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Preparation of selenoxides from the catalytic autoxidation of 
organoselenides with nitrogen oxides 

Eric Bosch and Jay K. Kochi 
Department of Chemistry, University of Houston, Houston, TX 77204-5441, USA 

Various alkyl, aryl and benzyl selenides (RSeR') are readily converted in high yields to the corresponding 
selenoxide in the presence of dioxygen and catalytic amounts of either nitrogen dioxide, nitrosonium 
cation or nitric oxide in acetic acid. The selenoxides are initially isolated as the acetic acid adducts (from 
which the free selenoxides are readily liberated by treatment with base). Nitrogen dioxide is also capable of 
the stoichiometric oxidation of the selenoethers; and the electron donor-acceptor or EDA complex with 
nitrosonium, i.e. [R,Se.NO']NO,- is formed as the first intermediate by the selenoether-induced 
disproportionation of NO,. The critical role of the nitrosonium EDA complex is further demonstrated by 
the production of selenoxide by an alternative (low-temperature) photochemical procedure involving the 
deliberate irradiation of the charge-transfer absorption band of [PhSeMe.NO']NO,-. A scheme is shown 
that presents the sequence of redox changes of the nitrogen oxides involved in the catalytic conversion of 
selenoethers to their selenoxides. 

Introduction 
The role of organoselenides in synthesis has increased dramatic- 
ally since the early 1 9 7 0 ~ , ' ~  largely due to the discovery of two 
preparative transformations involving the corresponding 
selenoxides. Most commonly used is the spontaneous elimin- 
ation of the selenoxide moiety at ambient temperatures to pro- 
vide a facile route to olefins.'" Allylic selenoxides, on the other 
hand, undergo a facile [2,3] sigmatropic rearrangement to 
allylic alcohols.%IO While the selenoxides in these rearrange- 
ments are themselves seldom isolated more stable selenoxides 
used in other transformations have been isolated." The spor- 
adic reports of the preparation and isolation of stable selen- 
oxides from aryl-, benzyl- or methyl-substituted selenides 
(selenoethers) utilize stoichiometric amounts (or an excess) of 
common oxidants such as hydrogen peroxide,', ozone,13 tert- 
butyl hydroperoxide l4 and sodium metaperiodate." 

We report here the selective aerial oxidation of selenoethers 
to their selenoxides, catalysed by nitrogen oxides. This provides 
an inexpensive, high yield a1 ternative to the existing procedures. 
In this oxidation, a novel charge-transfer complexation plays a 
major role, and we demonstrate that electron donor-acceptor 
(EDA) complexes with nitrosonium are the first critical inter- 
mediates. Since the selenoxide products are strongly basic and 
readily form acetic acid adducts, they effectively prevent over- 
oxidation and thus render the overall transformation highly 
selective. 

Results 
Stoichiometric oxidation of selenoethers with nitrogen dioxide 
When phenyl methyl selenide (1 mmol) was treated with nitro- 
gen dioxide16 ( 1  equiv.) in rigorously dried dichloromethane 
under an argon atmosphere at O'C, a vigorous reaction was 
accompanied by the copious evolution of nitric oxide which 
was identified by its characteristic 1R stretching bands at 1904, 
1876 and 1851 ~ r n - ' . ~ ~ - ' ~  Quantitative analysis of phenyl methyl 
selenoxide and nitric oxide established the 1 : 1 stoichionietry 
under anaerobic conditions, as shown in eqn. ( I ) .  The reaction 

PhSeMe + NO, c ~ z ~ , z >  PhSe(0)Me + NO (1) 

was rather capricious, and the reaction in dichloromethane 

resulted in a colourless precipitate along with the selenoxide 
and unreacted selenoether. The solid was removed by filtration, 
recrystallized from acetonitrile, and identified as a nitric acid 
adduct by elemental analysis and 'H and 13C N M R  spec- 
troscopy.20,21 Since the 'H NMR spectrum of the initially 
formed solid only consisted of the methyl and aromatic reson- 
ances, the solid was presumed to be a dinitrogen tetraoxide 
adduct. However, the colourless solid was extremely hygro- 
scopic and after recrystallization was transformed in to the 
nitric acid adduct which exhibited an additional proton reson- 
ance at 12 ppm 22-25 [see eqn. (2 ) ] .  The selenoxide was recovered 

PhSe(O)Me.N,O, + H 2 0  --+ PhSe(O)Me-HNO,, etc. (2) 

from the nitric acid adduct in quantitative yield simply on 
treatment with aqueous potassium carbonate. The oxidation of 
dibenzyl selenide with NO, (1.1 equiv.) in dichloromethane also 
yielded a mixture of products from which the nitric acid adduct 
of dibenzyl selenoxide 22*23 and unreacted dibenzyl selenide were 
isolated and identified. 

In order to circumvent these problems and to perform the 
selenoether oxidation with NO2 in a controlled, reproducible 
manner, we reasoned that reaction in acetic acid would result 
in the formation of the well-known (and soluble) acetic acid 
adducts of the s e l e n ~ x i d e s . ~ ~ . ~ ~  Indeed, the treatment of phenyl 
methyl selenide with 1 equiv. of NO, in acetic acid at 25 "C 
resulted in the quantitative formation of the acetic acid adduct 
of phenyl methyl selenoxide with the concomitant liberation of 
1 equiv. of nitric oxide, as shown in eqn. (3). Treatment of the 

PhSeMe + NO, CH:::H 5 PhSe(O)Me*HOAc + NO (3) 

adduct with potassium carbonate (as described in the Experi- 
mental section) resulted in the evolution of CO,, and the 
selenoxide was liberated in quantitative yield, as shown in 
eqn. (4). The oxidation of the various selenoethers in Table 1 

2 PhSe(0)Me-HOAc + K2C03 % 
2 PhSe(0)Me + 3 KOAc + CO, (4) 

with stoichiometric amounts of NO2 led to high yields of the 
corresponding selenoxides by the same proced~re.~'.~' 
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Table 1 Stoichiometric oxidation of selenoethers with nitrogen 
dioxide" t 
Selenoether 

Amount/ Adduct yieldb/ Selenoxide yield' 
mmol mmol ('Y") 

Phenyl methyl selenide 0.66 0.63 94 

Benzyl phenyl selenide 2.01 1.97 97 
Benzyl methyl selenide 1.25 1.25 93 
Dibenzyl selenide 1.03 1.03 97 

Phenyl methyl selenide 1.05 -d 91 
Phenyl isopropyl selenide 1.75 1.70 96 

" With 1 .1  equiv. of NOz in acetic solution at 25 "C under an argon 
atmosphere, unless stated otherwise (see Experimental section). Isol- 
ated yield of the acetic acid adduct. ' Isolated yield of selenoxide based 
on selenoether charged. Reaction in dichloromethane solution. 

Autoxidation of selenoethers catalysed by nitrogen oxides 
A solution of phenyl methyl selenide in acetic acid remained 
unchanged under a dioxygen atmosphere (in the dark) for 
weeks at room temperature. However, the overall oxidation of 
selenoethers with nitrogen dioxide in acetic acid as depicted in 
eqns. (3) and (4), coupled with the well-known aerial (re)oxid- 
ation of the nitric oxide,2y provided the basis for the catalysed 
aerial oxidation of selenoethers as follows. An acetic acid solu- 
tion of phenyl methyl selenide (3.4 mmol) was saturated with 
0, and the flask connected to a gas-filled balloon to ensure a 
complete oxygen atmosphere. Small amounts of nitrogen 
dioxide (0.17 equiv.) were added, and the mixture stirred at 
25 "C overnight. The solvent and unreacted nitrogen oxides 
were removed in vuwo, and the spectral analysis of the solvent 
mixture in the cold trap identified only unreacted NO, by its 
characteristic IR stretching bands at vNolcm-' = 1600 and 
1 620.30 The acetic acid adduct of phenyl methyl selenoxide was 
isolated in quantitative yield [eqn. ( 5 ) )  Treatment of the 

PhSeMe + 0.5 02* PhSe(O)Me.HOAc ( 5 )  

aqueous solution of the acetic acid adduct with potassium car- 
bonate (0.5 equiv.) resulted in the copious evolution of C02. 
When the evolution of gas ceased, the selenoxide was isolated in 
quantitative yield by the work-up described in eqn. (4). The 
other selenoethers in Table 2 were also subjected to these condi- 
tions, and the corresponding selenoxides isolated in excellent 
yield. Indeed, even the labile isopropyl phenyl selenoxide was 
isolated in quantitative yield after treatment of the acetic acid 
adduct with base at 0 "C. (The selenoxide subsequently under- 
went slow decomposition at 25 oC.2792H) Moreover, the same 
autoxidation in acetic acid was catalysed by catalytic quantities 
of either a nitrosonium salt or nitric oxide [see eqn. (6)]. 

RSeR' + 0.5 O2 "'+I Or RSe(O)R'.HOAc (6) 
CHiCOzH 

I t  should be noted that acetic acid solutions of phenyl methyl 
selenide were indefinitely stable in the presence of nitric oxide 
under anaerobic conditions. 

The nitrogen dioxide-catalysed autoxidation was incomplete 
when carried out in dichloromethane solution (turnover 
numbers < 2 )  due to the formation of a colourless precipitate of 
the nitric acid adduct as described in the stoichiometric oxid- 
ation (vide szipm). (Such a precipitation effectively removed the 
nitrogen oxide catalyst from the reaction mixture.) 

In situ oxidation-elimination of selenoethers 
A dichloromethane solution of a-phenylseleno-a-benzyl- 
butyr~lactone~'  was cooled to -78 "C, treated with 3 equiv. of 
nitrogen dioxide, and then warmed to 25 "C. The red solution 
faded to yellow, and a white precipitate formed. After 2 h, the 
precipitate (containing the phenylselenyl moiety) was removed 
and washed with dichloromethane. The combined solutions were 
concentrated in vuciio, and the butenolide 32933  isolated in 92% 
yield by preparative TLC [see eqn. (7)]. When the reaction was 
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Fig. I Charge-transfer absorption spectrum (-) of 2 x lo-' M ben- 
zyl methyl selenide and 6 x M nitrogen dioxide in dichloromethane 
at -78 "C relative to the spectrum of NO, alone (- - -). Inset: Charge- 
transfer absorption spectrum of 2 X lop3 M benzyl methyl selenide and 
NO' BF,- in dichloromethane at -78 "C. 

performed in acetic acid, 1 equiv. of NO2 was sufficient to effect 
the transformation in quantitative yield. Alternatively, the same 
result was obtained with dioxygen in the presence of catalytic 
amounts of nitrogen oxides. 

Visual and spectral changes during the catalytic and 
stoichiometric oxidation of selenoethers with nitrogen dioxide. 
Identification of nitrosonium complexes 
The stoichiometric and catalytic oxidation of selenoethers with 
nitrogen dioxide were both characterized by a vivid series of 
characteristic colour changes particular to each selenoether. 
For example, immediately upon treatment of an acetic acid 
solution of phenyl methyl selenide with nitrogen dioxide 
(1 equiv.), the solution turned red. The colour rapidly faded and 
the solution became colourless after 5 min at 25 "C. The same 
colour changes were observed in dioxygen-saturated solutions 
in either acetic acid, dichloromethane-acetic acid mixtures or 
pure dichl oromet hane. 

Since the visual changes were particular to each selenoether, 
a common origin of the colours to NO2 was sought. Accord- 
ingly, the quantitative effects of the colour change arising from 
the interaction of selenoethers with NO, was monitored by 
UV-VIS spectroscopy at low temperatures where the thermal 
oxidation in eqn. (1) was too slow to compete. Fig. I shows the 
well-resolved absorption band with &,,, = 51 5 nm of the red 
solution resulting from the addition of NO2 to a solution of 
benzyl methyl selenide in dichloromethane at - 78 "C. At this 
low temperature, the absorption band was persistent over the 
course of several hours (when protected from adventitious 
room light); and the benzyl methyl selenide could be recovered 
intact when the cold solution was rapidly quenched. Since the 
positions of the new absorption bands (in Table 3, column 3) 
for each of the selenoethers underwent progressive batho- 
chromic shifts to lower energies with increasing donor strengths 
(as evaluated by the oxidation potentials in Table 3, column 2). 
they were ascribed to the charge-transfer (CT) absorption 
bands in the same manner as that which we previously 
described for the corresponding thioether-NO,  interaction^.^^ 
Indeed, the colours of the electron donor-acceptor (EDA) 
complexes derived from the selenoethers and NO2 were identi- 
cal to those obtained on mixing the pure nitrosonium salt 
(NO' BF4+) with the various selenoethers at -78 0C.35 Table 3 
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Table 2 Catalytic autoxidation of selenoethers with nitrogen oxides' 

Selenoet her Amount/mrnol Nitrogen oxide Amount/mmol Selenoxide yieldb (I%) 

Phenyl methyl selenide 3.42 NO* 0.5 96 
Phenyl isopropyl selenide 2.97 NO2 0.5 96 

Benzyl methyl selenide 3.85 NO* 0.33 82 
Benzyl methyl selenide 3.05 NO' 0.50 74 

Dibenzyl selenide 1.8 NO* 0.5 92 

Benzyl phenyl selenide 4.85 NO2 0.5 93 

Benzyl methyl selenide 2.10 NO 0.50 97 

In acetic acid solution under 1 atm of dioxygen at 25 "C, unless stated otherwise (see Experimental section). Isolated yield of selenoxide. 1' The 
other products were not identified. 

Table 3 Charge-transfer spectra of selenoether EDA complexes prepared from nitrogen dioxide and nitrosonium salt' 

NO2 NO' 
EJV 

Selenoether donor ( I X  SCQb iCT'/nm FWHMd/lO-? cm-' &;/nm FWHMd/lO-' cm-' 

Benzyl methyl selenide - 424 62 

Isopropyl phenyl selenide 1.29 496 50 
Phenyl methyl selenide 1.16 498 46 

Benzyl selenide 1.41 444 79 

Benzyl phenyl selenide - 506 57 

426 50 
452 59 
500 58 
494 55 
508 51 

In dichloromethane solution at -78 "C with 2 x lo-' M selenoether and 6 X M nitrogen oxide (see Experimental section). Peak potential of 
irreversible anodic wave by cyclic voltammetry at I' = 0.1 V s-' recorded in dichloromethane solution containing 0.3 M Bu,N' PF6-. Maximum of the 
CT absorption band ( 2 3  nm). Full width at half maximum. 

establishes the direct correspondence of the charge-transfer 
absorption maxima (&) and transition probabilities [full width 
at half maximum (FWHM)] of the selenoether complexes with 
NOz (columns 3 and 4) and those derived from NO' (columns 5 
and 6). The latter were obtained merely by the addition of the 
crystalline NO' BF4- to a solution of the selenoether in di- 
chloromethane at -78 "C. On stirring the heterogeneous mix- 
ture at this low temperature for a few minutes, the mixture took 
on a bright (orange-red) colouration as the nitrosonium salt 
slowly dissolved to afford the EDA complex. The resultant 
formation of the EDA complex is described in eqn. (8), where 

RSeR' + NO' BF4- ,% [RSeR'.NO']BF,- (8) 

RSeR' is the generic representation of the ~elenoethers.~~ The 
selenoethers were recovered intact following rapid work-up of 
the coloured solutions. 

On the basis of the essential identity of the two series of 
charge-transfer absorption bands in Table 3, we concluded that 
the CT colourations of selenoether solutions with nitrogen 
dioxide involved the same nitrosonium moiety. Since the latter 
was known to derive from the reversible disproportionation of 
NOz,374 the most convenient formulation for the relevant CT 
interaction of selenoethers with nitrogen dioxide is given by 
eqn. (9). Indirect support for this ionic disproportionation was 

2 NOz 4 NO' NO3- ZR', [RSeR'*NO'] + NO3- (9)  

obtained by readily shifting the equilibrium to the right 
(observed as the increased intensity of the CT absorption 
band) by the addition of SbCI, as the Lewis acid4' [eqn. (lo)]. 

2 NO2 + RSeR' SbC's > [RSeR'*NO'] SbCI,N03- (10) 

Conversely, the equilibrium was readily shifted to the left 
(reduced intensity of the CT absorption band) by the addition 
of nitrate as the PPN salt,42p43 [eqn. ( I  l)]. 

2 NO2 + RSeR' < [RSeR', NO'] + NO,- ( 1  1) 

Charge-transfer oxidation of selenoethers with nitrogen dioxide 
by selective photo-activation of the EDA complex 
The critical role of the nitrosonium complex [eqn. (9)] in the 

selenoether oxidations with NO, was further probed by its 
selective photo-activation (viu its charge-transfer absorption 
band) at -78 "C, where the thermal process (Tables 1 and 2) 
was too slow to compete. Experimentally, the brightly coloured 
solutions were held at this low temperature and continuously 
exposed to actinic radiation from a 250 W mercury lamp 
equipped with a sharp cut-off filter so that only light with 
Aexc > 410 nm was transmitted. Under these controlled condi- 
tions, the results in Fig. 1 ensured the selective excitation of the 
charge-transfer absorption band of the EDA complex. (Any 
adventitious activation of either the uncomplexed selenoether 
or nitrogen dioxide was thus precluded.) 

The photoactivation of the EDA complex of phenyl methyl 
selenide and nitrogen dioxide in an 8 : 1 v/v mixture of dichloro- 
methane and acetic acid at -78 "C resulted in the monotonic 
bleaching of the charge-transfer col~ur:~ that occurred con- 
comi tan tly with the selective formation of phenyl methyl 
selenoxide, as in eqn. (1 2). 

[PhSeMe*NO'] NO,- i " ~ ~ & ~ 3 0 c  > PhSe(O)Me, etc. (1 2) 

Discussion 
Nitrogen dioxide is a unique reagent that can be employed both 
as an oxidant in the stoichiometric oxidation of selenoethers 
and as a catalyst for the autoxidation of selenoethers with equal 
efficacy (see Tables 1 and 2).45 The reactions are best performed 
in acetic acid to allow the basic s e l e n ~ x i d e s ~ ~  to be trapped as 
their acetic acid adducts. (In the absence of such an acid, insol- 
uble nitrogen oxide adducts are formed which inhibit the cata- 
lytic process by removing the active catalyst from the system.) 
Since dioxygen alone is incapable of oxidizing selenoethers at 
ambient temperatures and atmospheric pressures (in the dark), 
one of the nitrogen oxide species must be the active agent in the 
catalytic oxidations. Indeed, the stoichiometric oxidation of 
selenoethers by NO2 described in eqns. (1) and (3), coupled with 
the well known aerial (re)oxidation of the nitric oxide,2v pro- 
vides the basis for the catalytic process, as shown in Scheme 1. 
However, this simple scheme does not adequately account 
for various facets of the selenoether oxidations such as (a) the 
vivid colour changes that accompany the oxidations, and (b) 
the ready replacement of NO2 with either NO' or NO in the 

J: Cliem. Soc., Perkin Tram. I ,  1996 2733 



R2Se + NO2 == R,SeO + NO (13) 

NO + 0.5 02+ NO,. etc (14) 

R,SeO + HOAc --+ R,SeO.HOAc (15) 

Scheme 1 

catalytic process [eqn. (6)]. Furthermore, any mechanistic for- 
mulation must be consistent with the results in Tables 1 and 2 
as well as the charge-transfer oxidation described in eqn. (12). 
Accordingly, let us first address the stoichiometric thermal 
and photochemical (charge-transfer) oxidation of selenoethers 
with NO,, and then relate these conclusions to the catalytic 
oxidations. 

Spectral changes accompanying the stoichiometric oxidation of 
selenoethers with NO, 
The UV-VIS absorption spectra in Fig. 1, together with the 
spectral parameters in Table 3, provide definitive identification 
of the nitrosonium EDA complexes as the first (observable) 
intermediate formed from selenoethers and NO,. In order to 
understand how the chromophoric moiety [R,Se.NO'] is 
formed from NO2, we recall that earlier dimerization studies 46 

identified the existence of trace amounts of the unsymmetric 
nitrito-nitro dimer in equilibrium with the prevalent nitro- 
nitro di~er,~'-' '  as shown in eqn. (16). Although the heterolytic 

02N NO2 -T 2 NO2 4 ONON02 (16) 

disproportionation of the nitrito-nitro dimer to the nitro- 
sonium nitrate ion pair is negligible in dichloromethane, we 
previously demonstrated that complexation of NO' to strong 
organic donors such as electron-rich arenes4' and thioethers 51 

can shift the mobile equilibrium to the ionic EDA complex. We 
thus propose that the selenoethers which are significantly better 
donors than the corresponding thioethersS2 promote an anal- 
ogous disproportionation, as in eqn. (1 7). Indeed, the formation 

0,NONO 4 NO'N03- 9 [R,Se*NO'] NO3- (1 7) 

of highly coloured solutions even in the presence of very dilute 
concentrations of NOz (see Fig. 1) suggests that the formation 
constant for the nitrosonium selenoethers EDA complexes as 
shown in eqn. (8) is comparable to that previously determined 
for dibutyl sulfide" and hexamethylbenzene" (KEDA x lo5 dm3 
mol-'1. 

Nitrosonium EDA complex as the critical intermediate in 
selenoether oxidation 
The vivid colour of the nitrosonium EDA complex during the 
reaction of selenoethers with NO, is a hallmark of the oxid- 
ations. However, the most compelling evidence for the critical 
role of the nitrosonium complex comes from the direct photo- 
chemical activation of the [R,Se*NO'] EDA complex. Thus, the 
selective irradiation of the charge-transfer absorption band 
(hvCT) of the nitrosonium EDA complex yields the selenoxide 
in high yield at temperatures too low (-78 "C) to effect the 
thermal oxidation of the selenoethers. I t  follows from Mulliken 
theorys3 that the selenoether cation radical is the reactive 
intermediate in the charge-transfer oxidation, see eqn. (1 8). The 

[R,Se*NO'] NO3- R,Se" + NO + N 0 i  (18) 

further conversion of the selenoether cation radical to the 
selenoxide can proceed by ion-pair collapse with the nitrate 
counterion, as previously established for corresponding 
thioether cation  radical^.^^^^^*^' As such, the complete sequence 
for the photoinduced conversion of selenoethers to selenoxides 
is best described by the charge-transfer cycle in Scheme 2.s6 

R,Se + 2 NO2 [R,Se.NO'] NO,- (19) 

(20) [R,Se-NO+] N O , - S  R2Se" + NO + NO,- 

(21) R,Se" + NO,- --+ R,SeO + NO, 

R2Se0 + HOAc _j R,SeO.HOAc (22 1 

Scheme 2 

Electron-transfer mechanism for the thermal oxidation of 
selenoethers with nitrogen dioxide 
The strong similarity of the colour changes accompanying both 
the stoichiometric thermal oxidation and the photoinduced 
oxidation suggests that the same series of intermediates are 
involved. If  so, the formation of selenoether cation radicals viu 
the electron-transfer (adiabatic) activation of the nitrosonium 
EDA complex represents the thermal counterpart to the 
charge-transfer activation in eqn. (19), as shown in eqn. (23). 

[R,Se*NO'] NO3- R2Se" + NO + NO3- 

The driving force for electron-transfer is given by: -AC= 
F[E",,(R,Se) + E",,(NO')] where Fis the Faraday constant and 
E" is the appropriate redox potential. On this basis, the electron- 
transfer described in eqn. (23) is predicted to be mildly exer- 
gonic, since the reduction potential of NO' is 1.50 V w. SCE in 
dichloromethane " and the peak potentials for representative 
selenoethers in Table 3 are in the range 1.1-1.5 V vs. SCE. 
Under the reaction conditions, the selenoether cation radicals 
are unlikely to be observed owing to their low steady-state con- 
centration arising from the rapid reaction with nitrate to gener- 
ate the selenoxide. The corresponding mechanism for the ther- 
mal oxidation can thus be represented as shown in Scheme 3. 

R2Se + 2N02 [R,Se.NO'] NO3- (24) 

( 2 5 )  [R,Se.NO+] NO3- &R2Se.+ + NO + NO3- 

R,Se" + NO3- -% R,SeO + NO2 ( 2 6 )  

R,SeO + HOAc % R,SeO-HOAc (27) 

Scheme 3 

The complexation of the selenoxide by acetic acid effectively 
removes the selenoxide from any further reactions. 

Mechanism of the nitrogen oxide-catalysed autoxidation of 
selenoethers 
Since catalytic amounts of different nitrogen oxides either NO, 
NO' or NO, catalyse the oxidation of selenoethers in Table 2, 
any mechanistic scheme must take cognizance of the inter- 
changeability among this diverse group of catalysts. initially, we 
note that electron transfer to the nitrosonium cation generates 
the selenoether cation radical together with nitric oxide. The 
rapid aerial oxidation of the latter to nitrogen dioxide,' is then 
tantamount to the equilibration of NO', NO and NO, as 
shown in eqns. (28) and (29). The comprehensive mechanism 

[R,Se+NO'] a R,Se" + NO (28) 

NO + to,% NO,, etc (29) 

for the thermal, photochemical and catalytic oxidations of 
selenoethers is summarized in Scheme 4.'' The catalytic cycle in 
Scheme 4 underscores the facile interconversion of the various 
nitrogen oxides during the oxidation of selenoethers. The 
induced disproportionation of NO, generates the critical 
nitrosonium cation from NO, and the aerial oxidation regener- 
ates NO, from the reduced nitric oxide. 
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NO + NO 
f 

R@ + HOAC fast RfieO*HOAc 

Scheme 4 

Summary and conclusions 
The nitrogen oxide-catalysed autoxidation of selenoethers in 
acetic acid provides a mild and inexpensive route to the selenox- 
ides. The use of acetic acid as solvent is critical to the success of 
the autoxidation owing to the efficient trapping of very basic 
selenoxides as the acetic acid adducts. Based on the stoichio- 
metric and photoinduced oxidations with NO2 the catalytic 
process is shown to proceed viu a series of equilibria involving 
the formation of the nitrosonium EDA complex as the first 
intermediate formed by selenoether-induced disproportion- 
ation of NO2. Electron-transfer within the EDA complex 
generates the selenoether cation radical which subsequently 
undergoes a facile oxygen atom transfer from the nitrate 
counterion to yield the selenoxide. Aerial reoxidation of the 
nitric oxide to NO2, and the rapid complexation of the selen- 
oxide with acetic acid completes the catalytic cycle. 

Experimental 
Materials 
Nitrogen dioxide and nitric oxide (> 99%, Matheson) were 
purified by published procedures."is9 Nitrosonium tetrafluoro- 
borate (Strem) was stored in a vacuum atmosphere HE-493 
dry box free from traces of oxygen, moisture and solvent 
vapours. Glacial acetic acid (Merck) was used as received. The 
UV-VIS spectroscopic studies were performed in dry oxygen- 
free dichloromethane purified as previously described.6o Benzyl 
bromide, 2-bromopropane, dimethyl sulfate (Aldrich), diphenyl 
diselenide and dimethyl diselenide (Strem) were used as received 
and dibenzyl diselenide was available from a previous study. 
Treatment of the diselenoethers with sodium tetrafluoroborate 
in ethanol yielded the corresponding sodium selenoethers 
which were alkylated with either benzyl bromide, 2-bromo- 
propane or dimethyl sulfate to form: benzyl methyl selenide, 
phenyl isopropyl selenide, phenyl methyl selenide, benzyl phenyl 
selenide and dibenzyl selenide, respectively, in high yield.2X 
a-Benzyl-y-butyrolactone was prepared by the treatment of 
y-butyrolactone with 1.1 equiv. of LDA in THF at -78 "C and 
1.2 equiv. of benzyl bromide. 

Instrumentation 
'H and I3C N M R  spectra were recorded at 300 and 75 MHz, 
respectively in [2H]chloroform, unless stated otherwise, on a 
General Electric QE-300 NMR spectrometer and the chemical 
shifts are reported in ppm units downfield from tetramethylsi- 
lane. Coupling constants J are given in Hz. UV-VIS absorption 
spectra were recorded on a Hewlett-Packard 8450A diode-array 
spectrometer. lnfrared spectra were recorded on a Nicolet 
1 ODX FT spectrometer. Gas chromatography was performed 
on a Hewlett-Packard 5790 series gas chromatograph equipped 
with a 3392 integrator. GC-MS analyses were carried out on a 
Hewlett-Packard 5890 chromatograph interfaced to a HP 5970 
mass spectrometer (El, 70 eV). Melting points were measured 
with a Mel-Temp (Laboratory Devices) apparatus and are 
uncorrected. Cyclic voltammetry (CV) was performed on a 
BAS- I OOA Electrochemical Analyzer. The CV cell was of an 
airtight design with high vacuum Teflon valves and Viton 

O-ring seals to allow an inert atmosphere to be maintained 
without contamination by grease. The working electrode con- 
sisted of an adjustable platinum disc embedded in a glass seal 
to allow periodic polishing (with a fine emery cloth) without 
changing the surface area (cu. 1 mm2) significantly. The satur- 
ated calomel reference electrode (SCE) and its salt bridge was 
separated from the catholyte by a sintered glass frit. The coun- 
ter electrode consisted of a platinum gauze that was separated 
from the working electrode by cu. 3 mm. 

Stoichiometric oxidation of selenoethers with nitrogen dioxide 
General procedure. A solution of phenyl methyl selenide 

(1  13 mg, 0.66 mmol) in acetic acid (2 ml) was prepared under an 
argon atmosphere in a 10 ml flask fitted with a Schlenk adaptor. 
The flask was capped with a rubber septum and nitrogen 
dioxide (22 pl, 0.72 mmol) added with the aid of a hypodermic 
syringe. The resulting red-brown solution quickly faded to yel- 
low and became colourless after 3 min. The head gases were 
transferred to an evacuated gas IR cell (5 cm path length). The 
IR spectrum showed the characteristic stretching frequencies at 
1904, 1876 and 1851 cm-' of nitric oxide" as the only nitrogen 
oxide. When a trace of oxygen was introduced these absorb- 
ances diminished with the concomitant appearance of the 
intense absorbances of NO2 at v =  1620 and 1601 ~ m - ' . ~ "  
Removal of the solvent and nitric oxide under reduced pressure 
led to a quantitative yield of the acetic acid adduct of phenyl 
methyl selenoxide (1 56 mg, 0.63 mmol) as a clear oil: v(film, 
NaCl)/cm-I 1710; 6, 2.00 (s, 3 H), 2.88 (s, 3 H), 7.53-7.55 (m, 
3 H), 7.77-7.81 (m, 2 H), 13.02 (s, 1 H); 6, 21.1, 35.9, 126.2, 
129.7, 131.6, 174.6. The acetic acid adduct was diluted with 
water (2 ml), K2C03 (0.35 mmol) was added and there was 
immediate evolution of gas. The mixture was extracted with 
dichloromethane after gas evolution ceased. The dichloro- 
methane layer was separated, dried, and the solvent removed 
in vc~czio to yield phenyl methyl selenoxide (614 mg, 3.28 mmol) 
as low melting colourless crystals: mp 50 "C (lit.,6' 53-54 "C); 
S, 2.54 ( s ,  3 H), 7.42-7.45 (m, 3 H), 7.64-7.67 (m, 2 H); Sc 36.9, 
124.9, 129.2, 130.7, 141.3. The oxidations of the other seleno- 
ethers in Table 1 were performed with the same procedure with 
the quantities and yields listed. The characteristic spectral data 
of the products were as follows. 

Benzyl metliyl se1enide.-Colourless oil; dH 1.89 (s, 3 H), 3.73 
(s, 2 H), 7.20-7.35 (m, 5 H); 6, 4.0, 28.1, 126.6, 128.3, 128.7, 
139.2. 

Benzyl t?zetliyl selenoxide ucetic uciel uckclirct.-Colourless oil; 
v(film, NaCl)/cm-' 1710; 6,  2.02 (s, 3 H), 2.55 (s, 3 H), 4.44 
(s, 2 H), 7.36 (m, 5 H), 12.44 (s, 1 H); 6, 21.1, 29.6, 52.7, 128.7, 
129.2, 130.2, 174.9 (Calc. for C,,H,,O,Se: C, 45.99; H, 5.40. 
Found: C, 45.71; H, 5.45%). 

Benzyl r?iet/iyl seknoxide. 62- White crystals; mp 1 10-1 1 1 "C; 
SH 2.32 (s, 3 H), 4.08 (AB quartet, J A B  11.7, A v A B  50.3, 2 H), 
7.23-7.40 (m, 5 H); 6, 30.6, 54.1, 127.9, 128.6, 129.2, 129.9. 

Dibenzyl selenoxide, ucetic lieid, uddiici.-Viscous oil; v(film, 

7.16-7.32 (m, 10 H), 12.19 (s, 1 H);& 61.4, 129.1, 130.8, 131.0, 
148.5. 

Dibenzyl selenoxick..-Colourless crystals; mp 130-1 3 1 "C 
134-1 35 "C); 6, 3.94 (AB quartet, J A B  1 1.7, A v A B  24.1, 

4 H), 7.21-7.35 (m, 10 H); 6, 52.8, 128.1, 128.8, 129.5, 130.4. 
Isopvopyl phenyl selt.nic~e.-Co1ourless oil; 6, 1.40 (d, J 6.9, 

6 H), 3.44 (septet, J 6.9, 1 H), 7.42-7.53 (m, 3 H), 7.65-7.68 
( m , 2  H);6,24.1, 33.7, 127.2, 128.8, 129.5, 134.7. 

Isopropyl phenyl selenoxide, ucetic ucid udlrrct.-Pale yellow 
oil; v(film, NaCl)/cm-l 1710; 6,1.30 (d, J 7.2,3 H), 1.28 (d, J7.2, 
3 H), 3.40 (septet, J 7.2, 1 H), 7.32-7.57 (m, 3 H), 7.67-7.73 
(m, 2 H), 10.68 (s, 1 H);& 15.6, 16.1, 21.0, 53.6, 126.8, 129.5, 
131.7, 134.9, 174.7. 

Isopropyl plienyl selenosick. 2H --Pale yellow oil analysed by 
quantitative 'H N MR immediately after treatment with K2C03 
in acetone-water solvent at 0 "C; 6, 1.23 (d, J 6.9, 3 H), 1.28 

NaCl)/cm-' 1710; 6, 2.02 (s, 3 H), 4.26 (s, 2 H), 4.70 (s, 2 H), 
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(d, J 6.9, 3 H), 3.01 (septet, J 6.9, 1 H), 7.24-7.27 (m, 3 H), 
7.52-7.60 (ni, 2 H); Sc 14.6, 15.5, 51.8, 125.6, 128.5, 130.4, 
137.4. 

Benzyl plwnyl selenide.-Colourless crystals; ~ 3 ~ 4 . 0 8  ( s ,  2 H), 
7.16-7.25 (m, 8 H), 7.41-7.48 (m, 2 H); 6, 32.1, 126.8, 127.2, 
128.3, 128.7, 128.9, 130.3, 133.4, 138.5. 

Benzyl phenyl selenoxide. ucetic ucid ucldirct. -Colourless 
crystals; v(Nujo1)lcm-' 1710; SH 2.04 ( s ,  3 H), 4.43 (br d, J 12.6, 
2 H), 6.99 (br d, J 7.2, 2 H), 7.16-7.29 (m, 3 H), 7.37-7.50 (m, 
5 H), 12.35 (s, 1 H); Sc 20.8, 57.2, 126.8, 128.3, 128.5, 129.3, 
130.2, 131.8, 135.6, 135.7, 175.6. 

Benzyl plienyl se1enoxicle.-Colourless crystals; mp 132- 
133 "C (lit.," 135-1 36 "C); SH 3.97 (AB quartet, J A B  1 1.1, A v A B  

64.6, 2 H), 6.83-6.86 (m, 2 H), 7.08-7.16 (m, 3 H), 7.28-7.36 
(m, 5 H);Sc 58.4, 125.7, 128.1, 128.8, 129.3, 129.4, 130.9, 139.1. 

Reaction in dichloromethane solvent. The oxidation of phenyl 
methyl selenide was performed as described in the general 
procedure with rigorously dried dichloromethane as solvent. A 
dichloromethane solution of phenyl methyl selenide ( 1  84 mg, 
1.08 mmol) was prepared under an argon atmosphere and 
cooled to -45 "C. One equiv. NO2 was added with the aid of a 
hypodermic syringe and the dark red solution was allowed to 
warm to 25 "C over 1 h during which time the solution became 
colourless. The head gases were transferred to an evacuated cell 
and the IR spectrum indicated that nitric oxide was the only 
nitrogen oxide present. The nitric oxide and the solvent were 
removed under reduced pressure and pheiiyl methyl selenoxide 
isolated in excellent yield. The reaction in dichloromethane 
solution was however capricious and in the presence of an 
excess of nitrogen dioxide the selenoxide was contaminated by 
the formation of a colourless precipitate which was assigned to 
the phenyl methyl selenoxide*N,O, adduct: &(CD,CN) 3.14 (s, 
3 H), 7.6-7.7 (m, 3 H), 7.8-7.9 (m, 2 H); Sc 34.2, 129.1, 131.2, 
134.2, 136.3. Furthermore reaction in dichloromethane which 
was not rigorously dried resulted in higher yields of a colourless 
precipitate and reduced yields of phenyl methyl selenoxide. The 
supernatant liquid was carefully removed with a syringe and the 
colourless residue recrystallized from acetonitrile and identified 
as the nitric acid adduct. 

Plienyl i?ietliyl selenoxide, nitric acid uddzict . -Colo url ess 
crystals; mp 95-96 "C (lit.,25 97 "C); SH(CD2C12) 3.32 (s, 3 H), 
7.58-7.68 (m, 3 H), 7.86-7.91 (m, 2 H), 12.63 (s, 1 H); 
Sc(CD3CN) 34.2, 129.1, 131.2, 134.2, 136.3 (Calc. for 
C,H,NO,Se: C, 33.62; H, 3.63. Found: CV, 33.77; H, 3.64%). 
Recrystallization of the N 2 0 4  adduct from acetonitrile yielded 
the same nitric acid adduct presumably by reaction with traces 
of moisture.22i23 The oxidation of dibenzyl selenide with 1 
equiv. of NO2 in reagent grade dichloromethane similarly 
resulted in the formation of a colourless solid along with un- 
reacted selenide. The solid was similarly recrystallized from 
acetonitrile and identified as the nitric acid adduct. 

Dibmzyl selenoxide, nitric ucid uddzict.-Colourless crystals; 
mp 104-105 "C (lit.,2' 104-105 "C); 8, 4.35 (AB quartet, J A B  

12.0, Au,, 136.6, 4 H), 7.26-7.40 (m, 10 H); S, 61.4, 129.1, 
130.8, 131.0, 148.5 (Calc. for C,4H,5N04Se: C, 49.42; H ,  4.44. 
Found: C, 49.30; H, 4.53%). In both cases the selenoxide 
was liberated from the nitric acid adduct on treatment with 
potassium carbonate as described for the acetic acid adduct. 

Nitrogen oxide-catalysed oxidation of selenoethers: 
general procedure 

Nitrogen dioxide. A solution of phenyl methyl selenide 
(585 me, 3.42 mmol) in acetic acid (5 ml) was prepared in a 
25 ml flask fitted with a side arm. Dry oxygen was bubbled 
through the solution for several minutes. The flask was capped 
with a rubber septum and an oxygen-filled balloon fitted to the 
side arm of the flask to ensure an oxygen atmosphere. Nitrogen 
dioxide (15 pl, 0.5 mmol) was added directly to the stirred 
solution with the aid of a hypodermic syringe. The dark red- 
brown solution was stirred at 25 "C overnight. The solvent and 

nitrogen oxides were removed in U L I ~ L I O  to yield the acetic acid 
adduct of phenyl methyl selenoxide as a colourless oil. The 
acetic acid adduct was diluted with water (2 ml) and K2C03 
(2 mmol) added. After the evolution of gas ceased the solution 
was extracted with dichloromethane. The dichloromethane 
layer was separated, dried, and the solvent removed in vuciio to 
yield essentially pure phenyl methyl selenoxide (614 mg, 3.28 
mmol) as low melting colourless crystals. 

Nitric oxide. The same procedure was used in nitric oxide- 
catalysed oxidations with the exception that gaseous nitric 
oxide was added with the aid of a gas-tight syringe. In a separ- 
ate reaction an acetic acid solution of phenyl methyl selenide 
was treated with NO ( I  equiv.) under an argon atmosphere for 
1 h. The selenide was recovered intact after removal of the nitric 
oxide and solvent under reduced pressure. 

Nitrosonium cation. Autoxidations catalysed by nitrosonium 
salts were performed in a similar manner although the flask was 
initially charged with a weighed amount of NO+BF4- in the 
dry box. In this reaction, the product contained traces of con- 
taminants which were not isolated or characterized. 

Preparation of a-phenylseleno-a-benzylbutyrolactone 
A THF solution of lithium diisopropylamide (4.3 mmol) was 
added dropwise to a cold (-78 "C) T H F  solution of a-benzyl- 
butyrolactone (4.0 mmol, 20 ml) under an argon atmosphere. 
The mixture was stirred at -78 "C for 30 min and a solution of 
phenyl selenium bromide (4.4 mmol, 3 ml) in THF was added 
dropwise. The mixture was allowed to warm to 25 "C over 1 h 
and then poured into dilute aqueous HCI. The mixture was 
extracted with dichloromethane and the organic layer washed 
with water, saturated aqueous sodium chloride and dried. The 
solvent was removed under reduced pressure and the crude 
product subjected to flash chromatography with hexane-ethyl 
acetate (20: 1)  as eluent to give the title compound;31 S, 1.98 
(dd, J 6.3, 14.1, 1 H), 2.30 (dt, J 14.1, 9.6, 1 H), 3.87 (AB 
quartet, J A B  14.1, AvAB 72.1,2 H), 3.87 (t, J 8.9, 1 H), 3.96-4.50 
(m, 1 H), 7.06-7.37 (m, 8 H), 7.55-7.58 (m, 2 H). 

Oxidation of a-phenylseleno-a-benzylbutyrolactone with NO2 
A dichloromethane solution of a-phenylseleno-a-benzylbutyro- 
lactone (1.2 mmol, 2 ml) was cooled at -78 "C under an argon 
atmosphere and NO2 (1 I0 p1,3.6 mmol) added with the aid of a 
hypodermic syringe. The solution immediately took on a dark 
red colour which faded to pale yellow over the course of 3 h 
during which time a white precipitate formed.65 The solution 
was further diluted with dichloromethane and the precipitate 
filtered off, the solvent was removed under reduced pressure 
and the crude residue separated by preparative thin layer 
chromatography with hexane-ethyl acetate (6: 1 )  as eluent. 
3-Benzylfuran-2(3H)-one 32 was isolated as a colourless oil 
(192 mg, 1.10 mmol); S, 3.54 (d, J 2, 2 H), 4.69 (d, J 2, 2 H), 
6.86 (m, 1 H), 7.16--7.29 (m, 5 H); along with (10 mg, 0.06 
mmol) of (E)-3-phenylme thy lenedi hydro furan -2( 3 H)-one; 33 

SH 3.20(dt, J2.7,7.2,2 H),4.41 (t, J7.2,2 H), 7.25-7.46(m, 5 H), 
7.52 (t, J2.7, 1 H). 

Spectral characterization of the precursor EDA complex formed 
with selenoethers and nitrogen oxides 

General procedure-nitrogen dioxide. A solution of NO, in 
dichloromethane (6 x M) was cooled to -78 "C and 
(3 ml) transferred under a flow of argon into a quartz curvette 
equipped with a Teflon stopcock. The cuvette was cooled in a 
dry ice-acetone bath and allowed to equilibrate for several 
minutes. The UV-VIS absorption spectrum of the solution of 
NO2 was recorded at -78 "C, and phenyl methyl selenide 
( I  .O pl) added. After mixing thoroughly (while cold), the UV- 
VIS absorption spectrum of the resultant red solution was 
recorded at -78 "C. The former spectrum was subtracted from 
the latter and the difference was referred to as the charge- 
transfer spectrum with A,,, = 498 nm. (After recording each of 
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the absorption spectra the coloured solution was rapidly trans- 
ferred, with the aid of a Teflon cannula, into a vigorously 
stirred slurry of diethyl ether and saturated aqueous NaHCO,. 
The organic layer was separated, dried and analysed by quanti- 
tative HPLC. After each measurement the selenoether was 
recovered quantitatively.) Similar concentrations of the other 
selenoethers in Table 3 also resulted in the formation of well- 
resolved charge-transfer absorption bands with optical den- 
sities between 0.5 and 1. 

Nitrosonium cation. A Schlenk tube was charged with 
NO+BF,- (1 1.8 mg, 0.1 mmol) in the dry box. Dichlorometh- 
aiie (3 ml) was added under a flow of argon and the hetero- 
geneous mixture cooled to -78 "C, when the UV-VIS absorp- 
tion spectrum was recorded. Phenyl methyl selenide (3 pl) 
was added, and the slurry stirred at -78 "C until the solution 
took on a red colouration. The UV-VIS absorption spectrum 
was recorded at -78 "C. The initial spectrum was digitally 
subtracted from the final spectrum and the difference was 
considered to be the charge-transfer absorption spectrum. The 
absorption maxima and the full width at half maximum of the 
charge-transfer bands with NO2 and NO' are compared in 
Table 3. 

Photochemical oxidation of selenoethers with nitrogen dioxide 
via the selective activation of the EDA complex 

General procedure. A solution of NO2 (0.035 M, 7 ml) in 
dichloromethane-acetic acid (8: 1 )  was prepared under an 
argon atmosphere in a Schlenk tube fitted with a Teflon stop- 
cock. The solution was cooled to -78 "C in a dry ice-acetone 
bath and phenyl methyl selenide (50 pl, 0.3 mmol) was added to 
the cold colourless solution with the aid of a hypodermic 
syringe. The solution immediately became dark red. The reac- 
tion tube was then placed in a clear Dewar flask cooled to 
-78 "C with dry ice in acetone. The reaction tube was irradiated 
with a medium pressure 250 W Hg lamp fitted with an aqueous 
IR filter and an ESCO 410 nm cut-off filter. After 1 h, the dark 
red colour was partially bleached and the photosylate was 
rapidly transferred with the aid of a cannula, under argon 
pressure, to a slurry of aqueous K2C0, and dichloromethane. 
Quantitative 'H NMR analysis indicated that the photosylate 
contained phenyl methyl selenide (0.26 mmol) and phenyl 
methyl selenoxide (0.03 mmol). Work-up and analysis of an 
identical 'dark' control reaction mixture stored at -78 "C in 
the dark for 1 h indicated that the selenoether was recovered 
intact. 
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