianion with K/Na. Only the doublet of the radical monoanion can be seen 
in the ESR spectrum (ap = 27,8 Gauss). Good resolution of the hyperfine struc- 
ture of  the signals was not obtained. 

So far chemical reactions have been performed only with the cation radicals 
as intermediates. 

3. Oxidation with Oxygen, Nitric Acids, Hydrogen Peroxide, Halogens and 
Aryldiazonium Salts 

a) Oxidation with Oxygen 

~) Air Oxidation in the Dark. In the solid state 2.4.6-triphenyl or higher substituted 
Aa-phosphorins are rather stable to air. However, if a solution of 2.4.6-triphenyl- 
;ka-phosphorin 22 in benzene (which dissolves relatively large amounts of  oxygen 
is allowed to stand for about one week at room temperature in the dark, two 
crystalline oxidation products of  m.p. 162-165 ~ and 225 ~ precipitate, as 
Vogel has found 70). The constitution of  the two compounds was published by 
us with some reservations. When Hettche 88b) recently studied this reaction again, 
most of  the experimental data were confirmed. The constitution of the higher 
melting compound is still in question, but the structure of  the lower melting sub- 
stance is now fully confirmed as the 4.4'-peroxy-bis.phosphinic acid 68. 

0 o  
22 air, dark = " ~ : ' ~ "  (EtO)~BF, = 

benzene r $ r 

O~"bH O~ "OH 
68 

0 ' b E t  
69 

a) E-E 
b) E-Z 
c) Z-Z 

Careful elementary analysis, especially for oxygen, is in accord with the for- 
mula. UV (~max 245 rim, e = 3 600) proves 4-substituted phosphacyclohexadiene 
(2,5) structure. Thus, 1H-NMR shows a doublet for the four equivalent protons 
at C-3 ,  3'. 5, 5' at ~ = 6,8 ppm, Jp_H = 35 Hz. IR secures P - O H  (2280/cm) and 
P = O (1170/cm) groups. 

Alkylation of 68 with triethyloxonium tetrafluorborate leads to three stereo- 
isomeric 4.4'-peroxy-phosphinic acid ethyl esters 69a-c. One (69a) could be 
isolated as a pure substance, m.p. 178-180 ~ the existence of the two others, 
m.p. 145-152 ~ is proved by 1H-NMR, although they could not be fully separa- 
ted. 
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The three isomers are cis/trans isomers with respect to the substituents -phenyl 
and -O-O at C--4, and -OC2Hs, = O at the P atom. For convenience, we use the 
E/Z nomenclature recommended for ethylene diastereoisomer assignment. If  we 
replace the plane in ethylenes through the sp 2 and sp 3 atoms by a plane vertical 
to the phosphacyclohexadiene (2,4) ring (thought of  in first approximation as 
planar) through C--4 and the phosphorus atom, we have to denote the isomer with 
-O-O at C - 4  and = O at P on the same side of  this plane as "Z",  and that with 
-O-O at C - 4  and -OC2H5 at P on different sides as "E" diasteroisomer. 

69 therefore should give three stereoisomers E - E ,  E - Z  and Z - Z ,  all of  which 
we have found. In 68, which loses its stereoisomerism by epimerization of the P 
substituents through hydrogen bridges of the phosphinic acid, the three steric 
diastereoisomers cannot de detected. 

For assignment, we apply the same arguments as are used on for the diastereo- 
isomeric 4-hydroxy-phosphinic-esters 72 Z and 72 E, i. e. IH-NMR shifts of  the 
protons at C - 3  and C - 5  and the protons of the CH 3 groups of the P-O---CH2-CH 3 
group (Table 8): 

Table 8. 1H-NMR shifts of peroxy-ethylester 69 diastereomers 

H at C-3 and C-5 (4H, d) H of CHa(O-CH2-CH 3) (6H, t) 

(ppm) JP-H (ppm) JH-H 

69a E-E 6.81 35 0.95 7 
69b E-Z 6.87 35 0,97 7 

6.88 35 0.82 7 
69c Z -Z  6.96 35 0.76 7 

Reduction of a mixture of 69a-c  or 69a with zinc dust in acetic acid yields 
two diastereoisomeric 4-hydroxy-phosphinic acid ethyl esters 70 Z and E, or only 
70E.  0oH  

LiBr/H:O~ 69 Zn/HAc _ + : 
~ r ~ HAC 

~H2CHa I CHzCH3 

r 

0 0 
IcHz ~Hz 

CH3 CH3 

70 Z 70 E 71 

The same compounds were prepared by Hettche from 1.1-diethoxy-2.4.6- 
triphenyl-~5-phosphorin, using the method of Stride (see p. 124). The structures 
70 Z and 70 E are fully in accord ~vith all analytical and spectroscopic data, 
especially the UV absorption at short waves, and in the IH-NMR spectra the 
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equivalence of the protons at C - 3  and C-5 ;  both sets of data exclude the 
structure of  2-hydroxy-phosphinic e ster. 

The stereomerism was studied in detail by Stride with the methylesters 72 
and 70. 

1) With trifluoroacetic acid the two stereoisomers 72 Z and 72 E give the same 
deep blue cation 73. Adding water then gives a mixture of the two diastereo- 
isomers (epimerization at C-4) .  With alcohols the cation affords a diastereome- 

II 
er 

o o + 

o J~_~-1o 
R 

0 
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ric mixture of 4-alkoxy-phosphinic esters 74a-c Z and E. By cautious acylation 
of the stereoisomer 72 E with acetanhydride in pyridine, the acetoxy compound 
75 could be prepared: 
The formation of  blue cations like 73 is a very general type of reaction. It can 
be used as a characteristic reaction with all 2.4.6.aryl-substituted kS-phospha- 
cyclohexadiene compounds with an OH or OR group at position 2 or 4. An ana- 
logous reaction is well known from experiments with 2.4.6-triphenyl-4-hydroxy- 
(or alkoxy) cyclohexadiene(2,5)-one 76 which also gives a deep blue cation 77 
with strong acids. With water or alcohols it can be reconverted to the hydroxy or 
alkoxy compounds 76 ~20. 

Ar OR 

Ar * HeR 

O 

76 

a)R=H 
b) R = CH3 
c) R = CzHs 
d) R = CH(CH3)2 

Ar 

Ar Ar 
O 

77 

X e 

2) The steric assignment of the isolated compounds of type 70, 72 of 74 to the Z 
or E configuration is difficult, because the exact conformation of the phos- 
phacyclohexadiene ring is not known. The Z as well as the E diastereomer can 
exist in two conformations, a and b, in solution. According,to 1H-NMR studies, 
we conclude that only one conformer is preferred, i. e. 72 Z a and 72 E a. 

We presume that the phenyl substituents at C-2,  4 and 6 are in an equatorial 
positionV~,v2). Then, by 1H-NMR, a reasonable assignment is possible. When we 
look at the chemical shift of the protons of the CH3 of the P-OCH3, or more 
exactly of the CH3 of P - O - C H z - C H 3 ,  we find that only in the Z position 
( 7 2 Z a )  these protons lie over the aromatic rings in 2 or 6 position. The NMR 
signals therefore are shifted to higher field. At the same time the P=O group will 
shift the protons at C -3  and C-5  to lower field; This would be in accord with 
the low field shift of the ethytene protons in bicycloheptadiene derivatives 78 
and 79 

R O ~ C ~ H  R H 

RO2C-'I ~ H  ~ R O 2 C ~  -"X'H ~i = 
= 6.1 ppm 7.6 ppm 

78 79 
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band strengthened. No doubt, the observed long-wave absorption comes from an 
intermolecular association over hydrogen bridges of the E diastereomers. 

It is possible that the higher-melting Z diastereomers also have an intramole- 
cular hydrogen bridge. 

Turning back to the stereochemistry of the three diastereoisomeric peroxy esters 
69, we now can assign stereochemistry by the 1H-NMR shifts, as was done in 
Table 8, p. 49, in accordance with all other observations. 

~) Oxidation with Singlet Oxygen {Light and Sensitizer). 2.4.6-Triphenyl-X 3- 
phosphorin 22, when oxygenated in benzene or in hexane/methanol in the presence 
of eosin, methylene blue or rose bengal, gave a rather complex mixture of different 
oxidation products. 2.4.6-Tri-tert-butyl-X 3-phosphorin 24, however, yields, as 
Chatzidakis and Schaffer have found 7s), two crystalline oxidation products, m.p. 
167 ~ and 152 ~ respectively. They can be isolated in about 15% each. The 
higher-melting compound proved to be identical with 4.hydroxy-phosphinic acid 
81a, previously described by Mach 44) p. 55). In eyclohexane/methanol the methyl- 
ester 81b, also described by, Mach is obtained. 

�9 2 4  
02 ,Sens 

80 

OH 

a) R= H 
81 b) R = CH3 

o 
82 

The analytical and spectroscopic data of the lower-melting compound are in 
accord with structure 82. We therefore suppose that in the first step addition of 
the singlet oxygen takes place at the C, position 4, and at the phosphorus of 24, 
leading to the endoperoxide 80. This intermediate, which we could not isolate, 
is then converted by hydrolysis or aleoholysis to 81a or 81b, or it rearranges to 
the endoxv-XS-ohosohinoxide 82. Analogous processes with carbon compounds 
have been discussed by Schuler-Elte and others 6~. The course of this photo- 
oxidation is noteworthy since it represents the first example of 1.4 addition in 
which a heteroatom is involved. 

b) Oxidation with Nitric Acid 

As Mach 44) has found, oxidation of 2.4.6-tri-tert-butyl0,3-phosphorin 24 in glacial 
acetic acid with a mixture of equal parts of cone. nitric and sulfuric acids yields 

54 



Chemical Properties 

the 4-hydroxy-phosphinic acid 83. A small amount (2%) of the 2-hydro-phos- 
phinic acid of type 90b (see p. 60) is also formed. The acid 83 (m.p. 167 ~ C) 
crystallizes with one mole H20. 

24 HNO3/H2SO4 

OH OH ?CH3 OH ~ 1  
~ CH2N2" ~ "  P%O ~ P'OCH3 

O OH 
83 84 E 84 Z 

The structure of the acid 83 is supported by elemental analysis. 1H-NMR 
shows only one doublet for the two (equivalent) protons at C-3 and C-5 (8 = 
6,58 ppm, Jp_n = 36 Hz) and two different singlets (6 = 1,12 and 6 = 1,44 ppm, 
1:2) for the three tert. butyl groups. 31p: 6 = -16,35 ppm (in pyridine with HaPO4 
as external standard). 

By esterification with diazomethane two stereoisomeric methylesters 84 E 
and 84 Z were found. They could be separated by thin-layer chromatography: 
m.p. 279 ~ and 278 ~ (sealed tube). The UV spectra are nearly the same, but 
the IH-NMR spectra differ considerably (Table 10). 

Table 10. 1 H-NMR spectra of stereoisomeric 4-hydtoxy-2.4.6-tri-tert-butyl-phosphinic 
acid methylesters 84 E and 84 Z (,5 in pprn, CDCI 3 solvent) 

H at C-3 OCH 3 C-OH Tert-butyl- Tert-butyl- 
and C-5 (d, 3H) (s, 1H) group at C-2 group at C--4 
(d, 2H) and C-6 (s, a~, 9H) 

(s, 18H) 

84 E 6.57 3.74 
(J = 37Hz) (Or= 12Hz) 1.88 1.37 1.05 

84 Z 6.69 3.56 
(3"= 37Hz) (J= llHz) 2.03 1.41 1.13 

a) Small coupling with 31p. 

If we again assume equatorial positions for the large substituents in 2.4.6. 
position, then 84 E and 84 Z should represent the stable conformations of the 
diastereomers. Applying the same arguments as in the phenyl series 72 for the Z 
configuration o f  84 at C-3,5, the proton signals should be found at lower field. 
That the protons of the P -O-CH 3 group are shifted to higher field is due to the 
high shielding of the 2,6-tert.-butyl groups (in the phenyl series by the anisotropic 
effect caused by 2,6-phenyl groups). In tert.-butyl series this effect gets smaller 
with 3-CH 3 protons; in the phenyl series it gets larger. 

55 



;k3-Phosphorins 

100-- 
% 

g0-- 

80- 

70-- 

60- 

50 

40 

30 

2O 

I0 

ol 

271 

18 57 

:i ,I, ,, 

M = 3 2 8  

2&O 

272 

203 257 

79 '61 L I 2i5 310 328 
. ,t . l , i  h .  , , ,  i . . . . .  I . . . . .  , , 0 .  I .  , 

T I 

~o 4'0 go 8o 1~ 1~o li, o ~o 1~o 26o z2o 2~o zso zso 3oo 3;0 3,0 
m / e  

Fig. 23. Mass spectrum of E-2.4.6-td-tert-butyl-phosphinic acid methyl ester 

100 

"f 90 

80 

70 

6 0 -  

5 0 -  

4 0 -  

3 0 -  

2 0 -  

1 0 -  

0 
0 

56 

272 

M = 3 2 8  

18 
57 

2 79 91 108 119 
, I II ,IJ I 

~0 ~10 60 

257 
I 

161 187 203 225 I 295 313 328 
[ 

, l , I '  m i m , I ~ I I I  

go ioo 1~0 lZO 1so ~80 2oo 220 2~0 2~,0 2Bo a60 3~0 3~,0 
m/e 

Fig. 24. Mass spectrum of Z-2.4.6-tri-tert-butyl-XS-phosphinic acid methyl ester 
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In the tert.-butyl series no significant difference in the IR spectra of the two 
diastereoisomers can be detected. This is in a sharp contrast to the corresponding 
aryl series, L e. 72 E and 72 Z, and must be influenced by the large hydrophobic 
tert.-butyl groups which prevent association by OH bridges. 

On the other hand the mass spectra of the two isomers differ very significantly 
only in the tert.-butyl series (Figs. 23 and 24). 

The compound having E configuration splits off H20 (328 ~ 310) by hydro- 
gen transfer from the CH3-O- to the OH at the same side of the ring: the Z con- 
figuration does not. The E configuration not only loses isobutylene (56:328 
272) by hydrogen transfer from any one of the tert-butyl groups in 2,6 (or 4) 
to oxygen on phosphorus, but also a tert-butyl radical (57: 328-271) forming 
the stable carbonium-phosphonium-oxonium ion, resembling the cation 73 in 
the phenyl series. The loss of CH30 of the E configuration to the radical cation 
m/e = 240 is another characteristic feature not observed in the Z configuration. 

As far as we know, differences in mass spectroscopy of stereoisomers, known 
first from Bieman's study of exo- and endoborneol, have only been expressed in 
the relative intensities of the peaks, not in a different pattern 73). 

The unique situation in the phosphorus compounds which we also observed 
with other esters of type 84 E and 84 Z (C2Hs instead of CH3) may be caused 
(more favored in the tert-butyl series) by a much better localization of the elec- 
tron of the radical ion at the phosphorus than in carbon series with delocalized 
7r bonds. 

Table 11 contains the known 4-hydroxy-phosphinic acids and esters of type 
72 and 84, prepared by different methods. 

R + R4' 

R 6 ~ R  2 
~'2 x'OR, 

Table 11.4-Hydroxy-phosphinic acids 72 and derivatives 

R 1 R 2 R 4 R 4p R 6 m.p .  ~ Lit. Method 

H C(CH3) 3 C(CH3) 3 OH C(CH3) 3 167 44 B 

CH 3 C(CH3) 3 C(CHa) 3 OH C(CHa) 3 Z 288 a) 44 B 
E 274 a) 

C2Hs C(CH3) 3 C(CH3) 3 OH C(CH3) 3 Z 180 a) 44 C, D 
E 190 a) 

CH 3 C(CHa) a C6H4OCH 3 OH C(CH3) 3 225 44 B 

C6H 5 C(CH3) 3 C6H4OCH 3 OH C(CH3) 3 197 44 E 

H C6H 5 C6H 5 OH C6H 5 - 88b E 

CH 3 C6H s C6H s ~ OH C6H s Z 198 45 A 
E 194-95 
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Table 11 (continued) 

R 1 R 2 R 4 R 4' R 6 m.p. ~ Lit. Method 

CH2CH 3 C6H 5 C6H s OH C6H 5 Z 239-41 88b A, E 
E 194-96 

CH2-CH2OH C6H 5 C6H 5 OH C6H 5 205 45 A 

CD2CD2OH C6H 5 C6H 5 OH C6H 5 207 45 A 

C(CH3)2OH C6H 5 C6H 5 OH C6H 5 179-80 45 A 

CH2-CH2-CH2Br C6H 5 C6H 5 OH C6H 5 Z 209-13 45 A 
E 172-72 

CH2-CH2-CH2OH C6H 5 C6H 5 OH C6H 5 Z 163-65 45 A 
E 150-52 

CH(CH3) 2 C6H 5 C6H 5 OH C6H 5 Z 221- 28 45 A 
E 204 

CH 3 C6H4OCH 3 C6H 5 OH C6H4OCH 3 Z 177-79 45 A 
E 179-81 

CH 3 C6H4CH 3 C6H4CH 3 OH C6H4CH3 Z 218-23 45 A 
E 202-06 

CH 3 C6H s C6H 5 OCH 3 C6H s 98-101.5 45 A 
(2 isomers) 

CH 3 C6H 5 C6H s OC2H 5 C6H 5 108-I  1 45 A 
(2 isomers) 

CH 3 C6H 5 C6H 5 OCH(CH) 3 C6H 5 oil 45 A 
(2 isomers) 

CH 3 C6H 5 C6H 5 OCOCH 3 C6H 5 140- 42 45 A 

C2H 5 C(CH3) 3 C(CH3) 3 CI C(CH3) 3 155 44 D 

OR 1 = C1 C(CH3) 3 C(CH3) 3 CI C(CH3) 3 77-78.5 44 D 

OR 1 = C6H 5 C6H 5 C6H 5 OH C6H 5 239-41 86 H 

OR 1 = C6H 5 C6H 5 O C6H 5 142-43 86 H 

a) Sublimates, m. p. in closed tube. 

Method A from 1.1-dialkoxy-XS-phosphorins with LiBr/H202/HAc. 
Method B from ~,3-phosphorins by HNO 3. 
Method C from 1.1-dialkoxy-~5-phosphorins by HNO 3. 
Method D from ~,3-phosphorins, chlorination etc, 
Method E from ~k3-phosphorins over autoxidation products. 
Method H synthetic methods. 

c) Oxidation with Hydrogen Peroxide 

Mach 44) investigated hydrogen peroxide oxidation of  2.4.6-tri-tert-butyl-k3.phos- 
phorin 24 in analogy to pyridine oxidation to pyridine-N-oxide. Whereas 2.4.6- 
tri-tert-butyl-pyridine could be recovered unchanged, 2.4.6-tri-tert-butyl-?~3-phos - 
phorin under the same conditions is immediately oxidized to the 2-hydro-phos- 

phinic acid m.p. 203 ~ (transformation at 170 ~ 86 (CH s = H) which, accord- 
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ing to mass spectrum and osmometric measurement, dimerizes to 85b. It seems 
reasonable to suppose that oxidation leads first to the phosphinoxide-hydrate 85a. 

24 

85b 

This rearranges by proton shift to the 2-hydro-phosphinie acid 85b, two mole- 
cules of  which associate by hydrogen bridging to the dimer. The long-wave maxi- 
mum at 275 nm (e = 4075), (Xmax 2 = 237 nm, e = 2925) confirms the phospha- 
cyclohexadiene (2,4) system. 

Esterification with diazomethane affords the methyl ester 86 m.p. 51 ~ 
(~.max 280 Ilm (e = 3200) and 246 nm (e = 3200). No diastereoisomers could be 
isolated. The JH-NMR is in accord with structure 86: three different signals for 
the three nonequivalent tert-butyl groups at ~ = 1,29, 1,10, and 1,09 ppm, a 
doublet at 8 = 3,54 ppm (JP-H = i 1 Hz) for the OCH 3 group and three different 
signals for the three ring protons: H at C - 3  comes at 5 = 5,75 ppm as an octet 
due to P coupling (23 Hz) and H coupling (7 Hz with H at C - 2 ,  2 Hz with H at 
C-5) :  H at C - 5  appears at 6 = 6,52 ppm as a quartet, coupling to phosphorus 
(36 Hz) and the C - 3  proton (2 Hz); H at C - 2  at 8 = 2 ppm also as a quartet, coup- 
ling with phosphorus (23 Hz) and the proton at C - 3  (7 Hz). alp resonance, which 

~ ~ H20z ~- ~H, 
o ON 

87 88 

CH~N2~ 

OCH3 O 
I II 

O=,P / H  H3CO--P H 

tt It 
E Z 

0 H~CO 
E' Z' 
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again shows the H couplings, comes at 6 = 39,8 ppm (in pyridine, HaPO 4 as exter- 
nal standard). 

Analogous results were found in hydrogen peroxide oxidation of 2.6-di-tert- 
butyl-4(4-methoxyphenyl)-X3-phosphorin 87. The crystalline 2-hydrophosphinic 
acid 88, m.p. 176-178 ~ on esterification with diazomethane, leads to a mixture 
of  two diastereoisomeric esters, 89 E and 89 Z, which could be separated by thin- 
layer chromatography but not crystallized. 

The most interesting point is the observation of differences in the H - H  coup- 
ling constants of  the protons at C - 2  and C-3 .  From this we suppose that the con- 
formation for the two stereoisomers with respect to an equatorial position of all 
three tert-butyl groups is not  maintained (in contrast to the 4-hydroxy-phosphinic 
acid series). From the NMR data (Table 12) we propose the conformation 89 E' 
instead 89 E. For full steric assignment additional data are desirable. 

Table 12. IH-NMR of diastereoisorners 89 E and 89 Z (6 in ppm (CDCL3);J in Hz) 

H a t C - 2  H a t C - 3  H a t C - 5  H a t O C H  3 H a t C - 5  H a t C - 2  

86 E (?) 2.20; 6.04 6.67 3.63 1.35 1.19 
(dp = 25; (Jp = 22; (Jp = 36; (Jp = 12) 
: H  = 6 JH = 6 .2)  J n  = 2) 

86 Z (?) 2.58; 6.05 6.64 3.60 1.30 1.20 
(dp = 25; (Jp = 20; (Jp = 36; (dp = 17) 
da = 3) JH = 2.3) JH = 2) 

2.4.6-Triphenyl-)~3-phosphorin 22,  when oxidized with hydrogen peroxide, 
leads to the noncrystallized 2-hydrophosphinic acid 90b. The tautomers 90a and 
c are minor components of an equilibrium, as we suppose from the spectroscopic 

22 

o r H 

90a 90b 90c 

o #  ~ t 0 ) 3  BF, 

/ 

HO O ,., ,~Et 
@ 

91 92 71 
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data, especially UV absorption. With strong bases, a highly fluorescent yellow- 
orange solution arises, indicating the presence o f  the anion 91: 

Alkylation with triethyl oxonium tetrafluoroborate yields two products (in 
the proportion 3:1) 1.2.dihydro-l~thoxy-2-ethyl-2.4.6-triphenyI-phosphorin 
oxide 92 m.p. 161 -162  o C, and 1.1 -diethoxy-2.4.6-triphenyl-X s-phosphorin 
71, m.p. 106 ~ 71 is known from St~de's synthesis (13. 84), 92 was identified 
by IH-NMR. No diastereoisomers were isolated 8ab). 

Hydrogen peroxide oxidation of  other ~(3-phosphorins produces analogous 
hydrophosphinic acids, Chatzidakis 37), in oxidizing the dihydrophenanthren-X 3- 

Table 13. Derivatives of the 2-hydro-phosphinic acid 90 

R 4 

R6~~ a 
R1 R 2 R 4 R 6 m.p. ~ Method Lit. 

H C(CH3) 3 C(CH3) 3 C(CH3) 3 203 A 44) 
(dimer) 

H C(CH3) 3 C6H S C(CH3) 3 169 A 44) 
H C(CH3) 3 C6H4OCH 3 C(CH3) 3 176-8 A 44) 

H C6H 5 C6H 5 C6H 5 Oil A 88b) 

H C(CH3) 3 C6H5 ~ - ( 5 )  239-52 A 37) 

~ 6) mixture 
with 4H- 

CH 3 C(CH3) 3 C(CH3) 3 C(CH3) 3 51 B 44) 

CH 3 C(CH3) 3 C6H $ C(CH3) 3 106-7 B 4~) 

CH 3 C(CH3) 3 C6H4OCH 3 C(CH3) 3 Oil C, B 44) 
_ ~  (2 isomers} 

HO C(CH3)3 C6H4OCH3 C(CH3)3 180 C 44) 

CH 3 C(CH3) 3 C6H4OH C(CH3) 3 245 C 44) 
decomp. 

CH 3 C6H 5 C6H 5 C6H $ Oil A 88) 

C2H 5 C6H 5 C6H 5 C6H $ Oil C 4S) 

Instead C6H 5 C6H 5 C6H 5 156-8 D 22) 
of OR 1 = 77) 
C6H5 86) 

Method A: From A3-phosphorins by oxidation with H202. 
Method B: From 2-hydro-phosphinic-90 with diazomethane. 
Method C: From 1.l-dialkoxy-~kS-phosphorins with BBr 3. 
Method D: From pyrylium salts with phenyl phosphine 
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phosphorin, isolated a hydrophosphinic acid m.p. 239-242 ~ presumed to have 
the structure of 2-hydro-phosphinic acid. 

Koe and Bickelhaupt 33, 74) obtained a 4-hydro-phosphinic acid by hydrogen- 
peroxide oxidation of 9-chloro-9-~S-phospha-9.10-dihydro-anthracene, thus veri- 
fying its structure. 

H H H H 

I 
Cl 

Most of the hydrophosphinic acids are unstable in air. They easily autoxidize 
to hydroxy-phosphinic acids. There are other methods leading to the hydro-phos- 
phinic acids. The known compounds of this type are summarized in Table 13. 

d) Oxidation with Halogens 

2.4.6.Tri.tert-butyl-h3-phosphorin 24 readily reacts with bromine and with chlorine. 
Mach 44), oxidizing with bromine in CC14, could not isolate a crystalline product. 
The brown colour of the addition product of one mole Br2 to one mole 24 dis- 
appeared with water and the crystalline 2-hydro-phosphinic acid 85b could be 
isolated in 45% yield. Methyl-magnesium-iodide or red phosphorus yielded 
2.4.6-tri-tert-butyl-~3.phosphorin 24. It seems reasonable to suppose that on 
bromination 1.1-dibromo-2.4.6-tri-tert-butyl-XS-phosphor in was formed. 

In CC14 , 2.4.6-tri-tert-butyl-phosphorin 24 absorbed 2 moles of chlorine. 
44)  . . . .  o Mach isolated a crystalhne sterlcally umform substance, m.p. 77-78,5 C, 

identified as 4-chloro-phosphinic acid chloride 94. 1.1.1.4-Tetra-chloro-2.4.6- 
tri-tert-butyl-~S-phosphorin 93 is assumed to be the primary chlorination product. 

94 with sodium methanolate gives the two isomers 84 on alcoholysis and 
hydrolysis. With sodium ethanolate under carefully controlled conditions the 4- 
chloroethyl ester 95, m.p. 155 ~ could be isolated as a stetically uniform com- 
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OH 

84 

O / / ~ C 1 % . ~ .  (2 isomers) 

95 
(1 substance) 

OH 

H20 ,~ ~~O'iaHs 
96 

(2 isomers) 

pound. Hydrolysis by NaOH/CHaOH leads to a mixture of the two stereoisomeric 
hydroxy ethyl esters 96. Racemization at the phosphorus atom seems less probable 
than SN1 type reaction under these conditions. 

Recent experiments of Kanter 92) with 2.4.6-triphenyl-X3-phosphorine 22 seem 
very promising. With bromine and light or with pyridine perbromide in the dark, 
22 is oxidized to a sensitive solid product 97 which by methanolysis smoothly 
yields 1.1-dimethoxy-2.4.6-triphenyl-~.S-phosphorin. 

22 

•/•*r Br Br 

97 

CI CI 

CH3OH= ~ / ~  

H3CO OCH3 

Y 
SbF3 

F F 

98 99 

When 22 is treated with phosphorus pentachloride in CC14 and light, 1.1-di- 
chloro-2.4.6-triphenyl-?tS-phosphofin 98, m.p. 100-3 ~ is isolated. 31p NMR 
in benzene:/5 = -17,0 ppm (HaPO 4, external standard), JP-H = 50 Hz (with 
protons at C-3  and C-5). 98 with SbF 3 yields 1.1-difluoro-2.4.6-triphenyl-?~ s- 
phosphorin 99, o al a very stable yellow substance, m.p. 129-131 C, P NMR: 
/5 = -73,0 ppm (JP-F = 1041 Hz;Jp_H = 46 Hz) (against H3PO 4 as external 
standard, benzene) 19F-NMR:/5 = +47,02 ppm (CCI3F as internal standard, 
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benzene). When 98 is treated with methanol, 1.1-dimethoxy-2.4.6-triphenyl- 
~,S-phosphorin can be prepared. 

e} Oxidation with Diazonium Salts 

As Schaffer has found loo), 2.4.6.triphenyl.~a.phosphorin 22 and other 2.4.6-tri- 
substituted ~a-phosphorins react smoothly with aryl diazonium salts in benzene. 
Nitrogen develops and the aryl residue bonds with the phosphorus. In presence 
of alcohols as nucleophiles, 1-alkoxy-l-aryl-2.4.6-triphenyl-?,S-phosphorins 100 
can be isolated. The aryl diazonium-tetrafluoroborate without any nucleophile 
in DMOE yields 1-aryl-1-fluoro-2.4.6-triphenyl-;kS-phosphorin 101. As with 
other oxidants like halogen or mercury-II-acetate, we suppose that in the first 
step triphenyl-~a-phosphorin radical cation 58 is formed. This could be shown 
by ESR spectroscopy. The next step may be a radical-radical addition to the 
k4-phosphorin cation or a nucleophile-cation addition to the X4-phosphorin 
radical these than are transformed to the endproducts by a nucleophilic or 
radical addition respectively: 

22 + N-N--Ar ~ + Ar. + BF4 ~ 

BF4e + N2 

58 

RO Ar F Ar 

I00 101 

These reactions are related to the reaction of aryl diazonium salts with iodide 
yielding iodoaryls, the mechanism of which seems to be a one-electron transfer 
(radical) reaction and not a nucleophilic displacement. Just as iodide is easily oxi- 
dized to iodine by the aryl diazonium cation, 2.4.6-triphenyl-~3-phosphorin is oxi- 
dized to the radical cation 58. 

When 2.4.6-triphenyl-?~a-phosphorin 22 is treated with an excess of the dia- 
zonium salt, for instance, 2-methyl-4-nitro-phenyl-diazonium-tetrafluoroborate 
102 in benzene/methanol, a doubly arylated 3.S-phosphorin 103 can be isolated 
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in small amounts (12%). 2.6-Di-tert-butyl-4-phenyl-X3-phosphorin 104 leads to 
1-aryl-l-methoxy-;kS-phosphorin. With an excess of the diazonium salt it reacts 
to 105 by elimination of another mole of nitrogen. It is arylated at position 4' 
of the aryl ring at C-4  analogously to compound 103. 

�9 CH3 

+ 2 N = N - ~ N O 2  

r + CH3OH 

22 102 

r 

+ 102 --------- 
+ CH3OH 

104 

i [02 

~ C H  

H3C / ~ "NO, 
Ar 

103 

+ N2 

H3CO Ar CH3 

+ 1oo 

Compounds prepared by these methods are summarized in Table 14. The sub- 
stance 100 was also prepared by M~irkl 88) via pyrylium salt and phenylphosphine, 
s. Table 23, p. 98. 

f )  Summary o f  Oxidation Reactions 

As it is clear from the preceding paragraphs, there are four different positions 
where ;ka-phosphorins are attached by oxidants: 
1) Phosphorus: H202, halogens, diazonium salts lead to 1.1-substituted ~S-phos- 

phorins or to rearranged 2-hydrophosphinic acids. 
2) Phosphorus and C--4: oxygen, nitric acid, chlorine in excess. Sensitized oxygen 

leads to 1.4 addition product 80, oxygen in benzene solution to 4.4'-peroxy 
phosphinic acid 68. With nitric acid, halogen in excess or autoxidation of 2- 
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R' 

R 6 ~  R2 
R (" R l, 

Table 14. 1.l-Disubstituted ~kS-phosphorins from )ka-phosphorins by diazonium salt oxidation 

R 1 RI '  R 2 R 4 R 6 Yield m.p. 
% b) o C 

OCH 3 C6H 5 C6H 5 C6H 5 C6H 5 47 135 - 6  

OC2H7(n) C6H 5 C6H 5 C6H 5 C6H 5 53 123-4 
OCH 3 C6H S C(CH3) 3 C6H 5 C(CH3) 3 21 137-9 

OCH 3 C6H4CH 3 C6H 5 C6H 5 C6H 5 33 121-3 

O C H 3  C6H4CH3 C6H5 CH3 C6H 5 8 134-6 

F C6H4CH 3 C6H 5 C6H 5 C6H 5 43 130-2 

OCH 3 C6H4OCH 3 C6H 5 C6H 5 C6H 5 59 147-9 

OC6HII C6I-I4OCH 3 C6H s C6H 5 C6H 5 24 171-2 

OC2H 5 C6H4C1 C6H 5 C6H 5 C6H 5 64 149-51 

OCH 3 C6H3NO2CH3 a) C6H s C6H 5 C6H 5 23 203-5 

OCH2CH 3 C6H3NO2CH3 a) C6H s C6H 5 C6H 5 45 198-200 

OCH2CH 3 C6H3NO2CH3 a) C(CH3) 3 C6H s C(CH3) 3 35 217-9 

F C6H3NO2CH3 a) C6H 5 C6H 5 C6H 5 41 221-3 

O C H 3  C6H3NO2CH3 a) C6H5 c) C6H 5 12 249-51 

OC2H 5 C6H3NO2CH3a) C(CH3) 3 e) C(CH3) 3 3,5 237-39 

a) CH 3 in 2', NO 2 in 4 ~. 
b) Analytically pure substance, not optimized. 

c) ~ N O ~  

CH~ 

hydro-phosphinic acids, the 4.4-disubsti tuted phosphinic acids or their deri- 
vatives arise. 

3) Phosphorus and C - 4 '  in aryt ring at C - 4 :  aryl diazonium salt in excess. 

The cyclic 4-hydroxy-phosphinic  acid esters yield diastereoisomers which 
show remarkable differences in IH-NMR, in some cases also in IR or in mass 
spectra. 

4. Addit ion of Carbar~ions to the P Atom 

According to M~irkl, Lieb and Merz 77), 2.4.6-trisubsti tuted X3-phosphorins react 
with l i thium or magnesium organocompounds,  the carbanionic groups adding at 
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the P center. With 2.4.6-triphenyl-jk3-phosphorin 22 the deep red delocalized 
phosphorin anion 106 is initially formed. I t  is a useful intermediate, reacting with 
electrophiles at either the P a tom or the C - 2 / C - 4  atoms. Addition to the former 
leads to 1.1-disubstituted 15-phosphorins 107, addition to the latter affords 1.2- 
dihydro-~3-phosphorins 108, and in some cases 1,4-dihydro-13-phosphorins: 

R 

Li @ 

R E 

107 

I 
R 

106 108 

Since there is a close relationship between the classes of  compounds 107 and 
108, these reactions will be discussed in detail on page 78. 

5. 1.4-Addition 

a) Addition o f  Hexafluoro-butyne-( 2) 

Tile diene character o f  2.4.6-triphenyl-3.a-phosphorin 109a is not  well pronounced. 
It fails to react with acetylene.dicarboxylic acid ester or maleic anhydride and 
gives with tetracyanoethylene only a charge-transfer band at 450 nm (however, 
see p. 43). However, M~irkl and Lieb 78) found that 109a adds the strong electron- 
accepting hexafluorobutyne-(2) at 100 ~ leading to 1-phospha-barrelene 110a. 

~ [ R 4 CF3 a c ~ F 3  
C F R 4 

+ Ill 
R 6 R= C 

I R "  y 
CF3 R 2 

109 110 

a: R 2 = R 4 = R 6 = C 6 H s  

b: R 2 = R 6 = C(CH3)3, R 4 = CH3 
c: R 2 =R 6 =CH3;R 4 = C 6 H  s 
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This addit ion proceeds more readily with the more  electron rich 2.6-di-tert- 
butyl-4-methyl-)~3-phosphorin 109 b or 2,6-dirnethyl-4-phenyl-)~3-phosphorin 109 c. 
The IH-NMR signals are in accord with the proposed structure (Table 15). The 
31p resonance o f  the phospha-barrelene 110 a in benzene appears at ~ = + 65 ppm 
(H3PO 4 standard) which corresponds to the 31p resonance o f  tert iary phosphines. 

Table 15. IH-NMR spectra of 1-phosphabarrelenes 110 (8 in ppm; CDCI 3 solvent) 

m.p. Ring-protons Arom.protons CH 3- and C(CH3)3-protons 

110 a 189 ~ 8.0 (d, 2H) J=  7Hz 7.98-7.12 (m, 15H) - 

110b 92-3 ~ 6.61 (d, 2H) J=  7Hz - 2.0 (q, 2H)J= 2.7Hz 
1.14 (s, 18H) 

110 c 105-6 ~ - 7.78-7.17 (m, 7H) 2.08 (q, 6H) 
J1 = 14Hz 
"/2 = 2Hz 

In a similar way dieyanoacetylene could be added to ~3-phosphorins "/9). 

b/Addi t ion  o f  Arynes 

M~irki, Lieb and Martin 8o) were also able to  add arynes 112 to 2.4.6-triphenyl-)~ 3- 
phosphorins; the yields are better  with 2.4.6-tri-tert-butyl&3-phosphorin. Here again 
1,4 addi t ion takes place with the formation of  the 1 -phosphabarrelenes 113. The 
arynes were generated either from 2-fluorophenylmagnesium bromide or penta- 
chlorophenyl-l i thium. The reaction of  the more nucleophilic 2.4.6-tri-tert-butyl-)~ 3- 
phosphorin with benzene-diazonium carboxylate  also leads to  1,4 addit ion.  The 
structure of  the benzo-phosphabarrelenes 1 1 3 a - d  is supported by analytical and 
spectroscopic data (Table 16). 
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Table 16. UV and IH-NMR spectra of benzo-l-phosphabarrelenes 113 

Compound m.p. ~rnax (nm) IH-NMR in 8 (ppm) 

113 a 207-8 ~ 266 (11500) a) 7.98 (d, 2H) J = 6Hz d) 
302 (6900) 7.87-6,28 (m, 19H) 

113 b 246 ~ 253 (32500) b) 8.03 (d, 2H) J = 6.5Hz e) 
302 (8300) 7.90-6.94 (m, 15H) 

113c 108-9 ~ 222(7600) e) 6.91 (d, 2H) J=  7Hz 

244 (5100) 7.82-7.78 (m, 4H) 
113 d 214 ~ 216 (24200) b) 6.89 (d, 2H) J = 7Hz 

231 (28300)- 

1.62 (s, 6H); 
1.28 (s, 3H) 
1.13 (s, 18H) 

1.90 (s, 6H); 
1.23 (s, 3H) 
1.14 (s, 18H) 

a) In chloroform. 
b) In hexane. 
e) In ethanol. 
d) In deuterochloroform. 
e) In tetrachlotomethane. 

Attempts to thermally split off  acetylenes from 113 in the hope of forming 
phosphanaphthalenes failed. 

6. Reactions with Carbenes or Carbenoids 

In view of  the smooth addition of carbanions to the electrophilic P atom of ~3. 
phosphorins (see p. 78 and 66), M~irkl and Merz al) attempted the addition of 
carbenoids (carbenes?) by reacting dichloromethane, trichloromethane or dichloro- 
phenylmethane with potassium-tert-butoxide in the presence of  2.4.6-triphenyl- 

3 3 ), -phosphorin 22 or 2.4.6-tri-tert-butyl-h: -phosphorin 24. The desired bicyclo- 
compound 115 or the ha-phosphepin 116 were not obtained. Instead, benzene 
derivatives were formed by loss of a "PCI" fragment, the fate of  which was not 
determined. M~irkl has proposed a mechanism in which intermediates 114 ,115  
and 116 are invoked: 

R 

R'CHCI~ _ 

R R K -  O q--- - 

22 (R = q) 
o r  

24 (R =+) 

R 

R ~ R  R ~  R - ~  R R 

Cl 

114 115 116 

R' = H, CI or C6Hs 

R 

[-PCII= 

R R 

R' 

117 
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IV. ;~5-Phosphorins 

A, Introduction and Review 

As early as 1963 M~irkl 82) prepared the first reoresentatives of this class of com- 
pounds via multi-step synthesis: 1,1-diphenyl-XS-phosphorin 118 ("1,1-diphenyl- 
phosphabenzene") and 1,1-diphenyl-2,3-benzo-~S-phosphorin 120 ("l,l-diphenyl- 
phospha-naphthalene"). Neither compound could be obtained in crystalline form. 
Instead, treatment of the crystalline phosphonium salts 119 and 121 with aqueous 
alkali affords very reactive, air-sensitive yellow or orange powders (118 and 120). 
Acid treatment leads back to the phosphonium salts. 

o__ 

a b c d 

118 120 

+H@X@j[ -H@X@ +HXI1-HX 

119 12I 

x | 

The physical and chemical properties of the ;~S-phosphorins 118 and 120 are 
comparable to those of phosphonium ylids which are resonance-stabilized by such 
electron-pulling groups as carbonyl or nitrile substituents 83). Thus they can be 
viewed as cyclic resonance-stabilized phosphonium ylids (118 b, c, d). As expected, 
they do not react with carbonyl compounds giving the Wittig olefin products. 
However, they do react with dilute aqueous acids to form the protonated salts. 
Similarly, they are attacked at the C-2 or C-4 positions by alkyl-, acyl- or diazo- 
nium-ions 84). Heating with water results in hydrolytic P-C cleavage, phosphine 
oxide and the hydrocarbon being formed. 
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Introduction and Review 

Nevertheless, the stabilization o f  the ylid by the cyclic delocalized 67r-electron 
system presents some interesting theoretical problems. In this connection M~irk185, 86) 
has coined the term "non-classical phosphabenzene". We will return to this point 
(p. 115). 

In contrast to the unsubstituted ring compounds 118 and 120, l,l-diaryl-, 
1,1-dialkyl- or 1-aryl-l-alkyl-)~S-phosphorins with three phenyl groups in positions 
2,4 and 6 of  the ~5-phosphorin ring 122 are much easier to prepare and to handle. 
They can be obtained either from 2.4.6-triphenyl-pyrylium salts or from 2.4.6- 
triphenyl-~.3-phosphorins. Most of  these 2.4.6-tri-substituted )~S-phosphorins are 
very stable and can be isolated as well-defined crystalline compounds. They do 
not react with the above-mentioned cations. However, reversible protonation. 
deprotonation does take place in the presence of  acids. 

r r - H X  r H 

R ~ R v R t �9 R ~' 

122 123 
R t , R I' = aryl, alkyl 

Table 17. Types of 1.1-hetero- and 1-hetero-l-earbo-hS-phosphorins 125 

x y x y 

O-Alkyl O-Alkyl N(Alkyl) 2 N(Alkyl) 2 

O-Alkyl O-Aryl N(Aryl) 2 N(Aryl) 2 

O-Aryl O-Aryl (Alkyl)N-(CH2)n-N(Alkyl) (n = 2,3) 
O-(CH2)n-O (n = 2,3,4) S-Alkyl S-Alkyl 

O O S-(CH2)n-S (n = 2,3) 
S-Alkyl N(Alkyl) 2 

O-Alkyl O-Acyl N(Alkyl)2 F 
O-Acyl O-Acyl F F 

O-Alkyl O-Z*) C1 CI 

O-Alkyl O-Z'**) Br Br 
O-Alkyl N(Alkyl) 2 O-Alkyl Alkyl 

O-Alkyl N(Aryl) 2 O-Alkyl Aryl 

O-(CH2)2-NH O-Aryl Alkyi 

O-(CH2)2-N(Alkyl ) O-Aryl Aryl 
F Aryl 

*) Z --- ....p OR **) Z' ... /NR2 
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~5 -Phosphorins 

By preparing 1.1-dialkoxy-XS-phosphorins 124, Dimroth and Stride 61) obtained 
the first repre sentatives of new classes of  1.1-heterosubstitu ted ~5.phosphorins 
124. In contrast to the 1.1-carbosubstituted "1. l-carbo-XS-phosphorins" 122, 
we call these "1.1-hetero-XS-phosphorins '' 125. Table 17 summarizes the known 
types together with some mixed 1-carbo-l-hetero-~S-phosphorins. 

R 4 R 4 

R R O / ~ R  2 R6 X / ~ y  R2 

124 125 

R 2 , R 4, R 6 = alkyl or aryl 
R, R' = alkyi or aryl 
X, Y = O, N, S, C-residues or Br, CI, F 

There are a number of different syntheses. The 1.1-hetero-XS-phosphorins 
lead to many new and unexpected reactions. 

B. Synthesis 

1, Gene ra l  R e m a r k s  

The unsubstituted compounds 118 and 120 must be prepared via a large number 
of steps involving simple building blocks. This method has little preparative value. 
Moreover, the unsubstituted ?,5-phosphorins appear to be so reactive that they are 
rather difficult to handle. Thus, the emphasis in synthesis has been placed on the 
preparation of 2.4.6.tri-substituted derivatives, which will be dealt with exclusively 
in this section. 

Three primary synthetic sequences have been developed: 
1) Treatment of  pyrylium salts with aryl-(or alkyl)-phosphines or their 

bis.hydroxymethyl derivatives. 
2) Transformation of k3-phosphorins to Xs -phosphorins. 
3) Transformation of ~S-phosphorins to other kS-phosphorin-derivatives. 

Methods 2) and 3) allow for the highest degree of synthetic variation. ~,3-Phos- 
phorins differ considerably in their chemical properties from the pyridine analogs. 
This contrasting behavior can be traced to the following three points: 

1) The smaller electronegativity of P compared to N. 
2) The possibility of P expanding its valence shell beyond 8. 
3) The different orbital energies of the P and N ring systems (see p. 37). 

R R Nu 

126 127 128 
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Synthesis 

The fact that ~a-phosphorins are not basic, as discussed above, matches the fin- 
ding that phosphorinium ions 127,  corresponding to the well-known pyridinium 
ions 126, cannot be isolated. However, they play a key role as intermediates in 
many syntheses, since they are easily attacked by nucleophiles, forming hS.phos- 
phorins 128. 

The most important synthetic sequences leading to the actions 127 are 
summarized in the following five points: 

1) Treatment of 2.4.6-tri-substituted pyrylium salts with phosphines 
(C. C. Price, M/irkl). 

2) Oxidation of ;k3-phosphorins with hydrogen peroxide (Dimroth and 
Vogel). 

3) Oxidation of 1-substituted phosphorin radicals with mercuric acetate 
(Dimroth and Hettche). 

4) Oxidation of 1-substituted 1,2-dihydro-X3-phosphorins with mercuric 
acetate or triphenylcarbonium salts (M/irkl). 

5) Treatment of ;k3-phosphorins with diazonium salts (Dimroth and 
Schaffer). This reaction may also have a radical cation 58 as inter. 
mediate (s. p. 64). 

On the other hand, Miirkl has found that ;k3-phosphorins add lithium or mag- 
nesium compounds at the P atom, forming stable 1-aryl-or 1-alkylphosphorin anions 

O 

(ar = R) 

, ]R = OH @ '1 

R 1 

127 r o~2 o~-" a U| ~" 

l + Nule I 
R 

R Nu 

128 
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~s.Phosphorins 

133. In pyridine chemistry the analogous addition does not lead to an attack at 
the nitrogen atom 130, but rather to addition at the C - 2  or C - 4  atoms of the ring, 
131 and 132. 

130 

~ R  ~ ~ 

131 132 133 

Besides this method (1) of adding nucleophiles, anions 133 can also be prepared 
by: (2) reduction of X3-phosphorins to radical anions 134 followed by reaction 
with radicals, and (3) addition of radicals to the P atom, forming phosphorin ra- 
dicals 135 followed by reduction. 

Methods (2) and (3) have not been explored from a preparative viewpoint. 

+ e  

134 

R 

R E 

~ r  ~ ~  136 

+R" ~ E 
I 
R 

ff 133 ~ 137 

2; 
I 
R 

135 138 

The P-substituted phosphorin anions 133 are ambident. The site of electrophilic 
addition depends upon the reaction conditions: 
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Synthesis 

a) At the P atom to form XS-phosphorins 136 
b) At C-2  to form 1,2-dihydro-~~ 137 
c) At C-4  to form 1,4-dilaydro-~3-phosphorins 138 

A third reaction path, which again has no analog in pyridine chemistry, invol- 
ves the stable ~3-phosphorin cation radical 58 as an intermediate. It is easily formed 
by oxidation of ~3-phosphorins: 

+R/(9 
58 

R 

135 

127 

+R'I e 

129 

If the oxidation is carried out with a radical R in the presence of a nucleophile 
R •, an equilibrium reaction forming the neutral radical 135 may take place. 135 
could lead to the XS-phosphorin 129 via oxidation to 127 and addition of the anion 
R '~, or by simple coupling with the radical R'. 

Not all of the above-discussed reaction paths have been carried out or prepa- 
ratively explored and very few have been studied in detail mechanisticly. 

The versatile reactions of X3-phosphorins and XS-phosphorins are highly in. 
fluenced by the nature of the substituents at the ring and above all by the bond 
energy and eletronegativity of the P substituents. Thus, under certain conditions 
an exchange of P substituents in ~5-phosphorins can be induced. Similarly, a 
rearrangement from the P atom to position C - 2  in the ring, or even a complete 
cleavage of the substituents is conceivable. 

Finally, we point to the possibility of P = O bond formation from 1-alkoxy- 
~5-phosphorin derivatives 124 or 125 by cleavage of alkyl cations. Also the re- 
verse process, L e. alkylation of the P = O moiety to form P - O - R  groups is 
possible. The synthesis of XS-phosphorins having functional groups at the C- 
atoms of the phosphorin ring was first made possible by the preparation of new 
stable RS-phosphorin carbenium ions 140. Here again, the fundamental difference 
between phosphorin and pyridine systems comes to light: Whereas carbanionic 
structures 139 b are stabilized in the pyridine series, in the RS-phosphorin series 
carbenium ions as 140 b are stabilized. 
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Xs-Phosphorins 

In other words: Whereas the chemistry of  pyridine is similar to that o f  nitroben- 
zene, both being electron-deficient benzene derivatives, the chemistry of  the X 3- 
phosphorins, and particularly that o f  the 1.1-hetero-X S-phosphorines, is similar to 
that o f  N.N-dimethylaminobenzene, both being electron-rich benzene derivatives. 

 c.2 c. S 
I I 

a b a b 
139 140 

In summary, the peculiarity of phosphorin chemistry is based on the unique 
participation of phosphorus in a "classical" or "non-classical" 6 n-electron system. 
The different types of valence and bonding which are characteristic of phosphorus, 
as well as d-orbital participation, are the most interesting and important factors. 

2. Specific Methods of Synthesis 

a) i. l-Carbo-kS-phosphorins: Dialkyl-, Diaryl- or Alkylaryl-XS-phosphorins 

bJ Method A." Utilization o f  Saturated Cyclic Phosphorus Compounds 

In the preparation of  1,1-diphenyl-),S-phosphorin, M~irkl a2) used the following 
sequence: 

OCH3 
I H OCH3 

H2CBr CH:Br X@ 

+KP~: 

K H S 0 4  

_.+OH 1~ ~ quinoline 
~_ ~ H  -- 2steps; 

r ~ r "nXO +H@X | 

118 119 

I Br2/Hac 

Br 
~ B r  

X | 

76 



Synthesis 

1 1 8  could be obtained only as a yellow powder (?'max = 409 nm, in CH3OH), 
oxidizing in the presence of air to compounds which range in color from red to 
violet; the oxidation products were not identified. Acids cause reconversion to the 
phosphonium salt 119 .  The perchlorate ( /19 (X = C104) ) crystallizes from aceto- 
nitrile with one mole of solvent (m. p. 175-6 ~ and has IR-absorption bands at 
1626, 1572 and 1550 cm -1. The parent compounds of this series, 1,1-dihydro-?` s- 
phosphorin or 1,1-dimethyl-?`S-phosphorin (118 ,  H or CH3 in place of  C6Hs, respec- 
tively) are not known. 

The 1,1-diphenyl-~S-phosphorins 1 2 0  a - c  are colored, easily autoxidizable, non- 
crystalline compounds which were prepared by multistep synthesis, the last step 
being conversion of the corresponding 1.1-diphenyl-2.3-benzophosphonium per- 
chlorates 121 a - c  by aqueous alkali. 

a : R = H  

b: R = CH 3 

c: R = C6Hs 

+ O H O  

R + HCIO4 . .  CIO4 G 

120 121 

~max = 420 nm (benzene) a: R = H m.p. 173 ~ 
Xmax = b: R=CH~ m.p. 197-9 ~ 
~kmax = 488 nm (benzene) c: R = C6Hs m.p. 182-3 ~ 

These ?`S-phosphorins 1 2 0  a - c  also fail to react with carbonyl compounds. 
�9 (~9 

However, they are attacked by electrophlles (H or alkyl caUons) at the C - 2  
position. In this manner new 1,1-diphenyl-2,3-benzo-?`~-phosphorins which are 
sustituted at positions C - 2  (and C-4 )  can be prepared. Diazonium ions attack at 
C - 4  to form azocompounds; if an excess is used, C - 2  is also substituted 32, 82b) 
Hydrolysis with hot water affords 141 .  The reaction with ortho-formic acid ester 
forms a cyanine dye having a bridge at the C--4 positions 1 4 2  32). The experimen- 
tal details have not yet been published. 

CH +CH(OC2Hs)3 120b + H~O ~ ~ "CHCH3 121a ~- 

141 

" P " qJ r  P f. r 

a b 

142 
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~:-Phosphorins 

c) Method B: Reaction of 2.4.6-Trisubstituted Xa.Phosphorins with Organometallic 
Compounds Followed by Treatment with Alkyl- and Acylhalides 

M~irkl, Lieb and Merz 77) have described the carbanionic addition of lithium or 
magnesium organometallic compounds to the P atom of 2.4.6-triphenyl-~S.phos - 
phorins, which form deep red salts 143. These can be alkylated either at the P 
atom to form ~,S-phosphorins 144 or at C - 2  to yield 1,2-dihydro-X3-phosphorins 
145. Acylation with benzoylchloride affords the 1,4-dihydro-X3-phosphorin deri- 
vatives 146. Addition of acids or water leads to the synthetically important inter- 
mediates 147 which can be reconverted to the XS-phosphorin-salts 143 by 2 N 
NaOH. 

# -(Me =Li, MgX) " ~ 

Me @ 
22 143 

|  
/ 

+R: | Iw 

R ~ R ~, 

I R I 

r CO--r 

I 
R I 

I 
R I 

144 

145 

146 

147 

The course of the alkylation was investigated in detail by M~irkl and Merz a7) 
It was found that alkyl iodides attack by an SN 1 mechanism, primarily at the 
phosphorus, to form 144, while oxonium salts prefer the C - 2  position. Non- 
polar solvents favor SN2-alkylation at C - 2  to 145. The XS-phosphorins 144 are 
thermodynamically more stable than the isomeric 1,2-dihydro-X3-phosphorins 
145. Thus, 2-benzyl or 2-allyl derivatives 145 (R 1 = R 2 = CH2C6H6, CH2-CH = 
CH2) rearrange at 180-220 ~ to the 1,1-compounds 144. At higher temperatures 
these substituents are split off, fonning_2.4.6-triphenyl-Xa-phosphorin 22. At- 
tempts to convert 2.4.6-tri-tert-butyl-XS-phosphorin to 1,1-dimethyl-2.4.6-tri- 
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Synthesis 

tert-butyl-?~S-phosphorin by this route led only to the 1,2 derivative (R 2 = CH3) 
corresponding to 145 (+ instead ~b) (m. p. 98 ~ 88) 

d) Method C: Oxidation o f  1.2.Dihydro-?ta-phosphorins with Triphenyl-methyl- 
perchlorate Followed by Reaction with Phenyt-lithium 

Oxidation of dihydro-X a-phosphorin 14 7 with triphenyl-methyl-perchlorate leads 
to an intermediate which most likely has the structure 12 7. Addition of phenyl- 
lithium to this cation affords the deep red 1,1,2,4,6-pentaphenyl-~,S-phosphorin 
14486) 

r 

I r 

Li--~ �9 

127 147 144 

e) Method D: Treatment o f  ~3-Phosphorins with Organomercury Compounds 

In analogy to the reaction discussed on page 84 (Method G), M/irld was able to 
convert 2.4.6-triphenyl-X3-phosphorin 22 to 1 ,l-diaryl.2.4.6-triphenyl-X s- 
phosphorin 144 with diarylmercury compounds at 240-260 ~ 86). The radical 
135 can be assumed to be an intermediate, since the 1,2-dihydro compound 147 
also reacts with diaryl-mercury derivatives to form the same end product 144 at 
temperatures as low as 220 ~ 

22 or 147 �9 Hg 4: P Hg 02 144 
220-260 ~ ~ r 

135 

148 
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Synthesis 

yield 45). The radical cation 58 can be identified as an intermediate by ESR 
spectroscopy. 58 seems to be in equilibrium with the neutral radical 59. 

22 + ,. �9 ~ +57_ 

~ O O 

,,Tri 0." L Trio @ ~ri IJri 
57 58 59 149 

Hettche ss, 94) was able to add diarylarninyls, which can be generated by 
thermolysis of hexa-aryl-hydrazines 150 917, to 2.4.6-triphenyl-~S-phosphorin 
22 at ca. 80 ~ forming 1,1-bis-diarylamino-~5-phosphorin 151. The analytically 
pure ?~S-phosphorins are obtained in 60--65% yields. 

arkN N/ar 80~ 
22 + 

a r t - - - - a r  ~b ~b - 7 ~ . "  
(ar)2N N(ar)a 

150 151 

The course of this reaction should be similar to the triphenylphenoxyl ad- 
dition. 

h) Method F: Simultaneous Reaction o f  Radicals and Nucleophiles with 
A 3-Pho spho rins 

If the radical reactions (Method E) with triphenylphenoxyl or diphenylaminyl are 
carried out in the presence of an excess of alcohols, one obtains the mixed 1,1-sub- 
stituted hs -phosphorin derivatives with either phenoxy or diarylamino and one 

22 + Tri O. 
or (ar)2Y. 

# # 

+ R O H  / ~  +R: , # R ~ ,  " 58 -~H r r 

RO 
59 152 

a: R' = O-Tri 
b: R' = N(arh 
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~k s -Phosphorins 

alkoxy group. The intermediate in these reactions is probably the 2.4.6-triphenyl- 
phosphorin radical cation 58. This preferentially reacts, especially under basic 
conditions with the more basic and abundant alcoholate ion, instead the less 
nucleophilic, steric-hindered, weakly nueleophilic 2.4.6-triphenylphenol or 
phenolate ion to form the neutral alkoxy-;\4-phosphorin radical 59. This then 
couples with 2.4.6-tri-phenyl-phenoxy radical or diarylamine radical to form 
the products 152a or 152b. 

i) Method G: Oxidative Nucleophilic Addition to the P Atom o f  ka-Phosphorins 

One of the most versatile methods for the preparation of 1,1 -disubstituted k s- 
phosphorins 124 was discovered by Stiide 4s) who found that ~,3-phosphorins 2 
can be oxidized (mercuric acetate gives the best results) in the presence of alcohols 
or phenols in benzene to 1.1-dialkoxy- or 1.1-diphenoxy-~.S-phosphorins 124. The 
first step is probably a reaction of the ,,soft' k3-phosphorin - n-system with the 
,,soft" acid Hg 2~ which by electron transfer leads to the weakly electrophilic 
radical cation 58. This is then attacked by alcohol or phenol - or as Hettche has 
found 8a) by other nucleophiles such as an amine to form by loss of a proton 
the neutral k 4 -phosphorin radical 59. This radical is oxidized once again by mer- 
cury ions leading to the formation of elemental mercury and the strongly elec- 
trophilic, short-lived ~4-phosphorin cation 12 7, which is immediately attacked 
by alcohol, phenol or amine. Loss of a proton then leads to the k s -phosphorin 
124. It is also conceivable that 59 can couple directly with a radical to form 124 
(Method E, p. 82). 

R 4 R 4 R 4 

Hg(ac)z ~ +HX 

R" R 2 R 6 R 2 - H  @ " R 6 R 2 

e" ac @ X 
2 58 59 

g 4 

~ r  R6 X / ~  R: 

~ + HY 
-H@ 

R 6 R 2 

X Y 

This reaction can be carried out in good yield with a wide variety of alcohols, 
phenols and, according to Hettche 8s), also with secondary and primary amines. 
Diols, diamines, or aminoalcohols lead to 1,1-spiro-;~S-phosphorins. 

3 The reactions are also smooth with 2- or 4-alkyl-substituted k -phosphorins; 
5 1.1 -dialkoxy- or 1.1 -bis-dialkylamino-4-methyl-2.6-dil~henyl-;k -phosphorins, which 

can be readily obtained from 2.6-diphenyl-4-methyl-X~ are very useful 
for further synthesis (see p. 87). 

127 

124 
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Synthesis 

By reacting 2.4.6-triphenyl-X3-phosphorin with diphenylmercury at high tem- 
peratures, M~irkl was able to induce addition of two carbon groups to the phospho- 
rus (Method D, p. 79). 

Since the radical cation 58 and the cation 127 are of different electrophili- 
city, Hettche 88, 98) was able to steer the course of  the reaction in such a way 
that ;kS-phosphorins 153 and of type 154, which originally formed as byproducts, 
could be obtained in useful amounts. 

RO O 
I 
CO CH 3 

153 

o 

CO CO 
1 L 

154 155 
X J =X 2 =O-alkyl or N(alkyD: 

X * -- O alkyl: X2= N(alkyl)2 

The dibenzoate 155 was prepared by Constenla 1ol). All of these ~,S-phosphorir. 
proved to be synthetically and theoretically very interesting compounds. 

Another very versatile reaction, leading to 1-carbo-l-hetero-~S-phosphorins, was 
found by Schaffer loo) when he reacted ;k3-phosphorins with aryl-diazonium salts 
in the presence of alcohols. This reaction proceeds probably by an analogous me- 
chanism. It is described on p. 64. 

jJ Method H: Oxidative Nucleophilic Addition Starting from l.2-Dihydro-X 3- 
phosphorins 

If 1-alkyl- or 1-aryl-l,2-dihydro-X3-phosphorins 147 (obtained by Method B, p. 78) 
are oxidized with mercuric acetate in the presence of alcohols or phenols as nuc- 
leophiles, it is possible to isolate AS-phosphorins 156 in which the phosphorus 

� 9  9 o ) ~  bears a carbon substituent besides an alkoxy or phenoxy group (M~irr~ z. 
Here again the cation 127 is probably an intermediate. 

~ p ~ H  ~ Hg(ac)2, ~ ~ R '  R'OH 
I 

R 

147 156 
(R' = alkyl, aryl) 
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;ks.Phosphorins 

k) Method l: Reaction of  Pyrylium Salts with Pn'mary Phosphines 

Miirkl, Merz and Rausch 90) have repeated the work of Price 22) in which 2A.6- 
triphenylpyrylium salts 21 are condensed with phenylphosphine or bis-hydroxy- 
methyl-phenylphosphine in the presence of such nucleophiles as water, alcohols 
or thiols. 1-Carbo-l-hetero-substituted ;kS-phosphorins 157 are the endproducts. 
Here again it is reasonable to assume the intermediacy of a cation 127: 

PH2 ~ + H X  _ 
or  

r r P(CH2OH)2 r r 
BF4 Q 

21 127 157 
( X  = O R ,  S R )  

Price obtained in the presence of water a crystalline product (m. p. 256-257 ~ 
and an amorphous material from which Miirkl 86) could isolate the ;kS-phosphine 
oxide 158 (m. p. 156-158 ~ and the 4-hydroxy-phosphine oxide 160 (m. p. 
239-241 ~ which probably was formed by autoxidation. 158 is also formed by 
H2 02 -oxidation of  14777). The tautomeric form of  158 would be the 1-hydroxy- 
;k s -phosphorin 159. Indeed, treatment with base affords a bright red anion which 
probably has the structure 161 (see p. 60 and 87). 

~ r HO 

H~O2 _-- r _ - 

r r r r 

r 

147 158 159 160 

- .H  �9 

0 

161 
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Synthesis 

l) Method Z" Alkylation o f  2-Hydrophosphinic Acids and Esters with Oxonium 
Salts 

According to Teichmann, Jathowski and Hilgetag 89), the P = O group can be alky- 

lated to the P - O - R  group. Similarly, Hettche 88) found that the cyclic 2-hydro- 
phosphinic acids 90 or esters 162 can also be O-alkylated by oxonium salts to form 
1,1-dialkoxyphosphorins. This method can also be used to synthesize 1,1-dialkoxy- 
phosphorins having two different alkoxy groups. For example, 162 leads to l- 
methoxy- l-ethoxy-2.4.6-triphenyl-XS-phosphorin 163. 

r +(C:Hs)30 BF% f f ~  + H BF4 

r162 + (C2Hs):O 
H3CO ~ H3CO / X'OC2H s 

162 163 

This reaction can also be used to convert the phosphine oxide 158. (Method 
I, p. 86) to 1-aryl-l-alkoxy-~S-phosphorin 156 1ool. 

m) Method K: Substitution Reactions o f  l.l-Hetero.XS-phosphorins at the P Atom 

5 If 1, l-b is- dimethylamino-2.4.6-triphenylO, -phosphorin 164 is allowed to react 
with 2 moles of trifluoroaeetic acid and a 10-fold molar excess of methanol in re- 
fluxing benzene, one of the amino groups is displaced and 1-methoxy-l-dimethyl- 
amino-2.4.6-tripheny_l-3,S-phosphorin 167 can be isolated in good yield. The phos- 
phonium salt 165 (H ~ can also attack C-2)  is initially formed by protonation of 
164 at C-4  (or C-2). Nucleophilic substitution then leads to 167 via 166 
(Hettche, 88)). 

r 

(CH3)2 N N(CH3) 2 

164 

r H 

H3CO N(CH3)~ 

166 

H 

(CH3)2N N(CH3)2 

165 
r 

H3CO N(CH3)2 

167 

+ CH3 OH 

- N(CH3)2 H 
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Xs-Phosphorms 

Such nucleophilic substitutions can also be carried out on analogous 1,1-di- 
arylamino-hS-phosphorins and on "oxy-bis"-~S-phosphorins 154 or acetates 153; 
the latter can be viewed as mixed anhydrides in which phosphinic acid or acetic 
acid are easily displaced by nucleophiles. These reactions have a broad application 
in synthesis. 

This method was applied by Kanter 92) who succeeded in preparing 1.1- 
dialkylthio& s -phosphorins 169 by using thiols. These compounds could not been 
synthesized by any other means. 

The intermediate monoalkylthio derivative 168 is rapidly converted to the 
end product 169. 

R2N S R '  S. S 
(CH:)n 

(R = R' = Calls) (R = CH3, C2Hs) (n = 2,3) 

168 169 170 

Spiro compounds of the type 170 have also been prepared in this way. 
Thiophenol as the nucleophile eliminates the 1.1-substituents to form 2.4.6- 

triphenyl-~3-phosphorin 22. A similar elimination takes place if 1,1-di-alKyl- 
thio-~S-phosphorins 169 are heated in toluene. This method is thus an excellent 
way to remove the dialkylamino groups which had been introduced before as 
protecting groups: 

r ~ -r  ~ ~ toluene ~ r 

R2N NR2 RS SR 

164 22 169 

With boron triftuoride-etherate, methanethiol and acetic acid fluorine is in- 
corporated in almost quantitative yields. For example, the bis-dimethylamino- 
derivative 164 can be converted to l-fluoro-l-dimethylamino-2.4.6"triphenyl- 
phoshorin 17292). 

+BF3 
~..X.,D~.~t...r +CH~ SH- 

J ' ~ .  + HAc 
(CHs)= N N(CH3)2 

164 

88 

+ Hac ~. 

H3C 

1 71 1 72 



S y n t h e s i s  

The mechanism of this reaction remains to be established. It may be that electro- 
philic addition of BF3 leads to 1 71 which then breaks up to form 172. 

According to Kanter 92), the reaction sequence 164 to 169,if carried out in 
the presence of trifluoroacetic acid and thiophenol with the careful exclusion 
of oxygen, leads to a 40% yield of 1-dimethylamino-l-phenoxy-2.4.6-triphenyl& s- 

- e . ' -  

~-~-(\o ~ o 

o I ~_ 
+ 

.~.__~/0 

:E s 

, \  / 
.-r. 

\ z  
:s 

~-Z/ 'L / 

+ 
8~  
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]k s-Phosphorins 

phosphorin 1 76. It is conceivable that this reaction proceeds via the trifluoro-acetyl 
derivative 173 which then adds thiophenol to form 1 74. This intermediate can then 
form the product 176 by migration of the phenyl group, or it can split off the tri- 
fluoro aeetyl thioester to form 175 which then is hydrolyzed to the 2-hydro-phos- 
phinic acid. 

n) Method L: Rearrangements o f  1.2-Dihydro-X3-phosphorins 

M~irkl and Merz 87) have shown that at 180 ~ 1,2-dihydro-1.2-dibenzyl-2.4.6- 
triphenyl-]ka-phosphorin 177 is converted to the thermodynamically more stable 
isomer 1,1-dibenzyl-2.4.6-triphenyl-hS-phosphorin 1 78. Pyrolysis at temperatures 
above 220 ~ for longer periods of time results in complete cleavage of both ben- 
zyl groups (dibenzyl is formed) to afford 2.4.6-triphenyl-~, 3-phosphorin 22. 

CH20 r O -(r ~ r 
I 

177 178 22 

Whereas related rearrangements involving hydrogen migration have been obser- 
ved in the transformation of cyclo-]k3-phosphazadienes 179 to cyclo-]kS-phosphaza- 
trienes 180 (Schmidpeter and Ebeling93)), no such processes have been observed 
for 1,2-dihydro-]k3-phosphorins, L e. 181 fails to rearrange to 182. 

90 

R R 

]~-R .. _ R pJ ~l R -- - 

N..~..N.. H N.p~N R R R 

1 79 180 181 182 
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Xs-Phosphorins 

R 4 

N 6 2 

R R Table 23. )tS-Phosphorins with one 12- and one O- or S-residue at 

R 1 R I r R 2 R 3 R 4 R 6 m.p.  ~ ~tma• 

CH3 OCH 3 C6H 5 H C6H 5 C6H 5 137-9 426 

CH 3 OC2H 5 C6H 5 H C6H 5 C6H 5 108-9 426 

CH 3 OCH(CH3) 2 C6H 5 H C6H s C6H 5 156 433 

CH 3 OC(CH3) 3 C6H 5 H C6H 5 C6H 5 137-41 434 

CH2CH 3 OC2H 5 C6H 5 H C6H 5 C6H 5 137-8 426 

CH2CH 3 OCH(CH3) 2 C6H 5 H C6H 5 C6H 5 134-5 - 

CH2CH 3 OC(CH3) 3 C6H 5 H C6H 5 C6H 5 129-31 432 

CH2C6H5 OCH 3 C6H 5 H C6H 5 C6H 5 133 426 

CH2C6H 5 OCH2C6H 5 C6H 5 H C6H 5 C6H 5 118-9 427 

C6H 5 OC2H 5 CH 3 H C6H 5 C6H 5 70-1 409 

C6H 5 OCH 3 C6H 5 H C6H 5 C6H 5 136-7 426 

C6H 5 OC2H 5 C6H 5 I4 C6H 5 C6H 5 126-7 - 

C6H 5 OCH(CH3) 2 C6H 5 H C61-I 5 C6H 5 160-1 434 

C6H 5 OCH2C6H 5 C6H 5 14 C6H 5 C6H 5 154-5 - 

C6H $ OC2H 5 -(C142) 4 - C6H 5 C6H 5 142-3 402 

C6H 5 OC6H 5 C6H 5 H C6H 5 C6H 5 186-7 419 

C6H 5 O-Tri **) C6H 5 H C6H s C6H s 213-5 428 

C6H 5 SC2H 5 C6H 5 H C6H 5 C6H 5 82-4  436 

�9 ) See also Table 14. p. 66. 
�9 , )  Tri = 2.4.6-triphenylphenyl. 

Ar Ar 

A r ~ A r  A r ~ A r  

Ar = C6Hs 

Table 24. l-Alkoxy or 1-dialkylamino-l-oxy-bis-2.4.6-triphenyl-~ 5 
-phosphorins 

R 1 R 1' m.p .  ~ Method Lit. 

OCH 3 OCH 3 152-4 G 88, 94) 

OC2H S OC2H 5 120-2 G 88, 94) 

98 



Synthesis 

the phosphorus *) 

el ~max2 e2 ~max3 e 3 Method Lit. 

17500 313 17500 273 15800 K 88, loo) 

20500 316 18000 275 19900 K 88) 

21400 - - 279 33000 K 88) 

22200 320 18200 282 17600 K as) 

17800 318 18400 272 14700 K 88) 

. . . . .  K 88) 

21700 321 19400 279 17300 K 88) 

18700 317 19720 273 17640 I 90) 

15340 318 16640 274 16320 I 90) 

8000 317 13600 264 10250 I 9o) 

11400 314 14050 272 14400 I ,H 90) 

. . . . .  I 90) 

20400 320 20300 285 17600 K 88) 
. . . . .  I 90) 

1200 309 9000 264 11400 I 9o) 

11500 310 14000 274 16000 I ,H 9o) 

10700 331 15500 - - H 86) 
. . . . .  I 90) 

Table 24 (continued) 

R 1 R 1~ m.p .  ~ Method Lit. 

OCH(CH3) 2 OCH(CH3) 2 161-3 G 88, 94) 

OC(CH3) 3 OC(CH3) 3 129-30 G 88, 94) 

OCH 3 OCH(CH3) 2 144-6 G as,  94) 

NHCH(CH3) 2 NHCH(CH3) 2 129-32 G 88) 

N(CH3) 2 N(CH3) 2 174-7 G 88, 94) 

N(C2Hs) 2 N(C2H5) 2 163-5 G aS, 94) 

OCH 3 N(CH3) 2 156-9 G 88, 94) 
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;k s-Phosphorins 

C. Physical Properties 

1. UV and Visible Spectra 

In going from ;ka-phosphorins to ;kS-phosphorins, profound changes in the absorption 
spectra are observed: new bands appear in the visible region. Thus, all ;kS-phosphorins 
are colored, ran~ing from yellow to red. Many also show fluorescence. 

1. l-Carbo-;k~ having C groups at the phosphorus have the longest 
wave absorptions. The influence of  the particular structure of  these substituents is 
rather small. Thus, 1.1-diphenyl-2.4.6-triphenyl-;kS-phosphorin and 1.1-dibenzyl-2.4.6. 
triphenyl-;kS-phosphorin have very similar absorption spectra. 

The steric influence of the P substituents appears to play a more pronounced 
role, as can be seen by comparing 144, and 148 (Table 25); the spiro compound ab- 
sorbs at much shorter wavelength. 

The bathochromic influence of  substituents at positions 2,4 and 6 is quite 
distinct in both-;kS-phosphorin and ka-phosphorin compounds (e. g. 118 vs. 144; 
47 vs. 22, Table 25 and Table 26). 

Table 25. Absorption maxima of some 1.1-carbo-;kS-phosphorins compared with 
h3-phosphorins 

118 47 144 148 22 
yellow colourless red orange colourless 

;kmax e ;kmax e Xma x e ;kmax e ;kmax e 

409 - - - 515 8900 474 6300 - - 

- - 246 8500 342 17000 336 11300 314 12600 
- - 213 19000 . . . .  278 41000 

l , l -Carbo-phosphorins are relatively basic. They are protonated by aqueous 
hydrogen chloride, thereby losing their color. According to MarE,  the UV spectrum 
of  the salt is similar to that of  1,2-dihydro-;k3-phosphorins (Fig. 25). However, it 
cannot be concluded on the basis of  the UV spectrum alone that protonation takes 
place at position C - 2 .  The C - 4  position can also be protonated,  as has been shown 
by NMR spectroscopy to be the case for 1,1-dimethoxy-2.4.6-triphenyl-;kS-phos - 
phorin. The influence of  acid addition on the UV spectra is similar in both classes 
of  compounds  (compare Fig. 25 with Fig. 26). However, it should be noted that 
aqueous acids cannot be used to protonate 1 ,l-dimethoxy-2.4.6-triphenyl-;kS-phos - 
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Table 26: Influence of the substituents in 2.4.6-position to the absorption spectra of 1.1- 
dimet hoxy-~kS-phosphorins 

~max I ~"max 2 ~max3 ~max4 
(el) (62) (Ca) (e4) 

262 
(4100) 

C ~  354 (10000) *) 

H3 H3 

~ O / ~  ~ 362 (10000) *) 
HsC 6Hs 

H ~  271 
(28100) 

HsC6 6Hs 
CH3 

~ C  416 
HsC~ ~Hs (15850) 

H3CO OCHs 
Hs 314 

(12600) 
HsC61~p~.~'~-C6Hs 

C6Hs 

~ C  417 (13700) 
HsC~ 6Hs 

HaCO / "OCH3 

262 
(2600) 

262 
(3500) 

B 

278 238 
(13500) (19800) 

278 
(41000) 

305 278 220 
(11900) (12700) (16600) 

*) InCC14 

phorin. Upon treatment with base, the original spectra of 1,1-carbophosphorins 
can be observed; of course, this holds only if oxygen is carefully excluded and if 
the compounds themselves do not undergo other reactions with base. 

More extensive studies have been made on 1,1-hetero-XS-phosphorins, especial- 
ly on those in which the hetero atoms are oxygen 4s). Here again a sizable bathochro- 
mic shift in the absorption spectra is observed in going from ~: -phosphorins to 
XLphosphorins. Replacement of aliphatic groups by aromatic substituents in the 

I01 
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~" {cm -1 ) 

z,O 30 25 20 �9 103 

/,.5 

o 3.5-  

2.5 
250 300 350 z, O0 /,50 500 550 600 

A (nrn) 

Fig. 25. UV spectra of 1,1-carbo-~.S-phosphorins and theirprotonation product compared 
with a 1,2-substituted h3-phosphorin according to Miirkl 8"5) 

2.4 and 6 pos i t ions  o f  the  phosphor in  ring leads to  a shift  o f  the  m a x i m u m  to 
longer  waves (Table  26). 

Subs t i tuents  in the  pheny l  groups o f  1 :1-dimethoxy-2.4 .6- t r i -phenyl-phos-  
phor in  have a small e f fec t  on  the  absorp t ion  spectra (Table  27). 

R 4 

R6~R 2 
H3CO "~OCH~ 

Table 27. Influence of the substituents in the phenyl-residues on the absorption spectrum of 
1.1-dimethoxy-2.4.6-triphenylphosphorins *) 

;kmaxl 61 ;kmax2 62 

R 2 = R 4 = C6H5; R 4 =C6H4OCH 3 

R 2 = R 4 = C6HS; R 4 = C6H4C1 

R 2 = R 4 = C6H4OCH3; R 4 = C6H 5 

R 2 = R 4 = R 6 = C6H4CH 3 

R 2 = R 4 = R 6 = C6H4OCH 3 

425 (25000) 278 (26100) 

417 (17000) 278 (13400) 

414 (20800) 288 (19600) 

420 (20300) 286 (21400) 

417 (22300) 284 (16800) 

*) In cyclohcxane; all substituents in the position 4' of the aromatic rings. 
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~k s-Phosphorins 
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Whether a small O - P - O  angle (as in the spiro derivatives) raises the energy o f  the 
LUMO or lowers the energy o f  the HOMO (or some of  both) cannot be concluded 
on the basis o f  present experimental information. 

The absorption maxima o f  "mixed" 1-carbo-t-hetero-2.4.6-tri-phenyl-X s- 
phosphorins having R l = alkyl or aryl and R l '  = O-alkyl, O-aryl, or S-alkyl are 
given in Table 23 (p. 98).  The electronic and steric effects o f  the substituents are 
similar to those previously discussed. 

The protonation of  1,1 -diethoxy-2.4.6-triphenyl-XS-phosphorin has been studied 
in detail 45) and serves as an example for the protonation o f  1 ,l-hetero-XS-phosphor - 
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Physical Properties 

X Y 

Table 29. Absorptionsmaxima of 1.1-hetero-spiro-2.4.6-triphenyl-XS-phosphorins (in 
cyclohexane, ~max in nm) 

X Y ~maxl 51 ~max2 52 ~kmax3 53 

O O 
i "w 

CH2-CH 2 

O O 
I I 

CH2-CHCH 3 

O O 
I I 

C(CH3)2"C(CH3 )2 

0 O 
! i 

CH2 / C H 2  

\ C H  2 

O O 
! I 

CH2 CH2 
! 

CH 2 ~ CH 2 

O, NCH 3 

CH 2 -  CH 2 

cH , N 
CH2-CH 2 

H N  N H  
I I 

CH2-CH 2 

S S 
I ! 

CH 2- CH 2 

S S 
! I 

CH 2 CH 2 
\ / 

CH 2 

378 19900 298 22700 252 19700 

377 20600 300 16500 

357 12000 298 17900 

378 21100 296 20100 

379 17100 312 19100 250 28800 

381 19000 281 26100 266 28300 

389 13500 307 16200 258 13300 

407 20700 316 23800 269 18100 

402 5000 315 6100 

424 11600 319 6200 a) 

437 5700 328 19400 a) 

260 5000 

a) In ethanol. 
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~ks-Phosphorins 

ins in general. In contrast to 1,1-carbo-XS-phosphorins, the hetero-XS-phosphorins 
are not protonated by aqueous HC1 or such moderately strong organic acids as 
dichloroacetic acid in non-aqueous solvents. Instead, trifluoroacetic acid in nona- 
queous solvents such as cyclohexane must be employed to completely protonate 
the XS-phosphorin. Under these conditions colorless ),S-phosphorin salts are indeed 
formed (Fig. 26). The addition of K-tert-butoxid in tert-butanol causes depro- 
tonation; the spectrum indicates almost quantitative reconversion to the starting 
material. The NMR spectrum (p. 117) shows that protonation takes place at posi- 
tions C-2  and C-4  in a ratio of 3:1. Precise measurements of the basicity of )5. 
phosphorins have not yet been carried out. 

_-- ~ [~.] 
200 210 229 230 2~) 270 300 350 400 &~) 500 GOO 700 800 1000 

\ 

, l 

I ~c2o ocz. s ~c=o oct.,. 
~.00- 

~ [r q] 

Fig. 26. UV spectra of 1.1-diethoxy-2.4.6-triphenyl-~S-phosphorin in cyclohexane and in 
trifluoroacetic acid 

2. Fluorescence and Fluorescence Spectra 

Most of the light yellow to yellowish-green colored 2.4.6-aryl-substituted hS-phos - 
phorins fluoresce strongly. This phenomenon is an excellent aid in tracing h~- 
phosphorins in preparative work. 1.1-Bis-[4-nitro-phenoxy-] 2.4.6-triphenyl-)~ 5- 
phosphorin and the 1.1-dialkylthio-2.4.6-triphenyl-~ -phosphorins do not fluorescence. 
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The fluorescence spectra of  a large number  of  these compounds  have been measu- 
red lO2)* 

An example is given in Fig. 27. 

{] 

(2, tTwax 

1,0 

400 

FLUORESZENSSPEKTREN io MeOH 

bei 404nm ( Q= Quonten /nm ongeregt ) 

(CH3~.N / ~ N(CH.~. 

~o sbo s~o r~o 

Fig. 27. Fluorescence spectra of 1-dimethylamino-l-methoxy- and of l.l-bis-dimethylamino. 
2.4.6-triphenyl-hS-phosphorins in methanol 

3. I R Spectra 

~a-Phosphorins as well as XS-phosphorins have five characteristic bands between 
1400 and 1600 cm -1 . 1.1-Dialkoxy- and 1.1-diaryloxy-XS-phosphorins have ad- 
ditional intense bands in the region 1 1 8 0 - 1 2 2 0  cm -1 and at 1008 cm -1 and 
1040 cm -1 , as well as a weak band at 1160 cm "1 which can be a t t r ibuted to  the 
P - O  vibration. In P--N compounds  the band at 718 cm -1 is probably  due to the 
P - N  vibration. With increasing P - N  band strength it shifts to 785 e m -  1 
Fig. 28 reviews the results. 

*) We have to thank Prof. Dr. F. P. Sch~ifer, M. P. I. f'tir Biophysikalische Chemic, 
G6ttingen, for the data of the fluorescence spectra. 
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H~C--N / "OCM~ 
I 
CH~ 

4ff 

.ff 

II 

~ 0  3o00 2o00 isoo 12oo ~ooo 8oo 6oo 

Fig. 28. IR spectra o f  h3-phosphorin and hS-phosphorins in KBr 
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4. N M R  Spec t ra  

The IH-NMR spectra of all 1. l-carbo or 1.1-hetero-kS-phosphorins show a doublet 
between 6 = 7,5 and 6 = 8,5 ppm with JP-C-C-H = 30 to 50 Hz which is due to the 
protons at C-3  and C-5  of the phosphorin ring. The low-field signals usually ap- 
pear somewhat lower than those of  }t3-phosphorins. The position of these signals 
suggests the existence of a ring current induced by the aromatic k~-phosphorin 
system. However, the vinyl protons of XS-phospha-cyclohexadiene -2,5 or -2,4 
derivatives also absorb at relative low fields (p. 135). Much more characteristic are 
the P -H  coupling constants, which are about six times as large in kS-phosphorins 
as in ka-phosphorins (JP-C-C-H = 5--7 Hz). Indeed, they provide an excellent 
help in the identification of XS-phosphorins. 

By comparing the spectra of 1.1-dimethoxy-2.4.6-triphenyl-kS-phosphorin and 
1 . 1 - d i m e t h o x y - 2 . 4 . 6 - t r i s - ( p e n t a d e u t e r o p h e n y l ) - X S - p h o s p h o r i n  (Figs. 29 and 30), 
the coupling of the meta protons can easily be singled out 4s). Compare with Figs. 

a§ 16] 

I I I 
8 7 

Z,00 300 CPS Z,00 300 CPS 
I I I I 

C6H5 b 
a H . . ~ H  a 

b H5C~" ,>< "C6H5 b 
H3CO OCH 3 

C6 D5 

H3CO OCH 3 

a 

2) --~ 

I ! I I I I P I I I I 
6 5 8 7 6 5 

PPM (6 )  

Fig. 29 Fig. 30 

Figs. 29 and 30. IH-NMR spectrum of 1.1-dimethoxy-2.4.6-triphenyl-?,S-phosphorin and of 
1.1-dimethoxy-2.4.6-tris-pentadeuterophenyl-hS-phosphorin in CDC13 

9 and 10 p. 32. In the 1.l-bis-tri-deuteromethoxy-derivative the signals of the equi- 
valent methoxy groups at 6 = 3,36 ppm JP-C-H = 13,8 Hz also disappear. 

The 1H-NMR spectrum of 1.1-dimethoxy-2.4.6-tri-tert-butyl-XS-phosphorin 
(Fig. 31), is in principle very similar to that of  1.1-bis-diethylamino-2.4.6-tri-phenyl- 

3 s k -phosphorin, or 1.l-dimethylthio-2.4.6-tri-phenyl-k -phosphorin. The changes in 
the 1H-NMR spectra which accompany protonation of 1.1-hetero-XS-phosphorins 
are discussed on p. 117. 
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o 

[ / L ' - ~ J  P- Ha 
38 Hz 

d 

C C 

b H3CO OCH3 b 
L . . . . . . . . . . . . .  

b 

~) JP-Hb 
14 Hz 

I I I I 
6 5 4 3 

PPM (6) 

Fig. 31. IH-NMR spectrum of 1.1-dimethoxy-2.4.6-tri-tert-butyl-hS-phosphorin in CDCI 3 

....... ~ .......... . '  ,~" ........... . . . . , . . . ~ "  

CHCt 3 
I 

I I 
8 7 

d 

~ J  

I I 
2 I 

MS 

Fig. 32 shows the IH-NMR spectrum of 1-fluoro-l-dimethylamino-2.4.6-tri- 
phenyl.kS phosphorin 92). The protons at C-3  and C-5  absorb at 6 = 7,9 ppm 
with JP-C-C-H = 37 Hz; fluorine and hydrogen couple to the extent of 
J r _ p / c _ c _ H  = 6 Hz. 

1 I T I T 1 T ~ 1 T ~ [ - -  

5 0 0  4 0 0  :300 2 0 0  100  0 

8 7 6 5 4 3 2 1 0 

PPM{ ~) 

Fig. 32.1H-NMR spectrum of l-dimethylamino-l-fluoro-2.4.6-triphenyl-k5-phosphorin in 
C6D6 
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The methyl  protons of  the dimethylamino group appear at 8 = 2.17 ppm with 
J P - N - C - H  = 10 Hz. The phosphorus fluorine coupling has a value o f J p _ F  = 1035 
Hz; the 19F-signal of  the diethylamino compound comes at 6 = +47.02 ( J v - r  = 
1020 Hz), that  of  31p at 8 = - 5 8 . 3  ppm (see Table 30). 

The 31p spectra of  1.1-carbo-and 1.1-hetero-XS-phosphorins are quite revealing 
(Table 30). The chemical shift o f  the 31p signals depends closely upon tlae electrone- 

31 gativity o f  the 1.1-substituents. A relationship beetween the P-chemical shift and 
the long-wave absorption has also been established (see p. 103). 

r 

Table 30. 31P-NMR-signals (5 in ppm, 85% H3PO 4 as external standard) 
of 2.4.6-triphenyl-~,5-phosphorins 

R 1 R 1 ' (ppm) Solvent Lit. 

2.4.6-triphenyl-~k3-phosphorin * ) -178.2 
OCH3 OCH 3 - 65.2 
OC2H s OC2H s - 59.3 

F N(CH3) 2 - 58.3 

OCH(CH3) 2 OCH(CH3) 2 - 55.7 

OCH(CH3) 2 OCOCH 3 - 53.0 

OCH(CH3) 2 **) R" = OCH(CH3) 2 - 46.8 

N(C2Hs) 2 OC2H s - 45.0 

N(CH3) 2 N(CH3) 2 - 42.5 

N(C2H5) 2 **) R" = N(C2H5) 2 - 40.0 

OCH 3 N(C6Hs) 2 - 42.0 

N(C6Hs)2 N(C6H5) 2 - 29.5 

CH 3 C6H 5 + 6.5 

Benzene 9) 

Benzene t 4S) 
Benzene 4S) 

Benzene 92) 

Benzene 4S) 

Benzene 88) 

Benzene 88) 

Benzene 88) 

Benzene 88) 

Benzene 88) 

Benzene 88) 

pyridine 88) 

pyridine 8S) 

*) 2.4.6-Triphenylphosphorin for comparing. 

C6Hs 

**) = - - O - P ~ - C 6 H 5  

5. Mass Spectra 

The parent peaks are usually easily identified. Nevertheless, several 1 . l -carbo- and 
1.1-hetero-XS-phosphorins readily split off  thermally the 1.1.substituents, so that  
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here a strong peak corresponding to 2.4.6-triphenyl-)~3-phosphorin (324) can be 
observed. This effect is particularly pronounced in 1.1-dialkylthio-2.4.6-triphenyl- 
?,S-phosphorins, but also in 1.1-dibenzyl- and 1. l-diarylamino derivatives, and to 
a lesser extent in 1.l-bis-dialkylamino-~.5-phosphorins. The mass spectral properties 
thus reflect the utility of potential protecting groups at the P atom of XS-phosphorins 
out of which ;k3-phosphorins can be regenerated. Kanter 92)has established the 
following sequence which reflects the increasing ease of thermal alkylthio cleavage 
from 1.1-dialkylthio-2.4.6-triphenyl-?,S-phosphorins to form 2.4.6-triphenyl-X 3- 
phosphorins: 
ethylenedithio ~ diethylthio <~ dimethylthio ~ propylenedithio. 

Indeed, thermolysis of 1.1-dimethylthio-2.4.6-triphenyl-XS-phosphorin at 
180 ~ neat or in toluene, affords preparative amounts of 2.4.6-triphenyl-X3-phos - 
phorin in yields of 87% and 66%, respectively. 

h 

386,42 

_=___ 

I ] , ,  , 
1oo t~o 

J 
2bo 260 

~ 
I 

$ 

I I 
350 r 

4 0 0  

-SO 

-/,0 

-30 

- 2 0  

-10 

rn - -  
450 e 

Fig. 33. Mass spectrum of 1.1-dimethoxy-2.4.6-triphenyl-hS-phosphorin 

100 

c 
H 

r 

I I 
H 2 C - - - - - C H  2 

t r / / #  = 416 

i 
3 

o I J II 
0 100 200 

Fig. 34. Mass spectrum o f  1.1-dithio-spLm-;~.S-pho~horin ] 70 (n = 2) 

, 1 I 

300 400 
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Apparently, smooth thermolysis requires a certain orientation of the alkylthio 
groups which allows easy disulfide formation. 

The 2.4.6-triphenyl-XS-phosphorins often show the same mass spectral frag- 
ments as the 2.4.6-triphenyl-;~a-phosphorins. For example, 1-phenyl-l-alkyl-2.4.6- 
triphenyl-XS-phosphorin has m/e peaks at 293 corresponding to the 1.2.4-triphenyl- 
cyclopentadiene-(1,3)-cation 86). 

Figs. 33, 34 and 35 show the fragmentation patterns of several 1.1-hetero- 
2 4 6-triphenyl-~S-phosphorins. Note the large differences in the pattern of the 
two sulfur-;kS-phosphorins in fig. 34 and 35 with respect to the mole- and the 
2.4.6-triphenyl-Xa-phosphorin-peak (m/e = 324). 
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Fig. 35. Mass spectrum of l.l-dithio-spiro-~,.5-phosphorin 170 (n = 3) 
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6. Dipole Moments 

The dipole moment of  1.1-dimethoxy-2.4.6-triphenyl-XS-phosphorin 183 according 
to the Guggenheim method loa) was found to have a value of/a = 1.3 D.* ) A value 
of  2.7 D was found for 1. l-dimethoxy-2.4.6-diphenyl-4-(4'-chlorophenyl)-X s- 
phosphorin 184 4s) 

The direction of the dipole moment is therefore established. Moreover, the 
data points to the partial "ylid" character of both XS-phosphorins, which is clearly 
much smaller in the delocalized "aromatic" rt system than in open-chain ylids which 
have dipole moments of 5 - 7  D 104). For comparison, the dipole moments of 2.4.6- 
triphenyl-X3-phosphorin 22 and 2.4.6-tri-tert-butyl-Xa-phosphorin 24 were also 
determined. 

*) A value of 1.2 D had previously been determined by Prof. Dr. H. N6th, Marburg, now 
University of Miinchen. 
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CI 

H~CO OCH3 H3CO OCH~ 
| 

183 184 22 24 

1.3 D 2.7 D 1.54 D 1.5 D 

7. X-Ray Analysis 

Three independent X-ray structure determinations of XS-phosphorins, i. e. 1.1- 
dimethyl-2.4.6-triphenyl-XS-phosphorin, 1.1-dimethoxy-2.4.6-triphenyl-~S-phos - 
phorin and 1.1-bis-dimethylamino-2.4.6-triphenyl-XS-phosphorin, have been 
made 10s, lo6, 1o7). The result of one of these is shown in Fig. 36. All X-ray struc- 
ture determinations are in excellent agreement with another. 

Fig. 36. Crystal structure of 1.1-bis-(dirnethylamino)-2.4.6-tri-phenyl-hS-phosphorin 107) 

In all three cases the XS-phosphorin ring is nearly planar, so that good n-orbital 
overlap is possible. Whereas the O - P - O  angle is 93 ~ the N - P - N  angle has a value 
of 102 ~ The C - P - C  angles and the P-C bond lengths of XS-phosphorins are quite 
similar to those of Xa-phosphorins (Figs. 12 and 13, pp. 35 and 36). 
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8. Photoelectron Spectrum 

The PE spectrum of 1.1-dimethoxy-2.4.6-tri.tert.butyl-~S-phosphorin has been 
recorded by Schweig and Schiifer 10s); this is the only ;~S-phosphorin which has 
been studied so far (Fig. 37). 

1" 
8 119 12 

Fig 37. Photoelectronspectrum of 1.1-dimethoxy-2.4.6-tri-tert-butyl-hS-phosphorin 

For comparision, one should inspect Fig. 14 with the PE spectrum of 2.4.6- 
tri-tert-butyl-;~3-phosphorin 24 (p. 37). In going from 24 to 1.1-dimethoxy-2.4.6- 
tri-tert-butyl-~5-phosphorin the first band is shifted by 1.3 eV to lower ionization 
potential, while the second band remains at the same ionization potential. Due 
to the experimental intensity ratio of band 1: band 2 = 1:2 in 24, the second 
band was attributed to the n; and n MOs. In 1.1-dimethoxy-2.4.6-tri-tert-butyl- 
phosphorin the second band does not include the n MO and has thus the same 
intensity as the first band. These observations experimentally support the orbital 

3 5 configuration of X -phosphorins and X -phosphorins predicted by Schweig and 
coworkers 53, s4) 

D. Bonding in the ;~s.Phosphorin System 

In analogy to calculations by Dewar and Whitehead lO9) and Craig and Paddock 110) 
82b) 5 on phosphazenes, M~irkl proposed a bonding model for ~ -phosphorin ( non- 
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classical phosphabenzene") with a linear combination of the dxy and dyz orbitals 
of phosphorus form drr a and d ~  hybrid orbitals. These form dn-prr bonds with 
the neighboring sp2-hybridized carbon atoms. In this model the P atom interruots 
conjugation. In contrast, calculations by S. F. Mason 111) and R. Vilceanu 112) 
point to a fully aromatic system. They propose an extension of Hiickel's Rule to 
include cyclic conjugated molecules having dlr-Pzr bonds. 

CNDO/2 calculations by Schweig and Oehling s4) have brought new insight 
concerning the bonding of ~S-phosphorins. Here again, phosphorus does not block 
conjugation. Schweig, Oehling and Sch~ifer s3) found a unique MO sequence for 
this new heterocyclic system. This is discussed for the case of  ~3-phosphorin on 
p. 37 and illustrated by Fig. 15 on p. 38. The calculated MO coefficients of  
both bonding systems are reproduced in Table 31. 

Table 31. zr-AO coefficients of the phosphorus and the C-2 and C-6 atoms 
in the rr-HOMO of ~.3-phosphorins and ~kS-phosphorins 

P C 2 C6 
3pz 3dxz 3dy z 2pz 2pz 

41 0 . 2 1 7  0.140 - 0.342 0.342 
X3-Phosphorin 42 - - 0.273 0.514 0.514 

43 0.599 0.200 - 0.379 0.379 

41 0.019 0.168 - 0.275 0.275 

~5-Phosphofin 42 - - 0.032 0.409 0.409 

43 0.320 0.312 - 0.445 0.445 

These results show that the 3pzAO of phosphorus contributes considerably to 
ring conjugation in XS-phosphorins 1 os). The determining factor is that the highest 
occupied molecular orbital is of  zr type in both phosphorin systems. In ~,a-phos- 
phorin the next lower MO is localized at the P atom to the extent of 60% (as an 
n MO). In the XS-phosphorin system this is not possible, which is in accordance 
with the observed PE spectral intensities lo8) of Fig. 37, p. 115. The very different 
electron distribution of both X 3- and XS-phosphorins in comparison to that of 
pyridine is in full accord with the chemistry of  these classes of  compounds: 

- - 6  4 "5  - - I  

.,., -.,/1a - t'1 r  ~H2 § 3 - , , 7  +H 5 ,4 

- +a* --~-.."~aT1"?2§ 
O - C - H  + 

§ +1 

+34 - -49  

- - 6 0  - -  79  
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E. Chemical Properties 

1. Basicity; Add i t ion  of A lky l  or Acyl  Ions 

In contrast to X3-phosphorins, ),S-phosphorins can be protonated. The basicity is 
very much influenced by the nature of the substituents R 1 and R 1' at the phos- 
phorus. 1.1-Dialkyl or 1.1-diaryl-),S-phosphorins are even protonated by aqueous 
HCI; the salts are deprotonated by aqueous NaOH. Strong acids in organic solvents, 
e. g. trifluoroacetic acid in hexane or benzene, (see p. 106), are required to proto- 
nate 1.1-dialkoxy-),S-phosphorins. Addition of tert-butoxide deprotonates the salt. 
By studying the NMR spectra of 1.1-dimethoxy-2.4.6-tris-pentadeuterophenyl-), s- 
phosphorin 185 in benzene solutions containing H and D-trifluoroacetic acid 

4s) Stride could show that two different protonation products are formed in a 
ratio of 3:1. One product is the result of C -2  protonation 186 the other of C-4  
protonation 187 (Fig. 38). Similar results were observed in the case of 1.1-bis- 
dimethylamino_2.4.6, triphenyl.kS.phospho tin 88) 

H~CO OCH3 

185 

Ds ~ D ( H )  

F3CCO=D(H) II on I,C6D5 + 

H3CO "OCH 3 H3CO OCH3 

F3C-CO2 e F3C-CO2 e 

186 187 

~00 3OO 20O 

C6D 5 

D C /"kP.,~C6D5 
56 /~\ H e  
H3CO OCH 3 

e g gl 

C6D 5 
b H - ~ H  b 

H3CO ~) OCH3 

I I I I I I f I I T T I I I 1 I ] 
8 7 6 5 4 3 2 1 0 

PPM {6) 

I00 0 CPS 

Fig. 38. 1H-NMR spectrum of 1.1-dimethoxy-2.4.6-tris-pentadeutero-)tS-phosphorin in 
CF3CO2H. 
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Only those 1.1-diphenyl-?~S-phosphorins in which the phosphorin ring is unsub- 
stituted could be alkylated or acylated at the ring 90) (see p. 77). The 2.4.6-tri- 
phenylated 1.1-disubstituted ?tS-phosphorins cannot be alkylated by oxonium salts 
or acylated by acylchlorides under normal conditions. 

2. Exchange of Substituents at Phosphorus by Nucleophilic Displacement 

According to method K (p. 87), one of the amino groups in 1.1-bis-diarylamino- 
or 1.1-bis-dialkylamino-2.4.6-triphenyl-~S-phosphorins can be replaced by an alkoxy 
group by treatment with alcohols in the presence of trifluoroacetic acid. If thio- 
alcohols are used, both amino groups are exchanged by alkylthio groups. Com- 
pounds of type 153 or 134 (p. 85) are also accessible to these exchange reactions. 
At present nothing definite can be said about the mechanism of these reactions. 
Protonation occurs at C-2  and C-4  of the ring. This has the effect of widening 
the C - P - C  angle of the phosphorin ring of about 105-108 ~ In the transition 
state the C-2  and C-6  atoms remain in the equatorial position. The more bulky 
(or more negative) substituent B at the P atom should be axial l ~3). The smaller 
(or less eletro negative) substituent A should occupy the equatorial position. 
Only the axial substituent should be displaced by the incoming nucleophile. 

I/2 e 

B 
1/2 e 

transition state 
-BI • H- . /Nu . /Nu 

It is somewhat surprising that in 1.1-bis-dialkylamino-2.4.6-triphenyl-?, s- 
phosphorin both dialkylamino groups are replaced by SR groups in the presence 

s of thiols, whereas the 1-alkoxy-l-dialkylamino-X -phosphorin fails to react at all 
under the same reaction conditions, 

1-Alkoxy-1-acetoxy-2.4.6-triphenyl-3.S-phosphorin 153 has two electrophilic 
centers, one at the carbonyl moiety and the other at the phosphorus atom. By 
varying the nucleophile and the second substituent at phosphorus R l , Hettche 88, 98) 
was able to induce nucleophilic attack selectively either at the carbonyl group or 
at the P atom. In the former case, the anion of the 2-hydro-phosphorin acid ester 
188b is formed, in the latter a new XS-phosphorin 189. 

Attack at the carbonyl group with formation of the intense green-yellow 
fluorescent anion 188a R = CH(CHa) 2 occurs, for example, if sodium methano- 
late in benzene/methanol is used. In contrast, methyl magnesium bromide in 
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r 

RO 0 
I 

O=C 

CH3 

153 

o r 

, So o o o 
RO .,,.O/; O RO O +R'--C--CH3 /x~/ -  

188a 188b 

r , 

189 

+ @02C-CH3 

ether attacks the phosphorus atom with ultimate formation of 1-methyl-l-iso- 
propoxy-2.4.6-tri-phenyl-~,S-phosphorin 189 (R' = CH3, R = CH(CH3)2) in 60% 
yield. In the acetoxy-phosphorin series 153 in which the alkoxy groups R are 
sterically smaller substituents, such as OCH 3 or OC2Hs, the yields of compounds 
189 drop, while those of 188 rise. For example, addition of methyl magnesium 
bromide to 1-methoxy-l-acetoxy-2.4.6-triphenyl-AS-phosphorin 186 affords 

5 r only 5% 1.methyl.l-methoxy-2.4.6-triphenyl-~, -phosphorin 189 (R = R = 
CH3) , the chief product (65%) being the anion 188a (R = CH3). The more bulky 
tert-butoxy group seems to disturb attack at the carbonyl group but not so much 
at the phosphorus. 

Whereas 1.1-dialkoxy-2.4.6-triphenyl-kS-phosphorins do not show any nucleo- 
pltilic substitution reactions, one of the alkoxy groups of the spiro compounds 
192a and b can easily be substituted with alcohols by an alkoxy group in the pre- 
sence of trifluoroacetic acid to 190. Treatment with dimethylamine in acidic me- 

0 

H3CO O 
I 

CH=-(CH2)nOH 

190 

H 3 ~ ~ O  
I I 

CH~ -(CH 2 )n 
191 a) n = ! 

b) n=2 

~'OCH3@ r 1 6 2  

o ? 
CH2-fCH~)n 

/ "  192 

r / CH3OH/H~ 

H~CO O 
I 
CH2-(CH2)~ OH 

190 
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dium does not lead to cleavage of the spirt ring. With the spirt compounds 192a 
and b a nucleophilic displacement can be induced even under basic conditions, i. e. 
by such strong bases as methylate. The reason for this surprising behaviour of the 
spiro-XS-phosphorins 192a and b may be due to the strain inherent in the 1.3- 
dioxa-2-XS-phospha-cyclopentane or -cyclohexane ring 4s). Substitution pos- 
sibly occurs by an addition-elimination mechanism via a pentavalent phosphorus 
compound 191. 

3. Reactions with Boron Tri f luoride 

By treating 1.1-bis-dialkylamino-2.4.6-triphenyl-;kS-phosphorin 164 with boron 
trifluoride in benzene and methanethiol, Kanter 92Sobtained a 90% yield of  1- 
fluoro-l-dimethylamino-2.4.6-triphenyl-~S-phosphorin 172 (see p. 88). 

4. Oxidation to Radical Cations 

According to Stride 4s) electrolytic oxidation of 1.1-dimethoxy-2.4.6-triphenyl-X s- 
phosphorin 193 with tetra-n-spropylammonium perchlorate serving as the electrolyte 
leads to the formation of a ~: -phosphorin radical cation 194 which is stable for se- 
veral hours. Other i. l-hetero-?~S-phosphorins can be oxidized in the same manner 
to radical cations 63, 69) 

- e  @ 

HaCO OCHa HaCO OCHa 

193 194 

The ESR spectra of these radical cations, just like those of the X3-phosphorin 
radical cations (see p. 42), show doublets with large phosphorus coupling constants 
ap and well-resolved hyperfine structures due to hydrogen coupling. The ap values 
as well as the general shape of the ESR spectra characterize the new radical cations. 
The hydrogen atoms of the methoxy groups have no significant influence on the 
spectra; 1.1-bis-trideuteromethoxy-2.4.6-triphenyl-~S-phosphorin yields the same 
ESR spectrum as the non-deuterated compound. Any coupling with these H atoms 
which are situated above and below the plane of the ring must be so small that it 
cannot be experimentally detected. Fig. 39 will serve as an example of an ESR 
spectra of one of these 1.1-hetero-2.4.6-triphenyl-~.S-phosphorin radical cations, 
i.e. that of 1.1-bis-dimethylamino-2.4.6-triphenyl-~.S-phosphorin radical cation. 
The alp coupling constants are summarized in Table 32. 
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R 

R R - ~  
(CH3) 2N N(CH3) 2 

i I 
6G 

Fig. 39. ESR spectrum of 1.l-bis-dimethylamino-2.4.6-triphenyl-hS-phosphorin radical cation 

Table 32. Coupling constants, total expansion and g values of 
1.1-hetero-2.4.6-triphenyl-~kS-phosphorin radical cations 

ap (Gauss) Total expansion g value 
(Gauss) 

r 

CH30 OCHs 

r 

CH30 N(CH3)2 

(CHs)2 N N(CHs)2 

18.0 35.9 2.002158 

20.9 45.5 2.002152 

22.3 50 2.002286 

23.4 41 2.002182 
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Oxidation with mercuric acetate, lead tetrabenzoate, lead dioxide in the pre- 
sence of  2.4.6-triphenylphenol or other oxidizing agents usually does not give the 
radical cation of 2.4.6-triphenyl-XS-phosphorins, but rather the radical cation of 
2.4.6-triphenyl-;k3-phosphorin. The same holds for 1.1-dimethoxy-2.4.6-tri-tert- 
butyl-~.S-phosphorin which is transformed easily to 2.4.6-tri-tert-butyl-~a-phosphorin 
radical cation. Apparently the ;kS-phosphorin-radical cation easily splits off either 
the oxygen- or nitrogen-containing substituents to form the very stable, well-known 
2.4.6-triphenyl-;k 3-phosphorin or the 2.4.6-tri-tert-butyl-;k 3 -phosphorin-radical 
cation respectively (see p. 41). 

Similarly, with 1. l-dimethoxy-2.4.6-triphenyl-;k s -phosphorins we could observe 
first the ESR spectrum of the X~-phosphorin radical cation 194, ap = 18 Gauss, 
then, on further oxidation, a new ESR spectrum with ap = 20.8 Gauss and finally 
the ESR spectrum of the ;k3-phosphorin radical cation 58 with ap = 23.4 Gauss. 
The new spectrum has a well resolved hyperfine structure. It seems to be the ESR 
spectrum of the monosubstituted intermediate 1-methoxy-2.4.6-triphenyl- 
phosphorin radical cation. 

According to calculations by Schweig and coworkers lo8), XS.phosphorins 
should be oxidized to the radical cation at a lower oxidation potential than the 
;k3-phosphorins. Careful experiments on 1.1-dimethoxy-2.4.6-triphenyl-XS-phos - 
Pshorin by Weber 63) confirmed these predictions. Accordingly, the 6rt system of 

-phosphorin loses an electron more readily than that of ;~ -phosphorin; it is 
thus not the lone-electron pair at phosphorus, but rather the 67r-electron system 
which is responsible for the easy oxidation of the phosphorins to radical cations. 

5. Cleavage of the 1.1-Substituents to Form ;k s -Phosphorins 

s Not only oxidation but also thermolysis of X -phosphorins can lead to cleavage 
of both 1.1-substituents. According to M~rkl 3"2) 1.1-dibenzyl-2.4.6-triphenyl-;k s- 
phosphorin splits off 1.2-diphenylethane at temperatures higher than 220 ~ to 
form 2.4.6-triphenyl-X3-phosphorins 22 (see p. 24). Other 1.1-carbo-2.4.6-tri- 

5 phenyl-;k -pahosphorins also split off C groups at high temperatures to form 2.4.6- 
triphenyl-?, -phosphorin. The mechanism of cleavage may involve radicals. 

Somewhat lower temperatures - about 180 ~ - are required in the thermo- 
lysis of 1.1 -bis-diphenylamino-2.4.6-triphenyl-;kS-phosphorin. 1.1 -Bis-tolylamino- 
2.4.6-triphenyl-;kS-phosphorin 195 even reacts at 150 ~ 88) According to Hettche, 
cleavage is favored if the nitrogen radicals are trapped by such H-donating solvents 

(tol)2N N(tol)2 

195 

122 

- 2 (tolhN.(150 ~ A 
22 

+ 2 (tol)zN. (60 ~ 

RS SR 
196 

a) R = CH3 
b) R = C2 Hs 
c) R = CH2-CH2 = R 
d) R = CH:-CH~-CH2 = R 
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as toluene or 1.3.5-triisopropyl benzene; besides 2.4.6-triphenyl-k3-phosphorin, 
diphenyl- and di-tolylamine are formed. This radical reaction can be viewed as the 
reverse of the previously described radical addition reaction (method E, p. 82). 

Even more facile is the cleavage of thio groups from 1.1-dialkylthio- or diaryl- 
thio-2.4.6-triphenyl-kS-phosphorins 196 (see p. 88). 

1.1-Bis-methylthio-2.4.6-triphenyl-AS-phosphorin 196a is decomposed com- 
pletely by refluxing in xylene for 48 hours. 2.4.6-triphenyl-)~3-phosphorin 22 can 
be isolated on a preparative scale in 70% yield. However, it is easier merely to heat 
without solvent under nitrogen at 180 ~ In this case dimethyldisulfide is libera- 
ted, and the triphenyl-)~3-phosphorin can be isolated in 87% yield. 1.1-Bis-ethylthio- 
2.4.6-triphenyl-kS-phosphorin 196b requires somewhat higher temperatures. As the 
mass spectrum of the spiro-dithio-XS-phosphorin 196d (Fig. 35, p. 112) shows, 
the thio groups are particularly easily cleaved. This may be due to the relief of 
ring strain. Preparative thermolysis leads to the same results. 

The temperature of decomposition depends also on steric factors: The spiro 
compound 196 c with the five-membered dithiaphospha ring is much more stable 
than the spiro compound 196 d with the six-membered hetero ring. Only in the 
latter compound can a stable 1.2-dithia-cycloalkane be tbrmed by radical cleavage 
Once again the preparative behaviour is in accord with the results of mass spectros- 
copy (p. 112). 

In the nucleophilic displacement reaction of 1.1-bis-diethylamino-2.4.6-tri- 
phenyl-)~S-phosphorin with thiophenol, the 1.1-diphenylthio-2.4.6-triphenyl-~ s- 
phosphorin 197 does not survive the reaction temperature; only trace quantities 
are formed. Thiophenol in refluxing benzene is thus an excellent means of remo- 
ving dialkylamino groups. Besides diphenyldisulfide and diethylamine, this proce- 
dure affords good yields of 2.4.6-triphenyl-;~ 3-phosphorin 22.1-Phenoxy-1-di- 
ethylamino-2.4.6-triphenyl-~.a-phosphorin 176 (see p. 89) is formed as a side 
product 92 j. 

/ •  + 2 $-SH=. 

(CHa)2N N(CHa)2 

164 197 

,,. 22 

1.1-Dialkoxy- or 1.1-diaryloxy-2.4.6-triphenyl-AS-phosphorins are thermally 
very stable. 

6. Cleavage of Alkyl Groups from 1.1-Dialkoxy-~.S-phosphorins by BBr3: 2-Hydro- 
phosphinic Acids 

Treatment of 1.1-dimethoxy-2.4.6-triphenyl-;~ s-phosphorin 183 with boron tribo- 
mide in methylene chloride at 0 ~ results in cleavage of the methyl group from 
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the methoxy substituent at phosphorus. Hydrolysis affords l-hydroxy-l-methoxy- 
2.4.6-tri-phenyl-~Lphosphorin 198 which exists almost completely in the tauto- 
merit form, 2-hydro-phosphinic acid methyl ester 199, as was shown on p. 60. 

1 )B Br3 

H3CO OCH3 H3CO OH H3CO O 

183 198 199 

The BBr3 reaction with 1.1-dimethoxy-2.4.6-di-tert-butyl-4-(4'-methoxyphenyl)- 
XS-phosphorin 200 leads to cleavage of both methoxy groups; in addition to the 
methoxy group at the phosphorus, the 4'-methoxy group is attacked. The 2-hydro- 
4-(4'-hydroxyphenyl)-phosphinic acid methyl ester 201 can be methylated with 
methyl iodide in methanol/sodium methylate at the phenolic group, leading to 
202, which can also be prepared by hydrogen peroxide oxidation of 2.6-di-tert- 
butyl-4-(4 -methoxy-phenyl)-X -phosphorin 204 to 203, followed by diazomethane 
methylation 44) (see Table 13, p. 61). 

1) B Br3 
1 ( ~  2) H20 ~ 

H 
H3CO OCH3 H~ 

200 201 

HO 0 

OCH3 

CH3J p ~ J  . CH2N2 

202 

203 204 

7. Oxidative Dealkylation of 1.1-Dialkoxy-).S-phosphorins: 4-Hydroxy-phos- 
phinic Acids 

Stride 4s) discovered a smooth reaction by treating 183 with LiBr/H202 
in 1.2-dimethoxyethane/glacial acetic acid (25:1). The reaction occurs at 20-25 ~ 
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and is completed within several minutes. Besides the alkyl bromide, 4-hydroxy- 
phosphinic acid ester 206 is formed. We suppose that a hydroxyl cation adds to 
the 4-position of the 1.1-dialkoxy-XS-phosphorin, forming the phosphonium ion 
205. This intermediate is attacked by the bromide ion at the alkoxy group, thereby 
yielding the alkyl bromide and the 4-hydroxy-phosphinic acid ester 206. This reac- 
tion can be applied to all 1.1-dialkoxy-XS-phosphorins (see also Table 11, p. 57). 

R* R4 OH R4 OH 

I ) H202, H Ac - R l Br, LiAc ~ ~ ' ~  

R 6 R ~ 2) Li Br " R6~.~/~p..~R ~ R I O ,  <OR R 6 ..J~/p I/[.. R 2 
R I O / ~OR I R'O O 

Li @ B~r| 

183 205 206 

R ~ ,= alkyl 
R ~,R 4,R 6 =aryl 

Similar treatment of 1.1-spiro compounds leads to different results depending 
upon the number of  atoms in the spiro ring. The five-membered compound 207 a 
yields the cyclic 2-oxyphosphinic acid ester 208 a (60%) and only 8% of the 4- 
hydroxyphosphinic acid ester209a (R = H). Acetic acid ist not nece~ary for 
these transformations. 207b and c (R = D, CH3) react in a similar manner: 

r r ~ OH 

O O 0 O--CR2 O " O-CR~--CR,--OH 
CR:-CR2 

207 208 209 
R = H. D. CH.~ 

The six-membered spiro compound 210 reacts with H202/LiBr/HAc to 
form besides some byproducts the stereoisomeric 4-hydroxy-3'-bromopropyl- 
phosphinic esters 211 Z and E. *) This experiment of  Stride 4s) strengthens the 
proposed mechanism for oxidative dealkylation formulated above. 

Alternative ways to prepare 4-hydroxy-phosphinic acids of type 206 have been 
described previously (Table 11, p. 57). 

*) Nomenclature see p. 49. 
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O O 
I I 

H 2C.,~ ..-Ctt 2 
C1t2 

HO ~r 

O O--CH2--CH2--CH2Br O O--CH2--CH2--CH2Br 

210 2 1 1 Z  2 1 1 E  

The cyclic ester 208 also yields a salt of a blue cation on treatment with strong 
acids. Addition of water yields the cyclic ester 208 as well as a small amount of the 
4-hydroxy compound 209 (see p. 50). 

8. Photoreact ions  

a) Photosensitized Oxidation 

Completely different results from those obtained in the photooxidation of 2.4.6- 
tri-tert-butyl-k3-phosphorin 24 (p. 54) are obtained in the photooxidation of 1.1- 
dimethoxy-2.4.6-tri-tert-butyl-X~-phosphorin 183, as Schaffer 7sj has found. In 
this case the 2-hydroxy-endoxy-phosphinic acid methyl ester 213 can be isolated 
in about 20% yield. Its formation can be explained by assuming "normal" 1.4- 
addition to 212 as the primary product which is transformed to 213 by hydrolytic 
ring cleavage of the peroxide bridge, followed by loss of methanol. 

*" -CHsOH ~ 
HO 

H3CO OCH3 3 H O ~ OCH3 

183 212 213 

b) Photoisomerization o f  Cyclic Phosphinic Esters 

2.4.6-Trisubstituted X3-phosphorins or XS-phosphorins can be isolated unchanged 
even after long periods of irradiation when oxygen is excluded. Stride 4s) discove- 
red that cyclic phosphinic acid esters 208 a - c  which contain a cyclic butadiene (1.3). 
moiety, photochemically rearrange smoothly to the tricyclic compounds 214 a-c .  
All analytical and spectroscopic data are in full agreement with the tricyclic struc- 
ture. 
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r R2 ~ --~C R~ 
6 / "O--CR 2 O O--CR2 

208 214 
a) R : H  
b) R : D  
c) R : CH 3 

Chemical Properties 

Treatment of  214 a with trifluoroacetic acid and water causes take-up of  one mole 
H20. The new compounds have not yet been identified. 

Hettche 88) investigated irradiation of compounds of type 215a and b. He 
isolated the crystalline photoproducts  216a and b which are isomers of  215a 
and b. 

The exact structure is still under discussion and seems to be analogous to 
the structure of  214. 

9 .  

OPR 

O z OC~ Hs 

215 216 

a:R=H 
b:  R=C2Hs 

Compound 217 when irradiated with a high-pressure mercury lamp takes another 
course, as Constenla 1ol)has found. In the first step the acetyl group migrates to 
position 2, but the stereochemistry of  this photoproduct  218 has not yet  been deter- 
mined. This step is analogous to a photochemical Fries rearrangement. In the next 
step the phosphorus residue is split off  and 2.4.6-triphenyltoluene 219 can be iso- 
lated. 

hv ,. 4' +H20 " 
q) ~ 4) OCHa ~ ~b 
ipO O-COCH3 ipO "~O 

217 218 219 
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~ks-Phosphorins 

The photochemistry of all these compounds is of interest with respect to the 
well-known photochemistry of cyclohexadiene (1.3) derivatives, for instance, 
the photochemical reactions of 2.4.6-triaryl-cyclohexadien(2.4)-on-ol(2) series of 
Perst and Dimroth 114), or in a more comprehensive context the photochemical 
transformation of ergosterol, lumisterol, isopyrocalciferol and pyrocalciferol which 
were first studied by Windaus and Dimroth and fully investigated by Veluz, 
Havinga and Dauben 115) 

9. Hydride Cleavage from 1.1- Hetero-4-methyl-2.6-diphenyI-XS-phosphorins to 
Form Stable Carbenium Phosphonium Ions 

a) Carbenium-phosphonium-oxonium Salts 

4- or 2.Methyl-substituted XS-phosphorins, in contrast to 4- or 2-methyl-pyridines 
or pyridinium cations show no tendency to split off a proton from the methyl 
group with bases or to react with earbonyl compounds in aldol-type condensations. 

However, with triphenylcarbenium-tetrafluoroborate, 1.1-dimethoxy-2.6-di- 
phenyl-4-methyl-XS-phosphorin 220 easily splits off a hydride ion to form a reso- 
nance-stabilized carbenium-phosphonium-oxonium-ion 221, as Schiifer has found 67). 
The high electron density of the XS-phosphorin system, which is in exellent agreement 
with the theoretical model of Schweig and coworkers (see p. 115), facilitates this 
interesting reaction. 

CH3(b) CH2~ 

H3CO OCHj H3CO OCH.~ 
(d) 

220 

a+c: 7.3-7.8 ppm (mmit d, 12H) 
b: 2.18 ppm (s, 3H) 
d: 3.24 ppm (d, J= 11.5 Hz, 6H) 

C H 2 Ctt 2 

t1.~ CO @ OCH3 113CO OCH3 
@ 

221 

a': 8.18 ppm (d,J= 42Hz, 2H) 
b': 6.84 ppm (s, 2H) 
e': 7.8 ppm (s, 10H) 
d': 3 . 9 0  pprn (d, J = 13Hz, 6H) 

In going from 220 to the cation 221, the position of the NMR signals of the 
protons are shifted, as expected, to lower field. This effect is particularly 
pronounced in the case of the methyl protons (b) in 220 as compared to the 
methylene protons in 221; see Figs. 40 and 41. 
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Chemical Properties 

in a similar manner  222 is transformed into the crystalline tetrafluoroborate 
223. 

+~3C | BF4 • 

(CH3)2 N N(CH3 )5 (CH3)2 N N(CH3 )a 

222 223 

BF4 e 

Schiifer and Pohl 67, 96, 97) succeeded in transforming a number of 1.1-dial- 
koxy-2~S-phosphorins having different CHR 2 groups at position C - 4  into cry- 
stalline, analytically pure 4-substituted-methylene-~.S-phosphonium-tetrafluoro - 
borates of type 221 by the action of triphenylcarbenium-tetrafluoroborate(Table 
33). 

a 7 g 7,  

( 0  

r ~ ] r  BF4 | 

Table 33.4-(1.1-Hetero-~.5-phosphorin)-carbenium - 
tetrafluoroborates 

R 1 R 7 R 7' m.p. ~ Lit. 

OCH 3 H H 160 67) 

OC2H 5 H H 120 67) 

OC6H 5 H H - 123) 

OCH 3 H CH 3 134-5 67) 

OCH 3 H C6H s 148-9 123) 

OCH 3 CH 3 CH 3 157-8 123) 

N(CH3) 2 H H 135 67) 
(decomp.) 

Another and still more stabilized carbenium-phosphonium-oxonium-tetra- 
�9 t �9 " 5 

fluoroborate 225 can be prepared when bss-4.4- (1.l-d]methoxy-2.6-dlphenyl-X - 
phosphorin)-methane 224 is treated with triphenylcarbenium-tetrafluoroborate. 
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XS-Phosphorins 

,3co....ocu, 

H3CO OCH3 H3CO OCH3 
224 225 

BF4 e 

The deep red salt 225 belongs to the group of  cyanine dyes containing phos- 
phorus as cationic end groups. The long-wave absorption maximum with the very 
high extinction coefficient o f  e = 68000 lies at ~ = 545 nm, the second maximum 
at 375 nm (e = 10300). In contrast224 absorbs at 412 nm (e = 34100) and at 285 nm 
(e = 1 2 0 0 0 ) , ( F i g .  42). 

200 210 220 230 250 2?0 

I 105 

H,CO X ~  / ~ / O C H ,  (__) 

g ",, 

~Y 
f---I 

300 350 400 450 500 600 700 800 1000 

i 

*\ //  f 
/ 

"-. / / 

p .  

t i 
"'",,, i i 
i . i 

�9 , i 

i i '., i 
- �9 t 

1IX I I I I | 1 1 1  I I I I I I I I I I I I I I I I I I I I 

= ~ [era -11 

Fig. 42. UV spectra of 224 in cyclohexane and of 225 in CH2CI 2 
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Chemical Properties 

Cyanine dyes of a similar type to 225 were also obtained by M~irk132) via a 
completely different route (see p. 77). 

b) Reactions o f  the Carbenium-phosphonium-oxonium Salts with Nucleophiles 

The resonance forms of the cation 221 and 225 suggest that nucleophiles can 
attack at three different positions: 

1. At the carbenium atom C-4' (formation of a new 4'-substituted h s- 
phosphorin or 4'-substituted 224). 

2. At the P atom (formation of a pentacoordinated phosphorus com- 
pound). 

3. At the alkyl group of the O-alkyl substituent (cleavage of an alkyl 
cation and formation of an unsaturated phosphinic acid ester). 

Of these possibilities, only reactions 1. and 3. have been observed. 

Concerning 1: 

A number of nucleophiles X smoothly add to the carbenium ion center of 221 (in 
acetonitrile) 67): 

a) Hydride ion to form 226 a which is identical with compound 220 
m. p. 141-142 ~ 

b)Cyano ion, to form226 b m. p. 102-103 ~ 
c) Thiocyanate ion, to form a mixture (which we could not separate on 

a preparative scale) of the thiocyanate 226 c and the isothiocyanate 
226 c m. p. 140 ~ 

d) 4-Dimethylamino-benzene, to form the coupling product 226 d, m. p. 
113~ t22). . 

2X CH-X 

22, +• 

H3CO OCH3 H3CO OCH3 
226 22 7 

6) e 
a) X = H (=220) a) X = H (= 224) 
b) =CN b) = CN 
c) = CNS or SCN c't = OCH3 

~ _  d) = OC2H~ 
d) X = N(CH3 )2 
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In this way XS-phosphorins with functional groups in the side chain can be 
prepared. 

Similar additions of nucleophiles to 225 lead to the compounds 227 a-d. In 
this case OCH 3-  or OC2H s -  could also be added (227 c and at). With acids these 
compounds regenerate the cation of 225 67, 96, 97t. 

Concerning 3: 

In both cations 221 and 225 the alkyl groups are easily split off by halide ions. 
Whereas addition to the carbenium ion leads in a kinetically controlled 116) reaction 
to the addition products 226 and 227, this type of reaction leads to the thermodyna- 
mic stable unsaturated phosphinic acid esters 228 and 229. 

CH2 
[I - 

221 + LiCI J. ~ 225 + LiCI 
r 

3 

228 

H~CO, /OCH~ 
- - 

L/ 
clt 

0 OCH3 

229 

�9 . | 

The reaction proceeds very easily with C1 , Br ~ and J-~-ions. In the case of 221, 
alcoholate leads to compound 228,whereas under cautious condition with 225 the 
addition products 227c and d can be isolated. 

The ~ H.NMRspectra of  the XS-phosphorins 226 and 227, are very different 
from the l H-NMRspectra of 228 and 229. Whereas in the XS-phosphorins 226 and 
227 the signals of the two ring protons at C-3  and C - 5  are found at low field (for 
instance 226 b at 6 = 7.38 ppm, JP-H = 33 Hz), in 228 they are shifted to higher 
field: ~i = 6.71 ppm Jp_H = 33.5 Hz, (fig. 43). Also the I N  spectra are shifted to 
short waves: 228: ~ max = 328 nm, e = 3290; 229 ~-max = 479 nm, e = 31900. 

When the addition products 226 c are refluxed in acetonitrile solution, 
they split off  methylthiocyanate (which was not isolated) and are transformed 
into the thermodynamically stable 4-methylene-phosphinic methyl ester 228 67) 

c) Electrophilic Substitution at C-4 

A most interesting reaction was found when the tetrafluoroborate 221 in ace- 
tonitrile was treated with water or with weak aqueous bases. Instead of the expec- 
ted hydroxymethyl derivative 230, only the 4.4'-bis-(1.1 -dimethoxy-2.6-diphenyl- 
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M 

~S-phosphorin)-methane 224 m. p. 141-142  ~ in 86% yield, could be isolated. 
This reaction proceeds by an electrophilic attack of  the cation 221 on 'the 4-hy- 
droxymethyl-XS-phosphorin intermediate 230, CH2OH* being split off. Indeed, 
formaldehyde can be isolated 67, 97). 
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+H~O 
-H @ 

H3 CO OCH3 

f ~ 2 O H  +221 

H3 CO OCH~ 

221 230 

H3 ~H3 
224 

This type of  XS-phosphorin reaction opens up new possiblities of preparing 4- 
substituted ;~S-phosphorins by other electrophilic substitutions. They are now being 
studied by us. 

Analogous reactions of  electron-rich aromatic compounds can be found in the 
literature: When 4-substituted-N.N-dimethylanilines 231 are treated with dia- 
zonium salts or some other electrophiles, position 4 is substituted by the electro- 
phile group to 4-substituted dimethylanilines ~17). 

+E ~ 
"_CH2OH~'- 

N 

231 232 

E = N2 aryl ~ ,  NO2~ u. a. 

d) Reactions with Strong Bases - a Xs-Phosphorinr 

It seemed possible that treatment of cation 233a with a strong proton abstracting 
base could led to a resonance stabilized carben 1~8'n9) 234a (R = H). Poh143) by 

R 

H3 CO OCH3 

233 

- H  | 

R 
IC 

H3~C~~H3 
234 

~ 

a) R=H 
b) R = CH~ 

R-C - "C--R 

H3CO OCH3 H3CO OCH3 

235 
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reacting 233a with diisopropylethylamine was able to isolate a crystalline sub- 
stance, which was formed by three phosphorin unities. From the analytical and 
spectroscopic data we suppose an aliphatic or a cycloaliphatic structure 236. 
Under the same conditions 233b forms an analogous compound, whereas 1.1-di- 
methoxy-2.6-diphenyl-4-dimethylcarbenium-;k s -pho sphorin-tetrafluorobor ate 
(233, R and H = CH 3) with bases produces the monomeric olefin ( I .  1-dimethoxy- 
2.6-diphenyl-4-isopropenyl-;k s -phosphorin). 

We suppose that 233a resp. 233b with the base loses a proton to give the carben 
234a resp. 234b which immediately reacts with the cation losing another proton 
to 235a resp. 235b. This electron rich olefin which could not be isolated, reacts 
again with the cation 233a resp. 233b, losing a CH 3-cation for final product 
236a resp. 236b. 

I 

I'N 

4- 

~ o  
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10. Rearrangements 

a) [1.7] Acyl Rearrangement 

As ment ioned on p. 60, 1.1-dihydroxy-X s -phosphorins 90a (R=H) exist almost 
entirely in the 2-hydro-phosphinic acid form 90b. The same holds for the 1- 
alkoxy- 1-hydroxy-X s -phosphorins (R = alkyl). 

RO OH RO ~'0 

90a 90b 

R = H or alkyl 

1.1-Dialkoxy-XS-phosphorins (90 a, R and H = alkyl) at temperatures such as 
200 ~ do not  rearrange, but  at higher temperatures a similar rearrangement 
cannot be excluded. 

However, i f  in 90a R is an alkyl and H an acyl group, as in compound 237, 
Hettche found that  the rearrangement to  238 takes place smoothly  at 
6 0 - 7 0  ~ 88.98) 

r r OCH3 
RO 0 RO 0 

COCH3 

237 238 

The reaction was investigated in detail by Constenla 101). It leads to an equili- 
brium in favor of 238 which can be reached from both sides 

K82,1o = 15.7; Kloi ,8  o = 13.9 (decaline) 

The reaction is exothermic with a small ent ropy gain from 237 to 238: 
A G  O = - 1.9 kcal/mol;  A H  ~ = - 1.6 kcal/mol;  A S  ~ = 1 eu. 

Since the absorpt ion spectra of 237 and 238 are rather different,  the kinetics 
can be easily studied by UV spectroscopy. As Fig. 44 shows, the rearrangement 
is very clean, no side-products could be found. 
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i~n Ph 

Ph Ph Ph / s 

( CH3)-2CH-- 0 "  %--CO, OH3 ICH3)2CH0 ; ~, 0 'H3 

I 
5O 

J 
~0 

J 
I 
1 ~ 
I0 

\ 
\ 

'" Xt ,,\~ / f f  ~ \ \ \  

\ 

300 320 31.0 360 380 400 t.,?.O 4e.O ,;60 /.80 500 ),lnm) 
. . . . . . . . . . . . . . . . . . . .  ~ 

Fig. 44. UV spectra o f 2 3 7 ~ 2 3 8  (R = CH(CH3) 2) at 72.5 ~ in dioxane 9 x 10 -5  molar 

a) at the beginning (3 rain) 
b) after 75 min f) after 315 min 
c) after 135 min g) after 435 min 
d) after 195 min h) after615 min 
e) after 255 min i) after 1400 min 

First-order kinet ics  were obtained.  At 91.5 o in decaline k = 26,1 x lO-Ssec  - l ,  
�9 

5 1 k = 1.8 x 1 0 -  s e c -  were found.  Since the rate Is nearly independen t  of  solvent 

polar i ty  (six solvents wi th  E T values be tween  31.2 and 46 .0  were used), a cyclic 
t ransi t ion state seems probable .  The act ivat ion parameters  were  found  to be A G t  
= 27 kca l /mol ,  A H:I: = 24.4 kca l /mol ,  A S t = - 8 . 6  e.u. 
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The results are consistent with a [1.7] sil~natropic COCHa rearrangement; 
it is [1.7] and not [1.3] because the delocalized nbonds in ),5-phosphorin must be 
taken into account. 

There is also an interesting photochemical rearrangement of 237. The first 
step resembles a photochemical Fries rearrangement from 23 7 to 238. The next 
step is described on p. 127. 

b) Rearrangements of  1.2-Dihydro-7~3-phosphorins to ks-Phosphorins 

As mentioned on p. 90, Mhrkl 86, 49) has found that compounds having the 1.2- 
dihydro-X3-phosphorin structure 177 thermally rearrange to 1.1-disubstituted X s- 
phosphorins 178. On prolonged heating 178 splits off the two benzyl groups and 
yields 2.4.6-triphenyl-k3-phosphorin 22. This sequence corresponds to thermo- 
dynamic stabilities. 
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V. Outlook 

The chemistry of phosphorus compounds with a delocalized P-C double bond 
proves to be very versatile. Whereas the physical properties of phosphamethin- 
cyanines are similar to the corresponding methin- or azamethin-cyanines, their 
chemical properties are distinguished by the higher reactivity of the phosphorus 
atom and the phosphorus-carbon double bond. 

X3.phosphorins have physical properties which are rather similar to those 
of pyridines. But the chemistry of ~(~-phosphorins is very different, due mainly to 
the phosphorus atom which can easily lose one electron to produce a stable radical 
cation, or accept one or more electrons to yield a radical anion, dianion or radical 
trianion. Nucleophiles add to stable h4.phosphorin anions. In contrast to pyridine 
chemistry, no stable ),4-phosphorinium compound (corresponding to a N-alkyl- 
pyridinium salt) could be isolated. Instead the electron shell of phosphorus is enlar- 
ged by addition of an electrophile yielding a ~S.phosphorine derivative. 

kS-phosphorins constitute a novel and very versatile class of heterocyclic 
compounds, the properties of which can be varied considerably by substituents 
at both the phosphorus and the ring C atoms. The ylid properties are fully suppres- 
sedby n-electron delocalization over the entire ring. 

- and especially kS.phosphorins are electron-rich aromatic compounds, com- 
parable with aniline, whereas pyridine and pyridinium ions are electron-poor and 
are comparable to nitrobenzene. Many chemical properties can be easily under- 
stood once this fact is taken into account. 

The high stability of Xa-phosphorins and ~,S-phosphorins suggests that addi- 
tional "aromatic" ring systems can be prepared, having more than one phospho- 
rus atom or heteroatoms other than phosphorus. 

The physiological and pharmacological properties of the new compounds des- 
cribed in this review have not yet been investigated. Thus, nothing can be said con- 
cerning potential applications. 
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