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AIrmvmxible onedcctroo reduction potentials (Ep) measured for a series of arylmctltyl sub 
stitutal-dkyl sulfonium salts (aryl = phenyl sod I-naphthyl) indicate that ductive cleavage OLXXIX by a 
amoertrdmcchdsminwhichbondbreakiagie cuncomitant with eisctroa acceptMa. Photolysi.9 of the 
I-nnphthylmcthyl substitutcdixlkyl sulfoninm salta produces l-thiomdyl-2-substituted-alkyl naph- 
thykna via a 1,3-sigmatropic IGWMgcmcnt along with cleavage products. An in-cage fmgmdatioo- 
recmnbinntion process invdving cation-radical/radical intcrmediatce is favored 88 the lwrran@xnl?nt 
m&zmnm even though a concartcd pathway may be involved to some extent. p-Cyanobcnzylthianthrcne 
sdfonium tdlmrometh also underwent photochcmidly as well 89 thcrmdly induced 
~OfthepcyeaD~~fntm~~tothel-andZpoeitionoftbtthianthrencring 
system. An in-cage fragmmtarion-ncombiaacion mazhanism is also favorad in this case for both pho- 
tochanMandthtrmalproo*lscs. 

Ridid and ion-radical intermediates are important 
in many synthetic and- processes.’ 
Ourinte&iiitheseopen-$be~struchueshasev~ed 
fromtheirin&Kdiacyinelectrodea~aDd~ 
cka~reactions.ThescopeoftbispgerwBIbe 
Iimiceit to reductive &savage reactiol~s and pboto- 
Fnts of some sulfbaium salt derivatives. 

Ekctnxkavage reactions can, in general, t*c place 
byeitkaone-steporatwo-stepmechankm..Ina 
two-step IxIec-, -on reduction produces 
an intermediate, e.g. ion-radical or radical, which 
spontaneously undergoes bond cleavage. Two exam- 
ples of a reductive cIeavage process by a two-step 
mechanism are described below. 

The one+k43ron reduction of pnitr&xtzyl- 
halides’ (Eq. 1) and pyridinium derivatives (Eq. 2) 
produces mokcular fragmentation via an inter- 
mediate reduced species. 

derivative, on the other hand, is reduced via a singie- 
electron-transfer process to an intermediate radical, 
which fragments by a IromoIytic bo&bmaking mech- 
anism to pyridine and a radical. 

The two reductive cleavage processes described in 
Eqs (1) and (2) have in common the characteristic that 
the lowest unoccupied molecuktr orbital (LUMO) of 
the starting material is x+ in character. Since the 
reductive cleavage process InvoIves a commoq inter- 
mediate, whose energy is essefftialIy indcpcnde.Bt of 
the Ieavirig group, the re4SWion potentjaI for two- 
step reductive cIeavage processes WiUootVWj!tll~ 
than -0.3-0.4 V from E”’ for the intrinsic reduction 
process as long as the reducible 7c system remains the 
same.’ 

Reductive daavage that takes place by a synchron- 
ous electron-acceptance and bottdxleavage mech- 
anism is distinctly different from the two-step mech- 
anism by the fact that the LUMO level of the electron 
acceptor is u* in character. In this case Ep would be 

C / \+_ _ N CH2R + C - 

X- (2) 

The intermediate in JZq. (1) is an anion-radical, 
which fragmtits by a heterolytic bond-breaking pro- 

expected to be extremely sensitive to tho nature of the 
lcaviq group. 

cess to the pnitrobenzyl radical and halide ion with a 
rate that is dqcndent on the nature of the leaving 

This paper describes the mechanism of the reductive 

group, i.e. I > Br > CI.’ The cationic pyridinium 
cleavage procusr, i.e. one-step (a* LUMO) vs two- 
step (*+ LUMO), for a 0Iass of aryhItJlr#aulfonium 
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salts. The mechanistic aspects are discussed in terms 
of the effect of leaving group on redox behavior, i.e. 
irreversible peak potentiaLs (&,)d and variation of ED 

with structural modifications such as changing the 
oxidation state of sulfur or forming the sulfonium 
ylid. In addition, photochemical rearrangements in 

SAEVA 

The reduction potentials for 1 and 2 (a-f) were all 
irreversible at the fastest scan rate used, i.e. 1 V s - ‘. 
The peak potential Ep for the irreversible elcc- 
trochemical reduction at constant scan rate, substrate 
concentration, and”temperatum was extremely sen- 
sitive to the nature of the fragmenting group. 5 Within 

R 
I’ 

x- ‘$ 
A/ ‘R 

4 f 6 

2 

(3) 

x- +s 4 e- 

Ar’ ‘R 
* $i: 4 R,* . (4) 

2 Ar 

these and a related system are described in terms of 
the intermediacy of ion-radical and radical species and 
the naturc of the excited state. 

RE5XJL-Ig AND Dl!XUSSION 

The sulfonium salts used throughout the study5 
were synthesized by the m&ion of the arylmethyl 
sulfide (or thianthrene) with an alkyl halide in the 
presence of a silver salt. The reactions take place at 
room temperature in methylene chloride, and the 
product is readily put%ed by recrystallixation from 
acetonitrile/diethyl ether at low temperature. s 

systems 1 and 2, Ep varied by more than 1.4 and I .3 V 
vs the standard calomel electrode (SCE), respectively,’ 
and there was good correspondence between systems 
(Tables 1 and 2). The sensitivity and magnitude of 
shift of ED with the electron-withdrawing nature of 
the leaving group suggests that the reductive cleavage 
occurs by a synchronous (concerted) process where- 
by bond breaking is concomitant with electron 
acceptance. 3-5 

We conclude that reductive cleavage within the 
series of sulfonium salts studied. takes palce by a con- 
certed process due to the u+ nature of the LUMO level 
and that ED dues provide a relative measure of the 
energy of the LUMO of the sulfur-carbon bond being 
cleaved. 

"3C 

p 
+ R’-CH,-Br WI ) 

CH,Cl, 

Mechanism of reductive c&wage Molecular orbital calculations using the MOPAC 
Cyclic voltammetry (CV) was used to probe the package of Dewar and Thie16 and MNDO, which is 

electrochemical reductive cleavage of the following the default Hamiltonian, showed that the LUMO level 
two series of aryhnethylsulfonium salts : of all the compounds studied was u*, which is con- 

Ar 

X- &+ H3C’ ‘R 

R= -CH,, CN, -,,,-!a, -Hz!‘, 

a b C d e f 

X = CF,SO,, BF,, OTs 
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Tabk 1. Ekctmchemial peak (EJ potmtiah for the~raduction of sub- 
stihIted phalylmetbyhdfollium salts 

1 

Compound R X Pt Gc 

la :&I,), CF,SO, -1.64 -1.73 
lb BF, -1.61 -1.63 
lC H,CWf, BF. -1.20 -1.31 
ld HAGK-PCN BF, -0.95 -0.99 
le HzCcoCP, OTS -0.73 -0.93 
If H,CC@GW=WN~ BF. -0.23 -0.26 

‘Volts w SCE in CHFJ (SO mV 8-l scan rata) with 0.1 N t-butyl- 
ammonium fluoro&xatc (TBAF) 89 ekctrolytc. Sulfonium salt con- 
centration waa 1.0 x LO-’ M. A piatinum button (Pt) and a glassycarbon 
(cc) ek.ctrodc were used as the working ekctr&. 

sistent with the electrochemical results. In addition, LUMO LEVEL ORBITAL COEFFlCfENTS 
the cakdations also uxrectly prtd&ed the leaving- 
greup propensities found by .I&ak and Sullivan.’ In 
25, for exmnple, the LUMO level is knMzed primarily 

CN 

CT* LUMO 
bond cleavage propensity upon reduction 

1>2>3 

on the sulfur and the benzylic carbon. The orbital cleavage as a consequence of singkAectron nzduc- 
coetficients of the LUMO ‘level predict that bond tion should occur in the sequence: pcyano- 

Table 2. Elactrochamical peak (E,) potentials for the reduction of some 
substituted I-naphthyhnethyisuifonium salts 

co 00 
. 

H /.KRx- f 
2 

Compound R X Pt GC 

2a a, CF,SO, -1.51 -1.46 
2b ‘WCH ,)z BF. -1.49 -1.40 

15 HKCJH, BF, 
=~cz-CN 

-1.06 -0.82 
2e 

H:CWJ%hWNh 
$0, 

-1.23 -0.92 
-0.74 -0.80 

2f CFWY -0.17 -0.15 

l Volb va SCE io CH,CN (SO mV s-l ;rcLir rdte) with 0.1 N t-t&i- 
almMmhm lklorobljmte rakp) aa t!k+&u suronum salt ‘t&h- 
oarn~~t.oxtO-*M.k~tin~~(h)adagury~n 
(C3C)tlbkOdb~USOd~~aPfkillg-. 
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benzyl > methyl > aryl, in agmemalt with experi- 
ment. 

Structure efects on Ep 
As seen from the redox behavior of series 1 and 2, 

the LUMO level of the sulfonium salt can be varied 
over a wide range of potentials. Simple deprotonation 
of the sulfonium salt 2e to the sulfonium ylid shifts E,, 
to more cathodic values. The corresponding tram- 
formation in zf shifts Ep by 1.0 V to more cathodic 

!hE.vA 

ixJrt& L3-aigmoWrearrangcm cnt involving four 
dectrons or an inage bondckavage/recombtion 
mechanism as shown below. The naphthykne moiety 
in 2e and e is absorbing effectively all irradiation 
beyond 310 run, whereas the naphthakne chro- 
mophore in 21 absorbs -63% of the light in this 
wavelength region and the R group tbe remain@ 
37% (Fig. 1). 

Triplet quenchers such as molecular oxygen and 
1,3cyclohexadiene do not quench tbe produ&m of 5, 

EP 
t? 

(V VI SCE) -0.79 

values. Conversion of Zc to the oxysulfonium salt (4) 
in which the oxidation state of sulfur has been changed 
from + 4 to + 6. on the other hand, lowers the energy 
of the LUMO level and shifts Ep by 0.44 V to a less 
cathodic value. The nature of the LUMO level also has 
a profound effect on the phot&amstryofthese systems. 

Photochemistry 
Photolysis of triarylsulfonium and atyldialkyl- 

sulfonium salts normally provides products resulting 
from homolytic as well as heterolytic cleavage of car- 
bon-sulfur bonds. * The product distribution is depen- 
dent on counterion and solvent as well as the specilic 
group attached to sulfur. lo 

We have observed that the photolysis of l- 
naphthylmethyl substituted-alkyl sulfonium salts pro- 
vides I-methylthio-2-substituted-alkyl naphthalenes 
and acid via a 1.2s@matroPic rearrangement * ’ Pro- 
ducts derived from sulfur+!.arbon bond cleavage are 
also observed. ’ ’ 

2 
- 1.23 -1.74 

suggesting the involvement of the singlet state, whose 
lifetime in CH,CN is m 1 ns. in agreement with that, 
attempts to sensitize the rearrangement of the 
naphthyl sulfoniuin salts (ET z 61 kcal mol- ‘) with 
benzophenone (ET = 69 kcal mol- ‘) were unsuc- 
cessful. 

The photoproduct sf was isolated in 55% yield 
from the photolysis of 2f in acetonitrile distilled from 
CaH 2 under argon. The stn&urepf.4fwasidenti6ed 
unequivocally from its X-ray crystal structure. Pho- 
toproducts !!e and c were isolated in 33% yield and 
characterized by their ‘H-NMR and mass spectra 
(EIMS). In separate experiments, photoproducts SC, 
e and f were shown to be stable under the reaction 
conditions. 

A fragmentation-recombination mechanism for 
the formation of 5 involving radicals (ion-radicals) or 
ionic intermediate3 is a>psistent with the experimental 
observations if it is primarily an incage process. A 
fragmentation-recombination mechanism involving 

w CAENC mCH,_R, + HX + q + CH3-!-ii-CH2-R’ 

X- 
W H3C 

/S 

z 5 

2$ R’= 
-u- 

/ \ CN , X=f3F, 
- 

, X= CF,S03 

, X=BF, 

are consistent with a photochemically allowed con- 

An attempt was ma& to elucidate the mechanism of 
rearrangement by means of quenching, sensitization, 
and product studies. The experimental observations 

H3C 
/S 

long-lived ionic in.termediates that can escape Out Of 
the eolvmt cage seems unlikely since the rearrange- 

~~~ 
ment, i.e. quantum yield d:product formation, was 

-. . not modifkd sianificantlv br the oresence of nucleo- 
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CN 

Reductive cleavage is a concerted electron-aceep 
tauee/bondcleavagc process, WllCRlL¶ photo- 
fearran~ent appears to be a 1,34igmatropic 
rearrangement via an in-cage fragmentation-recom- 
bination process involving cation-radical/radical 
intetmediates from the singlet excited state. Some 
degree of eoncerteduess cannot be ruled out at this 
time. The tbiantbreue sulfonium salt 8 gives the same 
products from both photochemical excitation and 
thermal treatment, owing to the cr+ nature of the 
excited singlet state and the stability of the eation- 
radical/radical intermediates. 

EXPERIMENTAL 

Absorption spectra were run on a Perkin-Ehner model 
330 apeetrophotometer equipped with a model 3600 data 
station and a model 600 p&t&. ‘H-NMR spectra were run 
on a Varian EM390 (90 MHz) snectrometer. The sulfoninm 
salts were photolyzed with i f&e1200 W H&Xc lamp in 
combination with an Eahng 31~) A ~tcrfcrcna ~tcr for 
quantum&&ielley studies. ‘I Combustion analyaea and mass 
spcctrometry were done by the Analytical !3&ncu Division 
of the Kodak Research Laboratories. 

Marcriuls. The snlfonium salts, 1 and 2(fl, were syn- 
thesized aa dexribed.’ 

l-N~~f~y~~y/~f~yhVLRcljonium ylid (3). I-Naphthyl- 
benzyhnethyl¶dfonium tetratluoroborate (2c) (5.0 mmol) 
dissolved in 50 ml of anhyd THF (freshly d&tilled from 
bcnzophenonc ketyl) was added to 20 ml of THF containing 
5.0 mmol of NaH. The mixture was stirred at room temp for 
IS min and then tiltcred into a 200 ml round-bottom ftask. 
The THF was flash evaporated at reduced pressure, and the 
resulting pale yellow solid was extracted with three 50 ml 
portions of cyclohexanc. Evaporation of the eyelohcxanc 
gave a pale yellow solid: m/e 264; ‘H-NMR (CD,CN): d 
5.10 (s, HI), 2.92 (s, 3H), 7.O-g.4(12H, Ar). 

I -Naphthylbenzybnelhyloxysul/onium t@W~Ot?lHhOfk-- 

sulfonure (4). I-Naphthylbenzylaulfoxide (IO mmol) and 
methyl iodide (10 mmol) were dissolved in 50 ml of 
dry CHICJI. To this soln was added solid silver tri- 
BuoromethaneanJfonatc (IO mmol), and the mixtnrc was 
stirred for I5 h. The silver iodide was Eltered off, and the 
rcauJung colorleaa aoln was ftaah evaporated. Razymal- 
lizration from acotonitrile/diethyl ether gave 8.2 mmol of 

l CF,SO,H 

the pm&cl prodnct as colorless crystala : m.p. I IS I 16” ; 
m/e 281; ‘H-NMR (CD&N): 6 4.10 (s. 3H), 5.30 (q, 2H. 
Av,, = I8 Hz), 7.0-8.5 (12H. Ar). 

pCyanobenzylthianUuene.su!fonium r@uoromethanesul- 
fonate (8). Thianke (IO mmol) and p-eyanobenzyl 
bromide (10 mmol) were dissolved in 50 ml of CH,Cl,. To 
this mixture was added solid silver trilluorometbanaulfonate 
(IO mmol), and the mixture was stirred at room temp for 3 
h. The mixture was f&red (to remove AgBr) into 200 ml 
of anhyd ether. The etude product that praipitated was eel- 
k&d by suction tiltration. mtion from a&o- 
niuile/diethyl ether at -8” gave the purified product (7.0 
mmol) in 70% yield. m.p. 136” @cc); m/e 332; ‘H-NMR 
(CD,CN): 6 4.90 (s, ZH), 7.10-7.90 (l2H. Ar). 
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