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A new direct (one reaction vessel) route from olefins to rearranged allylic alcohols has been developed. I t  involves 
electrophilic addition of phenylselenenic acid (PhSeOH) to the olefin. The phenylselenenic acid is generated in situ 
by comproportionation of phenylseleninic acid (PhSeOzH) and diphenyl diselenide (PhSeSePh). The addition of 
PhSeOH to trisubstituted olefins is highly regioselective. A new procedure for the oxidation/elimination of alkyl 
phenyl selenides is described. It employs kr t -butyl  hydroperoxide in place of hydrogen peroxide and avoids the 
secondary epoxidation process which can be a problem with the latter oxidant. Arylseleninic acids were found to 
be effective catalysts for the epoxidation of olefins with hydrogen peroxide. However, attempts to achieve asym- 
metric epoxidations by employing optically active arylseleninic acids as catalysts met with failure. A simple proce- 
dure for generating DMAC solutions of sodium selenocyanate by direct reaction of sodium cyanide with selenium 
metal is described. NaSeCN so generated is used in the preparation of o-nitrophenyl selenocyanate. 

Olefins to Allylic Alcohols 
We report here a new procedure for the conversion of an 

olefin to a rearranged allylic alcohol. The process involves 
addition of the olefin to a methylene chloride solution con- 
taining both phenylseleninic acid (1) and diphenyl diselenide 
(2). As shown in Scheme I a P-hydroxyphenyl selenide adduct 
3 is p r ~ d u c e d , ~ , ~  and subsequent oxidation of this adduct, in 
the same reaction vessel, leads to the allylic alcohol 4 in good 
yield. The adduct 3 probably arises by electrophilic addition 
of phenylselenenic acid (5)4 to the olefin. 

The putative intermediate 5 is thought to be generated in 
situ by the redox reaction between seleninic acid 1 and di- 
selenide 2. Going from left to right, as shown in Scheme I, this 
process is formally a comproportionation. The equilibrium 
is apparently driven by capture of the selenenic acid 5 by the 
olefin. 

The addition of aromatic selenenic acid derivatives (ArSeX) 
to olefins was discovered by Holzle and Jenny.5 Our group,6 
Reich’s group,7 and Clives demonstrated the utility of such 
additions for synthesis of allylically functionalized alkenes. 

Scheme I 

PhSeO,H + PI1SeSePh + HLO + [PhSeOH] 

1 2 5 

However, the direct addition of “PhSeOH” to olefins had not 
been accompli~hed.~ In addition to producing allylic alcohols 
directly, the new procedure offers high regioselectivity (Table 
I, entries 4 and 5 )  in circumstances where the earlier reagents 
(e.g. CH3C02SePh6 and CF3C02SePh7,8) afford almost 1:l 
mixtures of regioisomers. 

The general procedure employed for addition of “PhSeOH” 
to olefins calls for generation of phenylseleninic acid (1) in situ 
by addition of the appropriate (i.e., that required to generate 
an -1:l mixture of 1 and 2) amount of 30% hydrogen peroxide 
to a methylene chloride solution of diphenyl diselenide (2).1° 
When this initial oxidation is complete anhydrous MgS04 is 
added to sequester most of the excess water. The addition of 
MgS04 has two important, if unanticipated, effects on the 
course of the subsequent reaction with the olefin: (1) both the 
rates of formation and the yields of the adducts 3 are in- 
creased; (2) in the case of trisubstituted olefins the Markow- 
nikoff regioselectivity is complete (whereas when anhydrous 
MgS04 is omitted some of the anti-Markownikoff regioisomer 
is also formed). For example, as shown in Scheme I1 addition 
of “PhSeOH” to 2-methyl-2-heptene (6) in the presence of 
anhydrous MgS04 gave adduct 7 exclusively, whereas when 

Scheme I1 

f\/ “PhSeOH” f\/ 
CH,CI, 

PhSe 

6 
I HO PhSe‘ 

7 8 

I 4 
3 

with MgSO, 100:O 
without  MgSO, 85:15 
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Table I. Olefins to Allylic Alcohols 

Allylic 

Entry Olefin no. yield" 
Registry alcohol, YO 

1 (E)-4-Octene 14850-23-8 (E)-3-Octen- 

2 (Z)-4-0ctene 7642-15-1 (E)-3-Octen- 

3 Cyclooctene 931-88-4 10,83 
4 Citronellol methyl 55915-70-3 9,87 

5 1-Methylcyclo- 591 -49- 1 17,33 

a The reported yields are for pure substances isolated by dis- 
tillation. In this case anhydrous chloramine-T was used in place 
of TBHP for oxidation/elimination of the hydroxyselenide adduct 
15. 

5-01, 88 

5-01,84 

ether 

hexene 

the addition was performed in the absence of MgS04 some of 
the regioisomer 8 was also produced. 

The second stage of this transformation, which is carried 
out in the same reaction vessel, is the oxidation of the hydroxy 
selenide adduct 3 to the corresponding selenoxide. The sele- 
noxide is thermally unstable and eliminates PhSeOH ( 5 )  
producing the desired allylic alcohol product 4. Hydrogen 
peroxide has been the reagent most commonly employed for 
the oxidation/elimination of alkyl aryl selenides. However, 
we and others have encountered side reactions, principally 
overoxidation, associated with the use of H202 for the oxida- 
tive removal of phenylseleno moieties from organic structures. 
In the present case when the hydroxy selenide adducts 3 were 
oxidized with excess H202 the allylic alcohol products were 
sometimes further transformed to the corresponding epoxy 
alcohols. For cyclooctene this was a serious complication, but 
for the other examples in Table I it was less of a problem. For 
example, allylic alcohol 9 produced from citronellol methyl 

OH 10 
9 

ether (entry 4) was very resistant to epoxidation. Even in the 
case of cyclooctene, allylic alcohol 10 could be isolated in good 
yield if only 2 molar equiv (based on diphenyl diselenide used) 
of H202 was employed, This is the calculated amount of H202 
necessary to oxidize all the selenium(I1) species to selenium- 
(IV) species. However, under these conditions some diphenyl 
diselenide (2) always remains a t  the end of the reaction. This 
may be due in part to catalytic decomposition of some of the 
H202 by selenium species.17 Separation of the yellow disele- 
nide 2 from the allylic alcohol requires either a chromatog- 
raphy or a distillation. Thus convenience dictates the use of 
excess oxidant so that all the diphenyl diselenide is oxidized 
to phenylseleninic acid, which can be readily extracted into 
aqueous base.ll We have found that tert- butyl hydroperoxide 
is an ideal oxidant for this purpose. I t  can be used in excess 
with no tendency for epoxidation of the olefinic products. 

We have recently established the superiority of tert-  butyl 
hydroperoxide over H202 for use in both O S O ~ ~ ~  and SeO2I3 
catalyzed oxidations of olefins. The success of this alkyl hy- 
droperoxide in the present system is in keeping with its highly 
selective oxidizing properties. The presence of an alkyl group 
on one side of the peroxide linkage removes many of the re- 
action pathways which are open to  H202. For example, the 
epoxidation process observed with HzOz is almost certainly 
due to the formation of a peracid 12a or its related cyclic 
peroxo isomer 12b through the equilibrium given in eq 1. 

OH 
11 

0 
12a 12b 

U 

We have shown that seleninic acids undergo facile exchange 
with lsO-labeled water,l4 Specifically, it  was found that an 
allylic seleninic acid underwent oxygen exchange with H2lS0 
much more rapidly than it underwent 2,3-sigmatropic rear- 
rangement to the allylic alcohol. 

Several other advantages which accrue from the use of 
tert-butyl hydroperoxide (TBHP) in place of HzO2 as the 
oxidant are worth mentioning. Unlike H202, TBHP reveals 
no tendancy to cause oxidative removal of the selenium from 
the aromatic ring in the phenylseleninic acid (1) by-product. 
Thus the seleninic acid 1 is recovered in high yield and then 
readily reduced to regenerate the starting diphenyl diselenide 
(2). Following a typical allylic alcohol preparation which 
employed 23.4 g (75 mmol) of diphenyl diselenide ( 2 ) ,  reduc- 
tion of the aqueous phenylseleninic acid containing extracts 
afforded 21.9 g (93% recovery) of diselenide 2 (mp 60.3-61.1 
"C). This crude diselenide was sufficiently pure for reuse, but 
could be further purified by recrystallization from hexane. 

Our attempts to recover the diselenide 2 in cases where 
H202 has been the oxidant have been less successful. As re- 
ported previously,6 in a sequence beginning with 29.5 g of di- 
selenide 2 only 15 g (51% recovery) was recovered by reduction 
of the aqueous extracts. We feel these poorer recoveries with 
H202 are due, a t  least in part, to the oxidative destruction of 
phenylseleninic acid mentioned above.'s In support of this 
contention is the observation that reduction of aqueous ex- 
tracts containing phenylseleninic acid, which has been ex- 
posed to excess H202, often leads to production of red sele- 
nium metal, in addition to the desired yellow diselenide 2. The 
extent of seleninic acid decomposition varies with the amount 
of excess H202 and the period of exposure.22 The problem can 
he alleviated by using only 2 molar equiv (based on diphenyl 
diselenide used) of HzOz, but this leads to the aforementioned 
product contamination by diselenide 2. 

Both our group and R e i ~ h ' s * , ~  have encountered another 
important reason for the use of excess oxidant in the oxida- 
tion/elimination step. The initial product of syn elimination 
of an alkyl phenyl selenoxide is phenylselenenic acid 
(PhSeOH, 5 ) .  As revealed in the present work and by Reich's 
recent results,'*3 PhSeOH readily undergoes electrophilic 
addition to olefins. Thus it would be expected to add to the 
allylic alcohol being produced unless either disproportionation 
(Scheme I, 5 -. 1 + 2) or oxidation to phenylseleninic acid (1) 
occurred more rapidly. The presence of excess oxidant (H202 
or TBHP) ensures rapid oxidation and prevents addition of 
PhSeOH to the product olefins. However, when excess oxidant 
is not utilized undesirable side reactions involving PhSeOH 
can he observed. This problem is more pronounced for some 
substrates than for others. For example, before it was found 
that excess TBHP could be used as the oxidant, we were trying 
to avoid the overoxidation problem (seleninic acid catalyzed 
epoxidation) by using only 2 molar equiv (based on diphenyl 
diselenide used) of H202. For 4-octene (13) this led to for- 
mation of substantial amounts of the diol selenide 14 (mp 
77.9-78.6 "C, 48%). Diol 14 presumably arises by addition of 

1. "PhSeOH" 

Z.H,O, 

OH 13 

14 
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PhSeOH to the corresponding E-allylic alcohol. The addition 
seems to be regio- and stereoselective, since only one diast- 
ereomer was detected. However, the possibility that other 
isomers were present in small amounts was not rigorously 
excluded. 

TBHP was highly successful as the oxidant for all the cases 
in Table I except for 1-methylcyclohexene (entry 5 ) .  In this 
case the selenoxide(s1 16 derived from the hydroxy selenide 
adduct 15 showed negligible tendency for elimination at  room 
temperature. Even when the solvent was changed from 
CHZC12 to 1,2-dichloroethane, so that a reflux temperature 
of about 80 "C' could be achieved. the yield of the desired al- 
lylic alcohol 17 was <IO%. We had previously foundz3 that the 
p -toluenesulfonylselenimide analogues of selenoxides elimi- 

15 16 17 18 

nate more readily than the selenoxides. Therefore the adduct 
15, which was isolated in 83% yield, was treated with 2 equiv 
of anhydrous chloramine-T in d ich lor~e thane .~~ After stirring 
for several hours a t  room temperature the hydroxy selenide 
15 had disappeared and two new compounds were apparent 
by TLC. Although these new substances were not isolated, 
they were presumably the two diastereomeric selenimides 18. 
Probably due to the steric congestion in this system, even 
these selenimides were slow to undergo thermal elimination. 
However, after refluxing for 2 h allylic alcohol 17 and 1,2- 
epoxy-l-methylcyclohexaneZ5 were produced in a 2:l ratio. 
Chromatography (to remove the epoxide) and distillation 
afforded allylic alcohol 17 in 40% yield from adduct 15 or in 
33% yield based on the starting olefin. I t  is interesting to note 
that one (the less polar isomer on TLC) of the selenimides 18 
disappeared more rapidly upon refluxing than the other. This 
observation parallels that of Jones, Mundy, and Whitehouse 
on the pyrolysis of a pair of sterically encumbered diastereo- 
meric selenoxides.26 

The general applicability of this new method (Le., the use 
of 2 equiv of anhydrous chloramine-T in CHzClz or 
ClCHZCHzCl) for the oxidation/elimination of alkyl phenyl 
selenides has not been explored. However, it has an advantage 
over the phase-transfer procedurez3 utilizing chloramine-T 
in that there is no need to worry about separation of the 
phase-transfer agent (e.g. "Aliquat-336") from the prod- 
ucts. 

The other new procedure (i.e., TBHP in CHZC12) for oxi- 
datiodelimination of alkyl phenyl selenides has also not been 
investigated with regard to its general usefulness. However, 
we have made several observations worth mentioning here. 
The procedure offers no advantage over Hz02 for primary 
selenides. Only a trace of 1-dodecene is formed after exposure 
of 1-dodecyl phenyl selenide to excess TBHP in CHZC12 for 
22 h. The problem does not lie in the rate of the oxidation step 
since TLC indicates that oxidation to the selenoxide is com- 
plete in 0.5-1 h. In the case of cyclododecyl phenyl selenide, 
exposure to TBHP in CHZC12 for 15 h a t  25 "C resulted in 
formation of 92% cyclododecene (-1:l mixture of E and 2 
isomers). By contrast, oxidation of cyclododecyl phenyl sel- 
enide with Hz02 in T H F  at  25 "C led rapidly (<1 h) to cyclo- 
dodecene in 94% yield.14 If this latter reaction mixture were 
allowed to stand for 15 h at  25 OC, then a substantial amount 
of epoxidation occurred (after 15 h: 58% cyclododecene and 
38% cyclododecene oxide).27 Since polar solvents such as THF 
disfavor epoxidation one could anticipate that epoxidation 
would have been more of a complication had CHZC12 been the 
solvent. Actually, this problem of further epoxidation does not 
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seem to exist for monosubstituted olefins and is only rarely 
experienced with disubstituted olefins. I t  is in cases involving 
tri- and especially tetrasubstituted olefins where further ep- 
oxidation is difficult to prevent if HzOz is used as the oxi- 
dant.20s21 I t  is in these latter circumstances that the use of 
TBHP for the oxidation/elimination step should provide 
special advantage. Baeyer-Villiger oxidation of certain ke- 
tones to lactones is another complication which has been en- 
countered when H202 is employed as o ~ i d a n t . ~ ~ , ~ *  The use of 
TBHP as oxidant in such cases would be worth investigat- 
ing. 

As can be seen from the preceding discussion ter t -  butyl 
hydroperoxide (TBHP) should in many cases prove superior 
to hydrogen peroxide for the oxidation/elimination of alkyl 
phenyl selenides.29 Because TBHP is a gentle oxidant, we 
generally use an excess to promote rapid completion of the 
desired oxidation. For example, in the present work 268 mmol 
were employed when 150 mmol is the theoretical amount re- 
quired to convert all the selenium species to phenylseleninic 
acid (1). Since TBHP is not as sensitive30 to catalytic decomp- 
osition by selenium species as is H2O2,l7 the excess oxidant 
remains at the end of the reaction. Moreover, TBHP is (unlike 
H202) more soluble in organic solvents than in water, and is 
therefore not removed by aqueous washes31 during workup. 
There are a variety of ways of dealing with this excess TBHP. 
One approach is to perform a nonreductive workup and then 
remove it under vacuum (1 mm or better) a t  around 25-35 "C. 
However, for large-scale (>1 mol) reactions prior reduction 
is recommended. Aqueous bisulfite has o f t en  been used f o r  
th i s  purpose,12,32 but  we strongly recommend t h a t  t h i s  re- 
duc tan t  be avoided whenever possible. We have recently 
found that its use has a deleterious effect on isolated yields, 
especially when the desired products are epoxides33 or allylic 
alc0hols.~3 The effect is particularly severe if one attempts to 
distill the product of a large-scale (>1 mol) reaction; typically, 
the product will polymerize exothermically during attempted 
distillation. This complication is easily avoided by using di- 
methyl sulfide34 (in the presence of a catalylic amount of acetic 
acid35) as the reductant in place of bisulfite. We now use this 
Me# procedure for all large-scale reductions of TBHP.13 

In the present work aqueous ferrous sulfate is employed as 
the reducing agent. This method works well; reduction occurs 
more rapidly than with MezS and it has the added advantage 
of being ordorless. However, we do not recommend use of this 
FeI1SO4 reduction technique for larger scale (>0.1 mol) re- 
actions. Even though the reductions involve a two-phase 
(ether-water) system, the FeI1/FelI1 couple is well known36 to 
catalyze free-radical decomposition of alkyl hydroperoxides, 
suggesting obvious possibilities for trouble. If larger scale 
applications of this reduction technique were to be explored, 
it would seem advisable to employ inverse addition (Le., slowly 
add the ethereal organic extract containing the TBHP to a 
well-stirred aqueous FeS04 solution).37 

Olefins to Epoxides 
There has been long-standing interest in discovering a 

means for direct use of Hz02 for epoxidation of olefins. An 
obvious approach is the in situ generation of carboxylic per- 
acids. Unfortunately the exchange process between HzOz and 
a carboxylic acid requires strong acid catalysis and is therefore 
incompatible with the desired epoxide products. For example, 
formic acid (a strong enough acid to catalyze its own exchange 
with HzOz) is often used for conversion of an olefin to a vicinal 
diol in the presence of HzOz; the intermediate epoxides cannot 
be isolated under these  condition^.^^ Since there is a trend 
toward more facile exchange processes upon descending the 
rows in the periodic table, one finds that the in situ formation 
of peracids (20a, e.g. M = Se) and peroxides (20b, e.g. M = V, 



1692 J .  Org. Chem., Vol. 43, No. 9, 1978 Hori and Sharpless 

- Table 11. Epoxidation of Cyclooctene 

Registry Equiv of Time, 
Entry CatalystU no. 30% H202 MgS04 h Epoxide/olefinc 

1 SeOs (control) 2 16 2:98 
2 1 6996-92-5 2 16 65:35 
3 26 65252-75-7 2.2 20 '79:21 
4 26 2.2 + 20 99.7:0.3 
5 24 15001 -52-2 2 - 16 0.4:99.6 
6 25 65252-76-8 2 - 16 0.3:99.7 

27 20753-53-1 2.2 - 16 40:60 
8 28 33350-70-8 2.2 - 16 50:50 
9 22 56790-59-1 2.2 20 91:9 

10 23 65252-77-9 2.2 - 20 96:4 
11 23 2.2 + 20 99.6:0.4 

In each case 10% of the seleninic acid catalyst was employed and the solvent was always CH2C12. 

- 
- 
- 

n 

- 

A + sign indicates that excess 
anhydrous MgSOi was added. Indicates the GLC determined ratio of product to  starting material; in all cases the mass balance is 
-100%. 

Table 111. Epoxidation of Citronellol Methyl Ether -- 
Equiv of HzOz Time, 

Entry Catalysta (% strength) MgS04 h Epoxide/olefin 

1 22 2 (30) - 16 84:16 + 16 1oo:o 
- 16 1oo:o 

2 22 2 (30) 

- 16 69:31 
3 22 2 (98) 
4 23 2 (30) 
5 23 2 (30) + 16 1oo:o 

a In each case 1.W of the seleninic acid catalyst was used. Same as footnote c in Table I1 except that with this olefin the mass balances 
were only -90%. 

Scheme I11 

n H  

20b 
Mo, W) occurs under very mild conditi0ns3~ in the presence 
of H202 (Scheme 111). In fact, the elements indicated above 
(V, Mo, W, Se) are among those which are known to be active 
catalysts for the epoxidation of olefins with H202.40,42 How- 
ever, these catalytic systems are very poor for the epoxidation 
of simple, isolated Of particular interest for the 
present work are the reports in which SeO2 was observed to 
catalyze epoxidation of olefins. 

In his pioneering studies of allylic oxidation with SeO2, 
Guillemonat had investigated the use of H202 as a source of 
the oxygen in the reaction.41 However, the only products he 
obtained were vicinal diols and no allylic oxidation products. 
The formation of diols from olefins and SeO2 in the presence 
of H202 was later studied as a reaction in its own right.42 Ta-  
naka eventually showed that epoxides were the initial prod- 
ucts in this reaction, and that diols arose from ring opening 
under the usual reaction  condition^.^^ Perselenious acid (21a) 
was proposed as the active epoxidizing species. 

21a, R = OH 
b,  R = Ph 

Very recently Grieco has reported epoxidation of olefins by 
H202 in the presence of a stoichiometric quantity of phenyl- 
seleninic acid ( 1).21 He suggests that the corresponding per- 
acid 21b is the active reagent. We had discovered this same 
epoxidizing activity16J8 in the course of our early15 experi- 
ments on organoselenium reagents. I t  was further observed 
that stoichiometric use of the seleninic acid is not necessary, 
and that arylseleninic acids showed activity as phase-transfer 
catalysts for the epoxidation of olefins with H202.lS However, 
the lifetime of the seleninic acid (1) itself as a catalyst was 
disappointing for the acid was being degraded to SeO2 and 
presumably some oxidized organic fragment.18 This decom- 
position process may be due to Baeyer-Villiger type rear- 
rangementlg of the peracid 12a or its peroxo isomer 12b. 

Reich's group has also encountered these seleninic acid 
catalyzed epoxidations.20 We report here those aspects of our 
results on this new epoxidation procedure which are most 
relevant to its preparative potential. 

In addition to phenylseleninic acid (l), we have also in- 
vestigated the seleninic acids 22-30 as epoxidation catalysts. 
With the exception of the alkyl seleninic acid 24 and o-hy- 
droxycarbonylphenylseleninic acid (25), all of these com- 
pounds exhibited some activity as epoxidation catalysts 
(Table 11). Methylene chloride is an especially good solvent 
for these epoxidations. 

The results in Table I1 for the epoxidation of cyclooctene 
reveal the relative effectiveness of the various seleninic acid 
catalysts. The o-nitrophenylseleninic acid (22) and the 2,4- 
dinitrophenylseleninic acid (23) are clearly the best cata- 
l y s t ~ . ~ ~  The presence of water has a deleterious effect on the 
epoxidation process.45 Good results were obtained using 30% 
H202 and anhydrous MgS04 to scavenge the excess ~ a t e r . ~ 6  
High-strength (98%) H202 was also successful, but seemed less 
desirable from the point of view of both safety and conve- 
nience. 

Table I11 gives results obtained using the nitroseleninic 
acids 22 and 23 as catalysts for the epoxidation of a trisub- 
stituted olefin (citronellol methyl ether); in this case 1.0% 
catalyst was used. The combination of 30% H202 and anhy- 
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\ '  OH 
h 0 

22 23 

25 26 

27, X = C1 29 
28, X = NO:! 

30 

drous MgS04 works well (entries 2 and 5), but if 98% H202 is 
employed (entry 3) use of MgS04 is obviated. 

In Table I\' are shown the results of performing the cata- 
lytic epoxidation on a preparative scale. The yields given are 
for pure, distilled epoxides. Only for cyclooctene is the yield 
near quantitative. In the case of (E)-S-decene and 2-methyl- 
2-heptene the isolated yields are somewhat below the -95% 
value that one would expect to be able to obtain by careful 
epoxidation of these olefins with carboxylic peracids. The 
simplicity oft he procedure and the fact that HzO2 is less ex- 
pensive than peracetic and perbenzoic acids (the most com- 
monly used reagents for large scale laboratory epoxidations) 
are attractive aspects of these catalytic epoxidations. 

It is always of interest to explore the behavior of a new 
epoxidizing reagent with olefinic alcohols. These substrates 
(especially allylic alcohols) are well known for undergoing 
highly selective epoxidations with both carboxylic per acid^^^ 
and with alkj 1 hydroperoxides in the presence of vanadium 
and molybdenum  catalyst^.^^ As shown in Scheme IV epox- 
idation of 2-cyclohexen-1-01 (31) occurs almost randomly 
giving a 3 2  mixture of the syn- (32) and anti- (33) epoxy al- 
cohols. This contrasts with the highly stereoselective syn ep- 
oxidation of 31 by carboxylic peracidd7 and by transition 
metal-alkyl hydroperoxide reagents.32 Similarly, geraniol (34) 
affords a 2:l mixture of epoxy alcohols 35 and 36. This re- 
sembles the result with carboxylic peracids,32a but contrasts 
with the highly regioselective epoxidation (34 -.+ 36) achieved 
with alkyl hydroperoxides in the presence of vanadium or 
molybdenum catalysts.'Qa This result differs somewhat from 
that of Griecc and co-workers using a stoichiometric quantity 
of phenylseleriinic acid (1) and H202 in protic solvents.21 They 
report a 5:l mixture of epoxy alcohols 35 and 36. This differ- 

Scheme IV,  Elpoxidation of Allylic Alcohols 
0 

OH H , O , . B % 2 3  + wH + ODoH 
CH,CI,. 16 h 

31 32 33 

3 2  

34 35 36 
-21 

Table IV. Preparative Scale Epoxidations 

Registry % yield 
Olefin no. Catalyst (YO)" of epoxide 

C yclooctene 23 (5) 95 
(E)-5-Decene 7433-56-9 22 (5) 90 
2-Methyl-2- 627-97-4 22 (0.5) 81 

heptene 

a The figure in parentheses indicates the percentage of seleninic 
The reported yields are for pure substances isolated acid used. 

by distillation. 

ence in regioselectivity probably arises from the difference in 
the seleninic acids and the solvents which were employed. In 
any case it appears that arylperoxyseleninic acids (12a) are 
unique48 among epoxidizing agents in that they exhibit little, 
if any, regio- or stereoselectivity in epoxidations of allylic al- 
cohols. 

In thinking of other possible unique features associated with 
these seleninic acid catalyzed epoxidations, it occurred to us 
that the putative active epoxidizing species, the arylperoxy- 
seleninic acid 12a or its peroxo isomer 12b, was ~ h i r a l . ~ ~  
Moreover, since the chirality resides a t  the selenium center 
this would place the asymmetry one atom closer to the site of 
oxygen transfer than can be achieved in chiral carboxylic 
peracids. Thus it seemed possible that chiral perseleninic acids 
might be superior to chiral percarboxylic acids50 for the 
asymmetric epoxidation of olefins. 

In order to test this idea the optically active seleninic acids 
29 and 30 were ~ y n t h e s i z e d . ~ ~  The asymmetric centers in 29 
and 30 are admittedly rather distant from the selenium; 
however, it was hoped that there would be considerable 
asymmetric induction in the exchange process ( 1 1  * 12a) 
leading to generation of the peroxyseleninic acid 12a. Both 
seleninic acids 29 and 30 were effctive epoxidation catalysts 
in CHZC12 in the presence of H2O2.S1 However, when the 
prochiral allylic alcohol 37 was epoxidized using either 29 or 
30 as catalyst the resulting epoxy alcohol 38 was race- 

p h r O H  H 2 0 , ,  29 or 30 " F O H  
CH,CI, Ph 

,iC.5l',.52 

Ph 

37 38 
(racemic) 

Summary 
1. A new direct (one reaction vessel) route from olefins to 

rearranged allylic alcohols has been developed. The only other 
direct process for this transformation involves reaction with 
singlet oxygen. The reactivity of singlet oxygen toward most 
disubstituted olefins is p00r . j~  Singlet oxygen is often not 
regioselective in reactions with trisubstituted olefins,53 
whereas the addition of "PhSeOH" to trisubstituted olefins 
is highly regioselective. 

2. A new procedure using t e r t -  butyl hydroperoxide for the 
oxidation/elimination of alkyl phenyl selenides is described. 
I t  avoids the secondary epoxidation process, which can be a 
problem when HzOz is used as the oxidant. The use of t e r t -  
butyl hydroperoxide in place of H202 also leads to much better 
recoveries of diphenyl diselenide when the byproduct phen- 
ylseleninic acid is reduced. In the present work t e r t -  butyl 
hydroperoxide has proved an ideal reagent for the oxida- 
tiordelimination of P-hydroxyalkyl phenyl selenides. Its 
general applicability to other types of alkyl phenyl selenides 
has not been established but would seem to merit attention. 
In particular, whenever tri- or tetrasubstituted olefins are 
present in the molecule (either initially or are being formed 
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as a result of the selenoxide elimination) the use of tert- butyl 
hydroperoxide instead of HzOz should avoid the epoxidation 
processes to which these types of olefins are especially 
prone. 

3. It has been independently discovered by four groups,20,21 
including our own,16J8 that arylseleninic acids catalyze the 
epoxidation of olefins by Hz02. A convenient catalytic pro- 
cedure for the epoxidation of di-, tri-, and tetrasubstituted54 
olefins has been developed. The best catalysts found to date 
are o-nitrophenylseleninic acid (22) and 2,4-dinitrophenyl- 
seleninic acid (23); 0 .54% of the catalyst is generally em- 
ployed. The best solvent is CH2C12. The best general proce- 
dure involves use of 30% H202 in the presence of excess an- 
hydrous MgS04. 

Experimental Section 
Reagent grade methylene chloride was employed, and for all ap- 

plications it was dried by storage over 4-A molecular sieves. All re- 
actions were performed under an atmosphere of dry nitrogen in order 
to exclude atmospheric moisture. If the use of more than 12-13 g of 
anhydrous magnesium sulfate was required, then it was found that 
a mechanical stirrer should be used in place of a magnetic stirrer. The 
90% tert- butyl hydroperoxide was obtained either from Aldrich or 
from the Lucidol Division of the Pennwalt Corp. Melting points and 
boiling points are uncorrected. 

Sources of Olefins. The cyclooctene obtained from Aldrich is 
about 95% pure; it contains 4 or 5% of a nonolefinic impurity. The 
citronellol methyl ether was prepared by methylation (NaH, CHJ, 
DMF) of an old sample of Aldrich citronellol and was >95% pure. The 
citronellol now sold by Aldrich is of much lower (-70%) purity. The 
other olefins [ 1-methylcyclohexene, 2-methyl-2-heptene, (E)-4-oc- 
tene, (Z)-d-octene, and (E)-5-decene] were obtained from Chemical 
Samples and are all 96-99% pure. 

Sources of Organoselenium Reagents and Catalysts. Diphenyl 
diselenide (PhSeSePh, 2) is available from Aldrich; however, the 
material used here was prepared according to our published proce- 
dure.55 This procedure55 gioes full experimental details for prepa- 
ration of PhSeSePh on a I-mol scale. 

The o-nitrophenylseleninic acid (22) is the most generally useful 
epoxidation catalyst and therefore full details for an improved 
preparation of the corresponding selenocyanate and diselenide are 
given below. It should be noted that only in the case of seleninic acids 
156 and 24j7 were the seleninic acids themselves actually used as the 
catalysts. In all other instances the catalysts were added in the form 
of their diselenides. I t  is well knownj6 that diselenides are oxidized 
to seleninic acids in the presence of hydrogen peroxide. The diselen- 
ides corresponding to seleninic acids 23?* 25,59 26,6O 27,5j and 2fJ61 
were prepared according to the cited literature procedures.62 

A Simple Procedure for  in Situ Generation of Sodium Sele- 
nocyanate. The method63 commonly used for preparing pure po- 
tassium selenocyanate or sodium selenocyanate is not very appealing. 
Therefore we have developed a simple procedure64 for generating a 
N,N-  dimethylacetamide (DMAC) solution of KSeCN or NaSeCN 
which should in many cases obviate the need for preparing the pure 
substance: anhydrous DMAC (75 mL) was degassed by bubbling ni- 
trogen through it for 15 min. The reaction vessel containing the 
DMAC was maintained under a positive pressure of nitrogen, and 7.90 
g (0.10 mol) of powdered gray selenium metal and 5.24 g (95% pure, 
0.102 mol) of sodium cyanide were added. The resulting suspension 
was stirred magnetically and heated in an oil bath (bath temperature 
at  110 "C) for 45 min until all the gray selenium metal disappeared, 
and a colorless solution contaminated with a little bit of white solid 
was obtained. After cooling, this solution of NaSeCN in DMAC was 
used as described below. 

Similarly, KSeCN in DMAC solution (pale yellow solution con- 
taminated with a little bit of white solid) can be prepared by heating 
a mixture of potassium cyanide and gray selenium metal in DMAC 
a t  110 "C for 12 h. The pure crystalline KSeCN may be obtained by 
cooling the DMAC solution a t  0 "C. 

Preparation of o-Nitrophenyl Selenocyanate. According to the 
procedure of Bauer.6"a o-nitroaniline (13.81 g, 0.10 mol), 39 mL of 
water, and 22 mL of' concentrated hydrochloric acid are placed in a 
250-mL two-neck flask equipped with a thermometer, a dropping 
funnel, and a magnetic stirrer.65b After the mixture was cooled to 2-3 
"C in an ice-salt bath, a chilled solution of sodium nitrite (97% pure, 
7.47 g, 0.105 mol) in ?4 mL of water was added slowly maintaining the 
temperature at  2-3 'C. Stirring was then continued for 1 h a t  2-3 "C. 

To this reaction mixture, 21 mL of chilled 25% aqueous sodium acetate 
solution was added dropwise until pH paper indicated a pH of about 
4. The slightly brownish solution was filtered to remove traces of in- 
soluble impurities and poured into a 1-L beaker surrounded by an 
ice-salt bath. The solution of NaSeCN (0.10 mol) in DMAC (see 
above) was cooled and then added dropwise to the reaction mixture 
in the beaker maintaining the temperature below 0 "C. The mixture 
was stirred with both a magnetic stirrer and a glass rod during the 
addition. The precipitated product was collected by filtration, washed 
with water, and dried to give 17.5 g of a dark yellow powder (mp 
132-137 "C). This crude product was dissolved in 100 mL of chloro- 
form and passed through a short plug of silica gel (40 g). Then 200 mL 
of chloroform was passed through the silica gel to ensure complete 
elution of the yellow o-nitrophenyl selenocyanate. Evaporation of the 
chloroform followed by recrystallization from acetone (120 mL) gave 
11.37 g (50% yield) of orange-yellow crystals, mp 140-142 "C (lit.65a 
mp 142 "C). One gram of the crystals was recrystallized further from 
20 mL of ethanol [the hot ethanol solution was treated with 40 mg of 
activated charcoal (Norit)] to give 0.91 g of yellow needles, mp 

Preparation of Bis(o-nitrophenyl) Diselenide. The Source of 
the  Seleninic Acid Catalyst 12. The o-nitrophenyl selenocyanate 
(10 g, 44 mmol) was added to a solution of 2.7 g (50 mmol) of sodium 
methoxide (Aldrich) in methanol (250 mL). The resulting light brown 
slurry was stirred under nitrogen for 3 h at  room temperature. Water 
(200 mL) was added and the mixture was filtered. The solid was 
washed three times with water and dried to give 8.59 g (97%) of the 
diselenide as a light brown powder, mp 210-211 "C (lit.61 mp 212-213 
"C). It was this material which was used as the source of in situ gen- 
erated, seleninic acid catalyst 22.62 

General Procedure for  Olefin -. Allylic Alcohol. Preparation 
of (E)-5-0cten-4-01. To a magnetically stirred, ice-cooled solution 
of diphenyl diselenide (23.41 g, 75 mmol) in 250 mL of dry methylene 
chloride was slowly added 7.66 mL (8.50 g, 75 mmol) of chilled 30% 
hydrogen peroxide. After stirring vigorously for 30 min (white crystals 
deposit in 5-10 min), 12.5 g of powdered anhydrous magnesium sulfate 
was added and the mixture was stirred for an additional 30 min in the 
ice bath. The ice bath was removed, (E1-4-octene (5.61 g, 50 mmol) 
was added, and the mixture was stirred vigorously for 6 h a t  24 O C .  

Chilled 9090 tert-butyl hydroperoxide (30 mL, 268 mmol) was added 
to the reaction mixture which had been immersed in an ice bath; then, 
after removing the ice bath, the mixture was stirred for 20 h a t  24 "C 
to give a pale orange solution with a lot of white precipitate. The white 
precipitate (PhSeOzH and hydrated MgS04) was filtered off (save 
for recovery of diphenyl diselenide) and washed with ether. The fil- 
trate was concentrated (20 "C, aspirator) to give an oil. The oil was 
dissolved in 300 mL of ether and washed with 5% aqueous sodium 
carbonate (200 mL and then 100 mL, save), water (100 mL, save), 10% 
aqueous ferrous sulfate (200 mL and then 100 mL), water, saturated 
aqueous sodium hydrogen carbonate, water, and brine, successively. 
The ether extracts were dried over anhydrous magnesium sulfate. 
Concentration (20 "C, aspirator) gave an oil, which upon vacuum 
distillation gave 5.64 g (88%) of (E)-5-octen-4-01, bp 58.5-59.5 "C (2.5 
mm). NMR, IR, TLC, and GLC were identical with an authentic 
specimen.ljJ6 

Following the same procedure (except that 20 h, instead of 6 h, was 
allowed for addition of "PhSeOH" to the olefin) (Z1-4-octene was 
converted to the same allylic alcohol I (E)-5-octen-4-01] in 84% 
yield. 

Preparation of Allylic Alcohol 9. In the case of citronellol methyl 
ether, the procedure was identical with that described for (E)-4-oc- 
tene. The allylic alcohol 9 was obtained in 87% yield upon distillation, 
bp 76-77 "C (0.3 mm) [lit.15J6 bp 77 OC (0.3 mm)]. NMR, IR, TLC, 
and GLC were identical with those for an authentic sample:15J6 NMR 
(CDC13) 6 0.7-2.1 (m, 8 H ,  CH2 and CHCHs), 1.35 [s, 6 H, 

(m, 2 H, =CH). 
Anal. Calcd for CllH2202: C, 70.92; H ,  11.90. Found, C. 70.86; H, 

11.80. 
Preparation of Allylic Alcohol 10. In the case of cyclooctene the 

same (except that 20 h, instead of 6 h, was allowed for addition of 
"PhSeOH" to the olefin) procedure as described in detail for ( E ) -  
4-octene was employed. The allylic alcohol 10 was obtained in 83% 
yield following distillation, bp 78-79 "C (3 mm) bp 74 "C (2 
mm)]; this product was spectrally and chromatographically identical 
with the authentic sarnple.ljJ6 

Preparat ion of 1-Methyl-2-cyclohexenol (1 7).  The procedure 
for preparation of the hydroxy selenide of 1-methyl-1-cyclohexene 
was identical (10 mmol of olefin) with that described above for ( E ) -  
5-octen-4-01, and the hydroxyselenide 15 was isolated by chroma- 

141.5-142.5 "C. 

C(CH3)20H], 3.35 (s, 3 H, OCHB), 3.40 (t, 2 H, J = 6 Hz, OCHy), 5.65 
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tography on 40 g of silica gel. Elution with 2:l CHzClz-hexane gave 
2.25 g of the hydroxy selenide 15, which was dissolved in dichloro- 
ethane. Then 3.8 g of anhydrous chloramine-F7 (Aldrich) was added 
and the mixture was refluxed for 2 h. The products were extracted 
with 100 mL of ether and the extracts were washed with 200 mL of 
1 N sodium hydroxide solution, water, and brine and dried over an- 
hydrous magnesium sulfate. Evaporation of the solvent afforded an 
oil which was submitted to chromatography on silica gel. The epoxide 
byproduct was eluted with 5% ethyl acetate-hexane. Evaporation of 
the solvent gave 187 mg (16%) of 1,2-epoxy-l-methylcyclohexane, 
which was identified by comparison with an authentic sample. Further 
elution with 10% ethyl acetate-hexane followed by concentration gave 
an oil, which upon Kugelrohr distillation [80 "C (5 mm)] afforded 374 
mg (33% based on olefin) of 1-methyl-2-cyclohexenol ( 1 7 ) F  NMR 
(cc14) 6 1.20 (s, 3 H, CH:,), 1.5-2.2 (m, 6 H, CHz), 2.72 (s, 1 H, OH), 
5.59 (s, 2 H, olefinic). 

Regeneration of Diselenide 2 by Reduction of the Reclaimed 
Seleninic Acid 1. In the foregoing description of the preparation of 
(E)-5-octen-4-01 it was noted that during the workup several of the 
washes (5% sodium carbonate washes and water washes) and a solid 
obtained by filtration were saved. This solid was added to the saved 
washes and 6 N hydrochloric acid was added to the resulting mixture 
until indicator paper revealed a pH of <3. Then 250 mL of a 10% so- 
dium bisulfite solution was added which resulted in precipitation of 
a yellow solid (PhSeSePh). This suspension of diphenyl diselenide 
in water was extracted thrice with ether (300 mL, 100 mL, and finally 
50 mL). In order to remove water and minor polar impurities, the 
combined ether extracts were passed quickly through a short plug of 
silica gel (50 9); then several small portions of ether were passed 
through the silica gel to ensure complete elution of the yellow di- 
selenide. Evaporation of the ether afforded 21.9 g (93% recovery) of 
the diselenide 2, mp 60.3-61.1 "C. This material was sufficiently pure 
for reuse. Recrystallization from hexane gave 19.42 g of yellow crystals, 
mp 60.8-61.8 "C. the mother liquid yielded a second crop (1.1 g, mp. 
60.3-61.1 "C) of the diselenide. 

Complications Resulting from Readdition of "PhSeOH" to the 
Allylic Alcohol Product.  Formation of Diol Selenide 14. In the 
same manner as described above for preparation of (E)-5-octen-4-01, 
30% H202 (648 pl,, 720 mg, 6.35 mmol) was added dropwise to a cooled 
and magnetically stirred solution of 1.98 g (6.35 mmol) of diphenyl 
diselenide in 22 mL of CH,Cl,. Powdered anhydrous magnesium 
sulfate (1.06 g) was then added and the mixture was stirred for an 
additional 30 mill in the ice bath. (E)-4-Octene (475 mg, 4.23 mmol) 
was added and the suspension was stirred vigorously at  room tem- 
perature for 15 h. The reaction mixture was cooled with an ice bath 
and any remaining anhydrous magnesium sulfate was hydrated by 
addition of 1.4 mL of water. Chilled 30% hydrogen peroxide (1.27 mL, 
1.41 g, 12.5 mmol) was added dropwise, then the ice bath was removed 
and stirring was continued for 1 h at  room temperature. The sus- 
pended solids were removed by filtration and washed with ether. The 
filtrate was conctmtrated to give an oil. The oil was dissolved in ether 
and washed with 5% aqueous sodium carbonate, water, and brine and 
dried (MgSOI). Concentration afforded a solid which was recrystal- 
lized from hexane to give 608 mg (48%) of 4-phenylselenyl-3,5-dihy- 
droxyoctane: my 77.9-7e.6 "C; NMR (90 MHz, CDC13) 6 3.28 (dd, 1 
H, J A X  = 1.7 Hz J B S  = 4.3 Hz, CHSePh), 3.8-4.3 (m, 2 H, CHOH), 
7.3-7.7 (m, 5 H, iromatic.). 

Anal. Calcd for C11H2?02Se: C, 55.81; H, 7.36. Found: C, 56.00; H ,  
7.23. 

Epoxidation of Cyclooctene. Data  in  Table 11. T o  a cooled, 
stirred reaction mixture containing cyclooctene (110 mg, 1 mmol) and 
the selenium catdyst (0.05 mmol of the diary1 diselenide or 0.1 mmol 
of selenium dioxide) in 2 mL of methylene chloride was added 204 pL 
(227 mg, 2.0 m m d )  or 220 pL (244 mg, 2.15 mmol) of chilled 30% hy- 
drogen peroxide When anhydrous magnesium sulfate was used, 250 
mg was added after addition of the 30% hydrogen peroxide. The ice 
bath was allowell to melt (-30 min) and the reaction mixture was 
stirred for 16 or 20 h at room temperature. Small aliquots of the re- 
action mixtures were dissolved in ethyl acetate and washed with 10% 
aqueous sodium carbonate and brine in preparation for the gas 
chromatographic analysis performed (temperature programming from 
100 to 200 "C) cn a 6 ft X 0.125 in. glass column packed with 10% 
UCW-98 on 80/100 mesh Gas Chrom Q. 

Epoxidation of Citronellol Methyl Ether. Data  in  Table 111. 
To the mixture of 170 mg (1 mmol) of citronellol methyl ether and 
0.005 mmol of bis(o -nitrophenyl) diselenide or bis(2,4-dinitrophenyl) 
d i ~ e l e n i d e ~ ~  in 2 inL of methylene chloride, 204 pL (227 mg, 2.0 mmol) 
of chilled 30% hydrogen peroxide or 49 pL (69 mg, 2.0 mmol) of 98% 
hydrogen peroxide was added while stirring in an ice bath. When 
anhydrous magnesium sulfate was employed, 250 mg was added after 
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addition of the 30% hydrogen peroxide. The ice bath was allowed to 
melt (-30 min) and stirring was continued at  room temperature for 
16 h. Aliquots of the reaction mixtures were prepared for GLC anal- 
yses as described above for the cyclooctene experiments. The GLC 
analyses were performed a t  120 "C on a 6 ft X 0.125 in. glass column 
packed with 3% OV-17 on 80/lOO mesh Gas Chrom Q. 

Preparative Scale Epoxidations. Cyclooctene -. Cyclooctene 
Epoxide. To a 250 mL round-bottom flask equipped with a me- 
chanical stirrer and a reflux condenser were added 11.48 g of cy- 
clooctene (Aldrich, 96% pure, equivalent to 11.02 g, 0.1 mol), 1.23 g 
(2.5 mmol) of bis(2,4-dinitrophenyl) diselenide, 25 g of anhydrous 
magnesium sulfate, and 100 mL of methylene chloride. The resulting 
suspension was cooled in an ice bath and 20.4 mL (22.67 g, 0.2 mol) 
of chilled 30% hydrogen peroxide was added dropwise (-5 min) while 
stirring vigorously. The ice bath was removed and after about 30 min 
the reaction mixture began to reflux. This spontaneous refluxing 
continued for about 1 h and then the mixture was stirred at  room 
temperature for an additional 18.5 h. The hydrated magnesium sulfate 
was filtered off and washed with ether. This filtrate was diluted with 
500 mL of ether and washed with water, 10% sodium carbonate, water, 
and brine and then dried (MgS04). Concentration gave an oil which 
was distilled by Kugelrohr [80 "C (0.1 mm)] to give 0.35 gas the first 
fraction and 11.99 g (95%) of cyclooctene oxide as the second fraction. 
NMR, IR, TLC, and GLC were identical with an authentic sample 
(Aldrich). 

(E)-5-Decene + (E)-5,6-Epoxydecane. A 100-mL two-neck 
round-bottom flask equipped with a magnetic stirrer, a reflux con- 
denser, and an ice cooling bath was charged with 25 mL of methylene 
chloride, 3.51 g (25 mmol) of (E)-5-decene, 2.51 mg (0.63 mmol) of 
bis(o-nitrophenyl) diselenide, and 6.25 g of powered anhydrous 
magnesium sulfate. To this vigorously stirred suspension was added 
dropwise 5.11 mL (5.67 g, 50 mmol) of chilled 30% hydrogen peroxide. 
The mixture was allowed to warm to room temperature and heated 
at  reflux for 8 h. GLC analysis at  this point revealed that olefin (-10%) 
still remained. The mixture was cooled in an ice bath and 3.3 g of 
anhydrous magnesium sulfate was added, followed by dropwise ad- 
dition of 3.51 mL (3.90 g, 25 mmol) of chilled 30% hydrogen peroxide. 
The reaction mixture was then refluxed for 16 h, a t  which time GLC 
analysis revealed that no olefin [This modified procedure 
employing heating, additional hydrogen peroxide, and a longer re- 
action time is recommended for less reactiue olefins which are not 
completely epoxidized under the milder conditions described above 
for preparation of cyclooctene epoxide.] Workup as described for 
epoxidation of cyclooctene afforded 4.2 g of a yellow oil which was 
distilled to give 3.9 g (90%) of (E)-5,6-epoxydecane, bp 39-40 "C (0.05 
mm). I t  was identical in all respects with an authentic sample pre- 
pared by epoxidation of (E)&decene with m-chloroperbenzoic 
acid. 

2-Methyl-2-heptene -. 2,3-Epoxy-2-methylheptane. A reaction 
mixture consisting of 5.71 g (50 mmol) of 2-methyl-2-heptene, 50.3 
mg (0.125 mmol) of bis(o-nitrophenyl) diselenide (221, and 12.5 g of 
anhydrous magnesium sulfate in 50 mL of methylene chloride was 
magnetically stirred vigorously; the 100-mL round-bottom flask was 
also equipped with a reflux condenser. This suspension was cooled 
in an ice bath and 10.22 mL (11.34 g, 0.1 mol) of chilled 30% hydrogen 
peroxide was added dropwise over about 3 min. Then the cooling bath 
was removed and after about 2.5 h the reaction mixture began to reflux 
spontaneously. Refluxing continued for about 1 h and then the sus- 
pension was stirred a t  room temperature for an additional 16.5 h. 
Workup as described above for epoxidation of cyclooctene gave an 
oil which upon kugelrohr distillation [80 "C (0.1 mm)] afforded 5.27 
g (81%) of 2,3-epoxy-2-methylheptane. I t  was spectrally and chro- 
matographically identical with an authentic sample prepared by ep- 
oxidation of 2-methyl-2-heptene with m -chloroperbenzoic acid. 

Epoxidation of Allylic Alcohol 31. A reagent solution was pre- 
pared by addition of chilled 30% hydogen peroxide (204 pL, 227 mg, 
2.0 mmol) to a mixture of 12.3 mg (0.025 mmol) of bis(2,4-dinitro- 
phenyl) diselenide in 2 mL of methylene chloride. The resulting 
mixture was stirred for 1 h a t  room temperature. To this reagent was 
added 98 mg (1 mmol) of 2-cyclohexenol (31) and stirring was con- 
tinued for 16 h a t  room temperature. At this point GLC analysis (6 
ft X 0.125 in. glass column, 10% UCW-98 on 80/100 mesh Gas Chrom 
Q) revealed a 3:2 mixture of the syn- (32) and anti- (33) epoxy alco- 
hols. Epoxy alcohols 32 and 33 were identified by comparison with 
authentic samples prepared by epoxidation of cyclohexenol31 with 
m-chloroperbenzoic acid.47b32d The syn-epoxy alcohol 32 has the 
shorter GLC retention time. 

Epoxidation of Allylic Alcohol 34. Epoxidation of 34 was carried 
out as described for epoxidation of 31 except that less catalyst [4.9 mg 
(0.01 mmol) of bis(2,4-dinitrophenyl) diselenide for 1 mmol of allylic 
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alcohol 341 was used. GLC analysis a t  150 "C (6 ft X 0.125 in. glass 
column, 10% OV-101 o n  Supelcon AW-DMCS) showed a 2:l mixture 
of epoxy alcohols 35 and 36. Epoxy alcohols 35 and 36 were identi f ied 
by comparison w i t h  authentic samples prepared by epoxidation o f  
34 w i t h  m-chloroperbenzciic 
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The olefin-forming syn elimination of alkyl aryl selenoxides was examined. The formation of @-hydroxy selenides 
by addition of the elements of benzeneselenenic acid (PhSeOH) to olefin product was found to be a persistent side 
reaction unless an alkylamine was present during syn elimination. The selenium(I1) electrophile is provided by a 
comproportionation (reverse disproportionation) of PhzSez and PhSeOzH. If an intramolecular reaction is possible 
(as for the decomposition of 1) only an unhindered secondary amine will prevent the electrophilic addition to the 
double bond. The selenoxide syn elimination was shown to be irreversible for compound 1. Alkyl aryl selenoxides 
react with dimethyl acetylenedicarboxylate to form ylides (e.g. 8 ) .  Solvent and substitutent effects on the rates of 
selenoxide syn eliminations were measured. Protic solvents reduce the rate of syn elimination. Chloro and phenyl 
substituents a t  either the a or @ position or alkyl a t  the a position accelerate the syn elimination, whereas @-alkyl 
and methoxy substituents retard it. Methyl aryl selenoxides were shown to catalytically decompose hydrogen per- 
oxide, a widely used oxidant for selenides. Reaction conditions for optimizing rates and yields for selenoxide syn 
eliminations are proposed. 

The selenoxide syn elimination has been shown to be a 
mild and selective procedure for olefin f ~ r m a t i o n . ~ , ~  The re- 
action frequently provides high yields of clean products, but 
side reactions have been identified in certain cases. For ex- 
ample, some a-phenylselenino ketones in acidic media un- 
dergo seleno-Pummerer reactions leading to a-dicarbonyl 
compounds.38 Reactions of enols, enolates, and enamines with 
active seleniuni(I1) electrophiles formed during syn elimina- 
tions have also given unwanted products in some s y ~ t e m s . ~ ~ ’ ~  
Alkyl selenoxide eliminations, however, have generally been 
assumed to be free of byproducts, although low yields par- 
ticularly for primary alkyl selenoxides have occasionally been 
reported in the published l i t e r a t ~ r e ~ ~ , ~  as well as in private 
communications to the authors. Modifications of the selenide 
reagent68 and elimination reaction conditions3b have been 
proposed to improve yields for such compounds. 

The scattered results available suggested that selenoxide 
decompositions were complex. It is clear in retrospect that the 
long delay in recognition of the selenoxide syn elimination was 
a consequence of alternate reaction pathways available during 
the thermoly~is .~  The work described here was initiated to 
identify side reactions which may be occurring, and to gather 
product and kinetic data which will serve as a guide to opti- 
mizing reaction conditions for synthetic applications of the 
syn elimination. 

Thermolysis of 2,2-Dimethyl-2,3-dihydrobenzo[ b] -  
selenophene Oxide (1). The selenoxide is obtained by ozo- 
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nization of 2,2-dimethyl-2,3-dihydrobenzo[b]selenophene in 
CH2C12, CHCl3, or CF2HC1 a t  -78 to  -60 OC. NMR spectra 
of the selenoxide can be obtained if taken rapidly at  ambient 
probe temperature or more leisurely a t  sub-zero probe tem- 
peratures. Complete decomposition takes a few hours in or- 
ganic solvents a t  room temperature. In the lH NMR spectrum 
of the ozonization solutions are observed two methyl singlets 
assigned to the diastereotopic gem-dimethyl group and an AB 
quartet corresponding to the benzylic hydrogens. An IR ab- 
sorption assigned to the seleninyl us-0 stretchs can be ob- 
served. Undecomposed solutions of 1 when treated with 
aqueous potassium iodide are reduced to the starting selenide. 
Although 1 does not lend itself to mass analysis, the above 
physical and spectral parameters satisfactorily characterize 
the compound. 

If 1 is allowed to decompose completely, preparative TLC 
affords an -4:l mixture of isomeric alcohols in 77% combined 
yield which were assigned structures 2 (major) and 3 (minor) 
(Scheme I) on the basis of their NMR spectra and mass 
spectral analysis. The p-nitrobenzoate of 2 was isolated and 
successfully analyzed for C and H. The lH NMR spectrum of 
2 in benzene-de shows two AB quartets corresponding to the 
benzylic (6 2.70, 2.96; JAB = 15.2 Hz) and hydroxymethyl 
protons (6 3.29, 3.25; JAB = 11.0 Hz). Assignments are based 
on the magnitude of the benzylic coupling constant typical of 
indane structuresg and the -1 ppm downfield shift of the 
hydroxymethyl protons in going to  the p-nitrobenzoate of 2. 
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