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Absolute and/or relative reactivities of PhE anions (E = Se, Te) toward the radicals resulting from the reductive 
cleavage of 9-bromoanthracene and 2- and Cbromobenzophenone were determined by electrochemically stimulated 
SRNl substitution in MeCN and Me2S0. Cyclic voltammetry and preparative-scale electrolyses were carried out 
under experimental conditions where the nucleophilic attack (rate constant k,) was competing only with H atom 
abstraction (rate constant kH) and so k z / k H  ratios could be measured. Taking into account results previously 
published by Sav6ant e t  al. concerning kH and the reactivity of PhS- nucleophile toward aryl radicals, the following 
conclusions were drawn out. The absolute reactivity of PhSeNBu, toward 9-anthryl radical is 12 times higher 
in MeCN ( k 2  = 8.1 X lo9 M-' s-l) than in MezSO ( k 2  = 6.8 X lo8 M-' s-'). In Me,SO, the relative reactivities 
of PhSLi, PhSeLi, and PhTeLi are 1, 1.4, and 3.2. In MeCN the rate k z  is close to the diffusion limit in the 
nucleophilic attack of PhSeNBu, and PhSNBu, upon radicals corresponding to reduction of bromobenzophenone. 

Phenyl chalcogenide anions PhE- (E = S, Se, Te) play 
an important role as nucleophiles in SRNl substitution 
(reactions 1-4).' Substitution occurs catalytically because 
the standard potential E o 2  of the redox couple 
(ArEPh)/(ArEPh)'- is negative to Eol.ld 

(1) 
E O  I 

ArX + e .F= [ArX]'- 

(2) 
kl  

[ArX]'- - Ar' + X- 

(3) 
k2 

Ar' + PhE- - (ArEPh)*- 

(ArEPh)'- + ArX - ArEPh + [ArX]'- (4) 

Photochemical stimulation in liquid ammonia has been 
mainly developed by Bunnett and Rossi.' On the other 
hand, Saveant, Amatore, and Thiebault groups have 
thoroughly studied the electrochemically stimulated pro- 
cess.2 With a few ~ t h e r , ~ - ~  they have examined the re- 
activity of PhS- anions toward aryl radicals and have 
carried out the electrochemical synthesis of thio derivatives 
1 in liquid ammonia or solvents such as MezSO and 
MeCN.610 Our group has been involved in the electro- 
chemical synthesis of seleno and telluro derivatives 1 in 
acetonitrile (Ar = NCCsH4, PhCOC6H4).11-15 

Although it is established that the reactivity of the 
benzene chalcogenate anions PhE- decreases in the order 
PhTe- > PhSe- > PhS-,' there is very little quantitative 
data on the reactivities of the seleno and telluro anions 
toward aryl radicals. To our knowledge the only quanti- 
tative study was derived from competition experiments 
carried out in liquid ammonia by Rossi et  al. who have 
shown that the relative reactivities of the nucleophiles 
PhS-, PhSe-, and PhTe- toward 2-quinolyl radicals are 1, 
5.8, and 28, respectively.16 
As shown by Saveant et al.,8d quantitative data on k 2  can 

be derived in H-donating solvents SH, from voltammetric 
measurements at  a stationary electrode, and/or from 
preparative electrolysis. 

From voltammetric experiments and preparative elec- 
trolyses carried out in MezSO and CH3CN, we have de- 
termined the reactivities of PhSe- and PhTe- anions to- 
ward the aryl radicals generated by electrochemical re- 
duction of the aryl halides 2a and 3a,b. We have compared 
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our results with those obtained by Saveant et al. and which 
correspond to PhS- anions. 

X 

2e: X = Br 3a: X = p - B r  
b: X = o -Br b: X = S e P h  

c: X = TePh C :  X = p S e P h  
d: X = o S e P h  

Results and Discussion 
In H-donating solvents, the key step (3) is in competition 

with the side reactions 5 and 6, and so the determination 
of k ,  implies that k ,  and kH are known. In the limit sit- 
uation where kl is moderate ( k ,  < lo5 s-,), the voltammetric 
and coulometric determination of the ratio k 2 / k H  can be 
easily carried out. The results presented below correspond 
to this limit case (vide infra). In voltammetry, the ratio 
k 2 / k H  can thus be derived from eq 7 where i O is the peak 
current of ArX at a stationary cathode, in t i e  absence of 
PhE-, and i, the peak current in the presence of PhE-.8d 
In preparative electrolysis k , /kH is derived from eq 8 where 
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Reactivities of Phenyl Chalcogenide Anions 

R is the yield of substitution product 1, assuming that the 
electrophile concentration [PhE-] is constant during 
electrolysis and that (5) is negligible. Such conditions are 
filled when k, is moderate or when a redox mediator is 
added when k, is high, and so Ar' is generated in the bulk 
of the solution. 

Ar' + e - Ar- (5) 

Ar' + SH ArH + S' (6) 

(7) 

(8) 

Under our experimental conditions, we avoid the use of 
large amounts of toxic PhEEPh, which is the precursor of 
PhE-, and so only 1 equiu of nucleophile PhE- is present 
at  the beginning of each electrolysis (the initial concen- 
tration Co of PhE- and ArX is usually 4 X M). Thus 
the concentration of PhE- is decreasing as the electrolysis 
proceeds, and the yield of 1 cannot be derived directly from 
eq 8. Therefore the expected yield R of ArEPh is lower 
than the yield R derived from eq 8. It  is given by eq 10 
where C" and Cf are the concentrations of PhE- at  the 
beginning and a t  the end of the electrolysis. 

ipo/ip = 1 + (k,/k~)[PhE-] 

100 
1 + k~/(kz[PhE-]) 

R ( % )  = 
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When the electrolysis is stopped after total consumption 
of ArX, Cf is related to the final concentration (ArEPh)f 
of 1 by eq 11 since, under our experimental conditions, Cf 
and the final concentration [ArH], of ArH are equal if the 
products formed are the substitution and the reduction 
products. 

(11) 
An acceptable value of Cf is obtained by considering that 

[ArEPhIf I C"/(l + kH/(k2C")) (cf. eq 8 where (PhE-) I 
C") and therefore the lowest value of Cf corresponds to eq 
12. 

Cf = [ArH], = C" - [ArEPhIf 

The variations of R (eq 8) and R (eq 10) with the ratio 
k2/kH are compared in Figure 1 when-C" = 4 X M. 
The highest difference between R and R is observed when 
k z / k ~  = 50 M-' (R /R-=  0.83). 

The expected yield R can be also obtained by coulometry 
from eq 13 in which n is the number of electrons involved 
per mole of ArX in the side reaction (6), assuming that S' 
is further reduced to S- and that S- is unreactive. 
Therefore, combining eqs 10, 12, and 13 allows the de- 
termination of kH/k, from C" and n values. 

R (%) = l O O ( 1 -  n/2) (13) 

The determination of k2/kH from the ratio ipo/ip in 
voltammetry (eq 7) or from the yield R in coulometry (eq 
13) implies that no side reaction but (6) is involved in the 
SRNl substitution process. However there is another 
competing reaction (eq 14) which has to be considered, 
because it might interfere with the homogeneous electron 
exchange (4). This side reaction occurs more readily in 
the case of telluro derivatives than for the seleno homo- 

? ArEPh ) 

1004 

'i 
" (00 2b0 &IO 400 SOO coo k2J kH (M.')' 

Figure 1. Variation of the yield of ArEPh with the ratio kz/kH 
from eq 8 (curve A) and eqs 10 and 12 (curve B) when the initial 
concentration of PhE- is 4 X 

~ o ~ u ~ s . ~ ~ J ~ ~ ~  It results from the fragility of C-Se and C-Te 
bonds and may lead to a scrambling of the aromatic rings 
according to the global reaction (15). For the ArX/PhE- 
systems which are examined below, the side reaction (14) 
does not take place or is negligible (vide infra). 

(ArEPh)'- - ArE- + Ph' (14) 

2ArX + 2PhE- - ArEAr + PhEPh + 2X- (15) 

Substitution of 9-Bromoanthracene (2a). The re- 
duction of 2a in Me2S0 and MeCN has been thoroughly 
studied.16 The rate constants k, are moderate (k, = 9 X 
lo4 s-l in DMSO and 1.5 X lo5 s-l in MeCN), and so the 
further cathodic reduction (5) of the intermediate Ar' 
radicals is negligible since these radicals are not generated 
close to the electrode. Therefore eq 7 can be applied in 
voltammetry, from which the ratio k,/kH can be derived. 
In the case of PhSLi, its value is 56 M-' a t  a hanging 
mercury drop electrode (HMDE), in Me2S0 containing 
10% H20  and 0.1 M LiClO, as supporting electrolyte.8d 
Thus k2 = 4.5 X lo8 M-l s-l since kH is known from deu- 
teration experiments (kH = 8.5 x IO6 s-l).16 

We have carried out a voltammetric study of 2a a t  
HMDE in MeCN in the presence of PhSeNBu,. Stock 
solution of this nucleophile was prepared by cathodic re- 
duction of PhSeSePh in MeCN containing 0.1 M 
Bu,NPF6. As seen in Figure 2, addition of PhSeNBu, 
decreases the peak current of 2a, which drops from 5.2 to 
0.70 pA (curves a and b) whereas the reversible reduction 
peak of 2b to 2b'- takes place a t  more negative potentials. 
The stability of 2b'- is moderate since the corresponding 
oxidation peak presents a small amplitude (curve a of 
Figure 3). However, it does not lead to a scramblimg of 
aromatic rings resulting from eq 14 since a large-scale 
electrolysis of 2a in MeCN, in the presence of 1 equiv of 
PhSeNBu,, gives a mixture of anthracene (18%) and 2c 
(74%). The isolated yield of anthracene is close to the 
yield (15%) calculated from (13) since n = 0.30 (entry 1 
of Table 11). Therefore, as expected from eq 7 (ip"/ip) - 
1 is proportional to the concentration of PhSeNBu, (Figure 
4C). The slope of Figure 4C gives the ratio k2/kH and 
hence k2 since kH is known (Table I). A series of voltam- 
metric measurements carried out in mixtures MeCN/ 
MezSO containing 0.1 M Bu4NPF6 indicates that the 
substitution process is more favorable in MeCN than in 
Me2S0. That is shown in Figure 2 which compares the 
influence of PhSeNBu, in pure MeCN and in a 3/7 
MeCN/Me,SO mixture. A stronger decrease of the peak 
current is observed in MeCN (i "/ip = 7.5) than in the 
solvent mixture (ipo/ip = 3.8). $he ratios k2/kH derived 

M. 
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Figure 2. Cyclic voltammograms of 2a (2 X 
d) of PhSeNBu4 (1.6 X 
0.1 M. Sweep rate: 0.1 V s-l. 

M) at a HMDE in the absence (curves a and c) and in the presence (curves b and 
M). Curves a and b MeCN + Bu4NPF6 0.1 M. Curves c and d: 3/7 MeCN/Me2S0 mixture + Bu4NPF, 

Table I.  Reactivity of PhE- Nucleophiles on Aryl Radicals from Voltammetric Measurements 
supporting stationary 

Ar' solvent kH, S-' electrolyte electrode nucleophile k 2 / k H ,  M-I k2,  M-' s-l 
Me2S0 + 10% H20 8.5 X 10," LiClO, Hg PhSLi 56" 
Me2S0 + 10% H20 8.5 X 10," LiC10, glassy C PhSeLi 71  

PhTeLi 180 
Me2S0 8.5 X lo6" Bu,NPF6 Hg PhSeNBua 80 

2 x 1070 Bu,NPF, Hg PhSNBu, 330 
PhSeNBua 406 

PhSeNEt, 360 

MeCN 4.5 x 107 Et,NCIO, glassy C PhSeNEt, 445 

@@@ MeCN 

PhC@* MeCN 5.5 x 107 Et4NC10, glassy C PhSNEt, 360 (290') 
II 
0 

0 

"From ref lb. 'From ref 8d. 

Table 11. Comparative Yields of Substitution ComDounds Predicted by Voltammetry and Coulometrv 

4.5 x 108" 
6,5 X lo8 

6.8 X lo8 
6.6 X lo9 

2 x 10'0 
2 x 10'0 

2 x 10'0 

1.5 x 109 

8.1 x 109 

entry ArX nucleophile solvent k 2 / k ~ ,  M-l 17 (eq lo"), % n E (eq 13), % isolated yield, ./, 
1 2a PhSeNBul MeCN 406 86 0.30 85 14 

3 3a PhSeNEt, MeCN 360 85 0.19 90 86' 
2 2a PhTeLi Me2S0 180 66 0.64 68 49 

4 3b PhSeNEt, MeCN 445 87 0.13 93.5 75c 
" C": 4 X M. ' See ref 14. See ref 19. 

from eq 7 and corresponding to different mixtures appear 
in Figure 5. Extrapolation of the observed straight line 
indicates that k2/kH = 80 M-' in pure DMSO containing 
0.1 M Bu,NPF,. A similar ratio (k2/kH = 77 M-l) is ob- 
tained with PhSeLi as nucleophile (Table I and Figure 4A) 
under the conditions chosen by Saveant et al. for the study 
of PhSLi (MezSO + 10% H20 + LiC104 0.1 M).8d Taking 
into account the values of k , / k ~  in pure MeCN and M e 8 0  
and the fact that kH(MeCN) = 2.3kH(Me2S0)," one finds 
k,(MeCN) = 12kz(Me2SO). A similar effect is observed 
with PhSNBu,. In pure acetonitrile, k,/kH = 330 M-', that 

(17) The yield of anthracene is higher than the coulometric yield 
(32%). As suggested by a reviewer, this would indicate that only a 
fraction of S' would be reduced to S- in the mixture Me,SO/H20. 

is to say about 6 times higher than the value observed for 
PhSLi in Me,S0.8d 

A preparative-scale electrolysis of 2a in the presence of 
PhTeLi in Me2S0 + 10% HzO + 0.1 M LiC10, leads to  
a mixture of 2c (49%), anthracene (42%)," and an un- 
identified minor compound (3% in weight) (entry 2 of 
Table 11). Hence the side reaction (14) does not take place 
or is negligible although the radical anion 2c'- is very 
unstable, as observed in Figure 3b where no anodic peak 
is seen. Thus k2/kH can be derived from eq 7, and one 
finds kP/kH = 180 M-' (Figure 4B and Table I). 

Taking into account the reactivity of PhSLi in Me2S0 
which is chosen as reference, it is concluded from the 
values of Table I that the relative reactivities of PhSLi, 
PhSeLi, and PhTeLi are 1, 1.4, and 3.2, respectively. 
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Figure 3. Cyclic voltammograms of 2b (2 X 10" M) in MeCN + Bu NPFB 0.1 M (above curve) and 2c (2.7 X M) in Mea0 + ~ , b  (10%) + L ~ C ~ O ,  0.1 M. Sweep rate: 0.1 v s-1. 
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Figure 4. Variations of the peak height (i,) of 2a (2 X M) 
with the concentration of PhE- in DMSO + 10% H20 + 0.1 M 
LiClO, (curves A (E = Se) and B (E = Te)) or in MeCN + 
Bu4NPFs (curve C (E = Se)). Glassy carbon SDE, sweep rate 0.2 
V s-l. iPo is the peak height in the absence of PhE. Dotted curve: 
PhSLi in DMSO + 10% H20 + 0.1 M LiClO,; Hg electrode (from 
ref 8d). 

Substitution of Bromobenzophenones 3a and 3b. In 
MeCN, the cathodic reduction of p-bromobenzene (3a) 
gives a radical anion which does not decompose rapidly 
( k ,  = 2.4 X lo3 &).I8 The radical anion 3c'- is ~ tab1e . l~  

%MeCN/Vo,. 
0 

0 20 40  60 80 100 

Figure 5. Variation of the ratio k,/kH with the MeCN content 
(vol) in a Me2SO/MeCN mixture, under the conditions of Figure 
2. 

0 a5 1.0 1.5 

Figure 6. Variations of the peak height (i ) of 3a (2 X M) 
with the concentration of PhSNEt, (m) and PhSeNEt, (0) and 
3b (2 x M) with the concentration of PhSeNEt, (0) in MeCN + 0.1 M Et4NC1O4 Glassy carbon SDE. The sweep rate was 0.2 
v s-1. 

Therefore the peak current ip is anticipated to vary with 
the chalcogenate concentration according to eq 7. That 
is indeed what is observed in Figure 6 with PhSeNEtl. 
Furthermore, the thio nucleophile behaves identically 
(Figure 6), and the ratio k 2 / k H  is 360 M-' (stationary glassy 
carbon electrode). As expected this value is close to the 
value previously determined by Saveant et al. in the case 
of PhSNet, ( k 2 / k H  = 290 M-I a t  a Hg electrodeha The 
identical effect observed in the presence of thio and seleno 
nucleophiles indicates that k2 reaches the diffusion limitB 
in each case, hence k 2  2 X 1Olo  M-' s-l and kH = 5.5 X 
lo7 s-l for the para radical of benzophenone. When o- 
bromobenzophenone (3b) is reduced in the presence of 
PhSeNEt,, the ratio kz /kH is again high (Figure 6 and 
Table I) since k z / k H  = 445 M-I. It suggests that the key 
step (3) is again diffusion controlled, and so kH = 4.5 x 

Results of large-scale e l e~ t ro lyses~~~ '~  are consistent with 
the above results (Table 11). A comparison of the yields 
of seleno derivatives predicted by eq 10 and corresponding 

107 s-1. 
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F.; Savgant, J. M. J.  Am. Chem. Soc. 1980, 102, 3806. 
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to  the aqueous saturated calomel electrode (SCE). 
The electrochemical synthesis of 3c,d by large-scale electrolysis 

of 3a,b in the presence of PhSe- are described in refs 14 and 19. 
The electrochemical synthesis of 2b and 2c was carried out in an 
H-type cell, the three compartments of which were separated by 
ion-exchange membranes Ionax MA 3475 (anodic side) and MC 
3470 (cathodic side). The cathode was a graphite cloth of cyl- 
indrical shape and the anode a Pt grid. The cathodic solution 
(100 mL) was stirred mechanically and deaerated with argon prior 
to  and during electrolysis. 

Electrochemical Synthesis of 2c (Entry 1 of Table 11). 
Diphenyl diselenide (2 mmol) was introduced and reduced to 
PhSe- in MeCN containing Bu4NPFs 0.1 M. The potential had 
to be changed from -1.1 to -2.1 V, whereas the faradaic current 
dropped from 100 mA (initial value) to a negligible value, after 
consumption of 386 C (4 mmol of electrons). The electrolysis was 
interrupted, 2a (4 "01) was added, and the potential was reduced 
at -1.40 f 0.05 V. The faradaic current dropped from 20 mA 
(initial value) to 4 mA, after consumption of 116 C (1.2 mmol of 
electrons). The cathodic solution was diluted with water, and 
electrolysis products were extracted with diethyl ether. After the 
solution was dried, the ether was removed. The crude product 
(1.23 g) was separated by column chromatography with 1/9 
CH2C12/hexane, and the compounds were isolated in the order: 
a mixture of anthracene (128 mg, 0.72 mmol, 18%) and PhSeSePh 
(88 mg, 0.28 mmol, 14%), and then 2c (987 mg, 2.96 mmol, 74%). 
9-(Phenylse1eno)anthracene (2c): yellow powder; mp 117 

"C (CH2C12-hexane). Anal. Calcd for C&-II4Se: C, 72.07; H, 4.23; 
Se, 23.69. Found: C, 72.01; H, 4.21; Se, 24.05. 

Electrochemical Synthesis of 2d (Entry 2 of Table 11). 
Diphenyl ditelluride (1 mmol) was introduced and reduced to 
PhTe- in MezSO + 10% H20  + LiC104 0.1 M. The potential had 
to be changed from 4 .94  to -2.0 V whereas the faradaic current 
dropped from 40 to 5 mA after consumption of 234 C (2.4 mmol 
of electrons) (N.B. PhTe- anions are very sensitive to traces of 
oxygen and so PhTeTePh is regenerated). The electrolysis was 
interrupted, 2a (2 "01) was added, and the potential was reduced 
at  -1.40 f 0.1 V. The faradaic current dropped from 20 mA (initial 
value) to 8 mA after consumption of 94.5 C (0.98 mmol of elec- 
trons). The crude product (684 mg) was obtained and separated 
as above. The compounds were isolated in the order: 2a (118 
mg, 0.46 mmol,23%), a mixture of PhTeTePh (53 mg, 0.13 mmol, 
13%) and anthracene (117 mg, 0.65 mmol, 32.5%), 2d (286 mg, 
0.75 mmol,37.5%), and several minor compounds (23 mg). Taking 
into account 2a left, the yields of anthracene and 2d are 42.5% 
and 49% whereas 0.64 electron equiv was consumed. 
9-(Phenyltel1uro)anthracene (2d): bright yellow powder; 

mp 127 "C (CH2C12-hexane). Anal. Calcd for C&-II,Te: C, 62.90; 
H, 3.69; Te, 33.41. Found: C, 62.70; H, 3.58; Te, 33.44. 

Acknowledgment. Work was supported b y  CNRS 
(Pirsem Grant).  We are grateful to Mrs. Raveau-Fouquet 
for technical assistance. 

to the k2/kH values given in Table 1 are very similar to the 
yields given b y  eq 13 (coulometric yields). The seleno 
ketones 3c a n d  3d were isolated in  high yields (86% a n d  
72%) together with benzophenone as a minor  com- 
p ~ u n d . ' ~ J ~  

Conclusion 
Differences of reactivities between the thio, seleno, and 

telluro nucleophiles are expected to be oberved as long as 
k2 is below the diffusion limit. Due to the high electrophilic 
abilities of the radical derivatives of benzophenone, k2 is 
close to the diffusion l imit  whatever t h e  chalcogen0 nu-  
cleophile, and so no difference of reactivity can be ob- 
served. When 9-anthryl radical is involved in  the SRNl 
substi tution, the reactivities of PhS-, PhSe-, a n d  PhTe- 
anions are different i n  MezSO because k2  is below t h e  
diffusion limit. Thus o w  st ructurereact ivi ty  observations 
are limited t o  this series. However several o the r  results 
have to be pointed out which promote  the use of MeCN 
as solvent in large-scale electrolyses. First  the substi tuted 
compounds  2b, 3c, and 3d are obtained in  high yields in  
MeCN (Table  11, R 2 85%) al though t h e  hydrogenation 
process (6) is rapid (Table  I, kH I 2.10' s-l). T h e n ,  i t  is 
worth noting that the reactivity of the PhSNBu, a n d  
PhSeNBu, nucleophiles toward the 9-anthryl radical are 
higher in MeCN than in MezSO whereas an opposite effect 
was claimed for PhSLi  toward 2-naphthyl radical.'jbv The 
s tudy  of other radicals is current ly  underway in  ou r  lab- 
oratory. 

Experimental Section 
The solvents, supporting electrolyte, and compounds 2a and 

3a were from commercial origin. The ketone 3b was prepared 
according to ref 21. Analytical-grade MeCN (spectrosol SDS) 
was carefully dried on neutral alumina. 

Elemental analyses were performed by Service Central d'- 
Analyses, CNRS, Lyon. 

Cyclic voltammograms a t  a hanging mercury drop electrode 
(HMDE) and glassy carbon stationary disc electrode (SDE) (V25 
Carbone Lorraine; diameter = 3 mm) were obtained using an 
IR-compensated potentiostat driven by a Dacfamov 05 program- 
mer and a Apple IIC computer. The glassy carbon electrode was 
polished on 400, 800, and 1200 grit sand papers ESCIL, on a 
polishing wheel, then on damp polishing cloth Escil-Pal, finally 
dried with acetone. An Amel 552 potentiostat (output voltage 
200V at full load) and a Tacussel IG5-N integrator were used in 
coulometry and preparative electrolysis. AU the potentials referred 

(21) Koopal, S. A. R e d .  Trau. Chim. Pays-Bas 1915,34, 152. 


