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ORIGINAL SYNTHESES O F  EPOXIDES INVOLVING ORGANOSELENIUM 

INTERMEDIATES.% 
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Abmm - P-oxidoalkylselemnim salts and P-oridaalkylselenones are valuable precursors of a large variery 
of epoxides. These species were synthesized by reaction of a-selenonio or a-selewnylalkylpotassim with 
carbonyl compounds or by reaction of a suitable base on &hydroxyalkylselenoniwn salts or B- 
hydroxyalkylselemnes. themelves obtained from phydroqselenides. The most powerjul method, based on 
the cyclizarion of ~hydroayalkylselemniwn salts isfilly docwnenred. 

Organoselenium chemisuy has provided over the last fifteen yean valuable reagents able to perform chemo-, 
regio- and stereoselective transformations under mild conditions l. This proved the case of epoxides 
bearing hydrogens or hydrocarbon side chains on the ring whose synthesis has k e n  efficiently achieved 1 by 
oxidation of olefins with hydrogen peroxide 2 in the presence of catalytic amounts of seleninic acids or by 
cyclization of P-oxidoalkylselenonium salts lafiD6 or P-oxidoalkylselenones (Scheme 1). 

The aim of this review is to gather and to discuss the results involving the two latter intermediates which have 
been disclosed over the past fifteen years mainly from our laborato~y. 
The P-oxidoalkylselenonium salts and $-oxidoalkylselenones involved in this process (Scheme lb) have been 
prepared in straightforward manner (i) from a carbonyl compound and a-selenonio or a-selenonyl alkyl 
potassium (Scheme 2a) or (ii) on reaction of a suitable base on 6-hydroxyalkylselenonium salts or P- 
hydroxyalkylselenones (Scheme Zb) which were synthesized from $-hydroxyalkylselenides. 

Dedicated to Professor D. H. R. Banon on the occasion of his seventieth binhday. 



A. Synthesis of epoxides from selenonio o r  selenonyl elkyl potassium. 

When we started this work we expected selenonium ylides to be more nucleophilic than their sulfur analogues * 
due to the longer carbon heteroatom bond which would have increased the reactivity of the carbanion by 
decreasing both its stabilization and its steric bulk. We hoped that these reagents would for example allow the 
synthesis of epoxides from deoxybenzoin or 2,2,6,6,-teh-amethylcyclohexanone which are not available 9J0 
fran methylenedimethylsulfme due to the complete enolisation of the farmer derivative and to the high steric 
hindrance around the carbonyl group of the s-nd which preclude the desired reaction. 
Thus arylsubstituted epoxides have been obtained 3 in almost quantitative yield by simple addition of potassium 
tert-butoxide on a mixture of aromatic aldehydes and trimethylselenonium iodide, diphenylmethvl- or 
diphenylethylselenonium tetrafluomborates as well (Scheme 3). 

sGhm3. 

a Me.orPh BF4 H H Ph 
b M I H H p-MeO-Ph 
c M I H H p-NC-Ph 
d hk I H H mesityl 
e Ph BF, M H Ph 
f Ph BF* H Ph Ph 
g M I H H PhCH=CH 
h M I H Ph PhCH=CH 

The required selenonium salts have been conveniently prepared 38 from dimethylselenide and methyl iodide 
(neat, 90% yield) or from diphenylselenide and the corresponding alkyl iodide and silver tetrafluoroborate 
(CHzC12, 20DC ; Me, Et, iPr : 60,50, 36% yield). ?he reaction occurs chemoselectively with cinnamaldehyde 
and chalcone and exclusively leads 3% to the a,P-unsaturated epoxide (Scheme 3 enaies g,h). It is unfortunately 
suictly limited at present 2 to non enolisable carbonyl compounds since under similar or closely related 
conditions enolisablesarbonyl compounds do not form significant amounts of the corresponding o x i r a n e ~ ~ ~ .  In 
the case of acetophenone and trimethylselenonium iodide, for example, polymethylation of the carbonyl 
compound occurs 38 (Scheme 4). This result can be rationalized accounting that an enolate, which is then 
alkylated by the selenonium salt, is intermediarily produced 

s€tm& 
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In order to overcome this problem, we decided to perform 3a the reaction in two distinct steps and to react 
acetophenone on a preformed solution of methylenediphenylselenurane. We found that n-butyllithium is not a 
suitable base for the metalation of methylselenoniumdiphenylsulfonium fluomborate since an exchange of 
ligands producing phenyllithium and leading finally to 1.1- diphenylethanol instead takes place ",already at - 
78T.  
This type of reaction occurs with related sulfonium salts but to a minor extent 8 and at much higher temperature 
(O°C, 0.5h) than with alkyl aryl selenonium salts "a. Finally, the metalation was successfully achieved with 
dichlommethyllithium ( IDA,  CH2C12, DME. -78'C) and oxuanes have been obtained although in modest yield 
even on further addition of non*nolisable M enolisable carbonyl compounds (Scheme 5). 

Thus, although selenium ylides behave as their sulfur analogues, they are nor, atpresent, as versatile and as 
easily available. 

a-Metalloalkylphenylselenones readily available from the corresponding selenones and potassium &oxides or 
potassium amides are also able to transform aldehydes and ketones to epoxides 7. The reaction is best achieved 
by adding 1.5 equiv. of ten-BuOK on a 1.511 mixture of the selenone and the carbonyl compound and 
proceeds even with enolisable derivatives. It can be achieved with primary alkylphenylselenones 7 and 
cyclopropylphenylselenone which are both readily available by oxidation of the corresponding selenide 
with peracids WZB, potassium permanganate 7bJ2a or hydrogen peroxide in the presence of seleninic acids 1% 
(Scheme 6). The latter reaction is not general. It cannot yet be performed l2 on sec-alkylphenylselenides or on 
teuaakyl substituted 7bcyclopmpane derivatives since in the former case, selenoxide elimination leading to a 
mixture of olefins instead takes place whereas, in the second one, the selenoxide intermediary produced can not 
be further oxidized and has been isolated in good yield even when an excess of reagent is used. 

Yield % O Yieid % (h) Yieid % Oh) Yield % (h) 

2.5 equrv.mCPBA CH2C12 40 (2) 68 (5) 0 R=& 37 (24) 

2.5 equiv. CF&O& C H g r  70 (0.5) 70 (1) 0 

1.5 cquiv. q. KMnO,. CH,C12 75 (0.5) low (48) 0 RAG= 70 (24) 
R=H 82 (5) 

1 cquiv. PhSc%H. 10 yuiv .  HP. 50 (5) 83 (5) 0 R = M  68 (6) 
CF,CHIOH 



Only few epoxides have been prepared from primary alkylselenones 78 (Scheme 7) but the reaction proved 
particularly suitable for the synthesis of oxaspiropentanes from ketones (Scheme 8 entries a-d). It is a gocd 
substitute to related reactions which use cvclooroovlidenediohenvlsulfurane l 3  or l-bromo-l-lithio- . . .. . . 
cyclopropane l4 since the by-pmduct @otassium phenylseleninate) is water soluble and more easily separated 
from the oxaspiropentane than the diphenylsulfi& produced in the former case and because the parent 
compounds are not readily available in the second one due to the difficult synthesis of 1.1- 
dibmmocyclopropane, the required starting material. 

Aldehydes also nact under the above mentioned conditions with I-mtzllo-1-phenylselcnonylcyclopropanes but 
now oxaspiropentanes and cyclopropylketones an concomitantly produced (Scheme 8 e-g). This behaviour is 
different from the one of bromo &rivatives which exclusively lead 14 to the cyclopmpylketones and of sulfur 
ylides which exclusively produce l 3  oxaspiropentanes. 

Otherwise, epoxides have been produced on reaction of P-hydroxyalkylselenonium salts and P- 
hydroxyalkylselenones (readily prepared from P-hydroxyalkylseleni&s by alkylation 4-6 or by oxidation 12) 
with bases (Scheme 2b). 
P-Hydroxyalkylseleriides are available as shown in the Scheme9 from (i) olefins and elecmphilic selenium 
reagents h-k.46.5b (ii) a-selenocarbonyl compounds and organometallics 50 and (iii) from a- 
selenoalkyllithiums and carbonyl compounds 4.17-l9 (Scheme 9). 
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Since P-hydroxyselenides can be regio- and stereoselectively uansfomed to epoxides (see below), it is 
important to have regio- and stereoselective synthesis of these derivatives. It must be however taken into 
account that interconverting the position of the hydroxyl and the selenyl moieties does not affect the 
regiochemishy of the resulting epoxides. 

1. Synthesis of 5-hydroxyalkylselenides. 

LLEmuMu 

P-Hydroxyalkylselenides have been stereoselectively prepared (Scheme 10) by hydrolysisof P- 
h a l o g e n o ~ l s e l e n i d e s ~  @is, CE&WOH or HzO. DMF or H20, si@. 2PC) or of &acctoxy- '*k1Ssb OI 

P-trifluoroacetoxy- 1a-k.15c alkylselenides (aq. KOH). These compounds have, in fact, been prepared from 
olefins and selenenyl halides in chlorinated solvents 'a-ka, in acetic acid '"k.'5%b or in the presence of silver 
vifluoroacetate 1a-k,15c respctively. P-Hydroxyalkylselenides can be synthesized even more rapidly by 
addition 4.16 of selenenic acids to olefms (Scheme 10). lhese unsrable reagents which must bz p n p d  in sin 
by dismutation of a mixture of diselenides and seleninic acids Zd.16a or by reduction of the latter with 
hypophosphorous acid4d.16b or hydrazine '"d, react in a completely diffetent manner than analogous sulfenic 
acids which instead lead to sulfoxides 8b. Selected examples are gathered in the Scheme 10. All these reactions 
provide P-hydroxyalkylselenides resulting from the formal anti addition of the hydroxyl and selenyl moieties 
across the C,C double bond of the olefin, the selenenyl unit exhibiting a high tendency to be attached to the 
least substituted of the two carbon atoms (Scheme 10). 
Further activation of the selenyl &iety provides (Scheme 11) epoxides whose stereachemistty is the same as 
the one obtained directly from the same olefins and peracids or ria a two steps sequence which involves the 
addition of the hypohalous acid and aearment of the resulting halohydrin with a base 2Dde. The l a m  synthesis 
and the one involving elecmphilic selenium species should lead to the epoxidation of the most hindered face of 
the o l e f ~ c  compound There is however a saiking difference between these two different syntheses since it is 
well established that hypohalous acids and related reagents react 20b on the more alkyl substituted C,C double 
bonds whereas it has been describedsb that the selenenyl halides react on the least substituted ones and 
therefore one could expect (although it has not yet becn achieved) a different chemoselectivity in the epoxide 
synthesis from the same polyolefinic compounds. 



Scheme 10. 

b O H  .% S e R  & 
[RSeOHl 

R3 ~i i '  k" R2 SeR R$ k" R2 OH 

R1 RZ R3 Rq R Conditions Yield % Wb ratio) ref 

(i) 1.2 equiv. PhSeBr, 1.4 equiv CF3COzAg elher 
-10T to +lO°C, 2h (ii) NaHCe. MeOH, ZOT. 3h 
(i) l equiv. PhSeBr. CHzCl2, 2OSC, lh 
(ii) HzO. CF3CHPH. 20°C, 2h 
m (ii) HzO. DMF, mQC. 72h 
m (ii) Si@ (Ma& 7747) CHZCI2.20T. 18h 
1.5 equiv. PhSQH.  2.5 equiv. aq. H3%, THF. 20°C. 1.5h 
(I) ~ e s e ~ r .  CHZCIZ. ZOeC. lh (ii) H20. DMF, m°C, 14h 
1.5 equiv. MeSeRH, 2.5 quiu .  H3&,THF,20EC, 2.5h 
1.5 equiv. McSQH.  2.5 equiv. H3P@, THF, W C ,  2h 
1.5 equiv. M e S Q H ,  2.5 equiv. H3P@, THF, 20% U 
1.5 quiv. MeSe@H, 2.5 equiv. H3POz. THF, 20°C. 3.5h 
1.5 q u w .  M e S Q H ,  2.5 q u w .  H3P02, THF,20'C, 3h 
1 equiv. @Sc)z, 1 equiv. F ' h S a H ,  ZOT 
1 equiv. (PhSeh. 1 equiv. PhSeOzH. 2 0 T  
1 equiv. (FhSeh, 1 equiv. PhSCOzH, MgSOq, 2 0 Y  
1.5 equw. MeSeRH, 2.5 q u i v  H3PR. THF. 20DC. Ih 
1.5 eqmv. MeSe02H. 2.5 equiv H3P02. THF.20DC, 1.5h 

Scheme 11. 

* !he regioisomcr is also formed. 

0-Hydroxyalkylselenides have been also conveniently prepared f rom a-selenmarbonyl  compounds 1b-1,5821 

and hydrides m organometallics. The reaction is best achieved 1e,f5a with lithium aluminum hydride i n  ether or 
with Grignard reagents in ether or THE (Scheme 12). T h e  latter react efficiently 5awith a-selenoaldehydes but 

lead t o  very poor  yields of the desired compounds f rom a-selenoketones (Scheme 1 2  e n o y  f).These reagents 

have to  be preferred t o  sodium borohydride in ethanol and  alkyllithiums which effect at various level the 

deseleoylation of the starting material.1e,f,5a 
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Scheme 14. 

75% overall 
88% overall 
82% overall 

In fact, the far more versatile mute to P-hydroxyakylselenides still remains the direct reaction of a -  
selenoalkyllithiums with carbonyl compounds. It takes advantage of (i) the great availability hQfJJAl7.18 of 
these species from the corresponding selenoacetals and alkyllithiums and (ii) their exceptional 
nucleophilicity 'f.j.Mb.g.6b towards carbonyl compounds which proved better than the one of a -  
selenaxyalkyllithiums "cd. It offers the possibility to synthesize a large variety of $-hydroxyakylselenides 
including methylseleno derivatives which are not available by the selenoxy route but which pmved particularly 
good precursors of selenonium salts and in consequence of epoxides. 

. . On thee key step of the above process is without contest the synthesis 
of a-selenoalkyllithiums which has been efficiently achieved by cleavage of one of the C-Se bond of phenyl- 
and methylselenoacetals 27, by butyllithiums lc,d.fJJAJ7J8. Under standard conditions the reactions are 
performed at - 7 8 T  (the temperatun at which the a-selenoalkyllithiums are stable for more than 5h) with n- 
butyllithium in THE-hexane (method D) or sec-butyllithium in ether-hexane * (method E). They usually allow, 
in less than 2h, the quantitative synthesis of a large variety of a-phenylselen* and a-methylselenoalkyllithiums 
whose carbanionic center is unsubstiruted, monoalkyl- or even dialkyl-substituted (Scheme 15). Cycloalkyl- 
and arylsubstiNted derivatives are available as well. As a general mend, all the factors which allow the 
stabilization of the carbanionic center will favor the reaction. Thus, phenylselenoacetals m c t  more rapidely than 
their methylseleno analogues and selenoalkyllitiums whose carbanionic center is pan of a three membend cycle 
or aryl substiNted derivatives are more readily obtained lEce than the diakyl substi~ted ones. 
The presence of bulky groups around the reactive site has no marked effect on the reactivity of selenoacetals 
derived from aldehydes but dramatically lowers the reaction rate of those derived from ketones (i.e. 
adamantanone, diisopmpyl and di-n-hexylketone) especially if the reaction is canied out with n-butyllithium in 
THE. In these cases, the use of sec-butyllithium instead of n-butyllithium greatly enhances '&,e it (Scheme 15). 
The required selenoacetals have been obtained, with the exception of the parent compounds 4bJ7b and the 
selenoacetals derived from ~yc lopropanones .~~~~8~ by selenoacetalization 27 of aldehydes and ketones with 
phenyl- and methylselenol in the presence of a Lewis acid [ZnCIz, CCb, (method A) or T ick ,  CHZCIZ 
(method B) or with tri-selenoborane (method C)]. The reaction is usually canied out at 20°C with zinc chloridc 
(0.5 equiv. versus the carbonyl compound) and delivers rapidly (< 3h) and in quite good yield phenyl- and 
methylselenoacetals derived from aliphatic aldehydes and ketones and cyclic ketones as well (Scheme 15). It is 
clearly more difficult to achieve 27 with hindered ketones such as adamantanone and diisopmpyketone and this 
is particularly the case in the phenylseleno series. 

* The melalalion of selenides ir resrricted to melhyl phenyl selenide 17a.b and to those selcnides which bear a gmup able to 

stabilize the carbanionic enter on lhc mulling organometallic such ar a phenyl. 25 vrnyl or alkpy126 moiety. 
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Scheme 15. 

The following informations are given : natw o f h  subrtiluent, yield in the wlenaacetd murrmof thca-wleno+ltihium. yield 
in the b-hydmrykylsclenidc redung h m  Ihe fwther m u a n  with benraldehydc. If not otherulseuated. thcrrach~nare 
puformed under the Aand D muhods in la  than 3h and 0.2h resptively. 
(8 )  The scads  were obtained by reaction of h earresponding selcnolatc M diiodomelhane. 

On the reactivitv of a-selcnoalkvllithium~ a-Phenyloeleno- and a-methylselenoalkyllithiums proved 
particularly nucleophilic species which react already at -7U°C with a large variety of aldehydes and ketoneslb. 
k46J1J7.18 to deliver the corresponding P-hydroxy&ylselenides in good to excellent yields. The reaction is 

usually carried out in THF or ether and generally at a temperam lower than -6PC since the decomposition of 
these organometallics often occurs around -50°C(Schemes 16,17,18,19,20). Both phenyl- and methylseleno 
derivatives behave usually almost similarly except with particularly hindered 4baJm or enolisable 4bcarbonyl 
compounds(Schemes 17.18) for which methylseleno derivatives proved far more nucleophilic in THF. 
Interestingly, the use of ether in place of THF tends to slightly increase 4g.l.m the nucleophilicity of 
methylseleno compounds but dramatically increase 4 g h  the one of their phenylseleno analogues (Scheme 
1 7 ) .  

8%-Bulyllith!um has teen replaced in some cases by Lert.bolyllithiom under the conditions (method G) without special 
admtlges. 



Scheme 16. 
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Mebod D: n-BuLi. THF-henm. -78T. Method E : s-BuLi, eber-herane. -78T.  

Method P : s-BuL!, THF-heme. -78'C. Method G : I-BuLi, elher-hexane. -78T. 
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Scheme 18. 

Scheme 19. 
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It is particularly efficient with hindered ketones such as 2,2,6-t~imethylcyclohexanone (Scheme 18). 2.2,6,6,- 
teuamethylcyclohexanone 48 (Scheme 17). di-ten-butyl ketone 41.a and even pennethylcyclopcntanone 28a 

(Scheme 17) which all react with variously substituted a-selenoalkyllithiums including 2-methylseleno3- 
propyllithiums. The reaction does not, however, take place with 2,2.6,6-tewphenylcyclohexanone 28b 
(Scheme 17). and is less efficient with highly enolisable ketones and although it proceeds efficiently for 
deoxybenzoin I f~pb ,  the yields of p-hydmxyselenides derived from cyclopentanone or p-teualone are modest 
4n (Scheme 19). 
Otherwise, the reaction seems to be more sensitive to steric hindrance around the carbanionic center of the a- 
selenoalkyllithiums than m the one mund the carbonyl group of the ketone. 
a-Selenoalkyllithiums even those bearing two alkyl substituents on the carbanionic center possess a high 
propensity to add 4c.e on the carbonyl group of ends and enones rather than on their carbon-carbon double 
bond and produce the corresponding p-hydmxy-y-alkenylselenides in fair yields (Scheme 20). This aptitude to 

I 
react at the Ci site of enones is not observed with all a-heternsubstituted organometalics 1f-a9c. 

Unfortunately, the reactions involving aliphatic and aromatic aldehydes and suaight chain ketones are not 
stereoselective whatever the solvent used (ether or THJ). Even in those most favorable cases, such as that of 1- 
methylseleno-2.2-dimethylpmpyllithium and heptanal in which well differentiated bulky groups are involved, 
thc stereoisomeric ratio ranges from 111 to 3R. Interestingly, however, diastereoisomeric mixtures of 0- . . 
hydmxyalkylselenides can be often quantitatively separated4h,1m by chromatography on silica gel (see below). 
adelenoalkyllithiums react stereoselectively with rigid cyclohexanones such as 4-ten-butylcyclohexanone 4k 
and 2,2,6aimethylcyclohexanone 48 and often lead to products resulting from an equatorial attack (Scheme 
19). They also react on the less hindered face of protected pregnenolone and related steroidal ketones to 
produce 4j 20R derivatives in good yield (Scheme 21). 

Scheme 2 L  
hb 

& fl 
- 

65% 

rn h i  

(i) M~s.?cH&~. ether-hcxane, (i) MeSO3F. WC to WC, lh. (iii) 10% aq. KOH, ether. 20°C. 16h. 

2. Synthesis of epoxides from p.hydroxyalkylselenides. 
Except rare cases, which are not the subject of this review, the reaction of P-hydroxyalkylselenides with bases 
(KOH, t-BuOK I DMSO) does not afford the corresponding epoxides.Clearly, the selenyl moiety has to be 
transformed to a better leaving group (Scheme 2b). Such activation has been usually achieved by selective 
akylation or oxidation of the selenyl moiety to produce respectively P-hydmxyalkylselenonium salts and P- 
hydmxyalkylselenones. These species have then been cyclized to epoxides by subsequent reaction with bases. 
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A more direct procedure in which the activation step is directly performed in a basic medium was also found. It 
involves the u+arment of P-hydroxyalkylselenides by thallous ethoxide in chloroform. 

l i i s  sequence pmved particularly effzient when applied to the methylseleno derivatives. These compounds an 
more reactive 4a.b9 towards methylating agents than their phenylseleno analogues and allow the synthesis of a 
Large variety of B-hydroxyalkyldimethylselenonium salu.precursor of epoxides(Schemes 22,23,24.25). 

h k h a & z  

Scheme 24. 

8% 95 I&,MI 96 (We, JUII* 95 IM~,KILII* 
B ,I. 99 (He, UNI B9 I&, JUI)* 
u. u. 94 (He, M I $ O  (We, JXNI* 
Cc, CD, BZ I*, -I 

*refers to the place where the seleno moiety was attached on the P-hydroxyalkylselenidc. 
Method H : AgBF4. Mel, CHZCIZ, ZODC. Method I : Mcl, ncat or CHzCIz, 20°C. Method I : Mc2S04. neat or CHzCIz, mT. 
Method K : CFjSO3Me. ether. -78-C or -mDC to 200C. Methcd L : 1-BuOK. DMSO. ZWC. Method M : KOH (50% aq.), 
CHzCIz. 20T. Melhcd N: KOH (10% aq.), ether. 20T. 



In the methylseleno series, the alkylation is usually pedo~med at 20°C with methyl iodide 4b.8 (method I) or 
dimethyl sulfate 4b.g (method 0 preferentially neat or in methylenedichloride and is dramatically slowered down 
if instead canied out in diethyl ether 41J'. It is interesting m notice4I." that P-hydmxyalkylmethylselenides an 
more easily alkylated than the corresponding alkyl methyl selenides. 
Differently substituted P-hydmxyalkyldimethylselenonium salts including those fully alkyl-substitutedon the 
carbon bearing the hydroxyl and the seleno moieties have been produced 1bf,4c4e.e9-J.1m almost quantitatively 
and usually in less than 5hrs (schemes 22,23, 24, 25). 

Scheme 25, 

R1 R2 
B Bsx 77 lHe,lxLlr~ 
Y. Ike 95 (Me, JxLI 

76 lMe,IxLIC 

Particularly hindered 8-hydroxyalkylselenides derived from 2.2.6-trimethyl- o r  2.2.6.6- 
temethylcyclohexanone which do not react 48 properly under the above mentioned conditions arc efficiently 
methylated 48 with magic methyl (methyl fluorosulfonate, method K) (Scheme 23). The reaction is so fast that 
it can be conducted in ether even at very low temperature (-78T or -200C then heating to 20°C) and provides 48 
the corresponding P-hydmxyalkylselenonium fluombmtes in almost quantitative yield. It also allows 4n the 
almost quantitative synthesis of the selenonium salt derived from the B-hydmxyalkylselenide shown in the 
Scheme 26 which leads instead to heptylidenecyclohexane when reacted 4b with methyl iodide (method 1). 

MeSaF, ether 

\ MeIneat 

90% (I) 



However, P-hydroxyalkylselenides derived from cyclobutanones, especially the a-aryl substituted ones, and 
a-selenoalkyllithiums whose carbanionic center is fully alkyl-s,ubstimted, are prone to remange and directly 

lead to cyclopentanones rather than to the selenonium salts 6b.1sh whawer the conditions used (Scheme 27a). 
?his reaction has teen successfully used for an original synthesis of cuparenone 6b. 
P-Hydroxyalkylselenonium salts are usually stable compounds which do not decompose rapidly even when 
heated 194 Those derived from 22,6-t1imethyl- and 2,2,6,6-ten;unethylcyclohexanone and 2-methylseleno-2- 
propyllithium are unstable and rearrange 4K on heating around 60PC or by simple dissolution in 
dimethylsulfoxide or in methylenedichloride and lead to a mixture of the ring enlarged cycloheptanones and 
allylic alcohols (Scheme 28 entries a.c.0. They are however stable at 20°C in ether and have been further 
successfully transformed to the corresponding epoxides (Scheme 28 enmes d,g). This rearrangement is smckly 
limited to those hindered derivatives whose carbon bearing the selenyl moiety is fully substituted and does not 
for example take place with related manoalky-substituted derivatives l9a. 
Alkylation of P-hydroxyalkylphenylselenides is much more difficult and, for example, those possessing a 

phenylseleno moiety can be alkylated with dimethyl sulfate 4a (method J) but at around 80°C. The methylation 
is best achieved at room temperature in methylene dichloride with friethyloxonium tcuafluoroborate 'b or with 
silver teuakluomborate 4 0  (method H). It delivers 4ab the P-hydroxyalkylselenonium tetranuomborate in very 

gccd yield whether the carbon bearing the seleno moiety is unsubstituted or monoalkyl substituted (schemes 
22, 23). 
The reaction proceeds differently with dialkyl-substituted compounds which instead lead to ketones resulting 
from the migration of one of the gmups from the carbon bearing the hydrogen to the carbon where the 
phenylseleno moiety was attached 4a (Scheme 27b). It is unclear at present if the alkylation effectively took 
place or if rather silver tctrafluomborate has directly reacted on the P-hydroxyakylphenylselenide. R was, in 
fact, found 1% (later on) that this rearrangement occurs even if methyl iodide is excluded and is rather general 
since it also p m &  with similarly substimted methylseleno analogues. The differenr results described above 
clearly show rhar methylseleno derivatives are by far superior to phenylseleno ones for rhe synrhesis of 
epoxides since in rhe former series rhe alkylarion reaction is nor only easier bur also more general.. 

Scheme 27. 

a) 
MeSQF, ether 

66% 03 Ar = pMe-Ph 

The last step requires the reaction of the above mentioned salts with a base. The reaction has been achieved 
under various basic conditions such as (i) potassium tert-butoxide in dimethylsulfoxide 42-c.8 (method L), (ii) 
50% aqueous potassium hydroxide and methylenedichloride 41, the selenonium salt playing the mle of phase 



transfer catalyst (method M) or under similar conditions but in the presence of a tewalkylmn~nonium salt 
(method M) or (iii) with 10% aqueous potassium hydroxide and ether 4c.g.h.l-n.18d (method N). Generally, all 
these conditions allow the synthesis of differently substituted epoxides 4.184 such as terminal-, a,a-, a$- 
di-, hi- and tetra-substituted epoxides including oxaspiro-hexanes, -heptanes and -octanes(Schemes 22.23, 
24) as well as vinyl oxiranes (Scheme 25). Method N (10% aq. KOH, ether) proved however in most of the 
c a m  the more suitable owing to its generality and its simplicity. For example, it allows the almost quantitative 
synthesis of the particularly hindered epoxide derived from 2.2.6.6-tetramethylcyclohexanone and 2- 
methylseleno-2-pmpyuithium. whereas the corresponding selenonium salt instead produces an ally1 alcohol 
when teacted with potassium ten-butoxide in diiethyl sulfoxide (method L, scheme 28 entry b) or to the ring 
enlarged ketone on heating 1% the magnesium alkoxide in methylene dichloride (Scheme 28 entry e) 
Scheme 28. 

a R=Mc DMSO. 20DC. 0.9h 90% - 20 80 
b 1 equiv. t-BuOK, DMSO, u)'C 90% - 1W 
c CHZCIZ WC, 0.3h 44% . 66 34 
d 10% q. KOH, h e r .  O0C, lh 94% 100 
c (i) McMgBr. EnO, -18T. 

(ii) CH~CLz. 20DC 95% . 100 
f R=H CHzCI2. 20°C. 0.3h 95% - 100 
8 10% aq. KOH, ether. 0°C. Ih 95% 100 

Method N proved 4l.m much better than method L, M or aqueous potassium carbonate in ether for the 
synthesis of 1.2-oxidododecene fmm dimethylselenonium-2-(l-hy&oxy)dodccylmethyfluorosulfonate and 
minimize the amount of 2-methylseleno-I-dodecene concomitantly formed (Scheme 29). However for this 
specific case best results have bden obtained 41.m when the reaction were canied out in pentane (Scheme 29 
entry d). 

,%dwm& 
SeMe 
I (i) MeSO,F, ether MeSe 

Ds-CH--CHz-OH (ii) as described below 
65% (D) 

0 Dec >- 
a 50% aq. KOH 1 CHzCIz (M) 
b aq. K2CO3 / uhw 
c 10% aq. KOH / ether 
d 10% aq. KOH l pentane 

Unfortunately, we have been unable 1811 to synthesim the panicularly strained oxaspirapentanes from the 
I-dimethylselenoniumcyclopropylcarbinols. Products resulting Fmm a methyl transfer from the selenium to the 
oxygen, cyclopropcnecarbinols resulting from an elimination rather than a substitution reaction as well as 
several unidentified compounds are instead produced lSh. 
The stereochemistry of this process has been investigated 1a.4d.h-n.5a.b. Diasteteoisomerically pure P- 
hydroxyakylselenides (i) synthesized directly by ring opening of stereoisomerically pure epoxides with 
selenolates (Scheme 30) la.lSa.b.29 or by addition of the selenenyl and hydroxyl moiety on olefins 4dSbJ6b 
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(Scheme 11) or (ii) resulting from the separation of diastereoisomeric mixtures of P-hydmxyalkylselenides 4" 

(Schemes 24.31) pmduce completely stereospecifically the corresponding epoxides. 

Scheme 30. 

Scheme 3L 
CO,H 

H a McSc E2 1 elhcr m 

*lMSWl&= @ IV) 50% aq. KOH 
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no 
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33% 
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The reaction occurs with net inversion of the configuration at the substituted carbon whether it is mono-akyl 
laAd.n.5b,6a(Schemes 11,30) or dialkyl-substituted 4n(Schemes 24,31) and therefore proceeds without 
concomitant C,C bond cleavage on the temihe intermediate which would have led after the recombination of the 
resulting selenonium ylide and carbonyl compound to a diastereoisomeric mixture of epoxide. The latter 
process has been found to take place indeed on some related sulfoxonium betdnes 3. 

As already mentioned the transformation of P-hydmxyalkylsclenidcs to their selenonium salts allow the 
synthesis of almost all the different alkyl-, alkenyl- or aryl-substituted epoxides but fails to produce 
oxaspiropentanes Ssh. These are however available 7b on reaction of the corresponding P- 
hydroxyalkylselenones with a base (I-BuOK, THE 2O0C). The reaction is particularly clean with those 
compounds derived from ketones (Scheme 32a) but lead to a mixture of oxaspiropentane and 
cyclopropylketone with those derived from aldehydes (Scheme 32b). 

Scheme 32. 
0 

OH OK RI 



Although useful in the cyclopropyl series, the selenone route is Less atuactive in the other cases (Scheme 33) 
due to (i) the concomitant formation of ally1 alcohols resulting from the elimination of the intermediary P- 
hydroxyalkylselenoxide (Scheme 33 compare entry b to a) ( i i )  the high propensity of P- 
hydroxyalkylselenones whose carbon bearing the seleno moiety is flanked by one alkyl gmup to rearrange to 
ketones (Scheme 33 compare entry b to a). With that respect the rearrangement can be almost completely 
supp.ressed if the oxidation is carried out in the presence of a base (Scheme 33, entry c). This two steps 
app.roach to epoxides from ketones does not offer at present advantages over the one implying the direct 
addition 7 of a-metaloaJkylselenone to the same ketone (compare scheme 33 to scheme 8). 

We have also found 6a that 8-hydroxyaJkylselenides can be directly transformed to the corresponding epoxides 
on simple reaction, with thallous ethoxide (5.5 equiv.) in chloroform. The reaction pmceeds smwthly at rwm 
temperam with methylseleno and phenylseleno wmpounds as well at the condition that the carbon bearing the 
selenyl moiety is not fully substituted and delivers the epoxide in one step and in reasonably g w d  yield 
(Schemes 34,35,36, see also Scheme39, enaies c and g). This reaction takes place reasonably rapidly (2-4h) 
with methylseleno derivatives and more slowly with phenylseleno analogues (- 24h). 
Scheme 34. 

RSe 
I 

oa-CH-CH@H "b + ,,=c, 
0 
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Scheme 35. 

Scheme 36. 

m 
H , , \ t j H  PhSeH. KOH. &OH. 8U'C 

0 
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OH 
9W. 

PhSe 

OH 

78% 

Ykld (time) 

80% (Nh) 
80% (ah) 
57% (28h) 
65% (4h) 

An epoxide is probably intennediarily produced 1% from the P-hydroxyalkenylselenide derived from 

cyclohexenone but under the standard conditions used and further reacts with the excess of thallous ethoxide to 
deliver the y-ethoxy-a,P-unsaturated alcohol shown in the scheme 37. 

P-Hydroxyalkylselenides whose carbon is fully substituted do not lead to epoxides but instead produce 
rearranged ketones 1J.6b,19 in very high yield(Schemcs 38 entry b and 39 entry a). This rearrangement which 
takes place in both the phenyl- and the methylseleno series of compounds is strictly limited to the above 
mentioned case and to some compounds in which the hydmxyl group is attached to a fom membered cycle even 
when the other functionalized carbon is monoalkyl substituted(Schemc 39 entry b). This special behavior of 
cyclobutanol derivatives, probably due to the release of the strain implied in the ring enlargement reaction, is 
enhanced by the presence of a phenyl group on the migrating carbon atom and proved more effective than the 
one of related dimethylselenonium salts (Scheme 39 compare entry d to entries e and 0. At the contrary, 1- 
(methylseleno)cyclobutylcarbinols, which do not possess this aptitude to migrate, exclusively lead to 



oxaspirohexanes and are the only compounds bearing two alkyl substituents on the carbon bearing the selenyl 
moiety which do not lemange under these conditions (Scheme 39, entry g). 

Scheme 38. 

Bus - W l  

Scheme 39, 
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Although less general than the related classical two steps method which involves methylseleno compounds 
discussed previously, this reaction offers definite advantages for phenylseleno derivatives b.4a which 
otherwise would have required the use of expensive silver teuafluoroborate.4a 
As far as the mechanism is concerned, it was found &that the reaction involves (i) the intermediate f~rmation 
of a dichlomcarbene by interaction between thallium ethoxide and chlomform. (ii) its selective reaction on the 
selenyl moiety and (iii) depanure of selenodichloromethane with concomitant formation of the epoxide or 
the ketone 19b-g as shown in the schemes 36.38. 
Funher support for this mechanism comes from the following observations. (i) Thallous ethoxide in 
chloroform smoothly allows the synthesis of dichlomycloppanes from nucleophilic oletins and dienes 19% 
(ii)  The epoxidation reaction docs not proceed in methylenedichloride instead of chloroform. (iii) 
Phenylselenodichlommethane '98, a quite unstable compound, has been isolated besides the epoxide in those 
reactions involving P-hy@xyalkylphenylselenides. 
Since a dichlorocarbene is involved in this process, it was tempting to perform the reaction under other 
conditions known to allow the formation of this intnmcdiate as well as of related species. The reaction proved 
faster when canied out " in methylenedichloride under phase transfer catalysis with 50% aqueous potassium 
hydroxide solution, chloroform and catalytic amounts of benyltriethylammonium chloride (method P, Scheme 
34, entries c.d and Scheme 40, entries a,b). Although epoxides an usually produced & in quite comparable 
yields than those obtained with the thallous ethoxide method (method 0). the conditions P a  less convenient 
since (i) terminal olefins (Scheme 34, entries c, d) or dichlonryclopmpanes resulting from funher reaction of 
the more reactive olefms an often concomitantly formed (Scheme 40, enuy b) and (ii) punification of epoxides 
fmm the exogeneous by-produce is often quite laborious. 
Dibromocarbene, generated from thallous ethoxide in bromoform, also reacts '98  with P- 
hydroxyakylselenides. The reaction is faster but leads instead to bromohydrins (Scheme 40, entry C) and 
reaction of ethyl diazoacetate (5.6 equiv., neat, &l°C), performed only on the example presented in the Scheme 
40 ( e n 0  d), produces 1% selectively the m s p o n d i n g  oxaspiroheptane but in rather modest yield. 

R R1 
Y Y + 

a Me Me 50% aq. KOH. CHCI3. PhNE13CI. 20°C. 3h 63% 
b Ph Me 50% aq. KOH. CHCI3. PhNE13CI. 20°C. 8h 42% 
e Ph Me 50% aq. KOH. CHBn, PhNEt3CI. UPC, 3h - 
d Me H 5.6 equiv. NzCHCWC Neal, 6(PC 40% 

The stereochemistry of this transformation has been checked68 on erythro and t h o  9-hydroxy-10- 
phenylselenmtadecanes. The cycliration was found to proceed with complete inversion of the configuration at 
the substituted carbon atom (Scheme 36) 

C. Conclusion 
P-Oxidoalkylselenonium salts and P-oxidaalkylselenones are efficient precursors of epoxides. These 
compounds are most efficiently prepared by the reaction between carbonyl compounds and organometallics 



bearing a seleno moiety charged or not. The first mute immediately leads to the epoxide whereas the other 
produces P-hy&oxyalkylselenides which nquire further manipulation to reach the same intermediates. 
Although more rapid, the fust approach is less general than the second one involving the intermediarily 
formation of P-hydroxyalkylselenonium salts. The selenonium ylide mute is at present limited to those 
unhindered carbonyl compounds which do not possess enolisable hydrogens whereas the a-lithiodkylselenone 
is clearly more general, but suffers from severe limitation due to the lack of generality of the methods of 
synthesis of selenones. However, it offers the clear cut advantage to provide the most suaightfonvard way to 
oxaspimpenlanes especially to those derived horn ketones. 
The P-hydroxyalkylselenides route proved, apm for the synthesis of the above mentioned oxaspiropentanes, 
the most general one especially when methylseleno derivatives are involved. It offers the advanrage of (i) the 
great availability of a-methylselenoalkyllithiums produced in two steps from aldehydes and ketones under 
conditions which unambiguously deliver the carbanionic site just at the place where the carbonyl carbon was. 
(ii) the unusually high nucleophilicity of a-methylselenoalkyllithiums toward carbonyl compounds which 
allow the formation of a new carbon-carbon bond even in the most difficult cases of particularly hindered or 
enolisable ketones (schemes 17, 18, 19). (iii) the easy methylation of the resulting b-hydroxyalkylselenides 
(MeI, or MqS04  neat or MeSO3F ether) which takes place smwthly even with those derived fmm the most 
hindered and enolisable carbonyl compounds and delivers P-hydroxyalkylrelenonium salts in  almost 
quantitative yield (iv) the particularly facile purification at that stage of the whole process which latter one 
allows the obtention of the epoxide without tedious separations. In fact, butylmethylselenide and 
dimethylselenide concomitantly produced with the P-hydroxyalkylselenide and the epoxide respectively are 
highly volatile compounds which can be easily pumped out of the medium. Furthermore 8- 
hydroxyalkylselenonium salts on the contrary to other compounds involved as starting materials or by-pmducts 
in this mansformation are insoluble in ether. Thereforc, these salts can be freed fmm any carbonyl compound 
which could remain from the previous step or from unreacted 8-hydmxyalkylselenide, by simply washing it 
thomughly with ether. Since the last step takes place almost quantimtively, this pmess  provides the epoxide in 
analytically pure form after evaporation of the volatile producw, (MezSe, b p m  : 5SDC andEtz0 ). 
Although the control of the stereochemisny cannot be usually achieved especially with smaight chain 
compounds, the stereoisomeric mixNt'e of P-hydmxyalkylselenides can be often separated into its constifuents 
(Schemes 31 et 41). Since the further stem are completely stereospecific, each of the two stereoisomers of 
epoxide is thus available. 

Scheme 41. 
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The reaction is relatively of general and allows the synthesis of a large variety of epoxides such as terminal, 
a , a -  and a,$-di-, m- and tetra-substituted ones 4a,b,d,f-m as well as of vinyloxiranes 4c.e from two carbonyl 
compounds one of them being reductively msfotrned to an a-methylselenoal!qllithium. Although, each of the 
two carbonyl compounds can be formally tt'ansforrned to a selenoalkyllithium, in practice, a judicious selection 
might be often of some value or even crucial for the success of the uansfmation. The following rule might 
help the choice. It is better to transform, to a selenoalkyllithium, the carbonyl compound which is (i) readily 
available (ii) the least substituted (iii) the least hindered (iv) not aryl or vinyl substituted (v) part of a four 
membered cycle if the other is a ketone since the resulting P-hydroxyakylselenide is not as prone to rearrange 

as the one resulting ftwm the reverse activation (compare for example Scheme 39, enuies g to d,e and 0. 
Finally, acetone is commercially available as fully deuterated derivative as well as radiolabeled with 14C at CZ 
or at Cz, C3. The synthesis of the corresponding selenoacetals has been achieved 4" and the whole process has 
even be successfully performed on various substrates (Scheme 42). This has allowed 4n, for example, the 
suaightfonvard synthesis of 3i4C, 2.3-oxidosqualene, a particularly valuable compound for the sNdy of the 
mechanism of sterols biosynthesis (Scheme 42b ). 

The multisteps approach just discussed is related to the one involving a-thioalkyllithiums l W 3 1  or sulfur 
ylides 89. 

I h e  thioalkyllithium route is in fact similar to the selenoalkyllithium one and possesses the same advanmges 
but is by far more difficult to achieve due to the tedious preparation of the organometallics If. in fact apart 
methylthiomethyllithium and a-thiobenzyl- and a-thioallyllithiums which can be obtained lfSlOa by metalation 
of the corresponding sulfides, higher homologues are more difficult to prepare 1fJ0bJ7C,d, The only general 
route to such reagents involves mixed S,Se selenoacetals WOb.17cd whose synthesis still requires the use of 
selenols but which is far more difficult than the one of corresponding SeSe acetals. 
The sulfur ylide route is particularly efficient 8.9 and straightforward. It however requires almost the same 
number of individual reactions as the a-selenoalkyllithium route but these are performed in a different order. 
Although the sulfur ylide method allows several suuctural variations, it suffers from (i) the difficult synthesis 
of almost all sec-alkyldiphenylsulfonium salts which cannot be prepared 8 directly h m  diphenyl sulfide and 



sec-alkyl halides or sec-alcohols due to isomerization of the two latter in the acid medium (AgBF4 or HC104) 
needed. These can be however synthesized by a lenghtly procedure which involve the synthesis of a primary 
alkylsulfonium salt, its metalation and its further alkylation 8% (ii) the inertness of sulfur ylides even 
methylenedimethylsulfurane 10a towards hindered ketones such as for example 2.2.6.6- 
tetramethylcyclohexanone (iii) the high propensity of sulfur ylides to enolize highly enolisable ketones 9a such 
as deoxybenzoin (iv) the tendency of those sulfur ylides which bear alkyl substituents on the carbanionic 
center to add accross the carbon carbon double bond of enones producing 9C cyclopropyl ketones instead of 
vinyl oxiranes (Scheme 43) and last but not least (v) tedious separations required to remove the diphenyl 
sulfide from the epoxide at the last stage of the synthesis. 

Scheme 43. 
\ / 

wC=SPh,, Lit & * a  (i) &C(SeMe)Li. THF 

(ii) H,O + 

(iii) Mel 
74% (ref 8b) Civ) t.BuOK, DMSO 53% (ref 4 4  

As b a d y  pointed out, all these limitations are avoided if one instead uses the selenium mute disclosed above. 
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