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The Electrochemical Oxidation of
Organic Selenides and Selenoxides

Michael D. Ryan,* Jiyi Yau, and Michael Hack
Department of Chemistry, Marquette University, Milwaukee, Wisconsin 53201, JSA

ABSTRACT

The electrochemical oxidation of alkyl and aryl selenides was investigated in acetonitrile. The oxidation of diphenyl
selenide and di{4-methylphenyl) selenide led primarily to the formation of their respective selenoxides, which were iden-
tified by exhaustive coulometric oxidation and 'H and *C analysis of the products. The selenoxide itself was not observed
in the cyclic voltammetry of the selenide for two reasons: first, the protonation of the selenoxide by the acid formed from
the reaction of water with the cation radical and second, the formation of a selenoxide hydrate. The formation of the
hydrate with diphenyl selenoxide was verified by isolation of the dimethoxy derivative. In addition to the selenoxide,
selenonium compounds, formed by the coupling of the oxidized material, were also abserved. The alkyl selenides were
generally oxidized at a lower potential than the aryl selenides. This trend is different from the sulfur analogues, where
the aryl sulfides are easier to oxidize than their alkyl counterparis. As a result, the difference in their redox potentials is

relatively small. These differences may occur because the oxidation of aryl sulfides is mare likelr?r to take place on the aro-

matic ring, which leads to a greater yield of the coupled products (about 100%) when compare

Introduction

The electrochemical oxidation of sulfur and selenium
compounds generally leads to organic radicals which are
often quite reactive and can initiate a wide variety of
chemtical reactions. Some of the possible pathways for the
decay of these radicals are summarized in Fig. 1. Pathway
1 (formation of the dimeric dication) has been observed in
the oxidation of dialkyl sulfides.! In the presence of water,
the dimer formed from dimethyl sulfide will decompose to
form methanesulfonic acid and carbon monoxide.? Steric
hindrance at the sulfur atorn will inhibit the dimerization
reaction, allowing other processes such as deprotonation
to dominate.' In cyclic dithia and diselena compounds, the
cvoupling is intramolecular and the product is gquite sta-
ble.*® ¥or example, dithiseyclooctane undergoes a
reversible two-electron oxidation to the dication, with a
transannular 5-5 bond.** Similar voltammetry was

* Electrochemical Society Active Member

to the selenide analogue.

observed for diselenacyclooctane.® Fujihara ef al.™ also
examined acyclic selenides using cyclic voltammetry.

The oxidation of aryl chalcogenides generally leads to
coupling via a C-FE bond {where E represents § or Se)
(pathway 2, Fig. 1). The sulfonium dimer was observed
with yields between 57 and 71% for a variety of alky] aryl
and diaryl sulfides.* " The selenonium salt was also postu-
lated to be formed as a minor product in the oxidation of
diphenyl selenide.” The electrochemical oxidation of
diphenyl ether leads to extensive polymerization, proba-
bly via oxonium ions.” If the oxidation is carried out in
the presence of benzene, the triphenyloxonium salt is
formed.'? Pathway 3 is the dominant reaction if the solvent
and clectralyte are not rigorously dried. In the presence of
water, dialkyl sulfides, methy! phenyl sulfide, and benzyl
phenyl sulfide are oxidized by a two-electron reaction to
sulfoxides."™ Diphenyl selenide is oxidized to diphenyl
selerloxide in high vyield if water is present.' Oxidation of
benzyl phenyl selenide under the same conditions also
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Fig. 1. Fote of the R,E*" rodical cabion formed by the oxidation of
R;E. E = S or Se atom. R = alkyl or aryl group.

leads initially to the selenoxide, which rapidly rearranges
to & selenenic ester.' Cleavage of this ester forms ben-
zaldehyde and, ultimately, diphenyl diselenide.” High
vields of diaryl diselenides were also observed for alkyl
aryl selenides, where the alkyl group was varied from
ethyl to hexyl.”®

Experimental

Chemicals.-—-Spectrograde acetonitrile and 2,6-di-t-
butylpyridine (Aldrich Chemical Co) were used without
further purification. Anhydrous sodium perchlorate was
obtained from G.F Smith Chemical Co. and used as
obtained. 1,1'-Selenobishenzene (diphenyl selenide,
Ph,8¢) was obtained from Alfa Chemical Co. 1,1'-
Selenobis(4-methylbenzene) [di(4-methylphenyl) selenide,
Tol,Se] was synthesized by a literature procedure.™ 1,1'-
Seleninylbisbenzene (diphenyl selenoxide, Ph,5e() and
1,1'-seleninylbis(4-methylbenzene) [di{4-methylphenyl)
sclenoxide, Tol,Se()] were synthesized by N-chlorosucein-
imide oxidation. Dimethoxydiphenyl selenium was made
by the method of Paetzold and Lindner' Selenane and
1,4-disclenane were synthesized by literature procedures. ™

Equipment.—Froton nuclear magnetic resonance (NMR)
spectra were obtained on a Varian A-60A instrument. The
Y NMR spectra were recorded on a JEOLANM-FX60Q
FT-NMR. Deuterated chloroform was uged for all the NME
spectra, An EG&G Princeton Applied Research Corp.
Model 174A potentiostat was used for the cyelie voltam-
metric data. The reference electrode was g saturated
calomel clectrode (SCE), the auxiliary electrode was plat-
inum, as was the working clectrode (arca 0.44 ¢cm®). The
reference electrode was separated from the sample solu-
tion by & salt bridge. A homemade potentiostat with an
EGE&G Model 379 digital coulometer was used for the
coulometric experiments. A carbon electrode was used for
the coulometric working electrode.

Procedures —All solutions were deacrated with dinitro-
gen prior to obtaining the cyelie voltummograms. Digisim
2.0 (Bioanalytical Systems, W. Lafayette, IN) was used to
simulate the oxidation of diphenyl selenide via pathways
2 and 3 in Fig. 1. The clementary steps of the simulation
are distinguished as electron transfer reaction |E No.]
chemical reaction (R No ]

Ph,Sc = Ph,8e™ - e El
Ph,Sc¢* + Ph,Se — Ph-Se-Ph-Se(lPh),” + H*  [RL
Ph-Se-Ph-Sc(Ph), = Ph-Sc-Ph-"Sc(Ph), — &= [E2]

Ph,Se' + 1,0 — Ph,Se(Ot}- + ' [R2!
Ph,Se(OF) = Ph,Se(OI)' — ¢ [E3]
Ph.Se(OF1)" - 11,0 — Ph,Se(Or), + I’ [R3]

1953

EReaction E2 leads to the product of pathway 2, while R3
leads to the hydrate of the selenoxide, postulated in path-
way 3 (see text below fur the rationale for this product).
The product of reaction E2 could be oxidized in a second
wave, B4, and this was also included in the simulation

Ph-Se-Ph-Se(Ph), ~ H,0
- Ph-8eQ-Ph-Sc¢*-Ph, — 2e — 211" [E4]

The standard redox potentials of reactions E1-E4 (ET
through EF, respectively) and the standard heterogeneous
electron transfer rates of those reactions (k. through k.,
respectively) were chozen so that the waves were irre-
versible in shape, and the peak occurred at the same
potentials that were observed in the experimental data.
The values of the homogeneous rate constants (for reac-
tions R1 through R3, k through ki, respectively) were
chosen so that the shape of the wave depended only upon
the ratio of the rate constants and not on their specific val-
ues [the reaction was always in the “pure kinetic” (KDP)
zone]. The electron transfer coefficients, «, for each clec-
tron transfer were then varied in order to obtain the best
fit to the experimental data.

Where noted, the current due to the second peak was
corrected for the current decay of the first peak (Y Cottrell
decay™). The current decay was calculated using the pro-
cedure of Poleyn and Shain®

' E-E,
where ¢ and E, are constants determined from the best fit
of the current between 50 and 150 mV past the peak, and
i) is the extrapolated current at a potential, £

Controlled potential electrolysis was carried out in ace-
tonitrile with 0.10 M NaClO,. After clectrolysis, the sol-
vent was removed under reduced pressure. The oxidation
product was separated from the electrolyte by addition of
chloroform and water The chloroform phase was separat-
ed, dried with magnesium sulfate, and the coulometry
product was obtained by removal of the solvent under
reduced pressure. The isolated product was then dissolved
‘n chloroform-d, for 'H and YC NAMR analysis.

Results and Discussion

Electrochemistry of aryl selenides and selenorides. . The
cyclic voltammetry of Ph,Se in acetonitrile has been previ-
ously reporied.'* Three peaks were observed in the oxida-
tion process. The first peak occurred at —1.41 V os. SCE at
100 mV/s [Fig. 2 (solid line)]. The second and third peaks,
which were considerably smaller, oceurred at +1.62 and
+1.81 V, respectively. The overall reaction for the first
peak could be written as

o — + HZU — <i::>}—5&—{<:::> + H™ + 2.
O

Scheme 1.
The second and third peaks were reported to be due to the
formation of dimeric species via the following mechanism

iy OO

R o & .
OTS::Q/' E3.k] Os@ TR
>
L
ie?h

Scheme 2,

The only product that was unambiguously identified in
the proton NMR was the selenoxide product, Ph,ScO.
These same results were confirmed in our laboratory. The
proton NMR spectrum of the eclectrolyzed product was
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Compound cs C.u
1,1"-3elenobsbenzene (Ph.Se) 131.0 132.8
1,1'-Seleninylbisbenzene (Tol.5e) 1427 126.1
. _ 1433 126.6
Coulometrically oxidized Ph.Se 126.7
1,1"-Selenonylbisbenzene 142 4 126.8
1.I'-Seleninylbis{4-methylbenzene) 125.6 1254
Coulometrically oxidized Tcol,Se — 126.2

CFcé
* Carbon positions: Ca”:‘ ST
5-G

consistent wilh material prepared by chemical synthesis
(resonances at 7.40 and 7.65 ppm}.” The “C NMR spec-
trum also confirmed the formation of ihe selenoxide
(Table I}, and was significanlly differeni from the slarting
material and the more oxidized selenone product
(Fh,5e0,, 1,1'-selenonylbishenzene).

The 1wo different products (coupling »s. selenoxide) are
formed due to the two different fates of the initial radical
species. Because the intensily of the second peak, as meas-
ured from the Cottrell decay of the first peak (as described
in the Experimental section), did not depend upon the
concentration of the starting material, the rate-limiting
step for the coupling reaction must be a first-order process
such as the loss of a prolon, after the attack of ihe selenide
to form the selenonium species (k)). If addition of water
oceurs first (k,), the selenoxide is formed

OO 25 OO
ke:

There was no decrease in the current functions for the sec-
ond peak up to 500 mV/s, indicating that the reaclion rate
(k,) must be greater than 200 s *.** Digital simulation for
the anodic scan using this mechanism is shown in Fig. 2
{dotted line) for a k,/k, ratio of 0.30. Addition of water
caused only minor changes in the voltammograms. In the
presence of 125 mM water, the third peak disappeared, and
there was a small (about 20%) decrease in the ratio of the
second peak current, i, to the first ({,, was measured

S0 — ————

Current, pA
v
2
—

-1000

2.50 2.00 1.50 1.00
E,V vs SCE

1500 0w

Fig. 2. Cyclic voltammetry of 4.0 mM 1,1"-selenobishenzene in
acetonifrile ot o plotinum electrode, 0.10 M sedium perchlorate,
scan rate 100 mV/s. {—} experimental data and (-] digital simu-
lation of Schemes 1 ond 2, where k,/k, = 0.30, Simulafion para-
meters: £, = +1.42V. o, = 0.35, k, = 107 em/s; £, = +1.00 Y,
a, = 0.50, k, = 10" em/s; E, = +0.80, a; = 0.50, k,; = 107 em/fs,
k, = 3005, and k, = 1000 57",
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Toble 1, *C NMR spettra of selenc-, seleninyl-, and selenonylbisbenzenes.

Retarence

C,. C, Methyl

1292 127.2 — 22
124.6 131.2 — 22
1301 131.6 - This work
130.2 131.8 This wark
130.2 134.0 — 22
1300 141.5 21.3 This work
130.0 141.3 21.3

This work

|

from the Cottrell decay of the first wave}. One can ratio-
nalize the small changes in the second peak if one assumes
that the loss of H' in the third line of Scheme 2 requires
the presence of a good base such as water. As a result, both
the dimerization and water reaction (&, and k,) are depen-
dent upon the concentration of water.

Only one irreversible oxidation peak at +1.29 V was
observed for the 4-methyl analogue of Ph;Se (Tol,Se)
because the 4-position was blocked. The peak was found
to be a diffusion-controlled two-electron peak, as was the
tirst peak of Ph,Se . The product of the oxidation was ver-
ified Lo be Tol,SeQ, by '"H NMR (& = 2.35 (s, 6H), 7.25 (4,
4H,J = 8 Hz), 7.55 (d, 4H, J = & Hz], compared with the
literalure values of 8 = 2.39, 7.27, 7.57*} and *C NMR
{Table I).

Because selenoxides are the product of the oxidation
reaction, the electrochemical oxidation of Ph,SeO and
Tol,5e0 was also invesligated. A single oxidation peak at
+1.59 V (Table II) was observed for Ph,5eQ. The peak cur-
rent function for Ph,5e0 was less than half of Ph,Se, and
the peak was considerably broader The lower current
function for Ph,5e0 was consistent with Lhe resulls previ-
ously obtained for the sulfoxide analogue, 1,1"-sulfinyl-
bisbenzene, which was oxidized by an overall one-elec-
tron process.™ Similar behavior was observed for
Tol,5e0 (Fig. 3, solid line}.

A close examination of the cyelic voltammograms of
Ph,Se showed that neither the second nor the third peak
corresponded lo Ph,Se0, even though it was the primary
product of the reaclion. Similarly, no peak due to the
selenoxide was detected in the voltammetry of Tol,5e. One
possible reason for the absence of the peak may be that the
conjugate acid of Ph,5eQ, the product formed in the pres-
ence of acid, may be electroinactive. In order to investigate
this possibility, the voltammetry of Tol,SeQ in the presence
of strong acids was investigated. As can be seen in Fig. 3,
the peak for the selenoxide decreased substantially in the
presence of perchloric acid. With an excess of perchloric
acid, no peak was observed for the selenoxide due to the
protonation of the substrate. The following scheme can
then be written for the voltammetry of Tol,SeO in the
presence of strong acids

|

Oxidizahle Kob oxidizabibe

Similar behavior was also observed for Ph;SeO. The pro-
tonation was reversible and the peak for the selenoxide
reappeared with the addition of a nonnucleophilic base,
2 6-di-t-butyl pyridine (Fig. 4). Therefore, if the solution
were basic to neutral, the selenoxide peak should be
vbserved.

This behavior is in sharp contrast to the behavior of the
corresponding sulfoxide. Addition of strong acids to
diphenyl sulfoxide has no effect on its oxidation peak, and
there was no evidence for the protonation of this species.™
These results are consistent with the measured aqueous
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Table II. Cyclic vohommetry of alkyl and aryl selenides and selenaxides.

Compountd

1955

Sulfur analogue E.* Selenium compound E,, (Vvs. S8CE) NCLES "
1,1"-Tyithicbisethane +1.80V 1,1'-Belenohisethane +1.14 ¥ 25.0
Tetrahydrothiopyran +1.72V Sclenane +1.24V 230
1,4-Dithiane +1.76 V 1,4-Dselenane +133V, 131V 26.3
Second peak t221V +1971V ] 447
1,1'-Thiobisbenzene +1.56 V" 1,1'-Selenobishenzene +1.41 YV, +1.42 V:l, 11831V 298
Second peak +1.81 V +1.62% +1561 Vd
Third peak +2.11V +181V +L7T1V
1,1'-Thiohis(4 -methylbenzens) +1.48V" 1,1'-Selenobis (4-methylbenzene) +128V 269
1,1’—Su1fir1ylbisben£une +2.27 1,1'-Beleninylbisbenzene + igg g $%
+1.96 .

*V ops, SCEJ Rel. 2,
B A(V/S)Hm).
“Ref. 3.

“Ref. 24,

"Ref. 24,
fRef. 24.

pKa values of sulfoxides and selenoxides. The selenoxide,
Ph,SeQ, is a significantly stronger base (pK, 9.35} than the
corresponding sulfoxide (pK, —3.19),*%*" leading to the dif-
ferent voltammetric behavior in the presence of strong
acids.

The oxidation of Ph,Se was repeated in the presence of
various concentrations of 2,6-di-t-butyl pyridine. No new
peaks were observed in the voltammograms, even with a
twofold excess of base (Fig. 5). The first and second peaks
were unaffected by the presence of the base, but the third
peak disappeared at bigh concentrations. This latter effect
was not investigated. The results for the oxidation of
Tol,Se in the presence of 2,6-di-t-butyl pyridine was iden-
tical to Ph,Se if the ratio of the base/selenide was less than
unity. When this ratio is greater than 1, a peak due to
Tol,Se0 could be clearly observed (Fig. 6, dashed line). The
dotted line in Fig. 6 was obtained by adding the voltam-
mogram for 2 mM Tol,5e0 1o the original voltammogram
of Tol,Se. The current due to the selenoxide corresponded
closely to what one would expect for the complete conver-
sion of the selenide to the selenoxide,

While the ultimate product in both cases was the
selenoxide, it appears that, at least for Ph,Se, an elec-
troinactive intermediate s formed. Such an intermediate,
the hydrate of the sclenoxide, has been postulated by
Sharpless et al.®® to explain their kinetic data on the reac-
tion of peroxide coxidized selenides with olefins. The
hydrate of organotellurium(IV) and organoselenium{IV)
has also been shown to have important kinetic implica-
tions with regard to photodynamic and other oxidative

USRS )

250 2.00 1.50 1.00
E, Vvs SCE

050

Fig. 3. Cyclic vohommetry of 4.0 mM 1,1"-seleninylbis{4-methyl-
benzene} in ocetonitrile at a platinum electrode, 0.10 M sodium per-
cholorate, scan rate 100 mV/s: [} 0, -} 2, and {~~~) 4 mM per-
chloric ocid.

1,1’-Seleninylbis{4-methylbenzene)

chemotherapy.” Therefore, based on the voltammetric and
coulometric data, the following oxidation mechanism can
be proposed

Ol oo = OFQ oo
OFO — OO

The hydrate is very unstable and is known to decompose
in the presence of drying agents such as magnesium sul-
fate,® which was used in the isolation of the coulometric
product in both our work (see Experimental section) and
in previous work." In order to identify the prescnce of the
hydrate, the intermediate must be trapped immediately
after electrolysis. The electrolysis of Phy,Se was repeated,
and after the current had decayed to the background, a
twofold excess of trimethyl oxonium tetrafluoroborate
was added to the solution in order to form the more stable
dimethoxydiphenyl selenium

Fh-Se(OH),-Ph + 2(CH,),0*BF;
~ Ph-Se(OCH,),-Ph 4 2HBF, + 2CH,OCH,

The solvent was removed again under reduced pressure,
and organic material was dissolved in chloroform-d, in
order to isolate the expected product, dimethoxydiphenyl

L e e e
3 e

< o
=
5 100}
5
o

200}

300 250 2.00 1.50 1.00 0.50

E, V vs SCE

Fig. 4. Cyclic voltommetry of 4.0 mM 1,1"-seleninylbis{4-methyl-

Zene) in acetonitrite at a platinum electrode after addifion of

4.0 mM perchloric acid and 4.0 mM 2,4-di-+bulylpyridine. Scan
rate 100 m¥/s, 0.10 M sodium perchlorare,
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Current, pA
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1000 n L 1 —1 1 -
250 210 1.70 130 080 050

E,V vs SCE

Fig. 5. Cyclic vollammetry of 4.0 mM 1,1"-selenobis(benzene} in
acetonitrile at a platinum electrode, scan rate 100 mY/s, 0.10 M
sodium perchlorate: [— 0 mM 2,4-di-+butyl pyridine and [----)
8.0 mM 2,4-di-+butyl pyridine.

selenium. The methoxy peak was observed in both the “H
and "CNMR (5 3.5 and 1 53.0 ppm, respectively), which
corresponded closely to the literature values for that reso-
nance in the ‘H NMR spectrum®™ and the expected 'C
NMR resonance.

Cyclic voltammetry of alkyl setenides —For comparison
purposes, the eyclic voltammetry of several alkyl selenides
was obtained. The results are summarized in Table II. The
peak current functions (i,/v'"C, where » is the scan rate
and C the bulk concentration of the selenide) for the alkyl
selenides were nearly the same as the aryl selenides, indi-
cating that the oxidation still took place via a two-elec-
tron process, probably leading to the selenoxide. The alkyl
selenides were generally oxidized at lower potentials than
their sulfide analogues. For example, the oxidation poten-
tial of 1,1"-thiobis(ethane) was 660 mV higher than the one
of the selenium analogue, 1,1°-selenobis(ethane). For the di-
substituted rings, each peak potential was about 500 mV
lower in the selenide than the sulfide compound. For the
aryl compounds, though, there was a much smaller poten-
tial difference between the aryl sulfides and sclenides
(150 mV decrease in going from 1,1'-thiobis(benzene} to
1,1"'-selenobis(benzene)]. These differences may explain
some of the clectrochemical differences between the aryl

Current, pA
B &
= s
T T

&
=

—_——— i a 1 -
-800 2.50 2.00 1.50 1.00 0.50

E, ¥V vs SCE

Fig. 6. Cyclic volkommetry of 4.0 mM 1,1"-selencbis(4-methyl-
benzene) in acetonitrile at a platinum electrode, scan rate: 100
mV/s, 0.10 M sodium perchlorate. [—] Experimenkal cyclic voltam-
mogam in the absense of 2.6-di-tbulyl pyridine. [- - -}
Experimental cyclic vollammogram in the presence of 6.0 mM 2,6-
di-+butyl pyridine. (-} Synthetic cyclic vollommogram obtoined by
adding the vellammogram for 4.0 mM 1,1-selenobis{4-methylben-
zene) to the vallammogram of 2.0 mM 1,1"-seleninylbis(4-methyl-
benzene).

J. Electrochem. Soc., Vol 144, No. 6, June 1987 @ The Electrochemical Society, Inc.

sulfides and selenides. The oxidation of 1,1'-thiobis(ben-
zene) is thought to take place at the aromatic ring, leading
to the rapid loss of H™, and the formation of the sulfonium
product. In contrast, in the selenium analogue, the oxida-
tion is mostly on the selenium atom, leading to the rapid
reaclion with water and the primary formation of the
selenoxide. Thus, in the former case, we are observing
mostly the oxidation of the aromatic ring, the potential of
which has been lowered by the inductive and resonance
cffects of 1 neighboring sulfur In the latter case, the oxi-
dation tukes place at the selenium atom, as indicated by
the predominant formation of the selenoxide. If the ring
were not oxidized in the sulfur analogues, the sulfur itself
would have been oxidized at a much higher potential
These differences lead to a reversal in trends between the
aryl and alkyl sulfides and selenides. In the former case,
the aryl sulfides (+1.56 V) are easier to oxidize thano the
alkyl sulfides (+1.72 to +1.80 V), while in the latter case,
the aryl selenides ( + 1.41 V) are harder to oxidize than the
alkyl selenides (1 1.14 to 1 1.33 V).

Ceonclusions

The igsolated product of the oxidation of diaryl selenides
leads primarily to diaryl selenoxides. The diaryl selenox-
ides, which can be further oxidized, were not observed in
the cyelic voltammetry due to two processes. The first 15
that the acid generated by the formation of the selenoxide
protonated this species, making the oxidation very diffi-
vult. For the 4-methyl derivative, the addition of a non-
nucleophilic base led to the appearance of the selenoxide
peak. Under the same conditions, the selenoxide peak was
not observed for diphenyl selenide. By trapping any
hydroxyl product with trimethyl oxonium ion, the initial
product, the hydrate of the selenoxide, was observed using
"TT and *C NMR spectroscopy. The diaryl selenoxide, that
was formed by the oxidation of the diaryl selenide, was
considerably more basic than the corresponding sulfoxide.
Protonation of the diaryl selenoxide occurred readily in
the presence of a strong acid, and further oxidation of the
conjugate acid was not observed.

Acknowledgment

The authors would like to acknowledge the help of
Sheldon Cremer for help in the 'H and “C NMR spectra
and for providing the trimethyloxonium tetrafluoroborate.

Munuscript submitted March 11, 1996, revised manu-
script received March 1, 1997,

Marguette University assisted in meeting the publice-
tion costs of this article.

REFERENCHES

1. M. Elinson and J. Simonet, J. Etectroanal. Chem., 136,
363 (1992)

2. P T Cottrell and C. K. Mann, This Journaf, 116, 1439
(1969).

1 W K Musker, Acce. Chem. Res., 13, 200 (1980}

4 G 5 Wilson, . D. Swanson, J. T Klug, R. 8. Glass,
M.D. Rvan, and W. K. Musker, J. Am. Chem. Soc,
101, 1040 {1979).

5. H. Fujihara, R. Akaishi, and N. Fukukawa, Chem.
Lett., 549 {1990).

6. I1. Fujihara, A. Nakamura, R. Akaishi, and N.
Furukawa, ibid., 393 (1990).

7. H. Fujihara, M. Yabe, J.-J. Chiu, and N. Furukawa,
Tetrehedron Letf, 32, 4345 {1991).

8 5 Torii, Y Matsuyama, K. Kawasaky, and K.
Uneyama, Butl. Chem. Soc. Jpn., 46, 2912 (1873).

9. K. Uneyama and 5. Toril, J. Org. Chem., 37,367 (1972).

10. ¥ Magno and G. Bontempelli, J. Electroanal. Chem.,
36, 389 (1972).

11. R Sceber, A. Cinquantini, P. Zanello, and G. A
Mazzocchin, ibid., 88, 137 {1978}

12. H. Behret and (+. Sandstede, ibid . 36, 455 (1974).

13. K. Uneyama and S. Torii, Tetrahedron Lett, 3298
19713

14. B,(Dakova, 1. Lamberts, and M. Evers, Electrochim.
Acta, 39, 2363 (1994).

15. V Jouikov, V. Ivkov, and D. Fattahova, Tetrchedron


http://ecsdl.org/site/terms_use

J. Efectrochem. Soc., Vol. 144, No. 6, June 1997 @ The Electrochemical Society, Inc. 1957

Lett., 34, 6045 (1993). 24. G. Bontempelli, F Magno, G.-A. Mazzocchin, and R.
16. T. Hashimoto, M. Sugita, H. Kitano, and K. Fukui, Secher, J. Electroanal. Chem., 55, 109 (1974).
Nippon Kagoaky Zosshi, 88, 991 (1967). 25. L. Engman, C. M. Persson, C. M. Andersson, and M,
17. M. R. Detty, J. Org. Chem., 45, 274 (1980). Berglund, J. Chem. Soc., Perkin Trans., 2, 1309
18. R. Paetzold and U. Lindner, Z. Anorg. Allg. Chem., (1992).
350, 295 (1967). 26. 1. Hadzi, C. Klofutar, and 8. Oblak, J. Chem. Sac. {(A),
19. I. D. McCullough and N. W. Tideswell, J. Am. Chem. 905 (1968).
Soc., 76, 3091 (1954). 27. C. Klofutar, ' Krasovec, and M. Kusar, Croat. Chem.
20. D. 5. Poleyn and 1. Shain, Anal. Chem., 38, 370 (1966). Acta, 40, 23 (1968).
21. N. Furukawa, 3. Ogawa, K. Matsumura, and ., 28. K. B. Sharpless, M. W. Young, and R. P Lauer,
Fujihara, J. Org. Chem,, 58, 6341 (1991). Tetrahedron Lett., 1979 (1973).
22. W. Nakanishl and Y. Tkeda, Bull. Chem. Soc. Jpn., 586, 29. M. R. Detty, A. E. Friedman, and A. R. Oserof, J. Org.
1661 (1983). Chem., 59, 8245 (1994).

23. R. B. Nicholson and I. Shain, Anal. Chem., 36, T06 30. V. V. Horn and R, Paetzold, Z. Anorg. Allg. Chem., 398,
{1964). 179 (1973).


http://ecsdl.org/site/terms_use

	Marquette University
	e-Publications@Marquette
	6-1-1997

	The Electrochemical Oxidation of Organic Selenides and Selenoxides
	Michael D. Ryan
	Jiyi Yau
	Michael Hack

	tmp.1458825906.pdf.beiEd

