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96. Reactions of Haloarenes with Thiolate Anions in Tetraglyme: 
Competition between Electron Transfer and S,Ar Mechanisms 

by Stephen D. Pastor') 

Research Laboratories, Additives Division, Ciba-Geigy Corporation, 
444 Saw Mill River Road, Ardsley, New York 10502, USA 

(30.111.88) 

The reaction of the hromo-substituted naphthalene 1 with the alkanethiolate anions 2a-b and arenethiolate 2c 
in tetraglyme gave the corresponding 1 -naphthyl thio-ethers 3a*. Thio-ethers 3a-e were oxidized to the corre- 
sponding sulfones 4a* with m-chloroperoxybenzoic acid. The reaction of the dichloro-substituted anthracene 5a 
with Zb gave the disubstitution product 6a. The reaction of 9-bromoanthracene 5c with the alkanethiolate 2b gave 
6b, whereas the reaction of 5c with the arenethialate 2c gave a mixture of substitution product 6c and anthracene 7. 
The observation of the fornation of both 6c and 7 is explained by the competition between substitution (S,Ar) and 
electron-transfer (ET) mechanisms. Consistent with this interpretation, the reaction of the monochloro-substituted 
Sb, which has a higher-energy u* orbital, with 2c gave 6c without the formation of 7. Zn/KOH in tetraglyme was 
shown to reduce the aryl halides 5 b c  and thio-ether 6c to 7. 

Introduction. - Considerable research effort continues towards the development of 
methodologies for the substitution of aryl halides by thiolate anions because the substi- 
tution products are currently of considerable theoretical interest. Alkyl- and arylthioben- 
zenes, for example, have been used in the design of inclusion compounds [l]. Recent 
advances in the technology of organic metal conductors have spurred the use of arylthio- 
ethers as intermediates for the synthesis of polyfulvalenes with extended conjugation [2]. 
Quite recently, Cox et al. have reported a novel photochromic tetraalkylthiobenzene [3]. 

Results from our laboratory have shown that tetraglyme (2,5,8,1I,Il-pentaoxapenta- 
delecane) is a suitable solvent for the substitution of unactivated halobenzenes by arene 
and alkanethiolate anions [4-71, which provides an alternative to N,N-dimeth- 
ylacetamide [8], N,N-dimethylformamide [9], and the suspected carcinogen hexamethyl- 
phosphoric triamide (HMPT) [lo]. In tetraglyme [6], limited mechanistic study suggested 
that a S,Ar mechanism [ 111 is operative in the substitution of unactivated halobenzenes 
by alkanethiolates. Similarly, the results of Tiecco and coworkers [lob] suggested that a 
S,Ar mechanism is operative in HMPT. The substitution of iodobenzenes with arene- 
thiolate anions by a S,,1 mechanism [1212) has been reported in the photostimulated 
reaction by Bunnett and Creary [13], whereas Rossi and coworkers [14] reported the 
competition between electron transfer (ET) and fragmentation of the radial anion inter- 
mediate of analogous SR,l reactions with thiolate anions. 

The substitution of naphthyl and anthryl halides by thiolate anions has received 
considerably less attention [15], although evidence for an SR,l mechanism under certain 
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conditions has been presented [ 131 [ 141 [ 161. The lower reduction potential [ 171 of poly- 
arene systems suggests that single-electron-transfer (SET) processes might be facile. Quite 
recently, Ashby et al. have reported SET from lithium 1-butanethiolate to polynuclear 
hydrocarbons [18]. The counterion and solvent are known to effect the competition 
between ET and SN2 mechanisms, and Kuivila and coworkers have demonstrated sig- 
nificant differences between tetraglyme and other solvents in the reaction of trime- 
thylstannates and alkyl bromides [19]. In the present study, the results of the substitution 
of naphthyl and anthryl halides by both alkane- and arenethiolate anions in tetraglyme 
are reported. 

Results and Discussion. - The reaction of the 1-bromondphthalene (1) with the 
alkanethiolate anions 2a-b in tetraglyme gave the corresponding 1 -naphthyl thio-ethers 
3a-b, respectively (Scheme 1) .  Similarly, the reaction of the benzenethiolate 2c with 1 
proceeded in the expected manner to give 3c. Further proof of structure was provided by 
oxidation of 3a-c with m-chloroperoxybenzoic acid [20] to the corresponding sulfones 
4a-c. 

Scheme 1 
0 

R\ // 

Tetraglyme MCPBA + RS Na+ - 
A / /  
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2a R = CH,(CH,), 3a R = CH,(CH,), 
b R = C H d C H h  b R = CH,(CH,),, 
c R=C,.H, c R=C,H,  c R = C,H, 

4a R = CH,(CH,). 
b R = CH,(CH.),, 

Y 
5a X = Y = C I  
b X = C I . Y = H  
c X = B r , Y = H  

Y 

6a X = Y = CH,(CH?),,S 7 
b X = H, Y = CH,(CH,),, 
c X = H, Y = C,H,S 

The reaction of the dichloro-substituted anthracene 5a with the alkanethiolate 2b 
gave the bis(dky1thio)anthracene 6a in high yield (95 '11 recrystallized). The mono-substi- 
tuted product 6b was prepared in an analogous manner by the reaction of 9-bromoan- 
thracene (Sc) with the alkanethiolate 2b. 

Surprisingly, the reaction of the benzenethiolate 2c with 5c gave a mixture of two 
major products. Upon recrystallization, a mixture of the two components was obtained 
with a m.p. range of 128-135" (vide infra). The compounds could be separated by 
preparative TLC. One component was the expected 9-(pheny1thio)anthracene (6c) which 
was identified by m.p., 'H-NMR, MS, and elemental analysis. The other component was 
anthrdcene (7) which was identified by mixed m.p., MS, superimposdble 'H-NMR, and 
IR spectra with the spectra obtained from an authentic sample of 7, and identical R, on 
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TLC. The integration of the 'H-NMR singlet resonances at 6 8.60 (H-C(10) of 6c) and 6 
8.40 (H-C(10) of 7) indicated a 3:l mixture 6c/7 prior to TLC separation. 

Previously, Beckwith et al. reported the formation of a solid 'which could not be 
further purified' besides 6c and Ph,S in the reaction of anthracene with phenylthiyl 
radicals generated in benzene solution. The similarity of the m.p. range and elemental 
analysis of the mixture obtained in this study to that obtained by Beckwith, suggests that 
Beckwith isolated a similar mixture 6c/7 [2lI3). Furthermore, the observation of an- 
thracene in the present study suggested that a radical process may be operative. 

The formation of 7 can be explained, if SET from the arenethiolate 2c to 5c occurred 
in competition with the expected S,Ar mechanism (Scheme 2). The formation of both 7 
and 6c by an S,, 1 mechanism appears unlikely, because the formation of a ~7 radical 10 is 
required, which, by analogy to the highly reactive and unselective phenyl radical [22], 
would be expected to be rapidly reduced by H-atom extraction from the polyether solvent 
[22a] [2314). In certain cases, mechanisms involving nucleophilic attack on a radical anion 
or the involvement of dianions have been proposed5). A reasonable explanation for the 
formation of 7 is that a SET process occurs which leads to the formation of 10 followed 
by H-atom extraction. The further reduction of the radical intermediate 10 to the anion 
11, which is protonated upon workup to give 7, is also possible based upon the fact that 
the reduction of aryl radicals is generally easier than that of the starting substrate [23e]. 
Proton capture from monoglyme by an aryl anion has also been suggested [23a]. Bunnett 

Scheme 2 
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9b X = C1 
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11 
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This study: m.p. 128-135". Anal. found: C 85.3, H 5.3. [21]: m.p. 132.5-135". Anal. found: C 86.6, H 5.2; calc. 
for a 3:l mixture: C 86.5, H 5.1. 
The formation of some 6c either by radical coupling of 10 with 2c or a SRN 1 process with a short chain length 
is of course possible. The rate constant for the reaction of a naphthyl radical, which would he expected to have 
similar reactivity to an anthryl radical, with 6c (k2 = 2.3 107~- ' l s - ' )  is large [25d]. 
For a proposed mechanism involving nucleophilic attack on a radical anion, see [24a, b]. For a similarly 
proposed chain mechanism, see [24c]. For a review of radical anions and dianions generated from aromatic 
compounds, see [24d]. 

5 ,  
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and coworkers have also demonstrated that an overall two-electron reduction process, 
whereby the initially formed radical anion is reduced directly to an aryl anion, is operative 
in certain cases [23b]. This mechanistic pathway proposed by Bunnett and coworkers, 
provides an alternate mechanism for the reduction of 5c to 11, which does not involve the 
g radical 10. 

Given the posit that the formation of 7 occurs as the result of the formation of 10 (or 
11) through an ET mechanism (Scheme 2), internal electron transfer from the initial n* 
radical 8c to the o* radical 9c must occur prior to the cleavage of the C-X bond [23e] 
[25-28]. The Br or C1 substituent in 5 k ,  whose bonding orbital is orthogonal to the n 
system, does not have a significant effect on the reduction potential of the anthryl halide 
( E D  values are - 1.7 1 eV and - 1.70 eV for 5b and 5c, respectively) [23e]. However, the 0 * 
orbital-energy level of the C-Br bond is lower than that of a C-C1 bond, and transfer of 
the electron from the x* to the o* orbital (the intersection of the x* and o* potential- 
energy surfaces) is expected to be more facile [23e] [28] [29]. This is consistent with both 
the observed cleavage rates of the radical anions 8 k  (logk [s-I] = 2.2 and 6.4, respec- 
tively) and the energy of activation calculated for their cleavage by extended Huckel 
calculations (E* = 25 kcal . mol-' and 16.5 kcal . mol-I, respectively) reported by Savtant 
et al. [23e]. The straightforward substitution of 1 is consistent with the higher (more 
negative) reduction potential of the naphthalene ring system (Eo = - 2.19 eV for 1 [23e]) 
compared to the anthracene ring system. 

As anticipated, the reaction of 5b with 2c gave the substitution product 6c (59% 
recrystallized). The examination of the reaction mixture prior to workup by TLC did not 
reveal the presence of 7. The observation of SET reactions in the case of the reaction of 
the 2c but not the alkanethiolate has been previously observed in other studies (vide 
infra), and is consistent with measured redox potentials of benzenethiolate (EO = - 0.2 
eV) us. an alkanethiolate (Eo = 0.3 eV for ethanethiolate) measured in MeCN [30]. 

The stability of 5c under the reaction conditions was investigated. A solution of 5c in 
tetraglyme was heated at both 125" for 12 h and 185" for 20 h. In neither case was the 
formation of 7 observed. Although the TLC of the solution 5c heated at 185" showed no 
perceptible change, the solution became dark yellow and developed a distinct bromine- 
like odor. 

Significantly, the formation of 7 was not observed when a 2:l molar ratio of 2c/5c in 
tetraglyme was stirred at 24" for 6 h. Quite interestingly, the slow formation of 6c was 
observed when the same solution of 5c and 2c was heated at 103" for 7 days') without the 
formation of 7. These results strongly suggest that the SET process has a higher free 
energy of activation (AG +) and occurs as a result of the high temperatures employed in 
these substitutions (for a discussion, CJ [30b], pp. 23-25). The higher energy level of the 
C-C1 o* orbital in the case of 5b precludes the formation of 7. 

A mixture of 6c and 2c in a 2:l molar ratio in tetraglyme was heated at 50" (1 1 h) and 
150" (48 h). In both cases, the formation of 7 was not observed, which suggests 6c is not 
readily reduced under the reaction conditions. 

A similar dichotomy between the reactivity of alkane- and benzenethiols was ob- 
served by Takikawa et al. in their reaction with 9-nitroanthracene [31]. The formation of 

6, Compound 6c was isolated and identified by both 'H-NMR and identical R, on TLC with an authentic 
sample. 
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9-(alky1thio)anthracenes was observed in the substitution of 9-nitroanthracene with 
alkanethiols, whereas the reaction with benzenethiol gave a low yield of substitution 
products. Products which were the result of SET from benzenethiol to 9-nitroanthracene 
were reported. Similar observations were reported by Singh and Jayaruman for the 
reaction of 9-bromo-9-phenylfluorene with benzenethiolate anion [32]. 

Recently, Handoo and Gadru [33] reported that Zn/KOH (Zn/OH-) in DMSO is a 
strong reductant, which can reduce organic substrates with a reduction potential of up to 
- 2.2 eV to their corresponding radical anions. The radical anions were reported to form 
readily 'even in the absence of inert conditions' unlike the corresponding reactions in 
etheral solvents which are quite sensitive to atmospheric 0,. The similar high-dielectric 
constant and solvating ability suggested that radical anions might also be readily formed 
in tetraglyme. Indeed, 5 k  and 6c were readily reduced by Zn/OH- in tetraglyme in 
moderate to high yield. The reaction mixtures quickly developed a violet-to-intense-blue- 
black coloration, suggestive of radical-anion intermediates. 

The results of this study demonstrate that SET processes can occur in competition 
with substitution in the reaction of readily reduced haloarenes by benzenethiolate anion, 
particularly when the o* orbital of the C-nucleofuge bond is low enough in energy to 
accept an electron from the R * radical. This work further suggests that in the synthesis of 
arylthioarenes the occurrence of SET reactions can be obviated by the use of nucleofugal 
groups that form bonds to the arene with a high o* orbital energy. 

Experimental Part 

General. Reagents were piirchased from commercial laboratory supply houses. Tetraglyme was dried prior to 
use by passing through an activated column of alumina (Woelm N ) .  Reactions were carried out in flame-dried 
apparatus under a dry, inert atmosphere of either N, or Ar. 

Whatmann DSC-IF silica gel was used for all dry-column chromatography [34]. Merck 938.5 silica gel 60 
(230400 mesh) was used for flash chromatography [3S]. M u c k  pre-coated (0.25 mm) silica gel 60 F-2.54 plates were 
used for TLC. Merck pre-coated (2 mm) silica gel 60 F-254 plates were used for prep. TLC. Prep. HPLC was carried 
out with a Waters PREP 500A HPLC. 

All m.p. were determined in open capillary tubes with a Thomas-Hoover apparatus and are uncorrected. IR 
spectra were recorded on a Perkin-Elmer model 1300 spectrophotometer, and reported peak absorptions are 
estimated to he accurate to i 10 cm-I. 'H-NMR spectra were taken on a Jeol FX-YOQ, Vuriun model CFT-20, or 

Table. Reactions of Huloarenes with Sodium Thiolates in Tetruxlvme 

Enfry Substrate R in RSNa mol-equiv. 
RSNa 

1 1-Br-naphthalene 1 -octyl 1.1 
2 1-Br-naphthalene I-dodecyl 1.1 
3 I-Br-naphthalene Ph 1.1 
4 9,10-C12-anthracene I-dodecyl 2.2 
5 9-Br-anthrdcene 1 -dodecyl I .  1 
6 9- Br-anthracene Ph 1.1 
7 9-Ci-anthrdcene Ph 1 .1  

") Isolated yield (recrystallized). 
d, A mixture of anthracene and 6c obtained. 

') Isolated by distillation. 

Reaction 
temp. [ C ]  

175 
175 
163 
169 
181 
195 
183 

Reaction 
time [h] 

20 
22 
23 
23 
-- 37 

16 
12 

Product 

3a 
3b 
3c 
6a 
6b 

6c 

Yield") 

67') 
81') 
62h) 
95 
42") 

[%] 

59 

') Isolated by dry-column chromatography. 
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Vuriuri model XL-200 spectrometer. All 'H chemical shifts are reported in ppm relative to TMS. MS were obtained 
on a Finnegun model 8200 mass spectrometer. 

Elemcntal analyses were performed by Analytical Research Seruices, Cibu-Geigy Corp. 
The preparation of 3a is illustrative of the general method for the preparation of compounds 3b-c and 6a-b. 

I-jI-Octylthio)nuphtha/ene (3a). To a well-stirred mixture of 2.64 g (110 mmol) of NaH and 50 ml of 
tetraglyme was added dropwise (exotherm) a soln. of 16.09 g (1 10 mmol) of 1-octanethiol in 150 ml of tetraglyme. 
After the evolution of H2 was complete (ca. 1 h), 20.71 g (100 mmol) of 1 was added, and the resultant mixture was 
heated at 175" for 20 h. The cooled mixture was added to 500 ml of dil. aq. HCI, and the resultant heterogeneous 
mixture was extracted with Et,O (1 x 500 ml). The org. phase was separated and was extracted with H,O (3 x 165 
ml). The org. phase was dried (Na2S0,), and the volatiles were removed in uucuu. The residue was purified by 
bulb-to-bulb and fractional distillation to give 24.40 g (67%) of a light yellow liquid. B.p. lSO"/O.Ol Torr; Rf (7:3 
hexanc/AcOEt) 0.66. 'H-NMR (CDCI,): 0.89 ( t .  3 H); 1.27- 1.58 (complex m, 12 H); 2.96 ( f ,  SCH2); 7.58 (complex 
rn, 6 H); 8.46 (complex m, 1 H). Anal. calc. for C,,H,,S: C 79.4, H 8.9; found: C 79.5, H 9.1. 

I - (  f-Dodecytrhio)naphtha/ene (3b). Light yellow liquid, b.p. 192-195"/0.15Torr ([41]: 195- 196°/0.01 Torr); Rf 
( 7 3  heptane/AcOET) 0.46. 'H-NMR (CDC13): 1.02 ( t ,  3 H); 1.40 (complex m, 20 H); 3.08 ( t ,  SCH,); 7.65 (complex 
m, 6 H); 8.56 (complex m, 1 H). Anal. calc. for C22H32S: C 80.4, H 9.8; found: C 80.2, H 10.1. 

I-(Plreny1rhio)naphthalene (3c). White solid; purified by distillation (143-147"/0.1 Torr) followed by recrystal- 
lization from EtOH. M.p. 4243.5" ([36]: 4142"; [37]: 41.542"; [38]: 41.8"; [39]: 39.W9.5"); R, (7:3 hep- 
tane/AcOEt) 0.46. 'H-NMR (CDCI,): 7.33-8.05 (complex rn, 11 H); 8.61 (complex m, 1 H). Anal. calc. for 
Cl6Hl2S: C 81.3, H 5.1; found: C 81.2, H 5.3. 

9, IO-Bis(l-dodecylthiu)anIhracene (6a). White solid; purified by recrystallization from acetone. M.p. 67.5- 
69.5". R,(7:30 heptane/AcOEt) 0.76. 'H-NMR (CDCI,): 0.89 (1 ,  6 H); 1.27 (complex m, 40 H); 2.90 ( r ,  2 SCH,); 
7.65 (rn, 4 H); 9.08 (m. 4 H). Anal. calc. for C,,H&,: C 78.8, H 10.1; found: C 78.9, H 10.0. 

Y-(f-Dodecy1)anthracene (6b). White solid'); purified by dry-column chromatography (9:l heptane/AcOEt). 
R, (heptane) 0.15. 'H-NMR(CDC1,): 0.96 ( t ,  3 H); 1.33 (complex rn, 20 H); 2.90 ( f ,  SCH,); 7.58 (complexm, 4 H); 
8.02 (dd, 2 H); 8.46 (3, 1 H); 9.05 (dd, 2 H). Anal. calc. for C,,H,,S: C 82.5, H 9.1; found: C 82.2, H 9.4. 

9-( fheny/rhio)rmthmcene (6c). White crystalline solid, purified by recrystallization from i-PrOH. M.p. 98- 
100'([21]: 100.5.102"). Rf(heptane) 0.17. 'H-NMR (CDCI,): 7.00 (complex rn, 5 H); 7.52 (complex m, 4 H); 8.10 
(complex m, 2 H); 8.60 (complex rn, 1 H); 8.84 (complex rn, 2 H). MS: 286 (Mf'). Anal. calc. for C2~H,,S: C 83.9, 
H 4.9; found: C 83.9, H 4.9. 

I-Octyl I-Naphthyl Sulfone (4a). To a soh. of 2.72 g (10 mmol) of 3a in 40 ml of CH,CI, cooled with an 
acetone/ice bath was added portionwise with a powder-addition funnel 3.80 g (22 mmol) of m-chloro- 
peroxybenzoic acid. The resultant mixture was stirred for two hours at r.t. and then was extracted sequentially with 
a 10% aq. soh .  of Na2S03, sat. aq. NaHCO? soln., and H20.  The org. phase was dried (Na2S04), and the volatiles 
were removed in uacuo. The residue was purified by dry-column chromatography (heptane) to give 2.50 g (82%) of 
a light amber viscous liquid, Rf (7:3 heptane/AcOEt) 0.36. IR (CH2CI2): 1305, 1152, 1122 (SO,). 'H-NMR 
(CDCI,): 0.77 (t.  3 H); 1.08-1.65 (complex rn, 12 H); 3.27 (1,  2 H); 7.58-8.27 (complex m, 6 H); 8.71 (complex m, 
1 H). Anal. calc. for CI,H2,O2S: C 71.0, H 8.0; found: C 71.0, H 8.1. 

I-Dodecyl I-Naphthyl Sulfone (4b). By the procedure used to prepare 41, compound 4b was prepared from 
3.29 g (10 mmol) of 3b and 3.80 g (22 mmol) of m-chloroperoxybenzoic acid. The residue was recrystallized from 
EtOH to give 2.57 g (71 YO) of a light-beige solid. M.p. 29-31". Rf (7:3 heptane/AcOET) 0.37. IR (CH2C12): 1300, 
1153, 1122 (SO,). 'H-NMR (CDCI,): 0.90 ( f .  3 H); 1.21 1.83 (complex m, 20 H); 3.33 (t. 2 H); 7.71-8.33 (complex 
m, 6 H); 8.77 (complex m, 1 H). Anal. calc. for C,,H,,O,S: C 73.3, H 9.0; found: C 72.9, H 8.9. 

I-Phenyl I-Naphthyl Suifone (4c). By the procedure used to prepare 4a, compound 4c was prepared from 2.36 
g (I0 mmol) of3c and 3.80 g (22 mmol) of m -chloroperoxybenzoic acid. The residue was recrystallized from EtOH 
togive 1.15gf43%)ofa white solid. M.p. 102-103"([!5]: 99.5-100.5"). Rr(7:3 heptane/AcOEt)0.20. IR(CH,CI,): 
1305. 1155, 1135 (SO,). 'H-NMR (CDC1,): 7.46 (complex rn, 6 H); 7.96 (complex m, 4 H); 8.58 (complex m, 2 H). 
Anal. calc. for C16H12S02: C 71.6, H 4.5; found: C 72.0, H 4.7. 

General Prucedure.fur Zn/KOH Reductions in Tetrugtynze. To a mixture of 1 mmol of substrate and 0.5 g (7.6 
mmol) of Zn dust in 20 ml of tetraglyme was added 3 ml of an aq. 6 M KOH s o h  The mixture was heated to 55" and 
then allowed to cool to r.t. The reaction mixture was stirred at r.t. overnight, and then it was poured into 125 mi of 
Et20. Thc etherdl solution was extracted with sat. NaCl soln. (3 x 50 ml), and the org. phase was dried (Na2S04). 

The molar equivalents of thiol, reaction temperature, reaction duration, and yields are listed in the Table. 

') A white crystalline solid is obtained from cold i-PrOH which liquifies upon warming to r.t 
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The volatiles were removed in uacuo, and the residue was purified by recrystallization. The following yields of 7*) 
were obtained: 

Substrate Yield 7 [ %] 

5b9) 79 
5c9) 45 
6c lo) 90 

S.D.P. thanks Ciba-Geigy Corp. for support and permission to publish this work. The author wishes to thank 
Prof. D.  B. Denney, Rutgers University, for a critical reading of the manuscript. 
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