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ABSTRACT 

Trialkyl phosphites (l), dialkyl phenylphosphinites (2), 
and alkyl diphenylphosphonites (3) as well as 2-phenyl- 
1,3,2-dioxaphospholan (4a) and 2-phenyl-l,3,2-diox- 
aphosphorinan (4b) give rise to  dediazoniation of ar- 
enediazonium salt (5) in  an  alcoholic solvent under 
a n  argon atmosphere at 20°C. The reaction proceeds 
via a radical-chain mechanism initiated by single- 
electron transfer (SET) from the trivalent-phosphorus 
compounds to 5, as a result of which, an  aryl radical 
Ar. and a cation radical 15 are generated from the 
former and the latter, respectively. The aryl radical 
Are participates in this chain process by abstracting 
a hydrogen from the solvent alcohol, yielding the cor- 
responding arene ArH. The cation radical 15 under- 
goes both a n  ionic reaction with the solvent alcohol 
and a radical coupling with Ar. ,  giving the phos- 
phoranyl radical 16 and the phosphonium ion 17, 
respectively, as intermediates. The phosphoranyl in- 
termediate 16 decomposes through either the SET 
process to 5 or by p-scission, yielding the oxidation 
product (phosphate, phosphonate, or phosphinate 
from 1, 2, or 3, respectively, or phosphonates f rom 
4). The phosphonium intermediate 17 affords the ar- 
ylated product (phosphonate, phosphinate, or phos- 
phine oxide from 1, 2, 3, respectively, or the phos- 
phinate from 4). Among the trivalent-phosphorus 
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compounds tested, 1 gives the arylated product in the 
highest yield. This observation, together with the lit- 
erature data of ESR for structurally related phos- 
phoranyl radicals, indicates that the radical coupling 
of  15 with  Ar.  is facilitated by the high spin density 
on its central phosphorus atom. 

Radical reactions constitute one of the most 
important fields in organic chemistry. A huge 
number of studies have been devoted to elucidate 
both reactivities and physical properties of car- 
bon-centered radicals as well as radicals centered 
on a nitrogen, oxygen, or sulfur atom. On the other 
hand, the chemistry of phosphorus-centered radi- 
cals is not entirely clear. In particular, trivalent- 
phosphorus cation radicals have been studied 
mainly to describe their physical properties [ 11, 
whereas much poorer information about their 
chemical properties has so far been presented. This 
is partly due to difficulty of producing these cation 
radicals selectively. In fact, anodic oxidation [2] or 
y-irradiation [3] of trivalent-phosphorus com- 
pounds gives several kinds of radical species in ad- 
dition to the cation radicals [4]. 

A trivalent-phosphorus cation radical reacts 
with a nucleophile to give a phosphoranyl radical 
[5,6]. Therefore, a reaction system in which such 
cation radicals are selectively generated in the 
presence of a nucleophile may be useful for ex- 
amination of the reactivity of both trivalent-phos- 
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phorus cation radicals and phosphoranyl radicals. 
An acridinium salt in the photoexcited state causes 
a selective one-electron oxidation of an alkyl di- 
phenylphosphinite (3) [7] or a triphenylphosphine 
(14) [8]. However, this photoreaction is feasible only 
with trivalent-phosphorus compounds that have 
relatively low oxidation potentials. Diazonium salts 
are more powerful one-electron oxidants and oxi- 
dize phosphites [9,101, phosphonites [lo], phos- 
phinites [lo], and phosphines [9] to the corre- 
sponding cation radicals. Thus, diazonium salts can 
produce trivalent-phosphorus cation radicals with 
largely different structures, and subsequently, the 
corresponding phosphoranyl radicals can be formed 
when the reactions are carried out in a nucleo- 
philic solvent such as an alcohol. 

A preliminary study on the dediazoniations of 
arenediazonium fluoroborates (5) with trialkyl 
phosphites (l), dialkyl phenylphosphonites (2), and 
3 in an alcoholic solvent has shown that the tri- 
valent-phosphorus compounds are converted to two 
kinds of products during the reaction, namely, the 
oxidation products (6, 9, and 11 from 1, 2, and 3, 
respectively) and the arylated products (7, 10, and 
12 from 1, 2, and 3, respectively) (Scheme 1) [lo]. 
Based on these results, we propose that a trivalent- 
phosphorus cation radical initially generated 
undergoes both an ionic reaction with a solvent al- 
cohol and a radical reaction with Are, giving the 
oxidation and the arylated products, respectively. 
The relative ease of these reactions depends on the 
spin density on the central phosphorus atom in the 
cation radical. 

In this article, we present clearer evidence for 
the proposed mechanism. We also discuss the reac- 
tivity of a phosphoranyl radical that is produced 
by the reaction of the cation radical with a solvent 
alcohol. 

RESULTS 
General 
A trivalent-phosphorus compound (1 .OO x lo-' M) 
was reacted with an equimolar amount of a di- 
azonium salt under an argon atmosphere in the dark 

at 20°C for 15 minutes unless otherwise noted. The 
reaction mixture was analyzed by gas chromatog- 
raphy (GC) and gas chromatography mass spec- 
troscopy (GCMS) as well as by 'H and 3'P NMR 
spectroscopy to identify the products. The ields of 
the products were determined by GC. 3& NMR 
spectroscopy suggested that a low material bal- 
ance sometimes observed by GC analysis results 
from the formation of nonvolatile materials. Most 
of these were not identified. 

Reactions of Phosphites (1) with 4- 
Methylbenzenediazonium Fluoroborate (5a) 
When trimethyl phosphite (la) was reacted with 
5a in methanol, trimethyl phosphate (6a) and di- 
methyl 4-methylphenylphosphonate (7a), the oxi- 
dation and the arylated products respectively, from 
la, were obtained, along with toluene (8a) (Table 
1, Scheme 2). The reaction of la in ethanol gave 
the phosphates and the phosphonates in which one 
or more methoxyl ligands had been replaced by 
ethoxyl groups; that is, the products from la in this 
reaction were ethyl dimethyl phosphate (6b), di- 
ethyl methyl phosphate (k), triethyl phosphate (a), 
7a, ethyl methyl 4-methylphenylphosphonate (7b), 
and diethyl 4-methylphenyiphosphonate (7c) (no 
6a was detected). When the reaction was carried 
out in ethanol-acetonitrile mixture, the extent of 
the transesterification increased with an increas- 
ing content of ethanol in the solvent (Figure 1). Ap- 
preciable transesterification took place neither in 
the starting materials nor in the products. 

Toluene 8a was detected in more than a stoi- 
chiometric amount when a 0.2- or 0.1-equivalent 
amount of la was reacted with 5 (entries 2 and 3, 
respectively). Under the aerobic conditions, the 
formation of 7a and 8a was suppressed (entry 4). 

In the reaction of triethyl phosphite (lb) with 
5a in ethanol, the oxidation product 6d and the ar- 
ylated product 7c were formed from lb. The re- 
action of lb  in methanol or in methanol-acetoni- 
trile afforded the mixtures of phosphates, 6a, 6b, 
6c, and 6d, and of phosphonates, 7a, 7b, and 7c, 
the yields of the transesterified products being 
higher with higher content of methanol in the sol- 

U U 
I I  I I  - at 20 "C; under Ar atm. 

Ph,P(OR)- + Ar- N= N+BF4'- * PhnP(0R)- + PhnP(0R)z-n + Ar-H 
dark; in ROH I 

l ; n = O  5a; Ar = 4-methylphenyl 6;n=O Ar 8a-b 
9 ; n = 1  2 ; n = l  5b; Ar = 4-nitrophenyi 3 ; n = 2  11;n=2 7;n=O 

14;n=3 1 0 ; n = l  
(R = Me, Et) 12;n=2 

SCHEME 1 
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TABLE 1 Reaction of Trialkyl Phosphite 1 with Diazonium Salt 5aa 

Yield/?hb 

Entry 1 Solvent 

Phosphate Phosphonate 

6a 6b 6c 6d 7a 7b 7c 8a A/OC 

17.2 - - 30.3 0.21 1 l a  MeOH 80.5 - 
34.6 0.73 2d 12.5" - - - 9.1e - - 

- - 33.3 - 3' 0 
6.9 - - 12.9 0.13 49 52.3 - 

5 EtOH 0 14.9 14.7 31.9 2.4 2.5 2.4 - 0.11 
6 EtOH-MeCN (1 : 1 ) 0 16.7 10.8 14.8 1.8 1.6 1.5 - * 0.12 
7 EtOH-MeCN (1 : 9) 8.6 30.4 8.3 7.7 2.0 0.4 1.0 - 0.062 
8 EtOH-MeCN (1 :99) 19.2 32.6 0 0 1.3 0 1.2 - 0.048 

8.2 - * 0.10 9 l b  EtOH - 
10 MeOH 4.0 23.6 37.6 22.7 1.9 3.0 5.0 37.8 0.11 
11 MeOti-MeCN (1 : 1) 0 11.4 35.7 24.4 1.0 2.0 5.2 32.2 0.12 
12 MeOH-MeCN (1 : 9) 0 2.2 41.0 31.4 0.3 0.3 4.9 - 0.074 
13 MeOH-MeCN (1 :99) 0 0 35.6 31.9 0 0 5.1 - 0.076 
"Initial concentrations of 1 and Sa, both 1.00 X lo-' M; reaction time, 15 minutes; in the dark at 20°C under an argon atmosphere unless 
otherwise noted. 
'Based on Sa used otherwise indicated; determined by GC. 
The ratio of total yield of phosphonates to that of phosphates. 
dlnitial concentration of la ,  2.00 x lo-' M. 
"Based on l a  used. 
'Initial concentration of la, 1.00 x lo-' M. 
gUnder an oxygen atmosphere. 
'Not determined. 

- - 
- 5.6" - - 

- - 

- - - - 79.2 

at 20 "C; under Ar atm. 

in MeOH or EtOH 
(RO)3P + 58 * 

la;R=Me 
lb; R = Et 

8 
(MeO)m(EtO),P=O + (MeO)2+(EtO)mP -Ar + ArH 

6 a ; m = 0  7a;m=O 88 
6 b ; m = l  7b ;m=l  
6c ;m=2  7 c ; m = 2  
6d;m=3 

Ar = 4-methylphenyl 

SCHEME 2 

vent (Figure 2). Replacement of methoxyl ligands 
by ethoxyl groups in the solvent was more facile 
than of ethoxyl ligands by methoxyl groups (see 
Figures 1 and 2). 

Reactions of 1 with 4-Niirobenzenediazonium 
Fluoroborate (5b) 
When la was reacted with diazonium salt Sb in 
methanol, 6a, dimethyl 4-nitrophenylphosphonate 
(7a'), and nitrobenzene (8b) were obtained (Table 
2). The reaction of l b  with 5b in methanol gave the 
mixtures of phosphates, 6a, 6b, 6c, and 6d, and of 

40 

30f\.. 6d / I  

0 
0 20 40 60 80 100 

% EK)H in EtOH-MeCN 

FIGURE 1 Dependency of yields of 6a (O), 6b (m), 6c 
(A), and 6d (A) on the ethanol content in the reaction of 
l a  with 5a in ethanol-acetonitrile mixture. 

phosphonates, 7a', ethyl methyl 4-nitrophenyl- 
phosphonate (7b'), and diethyl 4-nitrophenylphos- 
phonate (7c'), along with 8b. The ratio of total yield 
of the arylated products to that of the oxidation 
products A/O increased with an increasing ratio of 
the starting materials 1/5b. 
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0 20 40 60 80 100 

% MeOH in MeOH-MeCN 

FIGURE 2 Dependency of yields of 6a (a), 6b (m), 6c 
(A), and 6d (A) on the methanol content in the reaction of 
1 b with 5a in methanol-acetonitrile mixture. 

Reactions of Phosphonites (2) with Diazonium 
Salt 5a 
The reaction of dimethyl phenylphosphonite (2a) 
with 5a in methanol gave dimethyl phenylphos- 
phonate (9a) and methyl (4-methylpheny1)- 
phenylphosphinate (lOa), the oxidation and the ar- 
ylated products, respectively, from 2a, as well as 
8a (Table 3). The reaction of diethyl phenylphos- 
phonite (2b) in ethanol afforded diethyl phenyl- 
phosphonate (Sc), ethyl (4-methylpheny1)phenyl- 
phosphinate (lob), and 8a. Exchange of alkoxyl li- 
gands was again observed when the phosphonite 
had different alkoxyl groups from that in the sol- 
vent alcohol (Scheme 3). The extent of the trans- 

esterification increased with an increasing content 
of the alcohol in alcohol-acetonitrile mixture. No 
attempt was made to determine the yield of 8a. 

When the reaction of 2b with 5a was carried 
out in tetrahydrofuran (THF), the reaction mixture 
became highly viscous within 10 minutes ob- 
viously due to polymerization of THF. The poly- 
mer formed was not characterized (see the Discus- 
sion section). The addition of a small amount of 
methanol into the THF solution allowed the de- 
diazoniation of 5a to take place without apprecia- 
ble polymerization of THF (entries 27-29 and 35- 
37). 

Reactions of Phosphinites (3) with Diazoniurn 
Salt 5a 

Table 4 summarizes the results from the reactions 
of methyl (3a) or ethyl phenylphosphinites (3b) with 
5a in methanol or ethanol. The oxidation products, 
methyl (1 la) and/or ethyl diphenylphosphinates 
(llb), and the arylated product, (4-methyl- 
pheny1)diphenylphosphine oxide (12), were ob- 
tained along with 8a (Scheme 4). The yields of the 
transesterified products increased with an increas- 
ing amount of alcohol in the solvent. The yield of 
8a was not determined. 

Reactions of C clic Phosphonites (4) with 

2-Phenyl- 1,3,2-dioxaphospholan (4a) and 2-phenyl- 
1,3,2-dioxaphosphorinan (4b) were reacted with 5a 
in methanol. The corresponding oxidation prod- 
ucts, 2-oxo-2-phenyl-l,3,2-dioxaphospholan (13a) 
and 2-0x0-2-phenyl-I ,3,2-dioxaphosphorinan (13b), 
respectively, were formed as well as dimethyl 
phenylphosphonate (9a) (Table 5, Scheme 5 ) .  The 
arylated product, methyl (4-methylphenyb 

Diazoniurn Sa r t 5a 

TABLE 2 Reaction of Trialkyt Phosphite 1 with 4-Nitrobenzenediazonium Fluoroborate 5b" 
~- 

Yield/Yob 

Phosphate Phosphonate 

Entry 1 1/5bc 6a 6b 6c 6d 7a' 7b' 7C' 8b A/Od 
~ ~- 

- - - 3.2 (10.8) - - 75.6 0.16 14 l a  0.3 19.8 (66.1) 
15 0.5 34.1 (68.1) - - - 5.3 (10.6) - - 60.6 0.16 
16 1.0 56.2 (56.2) - - - 11.0 (11.0) - - 46.1 0.20 

13.2 0.26 
18 I b  0.3 11.3 (37.6) 7.4 (24.5) 1.0 (3.3) 0 (0) 1.1 (3.5) 0.7 (2.4) 0.4 (1.2) 71.4 0.12 
19 0.5 23.8 (47.6) 13.9 (7.0) 2.5 (5.0) 1.9 (3.8) 3.3 (6.5) 1.5 (2.9) 0.4 (0.7) 59.6 0.12 
20 1.0 43.3 (43.3) 11.6 (11.6) 2.8 (2.8) 2.9 (2.9) 7.1 (7.1) 2.0 (2.0) 0.8 (0.8) 41.7 0.16 
21 2.0 64.8 (32.4) 34.6 (17.3) 6.6 (3.3) 4.6 (2.3) 21.8 (10.9) 7.6 (3.8) 2.6 (1.3) 16.1 0.29 
%itial concentration of 5b, 1.00 x lo-' M; in MeOH; reaction time, 15 minutes; in the dark at 20°C under an argon atmosphere. 
Based on 56 used: determined by GC. The values in parentheses denote yields based on 1 used, 
'The ratio of the initial amount of 1 to that of 5b. 

17 2.0 89.0 (44.5) - - - 23.0 (11.5) - - 

ratio of total Yield of phosphonates to that of phosphates. 
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TABLE 3 Reaction of Dialkyl Phosphonite 2 with Diazonium Salt 5aa 

Entv 2 Solvent 

Phosphonate Phosphinate 

9a 9b 9c 1 Oa 10b A/OC 

1.7 - 0.021 22 2a MeOH 79.9 - - 
23 EtOH 7.4 28.7 37.8 0.7 3.3 0.054 
24 EtOH-MeCN (1 : 1) 10.5 38.4 23.0 1.5 1.8 0.050 
25 EtOH-MeCN (1 : 9) 18.7 32.7 4.5 1.4 0 0.025 
26 EtOH-MeCN (1 : 99) 29.7 18.6 0.8 0.8 0 0.01 6 
27 EtOH-THF (1 : 1) 11.5 32.9 27.1 0.9 2.2 0.043 
28 EtOH-THF (1 : 9) 28.5 28.7 8.6 0.6 0.7 0.020 
29 EtOH-THF (1 : 99) 37.3 10.4 0.5 0.4 0 0.083 

61.4 - 4.7 0.077 30 2b EtOH - - 
31 MeOH 26.3 38.2 20.7 1.6 3.7 0.062 
32 MeOH-MeCN (1 : 1 ) 7.7 35.8 27.7 1 .o 4.7 0.080 
33 MeOH-MeCN (1 : 9) 2.1 29.5 21.6 1.2 3.1 0.081 
34 MeOH-MeCN (1 : 99) 1.3 29.7 26.8 0.3 1.3 0.028 
35 MeOH-THF (1 : 1) 11.4 29.1 20.3 0.3 0.6 0.015 
36 MeOH-THF (1 :9) 2.8 17.2 30.9 0.3 1.3 0.031 
37 MeOH-THF (1 : 99) 0 5.4 27.0 0 0.3 0.0093 
"Initial concentrations of 2 and Sa, both 1 .OO X lo-' M; reaction time, 15 minutes; in the dark at 20°C under an argon atmosphere. bBased 
on 5 a a e d  otherwise indicated; determined by GC. The yield of 8a was not determined. 
The ratio of total yield of phosphinates to that of phosphonates. 

+ Sa 
Ph-P(OR)2 * 

at 20 "C; under Ar atm.; in MeOH or EtOH 
2a; R=Me 
2b; R = Et 

? 0 
I1 

Ph-P(OMe)2,(OEt), + Ph-P(OMe),,(OEt), + 8a 
I 

98: m = 0 Ar 

10a; m = 0 
lob; m = 1 

Ar = 4-methylphenyl 

SCHEME 3 

phenylphosphinate (lOa), was also obtained. The 
yield of 8a produced was not determined. 

DISCUSSION 
Dediazoniation of 5 with Trivalent-Phosphorus 
Compounds 
Dediazoniation of arenediazonium salts with tri- 
alkyl phosphites (1) or triphenylphosphine (14) in 
an alcoholic solvent proceeds according to a rad- 
ical-chain process initiated by single-electron 
transfer (SET) from the former to the latter, as a 
result of which the aryl radical Are and the cation 
radicals 15a and 15d, respectively, are generated 
(Scheme 6 )  [ 9 ] .  Such a chain character of the re- 

action has again been confirmed in this work. Thus, 
8a is formed in more than a stoichiometric amount 
when the initial amount of la is smaller than that 
of 5a. The aerobic conditions suppress the forma- 
tion of 7a and 8a, indicating that radical species 
are involved in this reaction (Table 1). 

Further evidence for the SET mechanism is that 
solvent THF polymerizes during the reaction of 2 
with 5a. Thus, Ar. initially generated abstracts a 
hydrogen from THF to afford tetrahydrofuranyl 
radical, which is oxidized by 5 to an oxonium ion 
to initiate the cationic polymerization (Scheme 7). 
Cationic polymerization of THF promoted by a free- 
radical initiator is well known [11,12]. As ex- 
pected, added methanol traps the oxonium ion, 
allowing the dediazoniation of 5 to proceed with 
little, if any, polymerization of THF [ l  13. 

In summary, there is no doubt that trivalent- 
phosphorus compounds, 1, 2, and 3, donate an 
electron to 5, generating 15a, lSb, and 15c, re- 
spectively, under the reaction conditions. 

Reaction of Cation Radicals 15 
The trivalent-phosphorus compounds are con- 
verted to two kinds of the products, the oxidation 
product (6, 9, and 11 from 1,2, and 3, respectively) 
and the arylated product (7, 10, and 12 from 1, 2, 
and 3, respectively). The formation of the oxida- 
tion product is well accounted for by nucleophilic 
attack of the solvent alcohol on the cation radical 
15; this process affords phosphoranyl radical 16, 
which is eventually converted to the oxidation 
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TABLE 4 Reaction of Alkyl Phosphinite 3 with Diazonium Salt 5aa 

Yield/%b 

Phosphinate Phosphine Oxide 

Entry 3 Solvent l l a  l l b  12 A/OC 

38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

3a MeOH 
EtOH 
EtOH-MeCN (1 : 1) 
EtOH-MeCN (1 : 9) 
EtOH-MeCN (1 : 99) 

MeOH 
MeOH-MeCN (1 : 1) 
MeOH-MeCN (1 : 9) 
MeOH-MeCN (1 : 99) 

3b EtOH 

52.0 
5.7 
9.6 

22.7 
39.1 

37.4 
26.1 
22.5 
21.9 

- 

- 
45.2 
49.6 
28.2 
15.9 
52.3 
16.1 
19.2 
28.2 
30.1 

1.7 
3.9 
0.9 
0.7 
0.4 
4.2 
3.4 
0.8 
0.6 
1.2 

0.033 
0.077 
0.01 5 
0.014 
0.0073 
0.080 
0.064 
0.01 8 
0.01 2 
0.023 

'Initial concentrations of 3 and 5a, both 1.00 x lo-' M; reaction time, 15 minutes; in the dark at 20°C under an argon atmosphere. 
"Based on 5a used otherwise indicated; determined by GC. Diphenylphosphinic fluoride (>lo%) was detected. The yield of 8a was not 
determined. 
The ratio of yield of phosphine oxide to total yield of phosphinates 

+ 5a 
PhzP(0R) * 

at 20 "C; under Ar atm.; in MeOH or EtOH 
3a; R = Me 
3b; R = Et 

:: x 
Ph2P(OMe),,(OEt), + Ph2P-Ar + 8a 

l la ;m=O 12 
l l b ;  m = 1 Ar = emethylphenyl 

SCHEME 4 

product (Scheme 8) [5,6]. Highly likely, the ar- 
ylated product results also from 15, since the aero- 
bic conditions suppress the formation of this prod- 
uct. Thus, 15 may also undergo radical coupling 

with Ar- to give phosphonium ion 17, a precursor 
of the arylated product. 

Phosphoranyl radicals with and without aryl 
ligand(s) exhibit small and large ap-values in their 
ESR spectra, respectively, indicating low and high 
spin densities on the central phosphorus atoms in 
the former and the latter, respectively [13]. That 
is, the unpaired electron developed on the phos- 
phorus in a phosphoranyl radical delocalizes well 
into adjacent aryl ligand(s) if available. The un- 
paired electrons in cation radicals 15b and 15c 
would likewise delocalize into their phenyl li- 
gands, whereas the unpaired electron in 15a would 
be dominantly developed on the central phospho- 
rus atom. As a result, 15a would exhibit the high- 
est reactivity with respect to radical coupling with 
Ar- among 15a-c. Table 6 shows that the ratio of 
the yield of the arylated product to that of the ox- 
idation product A/O is largest in the reaction of 1. 

TABLE 5 Reaction of Cyclic Phosphonites 4 with Diazonium Salt 5a in MeOHa 

YieldpAb 
~~~~ 

Phosphonate Phosphinate 

Entry 4 4/5aC 13a 13b 9a 1 Oa 9a/l3* 
48 4a 0.5 14.9 - 6.1 2.3 0.409 
49 1.0 17.6 - 7.9 1.9 0.449 

2.0 21.7 - 10.2 0.9 0.470 
51 4b 0.5 11.2 22.6 2.8 2.01 8 
50 

12.1 18.7 2.0 1.545 1 .o 
53 2.0 14.0 13.2 0.8 0.943 
52 

alnitial concentration of 4, I .OO X lo-' M; reaction time, 15 minutes; in the dark at 20°C under 
an argon atmosphere. 
"Based on 4 used; determined by GC. The yield Of 8a was not determined. 
'The ratio of the initial amount of 4 to that of 5a. 
dThe ratio of the yield of 9a to that of 13. 

- 
- 
- 
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'0' 
la; k = 2 

at 20 "C; under Ar atm.; in MeOH 

4b; k = 3 

13a; k = 2 
13b; k = 3  

SCHEME 5 

1 Oa 
Ar = Cmethylphenyl 

Correlations of A/O with the reported ap-values for 
phosphoranyl radicals 18, 19, and 20 [13,14], the 
structures of which are related to 15a, 15b, and 15c, 
respectively, are seen for the reactions of the methyl 
or the ethyl esters in methanol or ethanol (Fig. 3) 
[ 151. Presently, it is not clear why the reactions of 
the methyl esters in methanol are much more sen- 

15a; n = 0 

15c; n = 2 
15d; n = 3 

- N2, - BF4- 15b; n = 1 1 l ; n = O  
2 ; n = 1  
3 ; n = 2  

1 4 ; n = 3  Ar* 

CHR'2OH 
- N2, - BF4- 

5 8 

SCHEME 6 

SCHEME 7 

SCHEME 8 

TABLE 6 Yield Ratio of the Oxidation and the Arylated 
Productsa 

Yield/%b 

Entry Phosphorus 0" Ad A/O" ap-Value/G' 
Trivalent 

1 
10 
22 
31 
38 
44 
49 
52 

l a  
l b  
2a 
2b 
3a 
3b 
4a 
4b 

80.5 17.2 
87.9 9.4 
79.9 1.7 
85.2 5.3 
52.0 1.7 
53.5 3.4 
25.5 1.9 
30.8 2.0 

0.21 
0.1 1 
0.021 
0.062 
0.033 
0.064 
0.075 
0.065 

890 (18)g 
- 

9.25 (19)h 

23.0 (20)h 
- 

- 
- 
- 

a Initial concentrations of trivalent-phosphorus compound and 5a, 
both 1.00 x lo-' M; reaction time, 15 minutes; in the dark at 20°C 
in MeOH under an argon atmosphere unless otherwise noted. 
bBased on 5a used otherwise indicated; determined by GC. 
'Total yield of the oxidation products. 
dTotal yield of the arylated products. 
"The ratio of total yield of the arylated products to that of the ox- 
idation products. 
'Values for the related phosphoranyl radicals designated in paren- 
theses. 
gFrom Ref. [13]. 
"From Ref. 1141. 

sitive to the change in the spin density than the 
other reactions. 

Ph$( OBu ?( OR), 

18; n = 0 
19;n=1  
20; n = 2 

Rationalization of observed results precludes a 
mechanism in which Ar. attacks the phosphorus 
atom in the starting trivalent-phosphorus com- 
pound, and the resulting phosphoranyl radical de- 
composes to the observed arylated product. This 
mechanism predicts that a trivalent-phosphorus 
compound from which a more stable phosphor- 
any1 radical results would afford the arylated 
product in a higher yield [16]. The results are con- 
trary to this prediction; while a phosphoranyl rad- 
ical with the higher number of phenyl ligands 
should be more stable, the arylated product is ob- 
tained in the highest yield from the reaction with 
the compound 1 that has no phenyl group. 

The last columns in Tables 1, 3, and 4 show a 
general tendency that the product ratio A/O be- 
comes smaller with a decreasing content of alcohol 
in alcohol-acetonitrile or alcohol-THF mixture. 
Acetonitrile or THF is a better hydrogen donor than 
alcohols toward a free radical. Accordingly, the 
higher content of acetonitrile or THF results in more 
efficient conversion of Ar. to ArH, making the rad- 
ical coupling of Ar. with 15 less favorable [17]. 
Phosphite 3a reacts with 5a in acetonitrile to give 
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*0° I loo0 
400 600 

+values of Ph,b(OsO’)(OR)~ = n = l  n = 2  

FIGURE 3 Correlations between the yield ratios A/O and 
ap-values of the related phosphoranyl radicals for the re- 
actions of l a  in methanol (A), of l a  in ethanol (.), of l b  
in methanol (A), and of l b  in ethanol (0). 

only a small amount of lla (31P NMR assay), which 
results probably from the ionic reaction of 15 with 
a trace amount of water in the solvent. In this re- 
action, phosphonium ion 17, which would result 
from the radical coupling of 15 with Ar-, is de- 
tectable by 31P NMR spectroscopy only in a trace 
amount. This fact indicates that Ar. abstracts a hy- 
drogen from acetonitrile too rapidly to undergo a 
radical coupling with 15 in acetonitrile. 

It is thus concluded that 15 undergoes both an 
ionic reaction with the solvent alcohol and a rad- 
ical coupling with Ar- to give the oxidation and the 
arylated products via 16 and 17, respectively 
(Scheme 8) [lo]. The latter reaction is facilitated 
by high spin density on the central phosphorus atom 
in 15. Hereafter, we term the reaction sequences 
leading to the former and the latter reactions as 
the “ionic path” and the “radical path,” respec- 
tively, to avoid tedious expressions in the remain- 
der of this article. 

Reaction of Phosphoranyl Radicals 16 
When a phosphonium ion that has more than one 
alkoxyl ligand decomposes to the corresponding 
neutral 0x0-compound in alcohol, successive re- 
placement of its alkoxyl ligands by the alkoxyl from 
the solvent takes place through successive phos- 
phonium-phosphorane equilibria [9,18]. In other 
words, the formation of the products that have ex- 
perienced such transesterification is evidence for a 
phosphonium ion intermediacy. The transesterifi- 
cation is in fact observed during the radical path 
that includes phosphonium intermediate 17; the 
reaction of la or 2a in ethanol or the reaction of 
lb or 2b in methanol gives a mixture of the ar- 

+s/sET 

7 7 p-scission 
\ * 6, 9, 11 - R e  

SCHEME 9 

ylated products in which the original alkoxyl li- 
gands of the substrate have been successively re- 
placed by the alkoxyl group from the solvent (Tables 
1, 3 ,  and 4). 

The transesterification is also observed during 
the ionic path that includes phosphoranyl inter- 
mediate 16. Thus, the transesterified products are 
obtained in the reaction of la, 2a, or 3a in ethanol 
or of lb, 2b, or 3b in methanol (Tables 1, 3 ,  and 
4). The degree of transesterification is higher when 
an alcohol-acetonitrile or alcohol-THF mixture 
contains a higher concentration of the alcohol. In 
addition, methoxyl ligands in the reactant are more 
easily replaced by ethoxyl groups from the solvent 
than ethoxyl ligands by methoxyl groups from the 
solvent; that is, replacement by an alkoxyl group 
with higher nucleophilicity is more facile. These 
findings indicate clearly an intermediacy of phos- 
phonium ion 21 during the ionic path (Scheme 9). 
Therefore, 16 must undergo SET to produce 21 
during this reaction path. Table 2 shows that the 
product ratio A/O increases with an increasing ra- 
tio of the initial amount of 1 to that of Sb, 1/5b; 
a smaller amount of 5b makes the ionic path less 
favorable. This observation suggests that a surplus 
of 5 causes SET from 16 to produce 21. Compari- 
son of half-wave redox potentials of phosphoranyl 
radicals [19] and diazonium salts [20] suggests that 
this SET process is highly exothermic. @Scission 
of 16 could afford the transesterified oxidation 
products, 6b, 9b, and llb, from the reactions of 1, 
2, and 3 in ethanol, respectively, but this mode of 
decomposition does not account for the formation 
of “more transesterified” products, 6c, 6d, and 9c. 
The formation of these products is clear evidence 
for SET from 16. 

Nevertheless, if 16 decomposes only through 
SET, no oxidation product would be formed when 
the ratio 1 /5 is larger than unity because, with this 
ratio of the starting materials, there is no 5 left 
available for the second SET. The fact is that the 
oxidation products are produced even when the 
initial amount of 1 is higher than that of 5 (Table 
21, which means that there is another pathway in 
which 16 is converted to the oxidation products 
without the aid of an oxidant. Thus, p-scission of 
16 takes place in competition with SET (Scheme 
9). P-Scission with liberation of a methyl or ethyl 
radical is not unusual, although such a radical is 
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relatively unstable [21]. It has been also reported 
that a phenyl ligand on a phosphoranyl radical re- 
markably accelerates the rate of p-scission [ 14,221. 
This mechanism predicts that p-scission becomes 
more predominant as 1/5 increases, making the 
ratios of the yields of the transesterified products 
smaller. This is what we have observed (Table 2, 
entries 18-21). 

OR 
I 

+D d'"."" OR 

(R = Me, Et) 

16b 
The results from the dediazoniations of 5a with 

cyclic phosphonites 4a and 4b help us to inspect 
the mechanism proposed here. According to this 
mechanism, phosphoranyl radicals 22a and 22b are 
generated from 4a and 4b, respectively, during the 
ionic path (Scheme lo). Phosphoranyl radical 22b 
that has a six-membered ring is likely to adopt tet- 
rahedral geometry the same as its acyclic analog 
16b [13,14], since there is no strain in this struc- 
ture. Therefore, 22b behaves like 16b and decom- 
poses through either SET or p-scission. Phospho- 
nium ion 23b, formed through SET, undergoes 
transesterification with the alkoxyl from the sol- 
vent methanol. That is, SET from 22b eventually 
produces 9a in which the ring structure has been 
replaced by methoxyl groups, as well as 13b. 
Meanwhile, p-scission of 22b would afford 13b 
without ring-opening (vide infra). Relative ease of 
SET and @-scission is therefore represented by the 
ratio of the products 9a/13b. As expected, 9a/13b 
decreases with increase in the ratio of the initial 
amounts of the starting materials 4b/5a (Table 5);  
SET from 22b becomes less favorable with a de- 

creasing amount of 5a. On the other hand, 13a is 
formed as a major oxidation product in the reac- 
tion of 4a, indicating that SET is only a minor 
pathway for the decompostion of 22a. Phosphor- 
any1 radical 22a adopts a trigonal-bipyramidal 
(TBP) geometry in which the ring bridges the api- 
cal and equatorial sites [23]. It seems likely that 
p-scission of 22a occurs with liberation of a methyl 
radical from an apical position without ring-open- 
ing, giving 13a [24]. It is not certain whether p- 
scission is apical [25] or equatorial [26] site selec- 
tive, but a phosphoranyl radical originating from 
a phosphite with a five-membered ring is known 
to undergo p-scission without ring-opening [25,26]. 
Reluctance of 22a to undergo SET is probably due 
to the additional energy required for the structural 
change during its conversion to a tetrahedral in- 
termediate, 23a. 

In conclusion, phosphoranyl radical 16 ini- 
tially produced during the ionic path decomposes 
to the product through either SET to 5 or p-scis- 
sion by liberating a methyl or ethyl radical. A pre- 
vious report as to the photoreaction of isopropyl 
diphenylphosphinite with acridinium iodide has 
demonstrated that a phosphoranyl radical with an 
isopropoxyl ligand decomposes exclusively through 
SET, an iodine atom being an electron acceptor. 
Importantly, the p-scission of this phosphoranyl 
radical could liberate an isopropyl radical that is 
more stable than a methyl or ethyl radical [7]. Thus, 
P-scission of a phosphoranyl radical can take place 
only when an electron acceptor is absent in the re- 
action mixture. 

EXPERIMENTAL 
Instruments 
The GC analysis was performed with a Shimadzu 
GC-12A gas chromatograph. Mass spectra were ob- 
tained on a Shimadzu GCMS-QP2000A gas chro- 
matograph mass spectrometer equipped with a 
Shimadzu GC-MSPAC 200s data processor. 'H and 

P NMR spectra were recorded on a Varian XL 
200 NMR spectrometer. 
31 

Materials 
Trimethyl (la) and triethyl phosphite (lb) were 
commercially available (Tokyo Chemical Industry 
Co., Tokyo, Japan) and distilled prior to use. 

Dimethyl (2a) and diethyl phenylphosphonite 
(2b) [27] were prepared by addition of an ether so- 
lution (20 mL) containing equimolar amounts (0.080 
mol) of methanol or ethanol, respectively, and pyr- 
idine to an ether solution (20 mL) of dichloro- 
phenylphosphine (0.040 mol), contained in an ice 
bath, through an addition funnel. The precipitate 
was filtered off, and the organic layer was concen- 
trated in vacuo. Distillation of crude materials gave 
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TABLE 7 31P NMR Chemical Shifts of Products from De- 
diazoniation of 5 with 1 ,  2, 3, and 4" 

Compound d Compound d 

6a 
6b 
6c 
6d 
7a 

~ ~~~ ~~ 

3.5 9a 23.5 
2.3 9b 22.0 
1.1 9c 20.5 

-0.2 l l a  34.5 
24.2 l l b  33.5 

CD,OD. 
bFrom H3P04 in Ppm. 

the phosphonites 2a and 2b (2.8 g, 35% and 5.2 g, 
25%, respectively). 2a; bp 49-50°C (0.5 torr). "P 
NMR (in CD,OD, 6 from H3P04) 161.9.2b: bp 40- 
41°C (0.5 ton-). 

2-Phenyl- 1,3,2-dioxaphospholan (4a) and 2- 
phenyl-l,3,2-dioxaphosphorinan (4b), were ob- 
tained by condensation of 1,2-ethanediol and 1,3- 
propanediol, respectively, with dichlorophenyl- 
phosphine, as described in the literature [28]. Crude 
materials were purified by distillation. 4a: lo%, bp 
52-53°C (0.5 ton-); MS m/z 168, 140, 124, 91. 4b: 
22%, bp 61-62°C (0.5 torr) (Ref. [28] 78-80°C (1.0 
torr)); MS m/z 182, 141, 124, 105. 

Procedures for the preparation of methyl (3a) 
and ethyl diphenylphosphinite (3b) have been pre- 
viously reported [29]. Diazonium salts 5a and 5b 
were prepared as described in the literature [30]. 

General Procedure 
To the solution of 0.10 mmol of diazonium salt 5 
in 0.75 mL of an appropriate solvent contained in 
a reaction vessel equipped with a septum and filled 
with argon gas was introduced a 0.25 mL solution 
containing 0.10 mmol of a trivalent-phosphorus 
compound. After a 15 minute reaction period, the 
reaction mixture was analyzed by GC and GCMS. 
Dodecane was used as an internal standard for de- 
termination of the yields of the products. For NMR 
analysis, the reaction was carried out in a deuter- 
ated solvent in an NMR tube. The observed signals 
were assigned, based on the comparison with the 
reported data [31]. 31P NMR chemical shifts thus 
obtained in the reaction mixtures are summarized 
in Table 7. 
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