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THE carbon-carbon double bond is a basic sE=in organic chemistry. and reseatch progmms 
often deal with the syntheses, pur&ations, analyses, and chemical reactivitks of alkenes, dknes, 
polyenes, etc. as the focal point of the research. Excellent nviews of olcfin chemistry are availabk.’ The 
development of new reaction methods, as well as the moditkation of known reactions to stereo 
specitically create double bonds or multiply unsaturated systems deservedly continues to receive much 
attention.2 Moreover, reviews have been published of the methods for stmospecifk olehn synthesis.’ 
The interconversion of olefinic geometrical isomers, however, has received kss attention. In principal, 
unique molecular features such as strain or proximite functional groups may prevent dhect access to a 
double bond of desired geometry by common methods, and inversion of the isomeric compound may be 
the route of choice. Thus an all-tmns carotenoid stnrctum could potentially be obtained by &u&ion of 
an all-tmm polyeneyne.’ Known methods for &u&g acetylenes to rruur-alkenes are often not 
applicable to conjugated systems? and investigators have catalytically hyw tbe alkyne linkage 
following which they have inverted the newly formed cisdoubk bond to hruu.’ Additiody, th only 
preparations described for the highly strained tmrucyckoctene and its derivatives have begun with the 
ci.r-isomer (see below). Naturally, ready avaWilityof ow isomer to an investigator, perhaps due to the 
unique circumstances of the research program, may also prompt consideration of inversion to the 
desired isomer. 

This review will deal with the subject of olefin inversion, that is the interconversion of 2 and E 
isomers, with special emphasis on metbods whkh produce product compositions other than that of a 
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thermal or photo equilibration. Methods for doubk bond migration’ and okfin metathesis’ will not be 
inch&d. Following the conventions to which an auikr review adhered,” reactions which were not 
StaeoJpecific (productive of only one gconMrical isomer) will be referred to as having a degree of 
stc~~~~~lectivity.~ Since we will be concerned with both the processes by whiih oleGns were inverted as 
well as the gcom&ical constitution of the product okfins, some confusion may arise through the use of 
the terms cis and tmns to dcscrii both the process and the product. The terms syn and anti shall be 

used to quaIify reaction mechanism, while ci~ (or 2) and tm (or E) shall serve to define olefin (or 
other molecular) geometry9 us@ established priority IUICS.‘~ 

(a) AnaIysw of alka~ composition 
A brief summary of the methods of analyzing and characterizing alkencs follows. Prior to the advent 

of gas chromatogmphy, physical measurements including melting (freezing) point, index of refraction, 
&n&y, tii point, and dkkctric constant were employed to assess the purity of simple alkenes.” 
Conctions based on these data were often the result of considcrabk energy and devotion to chemistry. 
Because the diastcrcomcric bromine adducts of Z- and E- oletlns were reduced by potassium 
iodide/methanol or acetone at d&rent rates, these reduction rates could be useful for identification 
also.12 Thus, the diimidc from tmu-stilbcne (cryth) was reduced in acetone over 100 times faster 
than was the thm isomer. Various chromatogmphic methods are now, of course, commonly employed 
in the analysis of product composition. However, simple alkencs, conjugated dienes, and fatty acid/al- 
cohol derivatives have posed problems which taxed the limits of even glc nsolution in recent years. 
Reviews are available for chromatographic detamination of Z-E unsaturation in fats and o&l3 
argcntation thin layer chromatogmphy,” and liquid crystals in ~hroma@raphy.‘~ The use of silver 
nitrate on polar liquid phases for & has been found useful, but is limital to vay volatik compounds 
since the tcmpcrature limit for the phase is cu. W.” Ekctrophilic addition to, or epoxidation of, 
gcomctrkaUy isomeric alkenes produces glc-separable diastcrcomers, and this topic has also received 
revi~.‘~ Glass capillary columns have been advocated for the separation of unsaturated fatty acids,” 
and high performance liquid chromatography using silver nitrate-silica gel’* has been succcssfuIly 
employed for both analytical and prepnmtive purposes including the resolution of the four geometrical 
isomers of 3,Boctz&cadicn-1-yl acetate, components of the sex pheromone of certain kpidoptcrous 
peach pests.” The use of smectic liquid crystals as ~JWCS for gas chromatographic separation of long 
chain alkencsp and of choksteric phases in capillary cohunns for the resolution of conjugated diencs2’ 
further extends the use of chromatographic tachniqucs for the analysis of ditlicult isomer mixtures. 

(b) Purifiation 
Rigorous purifkation of an alkcnc (dicnc, etc.) to remove traces of isomcric impurities has often been 

a di5cult probkm. Solutions have inch&d AgN4_ preparative thin layer chromatography,th AgN& 
column chromatography,= and AgNO-HPLC.” The formation of a solid dibromidc from a liquid 
alkene followed by rccrysMization to obtain a pure diastcrcomer .has been used to purify the alkene.= 
The okfin was then recovered by zinc dcbromination of the adduct (uMi, but see below). Conjugated 
diencs could sometimes be purifkd through the formation of Dick-Alder addition products with SO?’ or 
with tctracyanoethy1enc.” Since the EJMknes react most readily, such a procedure was useful if the 
EJGsomer was specifkally sought, or if it was the contaminant to be removed. Urea inclusion 
compkxcs have also found gnat utility for othawisc difIkult olcfin puritkations.S Several recent 
patents also describe the separation of isomers by means of z.eolite~.~ 

LDRSCTLWMEREklWN 

(a) lI0w1aLchemical bomefization 

Gilmd provided a brief summary of the most frequently employed techniques for affecting 
cis-tmu isomerism Such isomrizations could be complete only if the enm-gy dilTcrence between a pair 
of isomers was substantial. Otherwise, mixtures resulted and the chemist was left the task of separating 
the required isomer from the cquilii mixture. Makic and angelic acids were, in fact, effectively 
umvtial by heatiae to funmric and tiglic acids, ~spectively. Conjugation generally has the additional 
eflect of lowering cnerlly barrkrs to interconversion and this fact can be exploited for synthesis. A 
classic iUustration was provided by the preparation of (all tmn.s)+carotcne, 2 (Scheme I).’ An alkync 
precursor was hydrogumW (Pd catalyst) yielding 15.15’~cis-gcarotcne, I. The more stable all tmns 
isoma2wasthenreadilyobtainaIbyhcatinglinpetroleumetherat800. 



clk&l invalioa s9 

Additionally, a wide variety of chemical reagents can be made to add rcvcrsrMy to okiins and 
thereby generate equiliited mixtures.? Hakgcn, halogen acids, nitric and nitrous acids, and PC& were 
roportcdly &cctive. Nitrous acid treatment of okic acid to give mixtures umtain& the isomer, ekidic 
acid, kd to the term “~~ to describe the process whaeby oletin guunetq became quili- 
bra&xl in o&r to obtain the geom&rical isomcr.~ A mote &&itive study indicate that N@ radical 
was probably adding reversibly, and in common with other nversibk radical additions, (1) the 
intamulktc carbon radical specks had an opportunity to invert configuration and (2) the double bond 
did not readily shift positi~n.~ An example of this rwgcn t’s utility involves the synthesis of the two 
vts of the sex pheromone of the pink bollworm, PecGro&ru gossypidta ; namely (Z,Z)- and 
(~~7,l~-~x~~-~~ acetates, 4 and 5, rcspcctively (schtme 1).1o The (2~isomer 4 was 

(20:75) 
schau I. 

obtained by hydrogen&n of the acctyknic liic of the common intermed&, (Z>ll-hexadecen-7- 
yn-l-al acetate, 3. Treatment of 3 with aquews HONO produced a mixture rich in the (Q-cnyne, 5, 
hydrogenation of which gave a dienc mixture in which the (ZJ&isomcr, 6, predominated. Suitable 
Mending of the two prqamtions afforded the 1: 1 ratio of isomers required for optimum attraction of the 
male moth. 

The most useful reagents to promote gcomctrkaI isomerism have ban iodine (-+I*) and diphenyl 
thioglycolic acid (-+RS-). Isomcrization of oldins with iodine arc brought about in a nonpolar solvent 
sometimes with additional light (sunlamp). Extensive positional isomerism occurs, however, with 
nonconjugated okfins before cquilrbration of geometrical isomers can be achieved.“’ For conjugated 
okfins it is often possibk to cause rapid equilibration and, by lowering the tempcraturc, cause the 
all-tmnt-isomer to pacipitate from sohttion. Numerous examples are available in chemical literature and 
only two example will be given as demonstration. An insecticidal ami& derived from several trees of 
the familks Runuxac and Compositac, a-sanshool, 7 (!Uanc 2), was isomer&d to the all-tmns, @, 
isomer, 8, which pracipitakd from solution .1 Roclofs et d” idcntigcd and synthesized the sex 
pheromone of the codling moth, Latpcyrcsia powwndla, which is (E,~,lWodecedien-1-d. 10 
(Scheme 2). The dicnc structure was generated by the co&m&ion of an allylic phosphoran~ with the 
aIdehyde, 9. The geometrical ~sti~~ of the co&nsation product was not homogeneous. Raiuction 
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/$/yj&y> NH 
& NH 
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0 

I (11 NaAlH2(0CH2CH20Me)2 

(2) 12 

schant 2. 

gave the cm& dienol which was treated with 12 and 
EJGomcr, 10, predominated (50% of the total dicnols). 

10 - 

sunlit to abtain a mixture io which the 

Nonconjugated olefins when heated with selenium or sources of sulfur radicals underwent both 
geomctricai and positional isomerism. However, sulfur radicals generated from diphenyl sulf?de and 
diphenyl disul6de by loag wave length light (> 300 nm) produced mixtures of geometrical isomers whose 
composition represented thermodynamic equilibrium with only 2-396 m&ration of the alkene linkage. 
Table I provides a comparison of equilibrium ratios obtained with several olefins by using UV-induced 

Teb& I. it&Mcrconvmioa by direct i.mmahh* 

;2-Lmntemb Ace- (d2aml 85 15 nml. 

DQhmylmlfid8 (dOOmI 81 19 nam 

wu2o3 82 18 equililmmted 
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Fcversible radical addition, Na/Al& and -IX pbotosenairizcd @lii~~.” The st~dh 

The synthesis of humukne 12 (Scheme 3) provides an example of ok6n inversion promoted by 

OH ; 
OH 

(cis-51-PGE 2 - 
(tram+)-PGE 2 

photoinduced sulfur radicals.n J3xposure of the trknt! 11 to diphcnyl disu&k and li#ht of >3sonm 
seneretsdamixtun:ofproducts~which~thestarCiPemoterialandhumulenewar:utractedwith 
50% aquews A&W+.= Prqamtive gk &o&d pun hurmlent. In similar fashion (-)caryophyikne, I3, 
was converted in 95% yield to (->t(uFcaryopbynene, 14 (!Wcmc 3)?, Attcmp&d thamal isom&ation 
of13gaveonlya5046yieldoftbcisomtr14~bypdy~~hwodha:campwnds,~ 
of which was idcntifkd as the positional isomer, 15. Using light of >3SOnm and diphenyl sullldc ia 
bcnxcn&&OH, Bundy ct al” inomerixcd the postaskmdin, (c&J)-PGE 2. The (?meeS) isomer was 
obtainedin2296yieldahercattfulchromatosraphyon~d~siticagcl.pinany,~shouldbenoted 
that simple a&cues have also been equilibrated empbying photoin- radkals from te&abu~ltin~~ 
and tributylgalIium,“* ahhough these pro&ure seem to offer no sign&ant sdvantage. 

ordinarily, elcctrophilic addition to okflns is not weful for Z-E in~vasion ttecawc the addition 
may be highly stcrcosc~tive and/or lacks rewd%ty. Soax exceptions, however, exist. Thus, a 
stzainul cyclic ok!In such as (Z+cycbnonenc could be isomaiud to the Z-isomer with &naph 
~~~0~~ acid at lW.e ~~~~~~~~~~f~~~y 
substited strained cyclic alkcncs. An intce&ing iavasioa was povidect by MiIl@ who found that the 
Hg(OA& adduct of the @resin, Z-abknol, 16, (Scheme 4) was nduced by zinc to give the E-isomn: 
‘Ibe fortuitously placed OH group @dcd the forma& of tbc adduct 17. It was also possibk to 
catal~ycoavgtthecistotrensuJine~OArs;k;tbeRtio;diwn#ts atequilii~was4:1(E:Z). 
AstudyofP~nactionsof~penni#ad~af(E)-l~~y~2_dideutaiodhykncin 
~~~of~chtoride~kx~with~.uThisrrisctionoccumxtwithoutisotqpc 
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16 AI 
schau 4. 

redistriin; i.e. mane and t&kuterioethyknes were not obtained as was the case for other Pd 
complexes examined PdCb likewise a&ted isomcriz&ion of E-l&diphenylpropene.U Preferential . . . 
pnaphtmn of the Pd complex containing the potential Z-isomer aided in purify& that compound 

Sulfur dioxide adsorbed on a variety of metal oxidts and xc&es has the capacity for interconverting 
cis and tmu isomers.y These isomcrixations also occumd without positional isomerism. 

(b) Photoisom&zation 
Excellent and dctaikd discussions df ole!In photoisomc&ation have been p~blishcd.~~ Cakulations 

of MuUikcn d al. predicted that both the lowest energy excited singkt and triplet states would have 
energy minima at that um@uation in which the planes of the mcthykne groups were mutually 
pCfpdiCular.TlIiStWiStCd~tryW8SCXpCCtCdtOminimize ckctron-ekctron repulsion. The 
derived potential energy diagram for the ekctronic states of ethylene indicated that the twisted singlet 
could produce either the cis or tmns olefh by internal conversion and that intersystem crossing from the 
twisted triplet could likewise produce either okfin. practically speaking, however, direct irradiation of 
alkenes will likely produce (Ips t n’s) cycloaddition in competition with the desired isomerixation. 

The pi& dlorts of Hammond et uL@ demonstrated that the compositions of the mixtures of a 
photostationary state &ainal by photosensitization was a function of the nature of that photoscnsitixcr. 
Hence, the investigator could in principal detaminc in advance a photoscnsitixcr so as to favorably 
a&t the composition of his isomerixui mixture. !ku&ers having low excitation energies functioned 
as true photocatalysts, which is to say tbc photostationary state of the reaction mixture approached that 
at thermal cquiliium. Actually, the scnsitixed photoisom&ation of alkcncs is rather complex and 
several scnsitixer4efln intcractkns may be operative.” Nevertbekss, the sckctive transfer of energy to 
a geometric isomer of lower tripkt energy in order to enrich the material in the other isomer remains a 
valuable synthetic tool for the chemist.” An ilh~strative example was provided by Ramamurthy ct (LL” 
who inverted several tram@-ionj4 derivatives in high yield to the crowded cis isomers (Scheme 5). The 
critical I$ was 65kcal/mole. At higher photoensitixcr tripkt energies, the products contained tmns 
isomcr~excitationoftheciscompound.The~ofthe~compoumlswascstimatdas 
75kcal/mok, expa%cdly higha (noacoplaaarity of the ci~-dicne) than that normaIly observed for 
cunjugated dknes (5540kcaUmok). Ahhough Er’s of a given pair of gcomctrjcal isomers may preclude 
compktc alkene invagion, it is cleer that mixtures emiched in the isomer of greater J% can be easily 
genaatecl. 

Rb 0 0 

hv R 
E, 59.3 kcal/mole 

R = Me, Et, Ch20H, CN, COCHJ, CO&i, Ph, CH(CH3)OH 

0 



oldlo iuvarioa 543 

Excitation of ok6n compkxes to achieve isomerization appears to have been less well studkd. 
FaroceW and 2&pentadkne formed a compkx which, when irr&iaM, dissociated to a triplet state of 
ferroceneandatripldstatcoftheo~~~Tbeeeitbanlax~toc~ortrans-2+pcntadiene,or 
reacted (by add&n) to a ground state okfin mokcuk. Of greater utility, Deyrup and Betkowsk?’ 
im&ated cyckoctene at unlun for 24 hours with cu$lr (Scheme 5). zhWcyclooctene was 
recovd in.l% yield and 9996 purity by virtue of its greater sohrbility in aqueous AgNG. Moreover, 
the recovered ci.r~yclooctene could be recyckd. The considerable stability of a tmnscyclooctene-Cu’ 
complex was responsiile for the shift in photoe&r&rium toward Pun.5 product.% Similarly (Z&)-1$- 
cyckoctadier~ was obtained from the (7-Z)-isomer (30496 yield). Cir-rrenr isomerism has also been 
reportedly induced by polyene~.~ Low lying tripkt levels in the polyenes and sutfkient S-T splitting in 
the okfin polyene complex were deemed responsible for the isomerization. 

Cyckadditions and cyckreversions of, for exampk, conjugated dknes are controlkd by orbital 
symmetry considerations,~ and proceed therefore with oppos’ tte stereochemical consequences when 
induced thermany or photochemically. Thus, (I932&hexadkne was transformed pllotochemical.ly to 
cis-l&dimethyl-3-cyckbutene &rotatory closure) which, upon heating, reverted to (~Z,dhex- 
adkne (comotatoq opening).” In general, both conrotation and disrotation can occur in two ways; i.e., 
each cyclobutene isomer would lead to two of the four diene isomers. Hence, preparation of a 
($E)dkne could in principle be accompanied by the (ZJ)-isomer in a ratio determined by the steric 
bulk of the rotating groups. In the case of E-l&dimethyl-3-cyclobutene, only (EJ+2&hexadiene was 
obtained.” Ckarly, also, two (E,Z)-isomers would be isolated in the case of the synthesis of an 
unsymmeukal conjugated diene. Thus, whik many examples exist to show how faultlessly the 
symmetry considerations predict the geometry of an alkene product, the process of interconversion by 
photoclosure/photoaddition or thermal reversion has not been genemlly useful for interconverting 
conjugated dkues.~ 

2.OXlDATTVBADMlWNBTO ALKBJWF’OUOWHbBY BlDWlTW BUMNATION 

The sequence of oxidative addition to an alkene involving one or more &2 displacements on 
carbon, and reductive eMnation will return an ok6n of inverted geometry (providing each step is 
s&eospecilk) if the total number of invertive steps is odd (Scheme 6). Since tii addition of XY 
(mvertive) followed by anti elimination of XY (invertive) constitutes an even number of invertive steps, 
retention of geometry is observed (e.g. alkene t Brz, then Zn debromination). However, an intervening 
&2 displacement, for example of Y by Z, followed by unG elimination of XZ should invert okfin 
geometry. A sya addition (noninvertive) followed by anti elimination likewise constitutes an odd number 
of inversions and should produce an okfin of opposite geometry. In addition to the several sequences 
enumerated in Scheme 6 (in principk, one can imagine an infinite number of sequences if no restrictions 
are placed on tire number of steps and neither the chemist nor his mokcuks wear out), the large 
numbers of reagents which could be employed for addition and reduction provide a very large potential 

Some inversion sequences exemplified 
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for ok&l invcr!3ion. Relatively few studks, however, have beerI directed toward this goal. Therefore, the 
~ts~processes of addition, and of elimination, have been qmratcly summa&d. The data 
inch&s particularly those reagents for addition which are deemed appropriate for this subject, i.e. the 
added~mustbcnasoaablyeasilydisplacedfromcarbon.Itwillbeevidantthatmanysequeaces 
can still be examined for invatig okfin geometry, which, because of the ava2ability of reagents, case of 
handling, and mildness of reaction conditions, may be superior to the sequences whkh have been thus 
fardc!Xrii 

(a) Anti a&&ions snmmatized 
This is not in&&d to be an exhaustive compilation of Mti additions to okfins; excelknt discussion 

of mechanism and compilation of ekctrophSc reagents are availabk.- The addition of ckctrophiiic 
reagents to ole6ns is generally antLBM Thus, it is possiMe to produce stcrcosp&!kaUy uyth 
difunctionalixcd compounds from tmns dkcnes and thm from cis alkcncs with a wide variety of 
reagents. If the substihEnts themselves do nd’qualify as “good kaviag” groups, then they can often be 
transformed to such. Bromine and mod&d bromiW@ mts, such aa py~SGum bromide per- 
bromid~,~ bromi~ chloridc,~ and chlorine“ have been most commonly employed for conWkd anti 
addition of halogen. Tmns-hakhydrins and ethers of halohydrins can be obtained most directly using 
N-haloimides in moist solvents-’ or in alcohols,~ reqcctivdy. Also, iodohydrins can be obtain4 by 
direct kdination usb 12 and iodous acid,“ or aqueous 1, in Mramcthykne sulfoneCHC13.” N- 
halosuc&Sk in carboxylic acids offers access to tmns halohydrin esters,-’ and the reaction of 
uic-dids with agcetoxyisobutry1 halides also results in the formation of uic-haiocsta-s which are the 
result of a singk inversion of carbon.” Anti dihydroxylation can be achieved by the Prcvost rcac- 
tion,“lb which entails tteat@ an alkene with an equivaknt of 1~ and two equivalents of the silver salt of 
a carboxylic acid (forming the Simonini complex). The tmns haloester which is initially formed (!Schcmc 
7) becomes transformed to a trots die&r (backside involvement by the ester carbonyl as the halide ion 

(a) R-AC 

(b) RsH 
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departs), which, upon sapon&ation, produces a huuc l&lid. A recent report sugge&d thallous 
acetate instead of the silver acetateP Treatment of alkenes with hydrogen peroxide-formic acid”o (or 
persuccinic,“b or perMuaoac&c acids”‘) followed by sapon&ation also afIords tmns diols. A& 
ditionagy, these may be obtained by aciduMyzed hydration of epoxidesn or directly from the alkene 
with art/to-perca&xybenztntsulfonic acid. n Complications durirq the addition of electrophilic 
reagents to alkenes do arise, however, when the alkene has the potential for molecular reaffanecment or 
can afIord stabihxation for an incipient carbonium ion. The situation is further comphcated if the initial 
IIcomplex or onium ion formed by reaction of ekctrophile with double bond is weak. Thus, for 
example, trisubstituted alkm do not add chlorine cleanly,” and the crowded 1.2disubstituted olefin, 
(&ii-t-butylethylene, reacts with chlorine producing 2,4dichloro-2,3JJ-tetramethylhexane which 
arises from the migration of a methyl group.” Clearly, however, unt-addition can provide a spectrum of 
stereospecifically derivatixed olefins with which to proceed. 

(b) Syn additions summafizd 

A stereospecific syn addition to an olefinic double bond has always been of considerable interest 
because it constitutes an exception to the general observation of unti addition. In 1%3, Dewar and 
Fahey reported syn addition of DBr to acenaphthene, indene and l-phenylpropane.” Cristol et al. had 
found that chlorine also added syn to acenaphthene.% Syn addition of HX has been reviewed,n and 
mechanistic interpretations for these additions have been advanced.‘ln Many of the reactions which 
produce syn additions to alkenes, however, occur by initial tmn~ addition to the alkene. The initial 
adduct may undergo an inversion of carbon comigumtion in situ, or as the result of a discrete subsequent 
laboratory operation, producing a cis adduct. Such a transformation will be referred to as a (net) syn 
addition. 

The “wet Prevost” reaction, or Wocdward hydroxylation procedu~,~ for example, provided a 
method for net cis-hydroxylation (Scheme 7). The intern&ate firms-haloester solvolyxed with acetate 
participation. Interception by water of the onium ion produced a cisdid monoacetate. 

An effort has been made to modify, or improve upon, the Woodward hydroxyltion procedure; in 
particular to circumvent the use of silver salts (Scheme 7). Vie-iodoacetates, which are availabk as tmns 
addition products (olefin, Iz, KIO,, acetic acid)” were converted via corresponding iodohydrins to 
cisdiols in refhrxing aqueous acetic acid (76%)” Alternatively, the sequence of alkene+ cisdiol could 
be carried out using the same reagents without isolation of intermediates in 70% yield after 
saponification (Scheme 7)” Tmns iodoa&ates and iodotrifi uoroacetates reacted with nufa&oroper- 
benzoic acid to substitute OH for I.” This replacement occurred with inversion of cord&ration, hence 
the products were glycol monoesters of (net) syn add&n. Parenthetically, the reaction was found useful 
for converting primary (but not secondary) alkyl iodides to alcohols. Vicdiol derivatives which were 
products of (net) syn addition were also available through reaction of alkenes with iodine tris- 
trifhroroacetate” (I,, fuming nitric acid and triAuoroacctic anhydride)“ or with thallic tr&n~&&te.~ 
Additional experiments indicated that the his-Muoroacetates from the iodine tri&rigwroacetate 
reactions were formed from interr&iate tmns-iodoesters by further reac& with iodine trifhroroacetate. 
Positive iodine in the sohrtion was responsiile for electrophilic pull on bound iodine with solvent 
displacement occurring from the rear. Trrur-24odocycMexano/ trf~nwcetate exposed to iodine 
tris-triiIuoroacetate in pentane formed the his-trifluoroacetate (!I596 cis). These reactions are sum- 
marized in Scheme 7. In analogous fashion the reactkm of Sachokst-2cne with thallic trifluoroa&ate 
in acetic acid produced mostly the 2j?,3@diol (9: 1) after saponiftcatior~~ The authors noted that a 
Shydroxyl group facilitated the reaction and produced a cleaner syn addition. 

These (net) syn additions to form tic dials, or their esters, share in common the wn of 
uic-functionalixation of the more hindered side of, for example, cyclic defins offering staic differen- 
tiation of direction of initial electrophilic attack. Thus thallic acetate converted S-acholest-2cne to the 
cis-pdiol. By contrast, osmium tetroxide and potassium pennanganate oxidations produced the cis-a- 
dial.” Modifications to the OS4 dihydroxylation inch& the use of 0s04 catalyticany with amine oxides 
as the oxidizing agents” and the reactions of aikenes with potassium osmate-sodium ~hlorate.~ A phase 
transfer catalysis method for oicdihydroxylation was introdu& by Weber and sbepru60 which 
employs KMnO,. The yields were comparable or better than those reported by the use of K&O, or 
Os01 in prior metMoloey.” An interesting photochemicaI reactkm of cycbhexane with nitrobenzeae 
produced an unstable 1,3,2dioxazolidine which upon hyQoeenation over platinum yielded 51% c&1,2- 
dihydroxycyclohexane (and aniline)?’ 
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Several procedures are availabk for the conversion of alkcnes to cis-l&dihalogen adducts. Ucmura 
and ceworkcrs mported that antimony pcntachkride in CC& reacted with cyclohcxcne produGng cis- 
and r~~l,2&hlorocyclohexa~~ (4.36: l).= Additions to the isomcric 2-butcncs likewise ykkkd a 
predominance of syn addition. The reactions of the isomeric 2-octcnes, however, were much less 
selective. Triphcnylphosphine diiromide reacted with cyclohexene oxide producing mixtures of the 
diastcreomcric 1.2diimidcs.” The c&l &dichlori&, however, was obtained from the epoxide in 8096 
yield and 95% geometrical purity with triphcnylphosphine in CCl,,y and in 7296 yield free of huuu- 
isomer by reaction of the epoxide with triphcnylphosphine dichlorid~.~ The initial product of epoxi& 
ckavage, probably a trenrchkrooxyphosphorane, % suiTered a sccund nuckophilic displacement by 
chloride, producing triphcnylphosphinc oxide as the byproduct (Scheme 8). Yields of diimides frum 
both cis- and ~~II.v-1,2dialkykpoxides reacted stereospecifically with triphcnylphosphinc dichloride to 
e!Bciently provide erythro and tlrm, dichlorides, respectively. Chlorine in DMF reacted with cyclo- 
pcntme and cyclohcxenc form@ trims-l&haloiminium salts (Scheme 8).m Displacement of the iminium 

x = Br, I, SQI 

scbca a. 

substitucnt was achkvad with chloride, bromide, iodide, and thiocyanatc ions giving the corresponding 
CL adducts in 4o-6096 yields. The successful backside displacement of a sub&ucnt adjacent to a 
Cl-bear@ carbon can be attrii to the relatively high encr8y of a chloronium io# which, apparently, 
did not in&cede in any of the reactions &scribed above whether the carbon framework was cyclic 
(which should tend to favor such interaction from an initial tmns adduct) or not. 

An irhgu& rcactb was that of chromyl chloride with d&s. Chlorokdoncs were found to be the 
principal products when rauztions were conducted in accton~,~ but at low tcmpcmtw~ in CH& 
uicchlorohydrine and epoxides were the major products fe”’ In fact, if the reaction was 
conducted with acctyl chlari& as a cosolvcnt, chkroa&& wae fWmed in 50-9096 yield!P 
a-5dccene yielded a chloroacctate in which the thr#, : myth ratio was 2 : 1; the tronr&tin produ& 
a thnw :uythm ratio of 45: 1. Twucyclo&~Icccnc produced the rirmo-isomer (19: l), and cycle 
hexcne gave a chloroacdatc in which flrn~ predominated (25:l). The reaction of (~l&utaiel- 
deceae, 18 (Scheme 9) produced eryrhm- and #UW-2chloro-l-acetoxy-ldcutaiodccanc, 19 (Scheme 9) 
in a ratio of 4: 1. A mechanistk picture was derived by !3harpkss to account for the (pr~viously)‘~ 
observed formation of cir-1,2dichlori&s and epoxides, as wefl as the tendency to produce cis- 
c-s by depictiq an initial Cr’%&n Ilcompkx, 26, which either was transformed into the 
frontside addition product, 21, or into the cyclic structure, 22 Both of these possible in&m&ates 
involved formal C-0 a-bonds. The chlorometalktcd &ucturccouldm&goaredMiveelimWionto 
form the &dichloride or could m to the chlorochromate, D; both processes would have to 
proceed with retention of cu@ura& on carbon. The cyclic intern&a&, 22, similarly rcanan@ to 
the chlorochrwrate or undenvent a l&hift kading to epoxide via 24.m ChbroaccMe production, 
therefore, was viewed as a competition b&vecn interc@on of the chlorochromate ykldin8 a cis- 
additionpmduct,andreactionottheacctylchloridewiththeepoxideproduciqetbe~diastaeoma. 
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(4:1, erythrmthmo) 

(c) Anti diminalio?u sllmmaritbd 
In order to complete an okfin inversion following syn or (net) syn addition, an anti nzductive 

. . . 
cimmatm must be accomplishal. The most commonly observed stereochemical consequence for 
nductionofu~~u~compouadshasbeenanti.Hence,definsmaybeprotectedasanh’adducts 
from which they arc subsequently rccovcrul by reductive eMnation.‘@ Miller ef al., exhaustively 
studied redu&q~ ag~t.9 for meso- and 414lbene dibromides. The me~odiide gave tmns-stilbcnc 
with all reducing agents examined. Reductions of the &isomer gave variable staeochcmical results. 
Anionic specks (ii&, bcmznesuifmate, pbcnylthioktc and hydride) as well as W+ gave 7540% 
dis-stilbene (the product of anti ruiuction), while one&ctron agents @naphthol, cuprous, fcrruus, 
chromous, Gtanous) prodWed stilbcne that was 9610046 tm#u. Metals (zn, cd, Sn) gave variable result& 

For alipha& systems, reductive elimination by iodide Ekewise gcnaally proce&l with Mti 
stcrcochemistry.‘ob Since the anti rcdu&ns were first order in iodide as well as diiJw the 
mchanism~forsometimbeenviewadasaconcatedlossofbothgroupswhichmre~ 
eliminaW.VerycarcfulkinctkstudksbyMilkr’sgroup ~~kdtotheproposalofastepwiscionic 
path for debrom&tion and a rcitcration of the suggestion that considcmbk -ha&tic simpl&ation 
was achieved if one vkwai such dimMions as ionic ntroadditioas or solvdytic dimi4ons (Schanc 
lo).‘@’ When conformational alignment of the dqutiqg groups may be easily attain4 (such is the case 
for an mythm ampomd), the eliminahon is .stcrcospecScally Mh’ and evidence for a short-lived 
“onium” ion in&media& has not been obtain4. The iodide ion could be involved in w the 
formation of the onium ion or e with a small cquiliium concentration of such an ion to drive the 
rea&n toward oktln (and trihalide ion). Reduction of 41-stilbcne dii, however, was best 
expla&d by intervcntiun of aryl-stabilk& carbonium ions. The phcnyl &&uents of the stilbc~ 
aggravated the stcric stress for proper c4mformational aligMW duliq the rcductA of the dl- 
dibiomide,andtbeystabilizedtheincipientcarboaiumioas.Bycomparison,~of~ 
l&Iii was more nearly staeeqx&cally aMi fium both diastaeomrs (however, see the 
section deal& with (net) Syn elirninrrtions). 
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much purer cis-stilbene (99%) than had been heretofore obtained. Sodium iodide reductions of 
mthoxy-mercuration adducts (uMi ehmination) have been descrii,“’ and sodium iodide was also 
&ctive for the reduction of epoxides in acetic acid (probably m via iodoesters or iodo 
hydrins).“2 In the latter reaction zinc has been used as a coreagent.“’ Zinc and sodium iodide likewise 
have been combiaed for r&c& ditosylates, althou& the stereocllemical outcome was not evaluated.“’ 

!3odium sulfkk was employed to reduce uicdinitto compounds.” This particular reduction was 
light-catalyzed and probably txxxeeM via radical anions. Therefore the reaction would be expected to 
lack s&eosp~i6city. !3odium s&tide reduced l&diiromi&s to term&l alkenes producit~ Se as the 
byproduct,‘” and sodium dithionite in nfluxing DhfF converted mcro-stilbene dibromide quantitatively 
to rnuu-stilbene.“’ This apparent syn4mWion was probably due to cis-tmns isomaization of the 
product, however, because each of the 2,3diimobutanes produced 1: 1 mixtures of 2-butenes under 
these conditions. Another reduction involving sodium dithionite employed DMSO as the solvent”* under 
which conditions ery~h-1,2diimo+phenyl alkanes were reduced to (II)-I-phenylalkenes by Mti 
&uination. This regent, as well as thiou~~,‘~ has doubtful utility for the debromi&on of pbenyl 
subs&u&d systems (yields were low and pure cis not obtained), but may be worth examSnjg with 
aliphatic dibromides. Reduction of &dihali&s by mercaptides was thwarted by &2 displacement even 
in simple ahphatic systems.‘~ Additionally, it should be noted that potassium selenocyanate in DMF 
reduced &ditosylates but the stereochemistry of the reaction has apparently not been ~xamined.‘~’ 

Lithium aluminum hydride reduced uicdiimides and bromotosylates to okfins.lP Favorable 
geometry encouraged &Mimi&ion, hut substitution of hydride and synclimination occumd also. 
Sodium hydride-sodium M-amyloxide in THF reduced diimides to deGns, but dehydrohafogenation 
was also obser~L’~ The reactions of this reagent and related “activated” hydrides with ojcdi- 
substituted aliphatics have not been reporM as yet. Reductions with tributyltin hydride were non- 
stereospeciW~ 

Lithium dialkyl cuprates reduced (rather than alkylated) uicdibromides.‘~ Reduction of &I-stifbene 
ch”bnrmideat-~pvea9:1(E:Z)poduct.~cis-stilbeneisomerizetotmnr(at-789orwasasyn 
mechanism operative7 Tests of the reaction stereochemistry in aliphatic substrates would be interesting. 
E&ctrochemical reductions also tend to produce uMi+GminaGon.‘r 

Other teagents which bear negative charge and which have been shown to effect dehalogenation of 
uicdiimkles inch~& potassium diphenylphosphide,‘” phenyllithium”’ and trialkyl phosphites.‘29 The 
phenyllithium-induced ehmination of the diastereomeric 2,3dibromobutanes was almost completely 
stereospecific (mcso mve 99.5% E-2-butene; 41 gave 97.8% Z-2-butene).‘” Elimination with phosphite 
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csta-s succctdcd only if tbc halogens were activatul (by an adjacent ekctron withdrawing group) toward 
di@aWmcnt; othawise the normally obsened Michaelis-Arbuzov reaction prcvailed.‘~ 

Cony and Gricco reported the reductive elimination of a firms-iodohydrin with mcthancsulfonyl- 
chlcnidc in pyridin~.‘~’ Prompted by this observation, the iodohydtin was treated with PO&pyridine 
omitting the usual reducing agents (Sn2+, Zn).“’ The authors suggested that the intcrmcdiate iodomcsyl- 
ate (Mopbosphatc) may have reversibly climinat& perhaps assisted by pyridinc. The reducing agent 
then acted simply to drive the reaction to completion. A subsequent investigation showed that 
iodohydrins derived from the 4+ctcncs were rcducal completely &i by POClrpyridine although the 
yields were only 3S50%.‘n Certain iodoaWaM and trifluoroacetates likewise have been observed to 
CliIUh&i’l~~llCCtiCacid’fs without an added reducing agent. Coumarin and isocounuuin 
dibromidcs were dcbrominated in rciluxing DME with l,~bisdimcthylaminonaphthalene,‘Y a reagent 
which does not quatcrnizc with trimcthyloxonium tetraftuoroboratc. Perhaps again the added reagent 
merely acted to scavenge bromine from the onium ion which might have been in equilibrium with the 
diidc. 

Reductive eMnations catalyxed by any of several metals have often lacked stercospecticity.‘” 
Zinc”’ had been shown to reduce uicdiides by anticlimination’Y altbough a more searching 
subsequent study in&a&d deviation from compktc stereospecificity (413Jdibromohexane gave 6.4% 
rrans-3-hcxcnc; 414Jdiitane gave 19.5% bWWA-octcne: zn iJl hot aqueous ethanol).‘n*‘S 
Epoxides,” halohydrins,‘O diol monoac&&s,“’ and oic-halotriftuoroacetate~‘~ have been reduced 
with Zn in acetic acid but the actions have only tended toward anti&nination. Magnesium amalgam 
reportedly educed epoxidcs to d&s in fair yield in the presence of magnesium bromide,‘& (stereo- 
chemistry nut reported) and calcium amalgam reduced uicdinitru compou&.lub However, magnesium 
(THF) rcduwd buth meSo and ff&fiimobuMcs stereospecScally aMitn Parenthetically, sodium 
reduced both diimides to tbc same mixture of 2-butcncs,“’ although sodium was found useful for 
obtaining cyclic alkcnes.‘Oc An in&iguing Sn-Cu reduction of the tctrabromidc 25 (Scheme 11) to a 

BP Br Zn-Cu 

Br 3c - BP x: Br 

BP 
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conjugated diene (53% yield) has been describul.‘” The eliminated halogens, however, required 
activation and the reduction proceeded sluggishly, if at all, with ethylene dibromide. 

Chromous salts”’ have been employed for the reduction of oicdifunctionalized aliphatics’” and, 
-se one-electron, or radical-promoted, reductions by metal salts produce carbon radical inter- 
mediates, these reductions only have utility for mokcuks with structural bias; e.g. alicyclics. McMurry 
has pnpgnd T?+ from Tic13 with LAH. ‘O Reduction of halohydrins was, as expected, not stereo- 
specific. Titawcene ((CloH’~Ti)z) reduced uicdibromidcs and dichlorides to oldins, but the stereochcmi- 
cal consequences of this reduction have not been ass~sscd.‘~ Cu(I) has also been used to reduce 
uicibromidcs’a (stercospecificity not expected). Anion radicals, namely those formed from sodium and 
adimcthyhuninonaphthakne,‘~ anthracenc,“’ and naphthalene,“’ reduced uicdimesylates to alkcnts. 
IntaWingly, xinc did not reduce dimcsylatcs even in rcfluxing acetic acid.“’ It should also be mentioned 
that hydrazinc has been tmployul to reduce dimesylates’~ and azidotosylates.‘” 

ElGnation of other uicdisubstituted compounds such as @-hydroxysilancs, phosphorus beta&s, 
dc. will be deferred to the section dealing with epoxidcs. Such compounds are more generally obtained 
from epoxides than from alkencs, and elimination dues not require the mediation of a reducing agent. 

(d) syn dimiMrions SmmmoJised 

The dhhth of bromine from dl- and mesodhnnobutanecr with sodium iodide was completely 
anti (as judeed by physical measurements conventionally anploycd at the timc).‘w In contrast, Schubert 
et al. showed that mcso-l2dideutcriel&?ibromucthane, 26, with potassium iodide produced pure 
(Z)-l&lideuteriucthyknc in 93-94% yield,‘” alth ough reduction with zinc produced the expected 
(JSomer (Scheme 12). The apparent anomaly was explained by an initial displacement of bromide by 
iodide ion from carbon if a primary carbon was involved, whereas direct elimination occurred when both 
carbons were secondary. 
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It is interesting to speculate on the possibiiy of a true syn-ehmination of such &disubstituted 
compounds. A theoretical explanation for the E2 mechanism of HX ehmmation which explained the 
preference for unfi srno~kmistry has beea advanced. ‘~6 A dihedml angle of 180” between leaving 
groups (referring to HX elimination) maxim&l orbital overlap and, hence, minimixed transition state 
energy. However, calculations indicated that a 0” dihedml angle, or syn-periplanar conformation for 
elimination was at a potential energy minimum,‘” and sya HX &nination has been observed.‘* Since 
the rotational energy for a given acyclic moieeule would generally be higher for the syn (eclipsed) 
co~~tion than for the Mti, ~y~~~~ons are not commonly observed unless, perhaps, the two 
leaving groups are first bonded together. 

Twenty-one years after the experiments of Schubert cf 1”’ it was observed that uic-dichlorides and 
b~~hlo~dcs derived from internal alkenes likewise underwent (net) 3y~~~tion with iodide ionm’ 
with 9~100% stereospecifIcity. Here, too, it was concluded that displacement of chlotide (bromide) 
preceded elimination of iodine halide. In order for these reactions to succeed stereospecifically it was 
necessary for the elimination of the presumed in&mediate iodocbloride to proceed much faster than 
displ~e~nt of iodide by iodide from carbon. In the dibromidc series, erytl;m, compounds reduced 
faster with iodide than did the fhm-isomers, presumably because it was easier to attain the preferred 
trens-antiplanar alignment of bromines. If the reaction had been a true synclimination one would expect 
the fihmo-isomer to react faster; i.e. rhrco should more easily attain the conformation with the halogens 
in close proximity (Scheme 13). ~~f~~ isomers reduced more readily; thus no evidence was found to 
favor a strictly syn-elimination. 

erythm or meso 

Net syn cl~ions have also been observed when &&loro- and ~~0~ were 
treated with sodium iodide.‘” Reduction of mesylates and tosyletes with sodium iodide proceeded 
readily for terminal oktW6 the more sluggish reaction of secondary sulfonates can proceed via (a&) 
syn Ed. For example, the ditosylate of mcso-3,~y~oxyhe~-l~~y~ produced (*hexa- 
lJdiyn&ene.‘” The reduction was performed in refluxing 2-ethoxyethoxyethanol under vacuum 
removing the enediyne as it formed. Another example of reductive ehmination of ditosylates was 
reported by Semmelhack’” wbo reduced the cisditosylate 27 (Scheme 14) with sodium iodide to obtain 
the spire (4.4~nonatriene. These reductions seem to have been exploited primarily in sugar chemi&y~” 
and their utility for oktIn inversion has apparently not been assessed. 
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scvmal very in- !3tmosckctive or sac syn ehinationr of OMiolS have be43 
reported. Treatment of cis-l&dihydroxycyclododecane as its dialkoxidc with di@wium hcxa- 
chlorotungstate’~ in THF under r&x p!wiuce &cycModa~~ (93% puriQP whereas the CmnSdiOl 
prodwed 79% hruu&fin. This syn clinktion was particularly noteworthy as it constituted the fhst 
instance of a formal reversal of osmium tctraoxide dihydroxylation. Comparable staeochemiad results 
were obtained when the diols were umvatal fkst to cyclic amidophosphatcs (!khcmc 15). and then 

reduccdwitheitherlithiumlNH,ortitaniu~F.~Thereductionwasviewedas~thrweha 
radicalanion.Eithcrthtradicalanion,orasubsequentlyderivaddianion,couMundcrBosomeiavasion 
prior to eknination. Titanium (obtained by the reduckm of titanium trichloridc with lithium aluminum 
hydride)‘” reduced okdiols with some syn-scktivity also. &SO-5,-l WBS reduced to a 6:4 
(E:Z) ratio of S&cenes, while the d&Sol yielded a 9: 1 mixture of E:Z 

A unique reduction of uic&iromidcs with 6Mknethylsilyl (ar gcrmyl) mrcury has been rqmr- 
ted’@ The thm diastaeomer . of 23 54 prodwed E4mcthyl-2-pentcne 
quantitatively (Scheme 16). The erytIw&ncr yielded the Z-alkene. The reactions were 969896 
stercosclcctive. Reductions of diimocthaw to ethyleae by these and closely similar mcnts had been 
rqortcd pr~viously.‘~ Further work to dcIinca& the scope and mechanism of this interest trans- 
fommtion aads to be awnnpliw. 
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chain extension;ln the anti addition of two bydroxyl groups being awomplisbul with performic acid 
foIlowed by base. 

Another rather laborious, but exactingly performed, inversion sequence was dcscrii by Lucas d 
al. in 1941 (!Wemc 18).“* A&em were converted to epoxidcs by addition of hypobromous acid and 

cyd.ization (net ntclltion of gcmmtly). Ring cleavage provided the ccnnspoadiag dials (one invasion) 
which were then ac&ylatcd Tmtmcnt of the diac&tm witb HBr pm&?& dibmmides which were the 
mult of one inversion. Zinc debmmimtion (a& elimimtim) completed the sequence. The inversions of 
YoI&‘~ and Lucas”’ have in common the replacement of vi&al oxygen fumtkms with bmminc (OH 
iathtfonner;OAcinthefatta).InbothcasesthefintC-BrbondwasformdbySN2~~~the 
initially instalkd bromine then assisted in the second C-Q cleavage thus inducing retention for the 
second replacement. 

An intemting sequence was &vised involving initial chiorim addition (a&z-), KOH-prmoted 
elimimtio~~ of HCl, and f&ally sodium/liquid ammonia reduction (Scheme 19)? C&&l”’ had 

H A 

1 
l&B 

H R 

x 
H R %i- cl Ii 

R = various alkyl gmupe. 

SC&M 19. 
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established that the dehydrochk&tion step was unti, & the isolation of okfins geomeb’ically isomeric 
to the SUUting mataials &abli!shed that the alkali m&l &uction had proMed with retention of 
coafieutation(an~indicationthattheconfieurationofvinylanionsmishtbepreservad).Ovaan 
yields averaged 81% and s~ificity was W-9796 for several simpk cis and tmns alkencs. 

The conversion of epoxides to uicdihalldes by doubk inversion formally constitutes a (net) syn 
add&n to a doubk bond,- and was exploited as the basis for oldin inversion.” Erytbdibromides 
were ckanly prepared from &pox&s with triphenylphosphinc dibromide in benzene (Scheme 20) 

Net w addition; p& elimination 

ka. gO!L selective) 

Antl-addltlcxq net sypelimination (exemplified with E-alkene.1 

R = “C31$ 

OTF : 02m3 

TFAA = CCF,W),O 
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while both diastereomeric dichhides were prepared ste~Ospeci6cally from Z- and Ecpoxides. Althou& 
raluctioas of the erythru dibromldes witb zinc were stereospccillc, reductions of the dichlorides with 
several reagents usually employed for unti elimination gave variabk results. ‘Ilrm-bromochlorides 
could be oMained from Eqoxides by the sequence of HCl add&n (one inversion) and triphenyl- 
phosphine diimlde to replace the hydroxyl group (one inversion) (Schane 20). Zinc reduction could be 
made co 9046 selcctivc if carried out as O-5” in DMF. 

Net syn elimi&ions of mwo-l&Ii&taio-l,2dibromoethane,“’ ticdichlorides and brome 
ChIOSS,‘” and cricehloro (and bromo) trill- I(0 have already been mentioned. These 
reactions have been used to invert oldin geometry, the v&ally substituted compounds hav@ been first 
obtaiued by Mti addition. The oic-h had been obta&d eitha directly from the 
alka~S with N4loro&omo) succinimidc in Muoroa&c acid, or from the epoxides with 

. 
trdbmayl &hide OT bromide (Scheme 20). 

Another example of ole!In invasion, involving a Walden invasion sandwiched between two anti 
processes, uses the nuckophilicity of seknocyanate (Scheme 21).“’ Bromohydrins were converted to 
uic-hydroxyseknides with KS&N in DMF.“@ Anti elimi&m was promoted with potassium carbonate 
to pNXilKX an Okfin Of illVelted &?Ometry. The OVeIall yields WeE modest and the EactiOnS Were Only 
SteEOs&ctiVC. 

In summary, many readily availabk reagents can be used to achkve 01eGn inversion by a series of 
displacements iacorporateci within an addition&&&m scheme. The several transformations which 
occur, however, may lose stereoq&Gi if the okGc sub&ate is prone to reanan@ment or has the 
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R = varlau alkyl groups 

similarly for conversion of E to g43cer~ 
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potential for fob relatively stabk carbonium ions. Momover, this approscb does not have the power 
to invert conjugated diem nor does it appear capabk of gcnaating highly strained doubk bonds. 
Sitly, no reports were found of the inversion of a,@mahuWd carbonyl stmcturcs by this 
general method. The results of the inversion sequences described have been summa&A in Tabk 2. 
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g4&4ly1-7-cctadaam 

(El-ll-acetate 

(E El-trlem -*- 
c~Ml4cetat.e 

(z)-1,2-dideuturioetbyla 

[g-2aethyl-7-octadecem 

@-24m.hYl-7-atade 

(El-7-cctadecene 

CZ,+XW.ati 

(~m-cctem 

cg-soctene 

(p54ecnm 

(+5-decene 

~p24ethyl-7-ccmecme 

cp2-mmy1-7-oct 

(E Z)-trima ,L 
(pklethyl-2-Pmtsne 

68(I), 95(II) 

67(I), 79111) 

95(I), -(II) 

z!s 

eh 

3 

00 

-loll 

-100 

45(I), 38B(Ir) 

c 

-90-91 

40-91 

94 

97 

96 

% 

96-97 

97 

99 

104 

l@Jd 

102 

* 

97 

93-94 

1W~IP 

%(I), lW(II)~ 

loo(I), 97(X1)6 

93(I), 93(II)g 

loo(I), lW(IIP 

MOU), 9wnh 

99Ulh 

*(I)" 

loo(I), 94unh 

W(I), 9e.5wh 

mwh 

96-98 

*98 

75(I), 92wi 
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T&k2 Konrdl. 

176 21 l~b2-OCtaw c~b2-oct4lw 39(I), 35(1X) m(I), 9ed 

176 21 I~H-CCtAW cy@-octa# - , 26(11) 70(I), 9Od 

176 21 l~,-l-mthow-9-=~ cg-Lmtaxy4oaac4m 21(I), 42(X) 85(I), md 

176 21 (padewa cp2a YIII), 56(1X) 72(I), 92d 

176 21 Cp2-dOCWle (+2k 58(11, 35111) 70(I), 91d 

i 

Isolated. 

CalaAlatim ms bssd al Mtlal gecmstrical C~it.lon. 

QuMtitative data not wailabla. Yleida m -1~ ~952. 

Init~~~tionups89XZ,sndthepFoduct~~gnE. lb_Gt&~culvemiaaus mtstarmspecific. 

P.E.Sanet, J.~.Ecol. (in -1. 

obtaindbyaddinglrdnetotha_~. 

rata labeled (I) refer to bsdne c4lloFide adducts; (II) mfem lx chlwim adlaa. 

Yielda Nmm detamlned by glc aId m M5lt. hta labdad (I) Fefer to reactiaM involving vic-chlomtri- 
!lucrcwstatea; (II) r&em to mactiau lnvol* vicbmp3trifluomrret. 

- 

rata labeled (I) refer to ma&lane invo1v~ pYtaMil8l thlccvte; (II) Nferll to NactiaM involvine 
pt.aaalrrm wlsnocyuuts. 

3. CWVAGE OF mXIDlB NXUWEU BY AN?Y OR SYN RATION 

(a) Synthesis of cpoxidm summcviud 
Recent intense interest in the stcrcospcc~c deoxygcnation of epoxides prompts a separate discussion 

of ok6n inversion procees(potcntialasweIlasrcali@thatcouldbcbroughtaboutbytherahMionof 
an epoxidc. Ckavage of epoxidcs to form trcurdiols, &dihaWs, and haloesters followed by a sqmratc 
reductionoftheseaWuctshas~ybeendiscussed.Thcelllphasisinthissectionwillbeon~~ 
that reduce epoxidcs to oklins by ms of a nuckophilic cleavage followed (usually directly) by 
elimination (Scheme 22). 

Sequence de.amstrated with a&epoxide and a charged nucleophile 

Various syntheses of cpoxides from olefins have been c4~mpikd.‘~ Generally, the most common 
preparations (peracid oxidation and anh’ HOX-addition followed by base-promoted cyclixation) provided 
epoxidcs of the J8mc geometry a!4 that of the starting okfin. Recent methods for epoxidizing okfins with 
retention of geometry are: Mo(COk and hydropcroxidcP or peracids,“” peroxyacctyl nitrat~,‘~ 
N-bromoacctamidc followed by KOH, ‘lD bromineDMF (yielding tSbromoformates) followed by 
hydroxide,” phcnyl isocyanateH&,‘ti ferric acetyk&onateH&, ‘- and bi+ 1.2,~tr&olyl ketone- 
H&In Iodine-~ has been employal to prepen q&&s tram okfins’* as has iodinesodium 
&oxide.‘” A polymer-bound peracid has been &s&bed for this purpose,‘& and a two phase system 
(mchloropcrbc~& acid in methykne chhnide is the oxidking phase), in which aqueous NaHCO, 
neutralizes m-chkrobenz& and thereby acts to protect acid-sensitive functionality, has also been 
reported?’ Additional methods include the use of -y&/oxygen’-’ and bcnzce~kninic 
acid-H&.““ In order to compkte an ok6n inva-sion foIlowing such epox&tions, the epoxidc must be 
reducedtoanddinwithinvcrsionofco&ur&i~ 
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The preparation of vi&al cisdiol monoesters (previous section), for exampk, offers potential for 
olelin in&on via the invatal epoxi& However, this seems not to have been systematicany stud@ 
Si uicdiols can be obtained by syn- as well as Wi-addition (as already discussed), the potential for 
inversion of olefin geometry is implicit in any sequence that transforms a diol stcreospecifkally into an 
epoxide. Two examples of such transformation have arisen from the intaest in arcnc oxides.‘” Goh and 
Harvey described the reaction of fmn~diols with dimethylformamide dimethylace&l.‘” Epoxides were 
formed in 50-N% yields with one inversion of conliguration of carbon (Scheme 23). In another 

!Mtant23. 

(43-56% yield) 

scqucncc, Dam&e and Jcrina umvcrtcd cisdiols to epoxides’with two inversions of carbon (Scheme 
23).‘” Dioxohmes, 99, prepared from the diols with trimethyl orthoecetate were reacted with tri&hyc 
chlorosilanc. The resulting rruuschloroacdates, 140, were the0 cyclizd in methanol containing sodium 
m&oxide. Overall yields were 43-M%. Akbough more’work on the pqaration of epoxides from 
okfms with structural inversion would be desirabk, it seems fair to surmise that ok&to&fm 
inversions are possible, culminaU via either syn- or anti-reduction of epoxides. 

(b) Reductions of (and &in inversions from) qwxide.s summarized 
A wide variety of hetcrocyclic nuckophiks react with epoxidcs to generate @-hydroxy (or oxido) 

intern&&es. Some of these are isolable (see below and Scheme 24), and a controlkd elimination can be 
performed in a discrete second step. In other instances the product of ring cleavage suffers elimination 
directly. These same intcrr&iates can often be prepared as well by the reaction of aldchydes or ketones 
with cr-heteroatom-stabi&d anions. In fact, one major element of current resuuch in organometallic 
chemistry is the generation of such @-hydroxy (or oxide) derivatives diastcreomcrically purP’*” since 
their decomposition to alkeaes can often be directed with syn or onh’ specificity. 

Okfination of carbonyl compounds with cr-silyl carbanions has been de&bed.‘” In a related study 
that kd to the knowledge of elimination stcreochcmistry, the a-ketosilane 28 was stcrcospeci!Mly 
reduced to the thrao /3-hydroxysilane 29 with diisobutylahuninum hydride (Scheme 24).‘” Acid trcat- 

DIBAL 

-lm" 
pentane 

-ii- OH 

v7 

28 HP47 & \;.THF 

'4-oxene, 99x (92gBE_) rt-cctene, 96% (95!:5g) 
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mcllt provided the usual mti eIimi&on observed with, e.g. /34alosihmcs,‘y whik syn elimination 
predominated wh tbc B_hydroxysilanc was converted to an oxy anion with potassium hydride. That 
the stcrcochemistry of the acidSatalyxed elimWion reactim was unti# whik that of the base-promoted 
elimination was syn, was d&am&l by exam&g the constiM& of okfins obtained by reactions of 
epoxysilancs with organocuprates (scheme 24).‘# The ci.9 epoxysilanc 30 reacted with lithium dipropyl- 
cuprate to give presumably the cry?hn, isomer which was reduced to (a and (v with base 
and acid, respectively. An anakqgous set of transforma&s was perfarmal on the hrrns-cpoxysilane 31. 
Whik research is continuing to explore the several possibk approaches to generat@ diastmomerically 
pure j?-hydroxysilancs IQ) for the purpose of crcatiq di- and trisubstiMed olefins sta’cosp&fkally, 
advantage has been taken of the knowledge that silyhn&llic reagents react stercospecilically with 
epoxides,lS in order to obtain diastaeomcrkally pun /3-hydroxysilanes. Epoxides and dimetbylphcnyl- 
silyllithium reacted presumably to form the /3-lithium oxidosilyl derivative which eliminated directly 
(Scheme 2S).lW Cis- and trims-stilbcac oxides were reduced with inversion (97-9996). Yields were high 

0 
D8 
?Lf;; 

R2R’SlM D OH 

A C- 
RARWRC -R2R p(* 

2 C 

a) R=CH3, R'XiH5, t4:Li 

b) R=R'-CH3, M=K 

A,B,C,D = alkyl and C6H5 

!wmnt25. 

for reduction of term% cpoxides; no information was available for epoxides of other internal okfins. In 
another study trimethylsilylpotassium (from hcxann%hyIdisii and KOMe) also reduced epoxides to 
invcrtcd olelhls directly (SchenN 25).‘% Tbc invcrs~ was v&ally stenospecific (!I&9996) for both di- 
and trisubstitutcd cpoxides. RuhWions of epoxides arc SUM in Tabks 3 (reduction with 
retention of geometry) and 4 (reduction with invasion). 
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Tabk 3. Rhtdh 
_$mmca scbr. Roduct Yiald. rb s-1ficlt.y. % 
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p4 
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23 
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a0 
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a 

b 

c 
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ucl6 + 4Iu -2% III 
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hcl6+2LiI~~vI 

ycl 6 l 2cY l*rvII 
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Triphenylstannykodium reacted with epoxides to produce stabk ~-hydroxystannanes which were 
diastereomerically pure.Yhese intermediates decomposed stereospeciha@ under acidic conditions; 
cis-butene oxide yielded ci.r-2-butene and the tnurs-oxide gave trrms-olefin. As ring cleavage was 
expected to involve a carbon inversion, the elimination would have been unti. Intere&gly, syn- 
elimination of the intermediate B_hydroxystannaues has not been observed.= 

The Wittig reaction and its many phosphorus analogs8’ proceeds via /?-oxidophosphorus derivatives 
which undergo syn elimination. Epoxides reacted with triphenylphosphine at elevated tern- to 
give okfins; presumably the intermediates were oxidophosphonium salts. The transformation would 
be expected to invert olefin geometry, but both the substrate chokes and the a conditions 
necessary for reaction precluded an assessment of reaction stereochemistry. The reduction of 2-butene 
oxides with tributylphosphine required 150” and the product butenes were of mixed geom~try.~ 
Reactions of epoxides with triethyl phosphite have also been reported.” Epoxyacids were reportedly 
converted stereospec&ally by PHJ into alkenoic acids,= and diphosphorus tetraiodide (phosphorus 
trichloride plus sodium iodide) reduced epoxides to olchns with retention of con@uration.” Since 
l&fialkylepoxides reacted less rapidly than epoxides of terminal olefins, this reagent could find use for 
selective reductions. 

Sodium diphenylphosphide reacted 
diphenylphosphine (Scheme 26)” On 

with, for example, cis-stiibene ox&s to give a fl-hydroxy- 
treatment with methyl iodide and then ethoxide, ehmination 

Ph f4Zm2P- m km2P’ of’ m 

H m 

Y + 
Mem2p 

bt 
\ 

Ar ‘uul 

-Ph m 

6 
Hwever, LiPm2 Me1 

2- 2 - Q!!) _ TZ 

occurred. The stiibenes were obtained with about 60-7096 inversion. The thrust of this research, 
however, was to ascertain whether the betaines dissociated to any extent to benxahkhyde aud 
benxylhknemethyldiphenyIphosphorane. Indeed, if m-chlorobenxaldehyde was present, mchlorostiL 
bene was formed. The reversibility of betaine formation, therefore, precluded the inversion, at kast of 
stilbenes, in this manner. 

Vedejs d al., however, discovered that if the in&mediate oxi- 33 (!Weme 26) were 
treated with methyl iodide directly, the stilbene oxides were inverted and deoxygenated &era+ 
specifically in good yields.= A trisubstituted allyiic alcohol in which the akohol was pro&ted as a 
tetrahydropyranyl ether was successfully invert&~ and a pair of isomaic l,S-dknes ({Z& and 
{Z,i?+7,Il-hex&cadien-l-y1 acetate, which is the sex pheromone of the pink bollworm moth) wete 
inverted by this sequence to the I?$- and E,Z-isomers, respecti~ely.~ The Vedejs method of okhn 
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inversion from epoxides is one of the most geacrplly applkabk because both epoxidc ckavage and the 
eliition of phosphiN oxides are staX?ospecifk. Both di- and trisub&uted okfins can be inverted, 
and the proc&re worked well for both the synthesis of hws-cycloocteoe (%% yield, 99.5% hrur) and 
(Zz)-1~cyckxXtadkm (60% yield, 99.5% geometrical purity)? The p&ipal limit&o of the 
method was the basic phosphide which was shown to be incompatii with carbonyls.‘O” Although 
trnns~yclohe@ene could not be synthesized in this way, valuabk information was obtained umccming 
the fate of a bet&e which could not uodergo syn&niWion.~ Tbe vinyIpbospbonium salt 38 
(Scheme 27) was the principal product when the beta& 37 was heated under reflux in THE Although 

1) L.iPPh2 

2) MEI 

3) H+ 

4) HeIF4 

I 
11 LiPPh2 

2) FkI 

isolatbo of the hydroxyphospb& was complicated by the readily oxidized phosphorus, they could be 
isolated as crystalline salts of MeBF,. The salts rcactaI in THF with added diazabkycloundccene (DBU) 
produciq a mixture of the vinylphosphonium salt 38 and ciscycbheptie. It was S~Q@UI that the 
cyclohepteae was de&d by an epimerization via the ylid 39. m, if suitabk substitution 
prevented the cGminatbo of hydroxyl to give a vinylphosphonium salt as in epoxide 40 (Scheme 27). 
retror#rctiooofthebdaine41ocaursdtothe”unstabilized”y~d42.~.~oftheketoIp’oup 
was blocked by transpmtoiWioo form@ the enoktes 43. AltIxn& spa& experiments to e&t Mti 
elim&tioo of @-hydroxypbosphorus derivatives have not been performed, it is apparent that soIvolytic 
efiminationto~doesnotoccuraDdvinylpbosphoaium~wouldbeisolatcct”’Amodificationof 
Vakjs’ method invdval Ii& oxidatbo of the intgmsdiate oxidopho@& 33 (Schane 28); the 
eKminatioa byp&nct, a dipbenyIphosphi&e salt, was water sdubk which fa&ated product isola- 
~*“lhis~proctsdcdwithstaeocbemical~~eqnivskattothatotVbdej~ 

ComyaDdcme-tbat~-hyhx~wcrcformdstaeospecificanyfroIn 
epoxidesandlithiumbisdim&ykminophospWe?”Ihe&obols,whichwereakoobtai&bypro- 
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tollat& the condensatjon pfodwt.9 of carbonyl compounds and a-metauated bMmethylamiuo- 
phosphinyl derivati~es,l’~ were crystalline solids and could be potentially purifkd were they sy&esizd 
as mixture!3 of diacmmm. EGnationwase&Wlby~thealcohqlsinWueneatW. 
r_yklds were disappornti~ (2096). elimination was vay staeosekctively syn (969996) for tile 
_ 

Elimi&on of jMydroxysul&s, s&ones, etc. have received kss atta~tion. RuMions of al&by&s 
with a-lithiosultinamides have been descrii.“’ The j?-hydroxysu&ami&s undergo syi eGnation at 
8&110” & sulfur dioxide and the amine as byproducts. A sequence for okfm invaxion was 
developed involviq ckavage of epoxides with potassium benzyl sulMe and oxidation of the product to 
/3-hydroxystinyl derivatives (Scheme 29). “’ These compounds apparently did not elimiMe directly, 

P$jPH 

0’ ’ CH2Ph 

45x yield 

but further oxidation with, for example, NBS, NCS or !30&, produced okfin, SQ and benxyl halide. 
The reaction, which was depii as procc&q through a /3-&tine Is, succe&d b&withmorChighly 
substituted goxides. The yields were only fair, but ci.~-st&ene was obtained in >9!% purity?” 
Eliminations from ~-hydroxysulfides2’s and /3-hydroxysulfoximides2’6 have been reported (Scheme 30) 

a O\ 
m sm 

0 p 

m;Lf___) t 
dioxane 

OH 
)= + @)fPh 

P 1) RmJ 
i Y WAC 

my; - 
2) H+ 

Ph$-CH2CHR - Al/Hg a2 =CHR 

NCH3 NcH3 

butli#kiskwwnofthejcopeoftbereactioas.~,olefinswaeobtainedbyreduciaeB-hydroxy- 
&ones witb Bu&H?” In 01lc intr@ing experiment, &u&ion of the thiobcnzoete ester of a 
/3-hydroxysulfone 47 (a mixture of diasta#wtrs?) gave exclusively a trruJ-alkene 48 (Mane 31)?‘7 

Oqgums&nium chemistiy has been reviewed recently. ‘7W’ Sodium phenylseknide cleaved epox- 
ides with unfi ~tereochemistry.~~~‘~ This reagent, which was prqmred from dipheuyldiseknide with 
NaBH, in dry ethanol,=’ usually gave /3-hydroxyseknides in good yield althou& longer reMion times 
were rquired for hindered epoxides. Both phenyl- and n-propylselenol added to epoxides if catalytic 
amounts of phenyl selenolate were present. =’ Reduction of the /3-hydroxyselenides occun~I when they 
were exposed to nMhane&onyl chloride and triethylamine.p The intern&i@ mesylates (unlike the 
mesylates of B-hydroxysul6desP were unstable and anti Gnination seemed likely based on previous 
research regard@ the r&ctiou of ~-hydroxyselcnides under ricidic co&ions.- A va&tion of this 
theme employed thionyl chloride and bicthylamine in CHfi at room p.- The fl-hydroxy- 



0” 
C7H15CH”gBr + C6Ht3CH0 - C7H15~HCHC6H13 

S02?h SO2Ph 

46 (mixture?) 

s 
I)CPh J 

C7"15~HC"C6H13 

BuplH 
Ci"15, 

SO2Ph 
'6"13 

lclo!G~ 

47 61% yield 

schanc 31. 
48 

seknides had been obtaid from epoxi&s through addition of pbeayl scknol. Di-, tri- and t&m- 
substituted alkcncs WQC ob&al stercospcc~y fkom their epotides by overall syn ektiaation. 

Ciive and Deaycr report4 tbc stcrco~pecific dcoxygenetion of epoxidcs with triphenyiphosphinc 
scleaidcaadt&wwctkacid.f2JTbercactionpfoc4edatroomtempaatun in CHfi aad deposited 
metallicSe.InordertoexplslntheretentionofgeometrythesequeaceinSc~~32wasproposad 

wbcrcmascleniram *spontaneousty$=w=J to give alkcne. Episclcni~, or scleairancs, have 
not bcea isohtaJ akbougb their fm and duxunpositioa have beea followed spcctroscopicaUy,~ 
andthcamrsp&nunofa&&aaiumsalthasbccarcported.~ Epoxidcs wcfe also deoxygcnatui 
witb K!kCN in nWbaao1 (Scheme 33).= The apron invohed (net) syn e~oa (> 90% 
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s&cospccilicity) and a mechanism was proposed in analogy to the reduction of bromohydrins with 
K!%CN dcscrii earlier.‘% The reaction was quite so~ent-depcndcn~ (did not succeed in DMF or 
DMSQ, was most successful for @rminal alkcncs, m and failed with the epoxides of cyclopcntene, 
cyclooctcne and cyclododcccne.~ An interesting reagent for similarly deoxygcnating epoxidcs is 
3-methyl-2-sclenoxobenHhiaxole SO (Scheme 34).= The mnt can be prepared from Imcthylbcn- 

)=4: - 
[ 

H 
3 ‘i7f : 

se 

ox 

-L \ 
‘.H 

se- R 

scbtme 34. 

&hiaz.olium iodide 49 with selenium in pyridine. Although stilbcnc oxides were btaincd in good yield 
stcrcospeci6caUy, information concening the reactions of other epoxidcs would be useful. Epoxides 
were also converted to ole6ns with the sodium salt of O,Odicthylphosphorotel~.~’ Terminal 
alkencs are readily prepan from their epoxides with this reagent. 

Sodium (cyclopcntadienyl) d&bony1 ferrate, 51, cleaved epoxides in THF at, or below, room 
temperature (Scheme 3S).= A syn4mination was brought about by m the oxidoferrate intcr- 

Fe(C012Na+ = Fp- 

FP- + &.f+; H - 
R 

51 - THF44 

R 
/ 

A 
R R R 

scheau 35. 

mediate by any of several methods. The protonatcd oxide ferrate, however, underwent cmliclimination. 
Stilbcnes and 2-butcnes were produced stercospe&cally and in good yield. The reaction did not appear 
useful for a&?-unsaturated systems. Iron pcntaca&onyl in tctramethyhuea has been described for 
deoxygenating epoxides. m The reactions described showed a tendency toward synclimination, and 
reductions to conjugated systems gave good yields, although the stercochcmistry for such systems was 
not reportuLm 
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Other syn dcoxygcnations of epoxides include the use of low vaknt tungsten. A solution obtained 
from tungsten hexachloride and two equivalents of butyllithium in THF deoxygenatal epoxides 
stemospecifically. p, Other low valcnt tungsten preparations, and low valent molybenum may have 
synthetic utility too*= 

Dicobalt octacarbonyl reduced epoxides &th inversion of stereochemistry (Scheme 34).2u The scope 
of the reaction is apparently limited; no data was provided for substrates not containing acster groups. 

Me! 

However, &dimethyI ~xy~~yls~i~~, 52, gave a product containing 9596 of mesaumate ester, 
53; 3% citraconate, 55; and 2% of residual epoxide. The isomeric epoxide gave 99% citraconate product. 
However, if only one ester group was present (methyl epoxycrotonate) the product was a 1: 1 mixture of 
isomeric alkenoates. 

Reduction of epoxides by low valent iron (ferric chloridebutyllithium) was report~&~ and mag- 
nesium amalgam in the presence of magnesium bromide has also been employed for this purpose.‘@” 
Ruiuctions to oletins have also been accomplished using chromous salts,* Zn-Cu,= and low valcnt 
titanium;“g but these reactions were shown to be nonsteruq~ific. 

Sohrtions of triihr~l iodide contain& excess iodide ion reduced epoxides to oldins with 
retention of geometry also.” Iodotriguoroacctates, !Ma, which were the products of biilecular epoxide 
cleavage (!Jchemc 37) underwent MtMimination at room temperature in THF-CHS_CN. An amuogous 

Ft 
al X = CFp 

stcreospccific reduction occurred with methyl ~ox~ho~~ iodide and boron Muoride 
etherate.“’ An iodohydrin was suggested as au intame&te, the pbosphoryla+ derivative of which, 
scb, undetwent MtMin&mtion. Perhaps a bromo- or chlorohydrin intamedrate could be obtained 
analogously that would produ~ okfins of opposite geometry 011 further Watment with excess iodide. 
This particular reduction succeeds for trisubsthmed oktins?’ wherwts epoxides of trisubstihlted alkenes 
did not react cleanly with tr&x~~$yl iodide. 

Whiteand~nporz#iaroutefordefbninverrion~~bystilbenes(~~38).The 
cpoxides reacted with hydrariue (one inversion); the result& ~hy~xy~~y~ were cyclized 
to 3amino-lS, 57, with diethyl carboB&. OxiChtion to a sulfoximine. sll, was 
accompGhed with lead tebaacetate in methylene chlcuide and dimetbyl sulfoxide. The crystalhne 
sulfoximmes daWmpWd smoothly at llo-13(p in dime&y! sulfoxide (via diaznes) prod&q the 
Stilbenesbyas~~sylrcliminetionin~yieldIhtthisintrieuiaecheldropicreactioncould 
generate highly stmined double bonds was demonstmted by the syntha& of ~cye~3.3.1~1~. 59r 
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F (0) 

Ph H x 
H Ph 

+a) +N 2 2 

(SCheme38)iD5396yield aab The isomcric alkcnc, S9b, which umtaias a Imfwcyclobcxew ring, 
however, was not obtained by analo&~~s treatzwnt of the appropriate N-amioooxa&idinonc. 

4. FRAGMEN’FA~~ OF TEERUE? 

(a) SyntluscJ of thiimnea from aknes afmma&d 

Few descriptions of offi inversion via Wanes or related sulfur hcta-ocycks exist. Because many 
Wane prqwations finm okfks arc stereospacific, and several sWeospcci!k fragmentation reactions 
of these rings in known, it seems useful to enumerate these studks and briefly dcscrii the rdevmt 
Chemiftry. 

Thiiranescanbesynthes~fromoiefinsviaepoxides~~tionwitheitberthious#1or 
thio~yanatc ion. 2u Roth prowiws entail two inversions of co&t&ion of carbon, hence the 
traIlsformatioil of OkfIn to thiinw is stawetentive. cyclic carbonate!3 of 12diols, e.g. 60, react with 
thiocyanate to produce Siranes with two inversions (!Schcmc 39).- However, since 1,2diols arc 
readily avaikbk by eitbcr syn- or u&i-addition to doubie bonds (see above), a ruutc from okfk to 
&iiranc by iuvasion of okik geometxy is feasibk, albeit somewhat kngthy. 

Thiocyanatc reached with bromohydrins, which arc obtakabk by the usual &Mdition process, to 
displace the halogen and thaeby invert thatcarbon (Scheme 39).- §ubscqucnt base treatment expelled 
cyanate ion; hence, this process prodwed tb&ancs with stereoinvasion from the okfin. The geomctrkal 
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schemr 39. 

purities of the diastereo~ &hydroxytbiocyanates were 7046%. Evidently the di!@acement of 
bromine from seumdary carbon by thiocyanate was not strictly S& 

(b) Fwgmtmtations of thiirtmes 

Although cpoxidc!3 reacted with pllosphines only at elevated tcmpmbm, thikanes were converted 
to olefins~ smoothly at room tempe&ure with tIiphenyrphosphine and triethyi pho!Sphite. The reaction 
was, in contrast to that of epoxi&s and phosphilles,- sterc!o!S~~y SpP Moreover* syn- 
eliminations could be promoted also by alkyl lithium reagents,- by lithium alumimun hydride,- and 
by excess methyl iodide.M The methyl iodide reductions of Granes were studied in detail and found to 
proceed via a ~-i~~yis~o~~ iodide.2qc The apparent stercospeciticity of the akin 
reductions was surprising in view of predictions based on orbital symmetry cons&ations for chekbro- 
pit reaction? which sugg&ed that fmemlxred ring cleavage would not proceed by a concerted 
pathway. Hence these reactions might have been expected to proceed by ionic or radical interm&ates 
through which the stawintegrity could he lost. 

A pertinent study by Trost and Zima#’ established that anions were not involved. Z&w- and 
e@hrro-2-brom&ethyWobutanes, 62.63, were synthesized (S&me 40) and each diasterwmer was 
converted by halogen-metal exchange to the anion suqected as an in&media& in the Girane 
decomposition. The stereochemical umsequenccs (mix- of 2-butenes from esch anion) kft no doubt 
tbat bond rotation-anion inversion competed with e%mination. Consequently, the tbiiraw reduction, by 
which the isomeric 2-butene sul6des were convated to butenes stereospeci64y, did not proceed via 
theseanions.Thespecificityofthisreactioaneednotraprrirethattberegctionbeconcakdaadoth# 
possibk pathways exitSi In addition, the symmetry collsidcratioIw for &x-membered r& were 
reexamiaerl,waadacoacatedpathwaywasdGemdpossiMcwhich~~bydiaotation.rhus 
thestaeaSpU%Kf?agfBntationofthiiHWl(aadotbar3-membaad rfaps+ew=w discussed) can 
occrneithabya”~chdetropicnadion~by~~wbichhavt~yno 
ddectabkopportunitytoloseconfisuratioa.~nrtun!ofsoch~eppcusndtobovtb#n 

. . 
ckarlydefhledyetforthisthiiraw~~ 

lglUVdl6lh.S-C 
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Thiiranes decomposed stcrcosp&fkally to ok&s when exposed to carbcnes (Scheme 41).u2 For 
example, ethyl Se was dccompused with cupric salts in the presence of several thiiranes. The 
oldins were believed to arise from the stcrcospcci6c decomposition of an intermed& sulfonium ylid, 
64. Also, cyclohexane cpisul&k was transformed to cyclohexcne in 67% yield by nickel dicycle 
octadkne complex (Ni(COD)3.S3 In contrast to the specificity of anion and ylid reductions of thiirancs, 
diGnation induced by radicals= was less specific. Reduction of cis-2-butane sulfide yielded 74% 
cis-2-butcac, and the trvuu sulfide gave 82% tmns olefin. The tendency was for syn-reduction indicating 
that the eliminaGon occur& before complete quiliion of the @Wn&iatc carbon radicals. FinaUy, 
thiiraaes may also be r&ccd to alkcnes with fmcthyl-2-scknoxobenzothiazole.” The reaction was 
unupletcly analogous to epoxidc reduction dcscrii aujkr and gave a syn&nination. 
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sc.bemc 41. 

Episulfoxidcs (thiinmc laxides) arc geremlly obtained from thiirancs by oxidation with sodium 
meta-pakdatP or peracid= Dialkyl episultoxides (Scheme 42) lost sulfur monoxide when heated to 
too” in a & p~rt.~~.Thc r&c&m lacked stereospecificity and, in fact, these compounds underwent a 
nmre elaborate series of wts at an intclmuWe temperature in mcthylenc chlofidc.~ The 
stilbcne analogs were pyrolyxul in tolume at several temperatures.= Ahhough trots-2,3diphenylthi- 
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iranel-oxide gave exclusively tour-stilbcnc, the cis cpisulfoxkk gave mixtures whose composition was 
temperature dependent. Experimental evidence, namely trapping with a radical scavenger, argued for 
diradical species as reaction intermediates. 

Episulfones readily expelled sulfur dioxide to form oIefins.Sm Although the episulfone of CL-~- 
butcnc (Scheme 43) decomposed exclusively to cis-2-butene, the ?IWSS analog yielded a 78:22 

(trans ;ci~) mixture of butencs. I’ The diphcnyl cpisulfones eliminated stcrcospeci6cally syfi= but a 
more intensive study rcvcakd that these reactions were not concertuLm The potential for an inversion 
of geometry exists, since tbc cis-2,3dialkyl and diphcnyl episulfoncs isomcrixcd in base faster than they 
decomposed. Thus the cis-2Jdimcthyl compound produced the same ratio of hrurr to cis in the 
2-butcne product upon treatmnt with potassium t-butoxide as had the tnuu-episulfonc upon thermal 
dccompo&ion witbout base (!Schanc 43). m’* Both diphcnyl cpisulfones gave trans-stilbcne with sodium 
hydroxide,= an observation which could prove useful for cis-to-tmnr inversions. 

CycloaddSons of conju@cd dicnes with sulfur dioxide proceed in disrotatory fashion if thermal and 
in a coIuot8tory sense if photochemical.” In addition, the adducts may be capable of chemical 
manip&&, such as epimaization, so that the overall process from cycloaddition through cycle 
Evasion might, in princii, offer useful techniques for selectively alter@ the geometrical composition 
of conjugated diencs. The thermal reaction of 2,4-hcxadiencs with sulfur dioxick (Scheme 44) was 
stereospa& only with the E&isomer.” Geometrical isomerism of the &?-isomer occurred at the 
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elevated temperatures required to bring about its reaction. The thermal reversion was disrotatory but the 
fragmentation had to be performed in the vapor to avoid isomerixmg the diene product. Dihy- 
drothiophenium salts, formed from conjugated dienes and sulfur dichloride followed by methylation, 
fragmented to form mixtures of thioethers and conjugated dienes (Scheme 4S).= The dienes were 

!khmx 45. 

formed, however, stereospecifically. Interestingly, the Z,Z-isomer (not observed from the thermal 
decomposition of either (I?)-12dimethyL3-cyclobutenP or (~2j~~yl-2~-dihydrothiophene-l,l- 
dioxide) 6!P’ was the major isomer of the diene product from the salt, 68. The transition state for the 
disrotatory mode leading to E,Ediene had been adversely a&ted by steric interaction of the ring 
methyls with the sulfur alkyl group. 

In summary, some opportunity exists for the interconversion of olefin geometrical isomers via 
thiiranes and episulfones, but the use of sulfur heterocycles for selectively altering the geometry of 
conjugated dienes seems quite limited. 

5. FxAC~ATI~ OP A?mDum AND REIATED EElmmYcucs 

(a) Syntheses of aziridir~ jrvm alkener summan&d 
Developments in axiridine chemistry were reviewed.” Syntheses of axiridines from olefms which 

have broad scope include sequences initiated by addition of iodine isocyana@ and iodine a~&.~ 
These reactions generally proce&d by anti-addition, and the axiridine ring is subsequently formed by 
intramolecular displacement. These syntheses share with other procedures the retention of oktin 
geometry in the axiridine product. The following constitutes an update on aziridine syntheses from 
alkenes. 

A modification to the iodine azide method allowed preparation of N-substituted aziridines.” Aryl- 
and alkyldichloroboranes reacted with uic-iodoaxides to produce N-aryl- and N-alkylaminokulides which 
in base cyclixed to the aziridines. Vie-bromoaxides, which are conveniently prepared from oletins in 
aqueous dimethoxyethane from N-bromosuccinimide and sodium azide,” were reduced with lithium 
aluminum hydride to give aziridines with overall retention of geometry. Bromoamination was also 
achieved using N,Ndibromodiethylphosphoramidate followed by HCl treatment of the m&ing tmxs- 
adduct,n’ and syn-addition of primary amines to oleflns by aminopalladation has been descriibed.m 
Axiridines have also been prepared from &hydroxyamines with triphenylphosphn tetrachloride 
and triethylamine. m It is not clear what the scope or stereochemistry of this transformation is. Also, 
epoxides reacted with iminotriphenylphosphoranes to give axiridines, and the scope of this reaction is 
not known yet either.” 

When a oic-iodoisocyanate adduct of an olefin, 69 (Scheme 46) was treated with methanol and the 
resulting iodoc&amak was heated to MP,~’ an oxaxolidinone, 70, was formed by inversion at the 
iodine-bearing carbon. The B-hydroxyamine, which was obtained therefrom by basic hydrolysis, was 
treated sequentially with acid and base to form the axiridine. The latter transformation of an aminoalco- 
hot to an axiridine is the well known Wenker synthesis of aziridinfl and involves another inversion of 
carbon configuration. The moditkation of Carlson and LeP appears to be the only case of axEdine 
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synthesis with invasion from alkene. Although the route was lengthy, overall yields were good 
(E-2-octene was stereospecikally obtained in 41% yield from the Z-isomer). Recently, Sharpless d uLm 
employed an axa w of osmium tetraoxide to oxidize cyclohexene to a cis+hydroxyamine @theme 
47). That the reaction was very stereosekctively syn was determkd by similarly &eating ttans-lDl- 
dcccne (<5% Mh’ adduct). Application of We&r’s a&dine synthesis from this point forward would 
provide aziridines of geometry opposite to that of the olefins. 
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fb) Fmgmentathu of azidina 
Nitrosation of azixidks with nitrosyl chloride, nitru~~&anc, or 3-nitrc~N-~le produced 

nitrous oxide and alkenes with 9!86 ti dcamktion (Scheme 48).= InMncdiate N-nitrosoaziridines, 71, 
were inferred spectrally. This *on has been employed to complete an olefin inversion 
sequen~.~ Aziridines reacted with ca&enes stercospeci6caUy via presumed a&idinium yiids, 72, to 
yield imines and oldins of the same stereochemistry as the axikiine (Scheme 48).‘” The reactions of 
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cis- and truur-2,3diphenylazi1idinc with chloroform and t-butoxidc produced &stilbcnc (95.5%) and 
?~wu-stilbene (~99%) rcq~~tively, althou& in only 30% yield. Dif!uoraminc reacted with aziridines 
produck diazenes, 73, as in&mediates= which expelled nitrogen and again produced olefins with hi@ 
syn spcci!icity. However, Carpino found that the diphenylaziridines did not deco- spcc&aUy from 
the corresponding diaz.cDes. zsl The syntheses of the required diphcnylaziridincs was interesting, and one 
notes that a 1,2diol was converted via its dimcsylate with hydrazinc to the N-aminoaGdinc which was 
then oxidized with manganese dioxide to obtain the alkcne (Scheme 49). Since diols can be obtained by 

schclnc $9. 

an&addition to alkencs, a potentially viable route for invating oldin geometry is possible by similar 
conversion to an aminonSdine followed by a chelotropic frcrsmentation. N-aminoaziridines could also 
be reduced stawspc&cally syn via hydrazones, which when heated (1oOq expelled diazoketoncs 
(scheme 48).” 

Related nitrogen hctcrocycks, which fiagmcnt to produce ole!Ins are 2,Sdihydropy1~oles (by 
oxidation to diazenes~ and 1,2,S,Mctrahydropyrazi~ (by mercuric oxide oxidation to the 2.4dihyd1-o 
analogs).= Decompositions were stacospeciEc and disrotatory, although the utility of such reactions for 
selective alteration of offi gcumetry appears limited (Scheme SO). 

Chbfusulfonyl isocyanatc added to alkenes s&cospeci6cally syn to produce @-Mams.- Gbital 
symmetfyumtroIled (n’s + Pa} cyck&ditions arc emrg&ally so &maading# that this addition was 
dcscrii in tams of dip&r inWmcd&es.~ Fragmentation of these &lactams was accomplished only 
at elevated MnpclWm (W, 2 seconds contact time)? The OkBIB were formed staeospeciflcally Syn 
and the fragmentatioo was viewed, in fact, as a rarely observed m + IFa] cyclorcvcrsion. The overall 
sequence of cyclorrdditioncyclorcvef!3~ reproduces the orisinal offi gcomey al& as mat&s s&I& 
these transformation have no dcmoWra@d utility for intcfconvatiq alkeae gcom&ical isomers. 
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(c PuAchmrwtMM OF urrRocY~~mm~m~ 

The reactions descrii in this section arc unxertcd syn &m&ions in whichxxbii symmetry is 
conserved by disruWory ckavage ((Ifs+ II’S) cyclorcvcrskm) from auions or carbcne to form the 
alLenc (scheme 31). The hcterocycks are o&n obtaiMd from &diols or dithiols which are readily 
avaikbk as @ruts&ducts of a&cuts. Spn fragmentation of the heterocyck 
provides a good route for inverting &in geometry. 
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(a) lWtw- and trithiuca&on&s 
Reaction of uicdiols with tMxubonykiiimi~k,~ or somewhat kss satiafacturily sequential 

don of the diol with base, carbon disuUI& and methyl iodide, provided the thionocarbonatcs. 
Hi dials such as pinacol did not react with thioc&myHimi~k and the al&native procedure 
had to be used. G& yklds of ok& rcsuitcd when the thionocW were heated under rctlux in 
trimethyl or t&thy1 phosphitc. Moreover, the &mination was sQzcoqec& and the scqucncc was 
succcssfWy applkd to the synthesis of trans-cycknuctcoc (!Schcmc 52). This strained alkcnc was swept 

n = 5,6 nm 6 

frum the reaction mixture (triisouctyi phosphite, 1357 with argon as it furmcd (75% yield, > 99% tm@. 
Although trvurcyclohcptene could not be isolated from an anabgous reaction, its formation was 
vcrifkd by isolation of its 2Jdiphcnylisobenzofuran adduct. 

Because elevated temperatures and lengthy reaction times seemed to be the n11e for t.hio~~~~&~natc 
~~*otber~~war:~tbpt~tachievethe~rssultmon!~~v~y.. 
iron pWau&myi fFe(COj5F and PIi(corrh,* did produce ak&ui from thib. Retion 
withF~cohoccumdpt1~,but~aol~fathiomrrbavtwyicldine~.The~reectioo 
of Ni(CODh for which a nick- ~~~--poducaf 
the isome& 4-aWhyl-2-pcntcnes fr0m the V B- React&m of the thiono. 
carbon& of trims-l&cy&octa&iol, however, ~HcWA only &cy&octenc and it was surmised 
that nkkci cataiyzed isonmizeton of the E-imp#. 
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T&k 5. S&ted rm-frummh of did/&hid derivltiva to alkco& 
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Mitioo of thionocafbonatcs in stcrically crowded molecular environments sometimes faikd. 
Alkylatioo of the thionc sulfur with methyl- or isopropyl iodide produce a oic-iodo thiocarbonate by &2 
displacement by the iodide ion. Reduction with either 20 or Mg amalgam, however, was not sterco- 
specific. The systems examined were dim tests of specScity (attempts to prepare tnurs<yclooctene and 
the stilbencs) for which the metal reducing agents might be expected to fail.‘@’ 

The related tlithiocarbonates were also examinal. mb preparation of the tnuu-l&rithiocarbonate of 
cyclooctane was accompIishcd by u&-addition of dithiocyanogcn to ciscyclooctene (Scheme 53). 
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cyclixatioa with HBr, and treatment of the rcsultii iminodithiocarbonate with hydrogen sulfide. 
Ahcmatively, trithiocarbonatcs can be prepared from epoxides with potassium methyl trithiocar- 
bonate,=’ a procedure which had been demonstrated to occur with an odd number of Walden 
inversions.” Elation from trithiocarbonates was again stereospecific and the yields (Z-butenes, 
stilbcnes) were high, but extended reflux in trimethyl phosphite was required. An interesting variation of 
this reaction involved the carbonate tosylhytine, 74 (Scheme S4).‘9) The tosylhydraxone was 
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NNTS 
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prepared from the dial with phosgenc immonium chloride followed by tosylhydraxine. The bicyclic 
olefin, 75, was obtained from the sodium salt of the hydraxone at 300”. Pyrolysis of the thionocarbonate 
of pinacol gave only tetramcthykthykne, whemas both 2,3dimcthyIbutadiene and 2,3dimcthylbutcu-3- 
01 in addition to the alkenc were produced from the hydraxoue decomposition. The suggestion was 
ma&, therefore, that the reactions may not be ~~stic~ly equivalent. 

That the mechanism of the trithiocarbonatc fragmentation involved the initial generation of an ylid 
(Scheme 55),294 was demonstrated by intercepting that ylid with added aldehyde forming 76. Once such 
an ylid is formed it may decompose competitively to alkenc, react with accessible elcctrophiks such as 
akkhydcs, or react with trithiocarbonate to form a dimer; e.g. 77. Ylids WM also formed when the 
reaction was extended to the hollows ~t~~~~te of l~p~~ithiol. These ylids did not 
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mnt to cyclopropanes and were found useful for condensations with aldehydes as a chain-extension 
reaction. The pyrolysis of the thionocarbonate, 78 (Scheme 5F produced the insertion product, 80, in 
addition to the expected okfin, 79, which was advanced as evidence that a carbene intermediate was 
invofved in t~on~~~ function. 

When cis- and frrurs-4J~~nyl-12-dithiolan-2-thiones reacted with dimethyl acetyknedica&oxyl- 
ate, an addition-elimination sequence occurred (Scheme 56).= stilbenes were formed rapidly at lW, 
conditions which are less vigorous than for trithiocarbonate and thionocarbonatc decompositions. The 
tours-isomer was formed stereospeciflcally, whik the cis-stilbene isomerixed partially as it formed. 
These observations are provocative; they may point the way to greater uti&ation of carbonate 
unction reactions by su~~ti~ly reducing reaction times and temperatures. 

p) R’sR’=Ph, R’=H am a.emxlpec. 

b) R’zH, R’.R’=Ph 100% SWpet. 

schaae%. 

The initial observation of the cleavage of a cyclic ether via an a43rbaniou to form an ok6u appears 
to have been made by LAzinger and Polhut (Scheme 57).” Treatment of 2-phenyitctrahydrofuran with 
alkyllithium gave ethyknc and acctophenone. Wharton CI al. observed the decomposition of the 
benxaldehyde ace&d of ethykne glycol, 81, with phenyllithium in ether at room tempemture to ethylene 
(tWM%).” Although benxok acid was not recovered from the reaction mixture, the isolation of both 
benxophenone and ~~y~~~o~ was consistant with an initial fragmentation to benxoate ion 
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(Scheme ST). The scope of this reaction was examined su~u~~y by Hines d oL= who determined 
the syn-stueospecificity of the decomposition enabl@ a facile, ambient temperature preparation of 
Puns-cyclooctene (75% yield low6 franr). 

Orthoformate esters of 1,2-dials (82 and 83) could be cleaved to olefins stuoospecifically by heating 
to > Iso” with acetic acid catalyst (Scheme 57)“D This reaction appear& to be partkuMy useful for the 

. 
prep&m of a&un~ systems. In contrast, dquotonation of the o&wster, 84 (scheme 57) 
with butyllithium gave phenylac&ophenone and ethyl formater@’ No stilbmewas observed. 

2-Acetoxy-1,3-dioxoknes, which may be intermediates in the acetic acid-catalyxed decomposition of 
2~oxy-l~oxoI~, were converted to alkenes (CC&, acetic acid) when heated nent to UP.= The 
reaction was not clean and prohaced the mixed (f oruuwwwe) diester of the YiCdiOl in varying 
amounts. Rqortedly, dewmposition of the acetoxydioxdanes prodwed only okfins in xykne under 
reilux. ~~0x0~s have been pmpared from uicdiols (~~y~~ dint&y1 acetal).~ 
These were pyrolyzed in r&rxing acetic anhydride to produce dimethyl acetamide, C&, acetic acid, and 
oielin. The reactions were not genudly stereospecitk, however, and some carbonium ion character was 
evident. In one case, for example, Wliphenykthykne and truwstilbene accompanied the major 
product, ciwtibene. 

The ethylene keta3 of norborr&enone, 87, fragmented to give ethylene (Scheme 58).” Although this 
reaction appears to have little utility for olefin synthesis, it was pursued as a possible source of 
dialkoxycarbenes (dimethyl rather than ethylene ketal). 

schc5x 58. 

syn-fragmentations of thib, tJ-dioxolaues, and r&&d heterocyclics discussed above 
have condderabk utility for okfIn synthesis. The following discussion permits an assessment of the 
degree to which such ma&ions may be empbyed as a key step for oletin inversion. Shortly after Cope d 
at. proved that moltcuIar disymmctry would be a property of frens-cycboctene by resolving the 
t~~defin with platinum compkxes of a-methyl benxylamine,= they established the absolute 
co&urations of both the cycloocta&,2dids and the fnms-okGn.= The (+~tnuu-IJdioI, 86 
(Scheme 59) was obtain& then by fractiona crystal&&on of the strychnine salt of the monophthalate 

hv 
t 

half-ester.~ Ragmentation of the derived thioaocarknrato 87, produwd optic&y pure (-)-Wrfw- 
cy~l~in8$96yieM.Atoutew;rsalso~~tiatbe~resohrtioawas 
performed on the m intam&& (r&r to SohenS 53) with the salt of (-q-l- 



596 P. E. SONIM 

phmykthanesuMonic acid. Again, high optical purity was achieved. A series of optically pure 3- 
substit&d Cmnr<yclooc%es were prepared and absohrte co&urations were established.~ In each 
instance the trrusdoubk bond was obtained by treatment of the benxylidene derivative with butyl- 
Iithium. Ahhough the yields were not high, the stereospecificity of the reaction assured optical purity of 
product. OpticaUy active hrur-cyckoctene prepared by these routes has also been used to synthesize 
zrans-fused and optically pure cyclopropanes~~ and axiridines~ (Scheme 59). The thionocarbonate 
decomposition (Corey-Wmter reaction) has been applkd successfully to sugars3’0 and other highly 
oxygenated sub&rates. )” This reaction served also in the final step of the synthesis of optically active 
twistene, tJ& and thereby aided in the determination of the absolute cor@wation of both the alkene and 
the parent hydrocarbon (Scheme 60)?12 Fused cyclobutme systems related to propelhines, 89:” and the 
hi&red cyclobutene, 90 (Scheme t3y” were obtained either by direct dcsulfurixatiin of a thionocar- 
bonate or by the modification which produced an iodoester for xinc reduction.~ Attempts to prepare 
benxyne from catechol via either the thi~nocarbonat?‘~ or the benxylidene derivative”J faikd. A 
trimeric compound was obtain4 from the carbene of the thionocarbonate,3’o’7 whik the benxylidene 
derivative produced catechol and 2phenyl-2-(2-hydroxyphenoxy~n~~” 

0 

7.INTmc~oNoP~ALlEBwEC EDMETRICAL IsDmus 

Double bonds which are conjugated with various common carbon functional groups have been, in 
part, discussed in the earlier sections wherein the methodology employed for inversion served as the 
basis for discussion. It was noted that conjugation lowered the energy barrier to thermally induced 
inversion of geometry, and altered the energy ditlerence between isomers so as to favor tmn.r. 

Substitution of a basic nitrogen on the fi-carbon of an @-unsaturated system to create a “push- 
pull” ethykne dramatically lowered the barrkr to inversion.“’ Enaminoaldehydes and enaminoketones, 
for exampk, underwent cis-trcur isomerixation in solution. The equiliium position was dependent 
upon both the structure of the compound and the solvent. Similarly, the equilibration of geometrical 
isomers of nitroenamines has been studkd by NMR techniques.“9 

Heteroatoms which are not as basic as nitrogen atTord more readily isolated geometrical isomers. 
Thus vinyl boranes may be converted to vinyl halides by either retention or inversion or geometry.” In 
this case, geometrical inversion was accompanied by a switch from one heteroatom (B) to another (Br), 
and the inversion was from a rmn.r-vinyl borane to a cis-vinyl halide. A similar sequence involving vinyl 
silanes has permitted the preparation of vinyl chloride~,~’ bromide~,~‘~ iodides,fp acetatc~,‘~ 
ethers,” and enamid# with either retention or inversion; the replacement consisting of X for Si. 
These reactions have in common anti-addition of XY followed by anticlimination of XSi (or XB). 

The currency of these efforts makes a thorough review of the inversion of heteroatom substituted 
alkenes quite premature. Ckarly, however, a new area for research is developing concurrently with the 
developing interest in vinyl organomet’dliis; namely that of inversion of alkene geometry with con- 
commitant replacement of one heteroatom by another. The utility of such transformations for organic 
synthesis, and the thermal and photochemical= properties of geometrically pure heteroatom substituted 
alkenes, seem to offer considerable latitude for further research.m 
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