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ABSTRACT: Reactions of 5-(alkoxy)thianthrenium perchloratg&swith weakly basic nucleophiles Br I~ and

PhS™ (X7) in MeCN and DMSO led t&2 substitutionE2Celimination, and reaction at sulfonium sulfur to extents
depending on the structure of the alkoxy group (RO} and the nucleophile. Three types of reaction occurred with
R = cyclopentyl La), cyclohexyl (b), cis (1c¢) and trans 4-methylcyclohexyl 1d) and cycloheptyl 1e), and

X~ =Br and I". That is,Sy2 reaction gave RX and thianthrene 5-oxide (ThEBCreaction gave cycloalkene and
ThO and reaction at sulfonium sulfur gave, Xhianthrene (Th) and cycloalkanol (ROH). Earlier work with R = Me
(1f)and Et Lg) and X =17, Br had shown that onl$\2 reaction occurred. In contrast with reactions of halide ions,
reactions of PhSwith 1b—goccurred only at sulfonium sulfur, giving Th, ROH and PhSSPh (DPDS). For comparison
with 1, reactions of Ps5"OMe (2) with I~ and PhS were carried out. Reaction with lgave only PhS=0 and Mel
(S\2). Reaction with PhS gave very little PhSMeS2) but mainly PBS, MeOH, and DPDS from reaction at
sulfonium sulfur. The differences in nucleophilic pathways (PWS Br- and I") in reactions withl and 2 are
attributed to differences in thiophilicities of the nucleophiles. The thiophilicity of Péh@ninates its reactions with

and 2. The direction toward products (Th, ROH and DPDS) in these reactions is compounded by the ease of
displacement of alkoxide frorh and2 by PhS’, and the ease with which, subsequently, thiophilic PlaBacks
sulfenyl sulfur in the resulting phenylthiosulfonium ion. Copyrightt999 John Wiley & Sons, Ltd.
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INTRODUCTION the rates of reaction (with primary and isopropyl R)
indicated that these reactions weg2 displacements.
Alkoxysulfonium salts have been known for about 60 Small amounts of two side reactions were also observed.
years, since the first one was prepared by Meerwein.  One [Eqn. (2)] was an elimination that gave alkene and
Meerwein’s method, the alkylation of a sulfoxide, is in ThO, and the other [Eqn. (3)] was reaction at sulfonium
fact the one frequently used for preparing methoxy- and sulfur that gave thianthrene (Th), halogen and the alcohol
ethoxysulfonium salts, utilizing commonly available (ROH).
trimethyl- and triethyloxonium salts as alkylating We have continued with studies of reactions of
agents’ Recently, we found that thianthrene cation nucleophiles withl and report here the reactions Td—
radical perchlorate (TRCIO,”) reacts easily with a  ewith Br~ and I (Scheme 2) in which R is cyclopentyl
variety of primary and secondary alcohols (Scheme 1), (14), cyclohexyl @b), cis- (1c) and trans-4-methylcy-
permitting the isolation of crystalline 5-(alkoxy)thian- clohexyl (Ld) and cycloheptyl 1€). As shown in Scheme
threnium perchlorates1).>~" The availability of these 2, these reactions encompassed substitution [Eqn. (1)],
salts allowed us to begin a systematic study of their elimination [Eqn. (2)] and halogen formation [Eqn. (3)].
reactions with nucleophiles. We found, for example, with We also studied reactions bb—ewith thiophenoxide ion
the use of'®0 labeling, that water reacted with 5- (PhS). In contrast with halide ion reactions, those with
(cyclohexyloxy)thianthrenium perchlorate at sulfonium PhS  occurred only at sulfonium sulfur, with the
sulfur, producing thianthrene 5-oxide (ThO) and cyclo- formation of Th, cycloakanol (ROH) and diphenyl
hexanol? Reactions ofl containing acyclic primary and  disulfide (% =DPDS). For comparison with reactions
secondary alkyl groups (R) with bromide and iodide ions of 1 having cycloalkyl R, we studied also reactions of 5-
were different, however. The major products were alkyl (methoxy)- (f) and 5-(ethoxy)thianthrenium perchlorate
halide and ThO [Scheme 2, Eqn. (1)]. The products and (1g) with PhS . For further comparison with reactions of

1, we studied reactions of methoxydiphenylsulfonium

*Correspondence to:H. J. Shine, Department of Chemistry and tetrafluoroborate2) with 1~ and PhS.
Biochemistry, Texas Tech University, Lubbock, Texas 79409, USA.

Contract/grant sponsorRobert A. Welch FoundatiorGontract/grant StUd'eS. of reactions of alkoxysulfonium ions with )
number:D-0028. nucleophiles are by no means new. The largest systematic
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studieshavebeenin reactionsof hydroxideion, alkoxide
ions and alcoholswith methoxy- and ethoxysulfonium
ions (sincethosestudieswere usedin characterizinghe
exchangeof alkoxy ligands at the sulfur atom), the
racemizatiorof sulfoxidesandthe oxidation of alcohols
to aldehydesandketones>*®~1?As far aswe areaware,
systematicor deliberatestudiesof reactionsof alkoxy-
sulfoniumions with halide ions havenot beenreported.
Reactionsof chloride and bromide ion with particular
alkoxysulfonium ions, coincidental,for example,with,
andarisingfrom studiesof, oxidationsof alcohols,have
beenreported>~2® and we shall refer further to these
reactionsWe shallrefer further, also,to the reductionof
sulfoxides by HI*’ and the role of halide ions in the
racemizationof sulfoxides'® and in the exchangeof
ethoxidegroupsin an ethoxysulfoniumion.'® Reportsof
reactionsof alkoxysulfoniumions with thiolateions are
also not numerous.Oae and Kim?° have reportedthe
reaction of ethoxydiphenylsutinium tetrafluoroborate
with p-tolyl thiolate and Kobayashiand co-workerg*??
havereportedreactionsof arylmethylmethoxgulfonium
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saltswith PhS". We shall refer to thesereactionsalso.
We have been unable to find any other reports of
reactionsof thiolateions with alkoxysulfoniumsalts.

RESULTS AND DISCUSSION
Reactions with I~ and Br™

Reactionswere carriedout in dry acetonitrile(MeCN).
Thesourceof I~ wasKI. Two sourceof Br~ wereused.
BecauseKBr is not sufficiently solublein MeCN, it was
usedasoneof thesourcesin the presenc®ef 18-crown-6
(18C6). A second source was tetrabutylammonium
bromide(TBAB). Reactionproducts,exceptl, andBr,,
were assayedwith quantitative gas chromatographic
(GC) analysis.Becausesalts such as 1a—g decompose
wheninjectedinto a hot gaschromatograplinlet,® it was
necessaryo ensurghatreactionwascompletebeforethe
final assaywas made.To do that, assaysf the reaction
mixturesolutionweremadeattimedintervalsuntil, when
reaction appearedto be complete, completion was
verified by injecting a small amountof aqueouK,CO;
into the reaction solution. Salts such as la—g are
convertedinto ThO and ROH by aqueousK,CQOs.
Therefore,completionof reactionwith halide ion was
indicatedby invariantassaybeforeandafterinjection of
aqueouK,COs. In Tablesl (for 1) and2 (for Br™) only
the final assayof the dry reactionsolution is reported.
lodine wasassayedy titration of analiquot of solution
afteradditionof aqueoud,COs. Assayof Br, couldnot
be made directly, and thereforeit was assayedafter
conversioninto |, by addition of KI.

Reactions with 1. Six productsare listed in Table 1:
cycloalkene (ene), cycloalkyl iodide (RI), ThO, Th,
cycloalkanol(ROH)andl,. Theamountof enewassmall
(6.6%) and the amountof RI large (89%) from le In
contrasttheamountof enewaslarge(about50%)andRl
small (2—-6%)from 1b andc. From 1a, 21% of eneand
55% of Rl wereobtainedwhereadrom 1d, theamounts
were approximately35 and 38%. It is apparentthat 1e
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Table 1. Products of reactions of 1a—e with Kl

Product(%)
Compound ene RI ThO Th ROH 1,2 Ratid®
la 21 55 78 19 ¢ 17 0.97
1b 53 6.0 55 44 43 43 1.07
1c¢ 52 2.5 52 48 46 47 1.05
1df 35 38 76 23 21 23 0.96
le 6.6 89 95 54 tr 53 1.01

2Yield (%) basedon startingamountof 1.
P Sumof (ene+ RI)/ThO.
¢ Peakoverlgppedwith solvent.

d Averageof two experimentsErrorsin tabulatedaveragesvere2.0 (ene),0.6 (RI) and 1.0 (all otherproducts.
¢ Assaybasedon responsédactor for cis-(4-methyl)iodocyclohexanbecauseuretransisomercould not be prepaed.
f Averageof two experimentsErrorsin tabulatedaveragesvere 1.0 (eneandls), 2.0 (RI andTh), 3.0 (ThO) and 4.0 (ROH).

behavednuchlike a primarysalt’ in undergoingmainly
S\2 displacementwhereasla andd to someextent,and
1b andc to major extents,succumbedo elimination.
The duality of pathways substitutionandelimination,
reportedn Tablel (andTable2),andoccuringto amuch
lesserextentin our earlier work, parallels competing
substitution and elimination that was uncoveredin
reactionsof alkyl halides and tosylateswith weakly
basicnucleophilesabout40 yearsago. The elimination
reactionis alesseiknownbutwell recognizedgartof the
spectrumof E2 eliminations. When first reported by
Winstein et al.>® with cyclohexyl substrates;t was
called, for want of a betterunderstandingthe ‘merged’
mechanismgonnotingan eliminationthat occurredin a
pathway destined for Sy2 substitution. Thus, this
eliminationaccompanied,2 reactionsof weakly basic,
good nucleophiles,and gave rise to the classification,
albeit somewhatcontroversially, E2C elimination®4~2°
Thisis the eliminationthatiodideion causesn reactions
with 1a—e muchmore pronouncedhanwasobtainedin
our earlier work with primary and acyclic secondary
alkyloxy groups’ The datain Table 1 show that E2C
reactionbecomeanore competitivewith Sy2 on going
from cycloheptylto cyclopentyland, lastly, cyclohexyl
alkyl groups.Reactionswith the cyclohexylcompounds
1b—d areparticularlystriking in thatthey parallelresults
reportedyearsagofor cyclohexylhalidesandtosylates.
That is, Winstein et al.?® noted that cis-4-tert-butylcy-
clohexyltosylategavemoreenethanthe transisomerin
reactionswith | ~, Br~ andPhS'. Eliel andHabef” found
in reactionswith PhS™ that the rate of eliminationfrom
cis-4-tert-butylcyclohexyl bromide was 66 times faster
than from the trans isomer.In thosecis substratesthe
leaving group is axially oriented. That is also the
orientationof the thianthreniumoxygroupin the ring of
1c,° and Table 1 showsthat moreene(52%) s obtained
from the 1c thanfrom its transisomer,1d (35%). Thus,
1c and d have the characteristicsof E2C reactions
observedearlier with much simpler substrates.lt is
noticeablethat the amountsof eneand RI formed also

Copyright0 1999JohnWiley & Sons,Ltd.

from the cyclohexyloxy salt (1b) are similar to those
formedfrom 1c ratherthan 1d, which hasan equatorial
thianthreniumoxygroup.At first sight,thiswaspuzzling,
sincethe dominantorientationof the thianthreniumoxy
groupin cyclohexylring of 1b is equatoriaf However,
1b, butnotlcandd, undergoesing inversionin solution,
and at room temperatureapproximately30% has the
axially oriented thianthreniumoxygroup® We deduce,
therefore,that the axial conformerreactsin the E2C
mode more rapidly than the equatorial conformer, as
found by earlier workers with simpler systems,thus
leading1b into a patternof reactioncomparableo that
for 1c. It is apparenthat, in Sy2/E2C terminology,ThO
is a good leaving group, and that the cyclopentyl and
cycloheptylrings of 1a ande allow more easilyfor 2
displacementhanthecyclohexylsystems b-d. We have
not beenableto find studiesof or referenceso E2C-type
reactionswith cyclopentyl and cycloheptyl derivatives
comparableo thoseof cyclohexylhalidesandtosylates.

Reactionsthat give RI and ene must also give ThO
[Egns(1) and(2)]. Thereforethe sumof theyieldsof RI
and ene should equal the yield of ThO. That this is
reasonablycorrectin our resultsis shownby the ratio
(Rl 4 ene)/ThQin Table1.

Earlier,we notedthat althoughwe havenot beenable
to find systematicstudiesof reactionsof halideionswith
alkoxysulfonium salts in the literature, reactions of
chloride and bromideions with particular alkoxysulfo-
niumionshadbeernreportecby Coreyandco-workers->¢
The reactions originated in studies of oxidation of
primary and secondaryalcoholsthroughthe agencyof
an alkoxydimethylsifonium ion (5) formedin situ from
a chlorosulfoniumchloride (3) and/orsuccinimidosulfo-
nium chlorideandbromide(4, Scheme3). Coreyandco-
workers noted that in some cases oxidation was
accompaniedby or supersededy halogenation,with
the formation of R;R,CHX and Me,SO. For example,
when the succinimidochloride 4 was used,benzhydrol
and 2-cyclohexenolyavethe correspondinglkyl chlor-
ides ratherthan the ketones:® Reactionat —25°C with

J. Phys.Org. Chem.12, 827-836(1999)
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benzhydrol,2-cyclohexenoland benzyl alcohol in the
absenceof triethylaminegave,in fact, >95% yields of
alkyl chlorides™ Analogously,geraniol was converted
into geranyl bromide with the use of N-bromosuccini-
mide. Corey and co-workers attributed alkyl halide
formation to casesin which the sulfoxonium ion
intermediate(5, Schemed) is relatively unstablé* and
contains alcohols which correspond with stabilized
carbocationg3*°

An analogous chlorination has been reported by
JohnsorandJone$® in theformationof alkoxysulfonium
ions by the oxidation of sulfideswith tert-butyl- and
isopropyl hypochlorites at —78°C. The initial tert-
butoxy-andisopropyloxysulfoniunchlorideswerefound
to be too unstableto beisolated,but could be stabilized
into isolable hexachloroantimonaseby the addition of
antimony chloride. Without this stabilizationthe initial
salts decomposedinto sulfoxide and tert-butyl- and
isopropy! chloride; quantitative data for chloroalkane
formationwerenotprovided.Obviously,theformationof
tert-butyl chloridecouldnotbefrom anSy2 displacement
and, by analogy,isopropyl chloride was not formed in
that way either. The mechanisnof chloroalkaneforma-
tion in thesecasegemainsunidentified.
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It is evidentthat our reactionsof 1 with iodide (and
bromide)ion differ from the halogenation@ccompany-
ing theseoxidationreactions.Thatis, our first report of
alkyl halideformationwaswith examplesof 1 thatwere
not unstablein solution andthat containedprimary and
acyclic secondaryalkyl groups unlikely to represent
stabilized carbocationsin thosereactionsthe rates of
formation of primary alkyl halides clearly fitted S2
characteristicsFurthermore 5-(neopentyloxy)tlanthre-
nium perchloratefailed to give neopentyl-or any other
alkyl iodide, a finding that was consistentwith §2
characteristicof alkyl iodide formation.In our present
work, the behaviorof the cyclohexyloxy salts 1b—d fit
clearlyinto the Sy2/E2C duality of earlierreports.In only
onerespectare Coreyandco-workers'resultsanalogous
to ours,andthatis thatsaturatedlcohols ordinarily inert
to conversioninto halidesin competitionwith oxidation,
could be convertedduring lengthy reactiontimesin the
absenceof triethylamine. Thus, cyclohexylmethano
gave 43% of the chloride after 100h at 5°C, while
cyclohexylmethanolnd 2-phenylethanolgave 70% of
the bromides after 36h at 20°C in reaction with
derivative 4.>* Thesereactionswould appearto be S2
displacementganalogougo ours.Coreyand co-workers
commentedhat the use of reagentderivedfrom other
sulfides may extend the scope of their halogenation
reaction. Our use of the isolable alkoxythianthreium
saltsfulfils thatprognosisat leastinsofarasprimaryand
acyclicsecondanalkyl groupsareconcernedSuitedalso
to halideformationis the methoxydiphenylsutiniumion
(2), whichasthetetrafluoroboratgavemethyliodideand
diphenylsulfoxide quantitativelyin reactionwith iodide
ion (seeExperimentakection).

Table 1 lists three more products,Th, ROH and I..
Thesecomefrom athird typeof reactionof compoundd
with halide ion, namely reaction at the sulfur atom
(Schemet). Thisreactionwasobservedo a smallextent
in our earlierwork,” butis seenhereto be significantin
reactionsof the cycloalkoxyderivatives.It occursto the
greatesextentwith 1b andc, in which, seemingly, 52
displacementis the most difficult. Thus, reaction at
sulfur, as with elimination, competeswith the S2

J. Phys.Org. Chem.12, 827-836(1999)
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Table 2. Products of reactions of 1a, b and e with bromide ion

Product(%)
Compound Sourcé of Br~ ene RBr RBr, ThO Th ROH Br, Ratid®
la TBAB tr 89 —° 94 5.1 —d 6.2 0.95
la KBr-18C 15 89 —° 100 3.5 —d 2.0 0.91
1b® KBr-18C 3.9 4.2 43 55 45 45 8.2 0.93
1d TBAB 1.0 89 —° 93 8.9 1.3 9.6 0.97
19 KBr-18C 0 97 —° 97 51 3.7 —° 1.00

a8 TBAB is tetrabutylammoniunbromide;KBr—18C is potassiunbromide+ 18—crown-6.

® Sumof (ene+ RBr + RBr,)/ThO.
¢ Not soughtor measured.
9 peakoverlappedvith solvent.

¢ Averageof two experimentsErrorsin tabulatedaveragesvere2.4 (ene),0.6 (RBr), 1.0 (RBr, and ThO), 2.0 (Th), 3.0 (ROH) and 4.8 (Br,).
f Averageof two experimentsErrorsin tabulatedaveragesvere 1.0 (ene),5.0 (RBr), 3.0 (ThO), 4.1 (Th), 1.3 (ROH) and 3.4 (Bry).
9 Averageof two experimentsErrorsin tabulatedaverageswere 1.0 (RBr), 2.0 (ThO), 0.3 (Th) and 1.8 (ROH).

reaction.Reactionat sulfur shouldgive equalamountsof
Th, ROHandl,, andthisis borneoutby thedatain Table
1.

Reactions with Br . Thesereactionsverewith 1a,b and
e, and the sourceof bromideion was either potassium
bromidein the presenceof 18-crown-6or tetrabutylam-
monium bromide.In analogywith iodide ion reactions,
threepathwayswvereobservedScheme?). Thedominant
pathwaywith the cyclopentyloxy(1a) and cyclohepty-
loxy (1€) derivativeswas bromoalkaneformation. This

was the minor pathwaywith the cyclohexyloxyderiva-
tive (1b). Instead eliminationandreactionat sulfonium
sulfur werethe major fatesof 1b. A complicationin the
reactionof 1b wasthe additionof Br,, formedasin Eqgn.

(3), to cyclohexengformed asin Eqgn. (2) (Scheme2),

giving trans-1,2-dibromocyclohexas designatedRBr,

in Table 2. It is possible that small amounts of

dibromocycloallane were formed also from la and e

but we did not searchfor those products.In terms of

stoichiometry,therefore,the sum of the yields of ene,
RBr and RBr, shouldequalthe yield of ThO. We have
expressedhat equality as a ratio in Table 2. Also, the
yields of Th andROH shouldeachequalthe sumof the
yields of Br, plus RBr,. This is also shown to be
approximatelythe casein Table2.

The summary then,of our reactionsof 1 with I~ and
Br~ andof methoxydiphaylsulfoniumion with 1™ is that
S\2 displacementof an alkyl group prevails until
inhibited by structural features of the alkyl group,
whereuponE2C reactionand reactionat sulfur become
significant.Reactionat sulfur is shownin Scheme4 to
leadto asulfurang6). Thesulfurandtself mayreactwith
halide ion, or as proposedby othersin otherreactions,
17a,bmay leadto a halosulfoniumion (7), from which
productsareformed.Thelossof analkoxy groupfrom an
alkoxysulfonium ion in reactionwith a nucleophilehas
been describedas facile in even the early work of
Meerwein®® We are unableto distinguishbetweenthe
two pathways.

Copyright0 1999JohnWiley & Sons,Ltd.

Reactions of halide ions at the sulfur atom of
oxysulfonium ions, with concomitantformation of a
sulfurane intermediate, have been proposed earlier.
Examplesinclude the racemizationof sulfoxides by
HCI*®@ and the exchangeof a sulfoxide’s oxygenatom
with water, catalyzedby HCI.*8 Landini and co-work-
ers’®Pinterestingly foundthatiodideion in perchloric
acidsolutioncausedhereductionof sulfoxideswhereas
bromide and chloride ions under the same condition
causedonly racemizationln all of thesecasesreaction
wasinitiated by theattackof halideion atthe sulfuratom
of the protonatedsulfoxide, that attack being, in fact,
identified as the rate-determiningstep’”® Our results
differ alittle from thoseof Landiniandco-workersn that
bothiodide andbromideion causedo someextentwhat
is in effect the reductionof compoundsl, whereasonly
iodide causedthe acid-catalyzedreduction of sulf-
oxides!’® The sameworkersreportedan orderin thio-
philicities of the halide ions, CI~, Br—, I~ as 1:3:87.
Similar ordering in the thiophilicities of halide ions
havebeenlisted by Kice®! for catalysesf reactionsof
nucleophilesat sulfenyl and sulfynyl sulfur atoms.In
analogywith suchcasesve mightexpectin ourreactions
thatiodide would give muchmore Th and halogenthan
bromideion in reactionswith 1. Thatexpectatioris seen
only in reactionsof la, however.It may be that the
expectedorderin thiophilicities is compromisecby the
complexity of our competingreactionsystems.

Reactions with PhS™

Reactionswere carriedoutin MeCN andDMSO overa
period of 2h. Completion of reactionwas verified in
somecasedy following separatelythe disappearancef
the sulfonium ion with NMR spectroscopyA small
excess of sodium thiophenoxide (PhSNa) over the
amountof sulfoniumsalt(1 and2) wasused correspond-
ing to the stoichiometryof Scheme® and6. Thiophenol
(PhSH), approximately equivalent to the amount of

J. Phys.Org. Chem.12, 827-836(1999)
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PhSNawasincludedin all runs.UnlessPhSHwasused,
largeamountsof sulfoxide (ThO from 1, PhbSOfrom 2)
wereformed.(InsofarasusingaddedPhSHis concerned,
we found that this wasthe practicein one of the earlier
studies’’ but not in others. Where E2C occurred, of
coursethiol wasformedin situ, aspointedoutby Cooket
al.®2 with p-nitrothiophenoxideand by Bordwell and
Mrozack®® with p-methoxythiophenoxideRoutineuseof
anexces®f PhSHwasnotedby Arnoneetal.**in studies
of Sgal reactions.)n the presencef PhSHthe products
of reactionwere substantiallyonly alkanol (ROH), the
parentsulfide (Th from 1, Ph,S from 2) and diphenyl
disulfide (DPDS).None of the §2 product(PhSR)was
obtainedfrom reactionsof 1 and only small amounts
from reactionsof 2. PhSHitself did not reactwith the
alkoxysulfoniun salts.Theresultsarelistedin Tables3—
5. In theseTables,the yields of products,exceptDPDS,
arefrom GC analyseof reactionsolutions.Becausean
exces®f PhSNaandPhSHwasusedtheyieldsof DPDS
were assayedoy GC but only after PhSHand unused

Table 3. Products of reaction of 1b—e with PhSNa

Product(%)*
Run Compound ROH’ Th*  DPDS*C Tho!
1 1b 99 94 105 5.1
2 1c 101 94 100 7.7
3 1d 96 96 103 3.7
4 le 96 97 99 6.2

& Average of two experimentswith 1b-d and three with 1e All
experimentsverein MeCN at roomtemperature.

Errorsin tabulatedaveragesvere 1-5.
¢ After separatiorby columnchromatographyGC oncolumnA. Yield
is basedon the stoichiometryof Schemes.
9 Errorsin tabulatecaveragesvere3.3(1b), 4.1(1¢), 1.6 (1d) and1.0
(1e).

CopyrightO 1999JohnWiley & Sons,Ltd.

Table 4. Products of reaction of 5-methoxy- (1f) and 5-
ethoxythianthrenium perchlorate (1g) with PhSNa

Product(%)?
Run Compound Solvent ROH> Th DPDS' ThO
1 1f DMSO 98 99 104 1.7
2 1f MeCN 105 99 105 2.5
3 1g DMSO 96 99 102 1.0
4 1g MeCN ¢ 95 103 4.2

& Averageof threeassaysn eachrun. Theaverageerrorsfor assay®of
ROH, Th and ThO were: (run 1) 0.05,1.7, 0.18; (run 2) 0.93,0.30,
0.15;(run3)0.03,1.3,0.22;(run4)—,0.12,0.18.In all experimentshe
molar ratio of PhSNato 1 was ca 2.5, and PhSH equivalentto the
amountof PhSNawasalsoused.

® On columnE.

¢ EtOH overlappedhe solventin GC traces.

d After separatiorby columnchromatographyGConcolurm A. Yield
is basedon the stoichiometryof Schene5.

PhSNahad beenremovedas describedin the Experi-
mentalsection.We wereableto assaywithout difficulty
the formationof cycloalkanolsdrom reactionsof 1b—ein
MeCN, andof MeOH andEtOH from reactionsof 1f and
gand2in DMSO.Directassayf MeOHandEtOH from
reactionsof 1f andg and2 in MeCN were not possible,
apparentlybecauseof the insolubility of NaOMe and
NaOEtin MeCN. Thesealkoxideswere not converted
into the alcohols in these circumstancesConversion
resistedthe additionof a largeexcessof PhSH,andwas
achievedonly with the addition of a small amountof
water (0.2ml) to the reaction solution (10ml) after
reactionwascomplete Assayof MeOH by GC wasthen
successfulandis reportedin Tables4 and 5. Assay of
EtOH wasnot possibleevenwith this treatmentecause
the GC peak overlappedthat of MeCN. Some control
experiment®nthefate of sodiumalkoxidesin MeCN are
includedin the Experimentalsection.We concludethat
the formation of cycloalkanolfrom 1b—ein MeCN was
driven to completionby reactionof PhSHwith soluble

Table 5. Products of reaction of methoxydiphenylsulfonium
tetrafluoroborate (2) with PhSNa

Product(%)
Run Solvent MeOH* PhS® DPDS PhS®® PhSME&
1 MeCN 98 98 110 tr 1.6

2 DMSO 94 89 102 9.7 3.1

& ColumnE wasused.An averageof threeassayss givenwith errors
2.1%(run 1) and 1.0% (run 2). MeOH wasfoundin run 1 only after
adding 0.2ml of water to the suspensiorbefore assay.MeOH was
found andassayedn run 2 without addition of water.

b ColumnA wasused.An averageof threeassayss givenwith errors
in yields (%) for PhS, Phh,SO, PhSMe,respectively,of 0.80,—,0.03
(run1) and0.40,0.17,—(run 2).

¢ After separatiorby columnchromatographGC on columnA. Yield
is basedon the stoichiometryof Schene 6.
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i
pTolSMe (54%) + PhSMe (12%)

p-TolS Me PhS + DPDS (43%),

OMe p-TolSMe (40%)
8

MegO (43%) +

Scheme 7

alkoxide.Theformationof MeOH andEtOH from 1f and
g and2 in DMSO wassimilarly drivenor may havebeen
driven to completionby small amountsof waterin the
incompletelydried solvent.

Reactions with 1b-e

Table3 showsthe substantiallyquantitativeformationof
cycloalkanol,ThandDPDS.Smallamountsof ThOwere
obtainedIn principle, ThO shouldbeformedfrom either
S\2 displacemenbf the cycloalkyl group or from E2C
elimination, but no indicationsof PhSRand ene were
foundin the GC traces.Thesereactionsof 1b—earethus
in greatcontrastwith thoseof the halideions, in which
Sv2 and E2C were dominant. The reactionsare also
unlike thoseof cyclohexylhalidesandtosylateswith aryl
thiolates.For example,Eliel and Habef’ found almost
equal amountsof substitutionand elimination in the
reactionsof PhS™ with bromocyclohexanand cis- and
trans-4-(tert-butyl)bromocyclohexae, the ratio of rates
for the two reactiontypes being 1.13, 1.04 and 1.17,
respectively.Reactionof cis-4-tert-butylcyclohexyl to-
sylate gave 40% of 4-tert-butylcyclohexené’ The last
reactionin the handsof Winsteinandco-worker$® gave
48% of elimination. McLennarf® obtained 55% of
cyclohexenefrom reactionof PhS  with bromocyclo-
hexane We repeatedhat reactionand confirmedthatin
our hands,too, large amounts of cyclohexenewere
formed (see Experimentalsection).Bordwell and Mro-
zack® reportedthat, wherea®-methylfluorenanionled
to >90% substitution,and 6-bromo-2-naphthoxidéon
led to >90% elimination, in reactionwith bromocyclo-
hexane, 4-methoxythiophenoxideion caused equal
amountsof substitutionand elimination. Thus, although
our compoundslb—d can be regardedas cyclohexanes
carrying a good leaving group (ThO), they have no
propensityto engagen the §2 and E2C reactionsthat
suit a good leaving group. The nucleophilic nature of
PhS is such that, instead, given the opportunity, it
prefersto reactwith 1b—d at sulfoniumsulfur.

Reactions with 1f and g and 2. Preferencdor reaction
at sulfoniumsulfur is alsoseenin the reactionsof PhS
with 1f,g (Table4) andwith methoxydiphenylsulfonium
tetrafluoroborat€2, Table5). We choself andg because
we had found earlier that they underwentalmosttotal
S\2 reactionwith I~ and Br™. In contrast,eachgave
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quantitativeamountsof Th, ROH andDPDSin reaction
with PhS". None of the displacemenproducts,PhSMe
andPhSEtwerefound.We choseto work with 2 soasto
characterizeéhe modeof reactionof simpler alkoxysul-
fonium saltswith PhS™ and ™. Reactionwith |~ (see
Experimentalsection)gave 98—99%o0f Mel and Ph,SO,
indicative of S§y2 displacementof methyl. Only small
amountsof diphenyl sulfide (Ph,S) were formed, that
would beconsistentvith reactionat sulfur. Reactiorwith
PhS", however(Scheme6), gave predominantlyPh,S,
MeOH and DPDS. About 9% of ThO was formed in
reactionin DMSO, suggestiveof §2 displacementbut
only 3.1%of PhSMewasfound (Tableb).
Ourresultsshowthatin contraswith halideionsPhS”
hasa strongpreferencdor reactionat sulfurin reactions
with 1 and2. OaeandKim?° foundanalogouslyhatonly
PhS (90%) and p-tolyl disulfide (80%) were formed
when p-tolyl thiolate reactedwith ethoxydiphenylsulfo-
niumtetrafluoroboratén anhydrousethanol.Therelative
thiophilicity of PhS™ comparedvith halideionsis all the
more noteworthywhenrelatedto the carbonnucleophi-
licity of thesenucleophiles.For example,the ratio of
reactivitiesPhS /1~ in methanolsolutiontoward methyl
tosylate(MeOTs)is 321 andtowardmethyliodide (Mel)
it is 31333 |n sulfolane solution, this ratio of
reactivities toward Mel is 370003’ The ratio for
displacementof methyl from cobalt-boundmethyl in
methyl cobalt(lil)phthalocyaine in dimethylacetamide
solutionis 410007 Intrinsically, therefore especiallyin
analogywith reactionwith MeOTs, one would expect
PhS™ to reactmoreeasilythan|™ (andBr™) at the alkyl
group and displace ThO from 1 and Ph,SO from 2.
Reaction at both sulfonium sulfur (43%) and carbon
(12%)did ocurin reactionof PhS™ with methoxymethyl-
p-tolylsulfonium tetrafluoroborate (8) in dichloro-
methane (Scheme7)?! In that case, methoxide ion,
displaced from the methoxysulfoium ion by PhS’,
reactedfurther with 8 to give dimethyl ether.No such
reactionwasfoundin our work.
Thecollectivedatashowthatreactionof PhS™ with the
sulfur atom of an alkoxysulfoniumion is very facile. In
terms of Scheme4, the sulfurane(6) and phenylthio-
sulfonium ion (7) are formed preferably. Once 7 is
formed, furthermore,it mustreactrapidly with thiolate
ionirreversibly.Measurementsf thiophilicity of thiolate
ions comparableto thoseof halide ions'’®3**8do not
seemto have beenmade, althoughKice and Rogers®
found that SCN™ reactedmore rapidly than I~ at the
sulfenyl sulfur atom of PhSS (OH)Ph. Edwards and
Pearsoff notedthat,amongnucleophilesRS™ andPhS
rank high in their ability to breaka sulfur-sulfur bond,
while Kice®! deducedhationssuchasR,S"SPhundergo
nucleophilicsubstitutionat sulfenyl sulfur with tremen-
dousalacrity. More recentreportshave broughtout the
very facile, Sy2-like natureof the attackof thiolateions
on the disulfidebond?* from which, by comparisonthe
even more facile §y2-like displacementof sulfonium
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sulfur (e.g.in 7) by thioloate would be expected.The
summatiorof ourwork andthe earlierreport$®—??is that
thiolate ions react selectively at the sulfonium sulfur
atomof alkoxysulfoniumions,facilitated,perhapsby the
facile expulsionof the alkoxy group?® Oncethatoccurs,
it is followed by anothervery facile product-forming
reactionof thiolate at the sulfenyl sulfur atomof (in our
casesy phenylthiosulfoniunion.

EXPERIMENTAL

Solventsweredriedasdescribedearlier® Cycloheptanoal,
iodocyclohexang bromocyclopentanebromocyclohex-
ane, bromocyclohetane and trans1,2-dibromocyclo-
hexane were obtained from Aldrich Chemical and
cyclopentanoffrom ArapahoeChemical.lodocyclopen-
tanewasprepare8? by reactionof cyclopentano(1.0g,
12mmol) with iodotrimethylsilane (5g, 25mmol) in
40 ml of CH,Cl, andwas purified by columnchromato-
graphyon 60—100-meskilica gelwith pentaneaseluent,
giving 0.62g (3.16mmol, 26%) of product with a
satisfactory'H NMR spectrum.lodocycloheptanavas
preparedsimilarly and was distilled after chromatogra-
phy failed to give a satisfactoryproduct, giving 1.4g
(6.25mmol, 71%), b.p. 56-57C (2 mmHg); lit.** b.p.
92°C (14 mmHg). cis-(4-Methyliodocylohexanewas
prepared from trans-4-methylcyclohexaol (830mg,
7.28mmol) andiodotrimethylsilang(2.90g, 14.5mmol)
in 40ml of CHCIls. Only a smallamountof productwas
obtained after 2 days of stirring, and stirring was
continuedat room temperaturdor 20 days.lodine was
removedby washingwith sodiumthiosulfateandwater.
Evaporationof the dried solution and distillation gave
460mg (2.05mmol, 28%) of product, b.p. 45-46°C
(2mmHg). The product had a satisfactory*H NMR
spectrumcorrespondingo the cis structure,concordant
with the mechanisnof formation?? Attemptsto prepare
trans-(4-methyl)iodocyclokxane from cis-4-methylcy-
clohexanol gave a mixture of cis- and transiodides.
Physicaldatafor theisomericiodidescouldnot be found
in the literature.Cyclohexylphenylsulfidewasprepared
by reactionof iodocyclohexanewith PhSNa,and was
separatedrom DPDSby chromatographgnacolumnof
silicagel elutedwith light petroleumether,b.p.37-56°C.
The product® had a satisfactory’H NMR spectrum.
Methoxydiphenylslionium tetrafluorborat€?2) waspre-
pared as described earlier? Sodium thiophenoxide
(PhSNa)waspreparedy reactionof thiophenol(PhSH)
with dispersedsodium in boiling diethyl ether under
argon.The product(95%) wasfiltered and washedwith
dry diethylether.lt wascompletelysolublein MeOHand
DMSO but only partly solublein MeCN. For example,
21mg remainedundissolvedwhen 66mg in 10ml of
MeCN weretreatedwith asonicvibrator. Similarly, 36%
remainedundissolvedvhen 18-crown-6wasincludedin
a heatedsolution. The recoveredsolid was itself only
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partly soluble in fresh MeCN. We did not proceed
further. The insolubility of PhSNain MeCN has been
notedearlier?®> Thermogravimetri@nalysisshowedthat
thePhSNadid notcontainvolatile materialsuchaswater.

Preparation of 1a-g. The preparation®f 1b—d,f andg

from reactionsof thianthrenecation radical perchlorate
(caution: a warning about explosivenesshas been
giveri’®) havealreadybeendecribed?"’” Compoundsla

(66%) and le (69%) were preparedsimilarly and had
m.p. (decomp.)63-68and 70—-71°C, respectively Each
hadthe characteristi@aromatic'H NMR spectrunof a5-

(alkoxy)thianthreniumperchloraté’” The multiplet for

H-1' of laaté 5.12andof leaté 4.84were,asexpected,
approximately0.8 ppm downfieldfrom the signalsof the

correspondinglcohols.

Assays of products. Products of reaction (except
halogen)of la—ewith halide ions were assayedy GC
on a Varian Model 3700 gas chromatographand a
Spectra-Physicdodel 4290 integrator-recorderThree
stainless-stegdackedcolumnswereused,eachof 1/8in
i.d.: A, 10%0V-1010n80-100-mesichrom-WHP 4 ft;
B, 10% Carbowax20 M on Chrom-WHP,6 ft; C, 10%
OV-17 on 80-100-meshChrom Q11, 6 ft. ColumnsA
andC wereheldat 50°C for 2 min andrampedto 250°C
at 12°C min~*; column B was heatedsimilarly, but to
only 100°C. Assaysof productsof reactionswvith PhSNa
were madewith columnA andwith two othercolumns:
D, capillary SE-54(SupelcaNo. 2-4001)andE, capillary
SPB-20 (Supelco No. 2-4086). Each was 30 m x
0.25mm i.d., film thickness0.25um. D was heatedat
50°C for 2 min andrampedat 12°C min~* to 250°C; E
was heatedsimilarly andrampedto 100°C. In all cases
theinjector wasat 250°C anddetectorat 300°C.

Reactions of 1 with KI. An exampleis given with 1la
(entry 1, Table 1). A solution of la (44.0mg,
0.110mmol) and KI (46.9mg, 0.394mmol) in 5ml of
MeCN containingboth naphthaleneand 2-butanoneas
GC standardsvasstirredin a septum-cappedolumetric
flask. Aliquots weretakenfor GC analysisafter 35, 140
and280min of stirring, afterwhich 0.3ml of 2m K,COs
was injected. Stirring was continuedfor 2h and GC
analysiswvasrepeatedThe productsmmol x 10%) of the
third andfourth (in parenthesesassayswere cyclopen-
tene2.30(2.20),iodocyclopentae 6.00 (6.00), Th 2.10
(2.13) and ThO 8.60 (8.80). Cyclopentanolwas not
assayedecausets GC peakwastoo broadandshallow
and overlappedwith the solventpeak.The third assays
arelistedin Tablel. An aliquotwastakenafterthe third
assayfor titration of iodine. For this, 0.3ml of K,COs
was addedto the aliquot and was followed by titration
with Na,S,03. ColumnE wasusedfor all productsexcept
cyclopentenefor which columnB wasused.
Reactionsof 1b—e were carried out similarly with
small variationsin concentrationgandsamplingtimes.
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Reactions of 1 with TBAB. An exampleis givenwith 1a
(entry 1, Table 2). A solution of la (41.6mg,
0.104mmol) and TBAB (115mg, 0.357mmol) in 5ml
of MeCN containingbothnaphthalen@nd2-butanones
GC standardsvasstirredin a septum-cappedolumetric
flask. Aliquots were takenfor GC analysisafter 10, 50,
120,285and345min of stirring. Productgmmol x 10%)
after the third and fifth (in parenthesespssayswere
cyclopentene trace(trace), bromocyclopentane 9.33
(9.29),Th 0.523(0.530)and ThO, 9.92 (9.79). Thefifth
assaysarelistedin Table2. After 6 h of stirring, 500mg
of KI wereaddedto the solutionandthe liberatediodine
wastitratedwith Na,S,03. Theresultis expresse@sBr,
in Table 2. Column B was usedfor cyclopenteneand
columnC for all otherproducts.

Reactions of 1 with KBr-18-crown-6. An exampleis
given with 1b (part of entry 3, Table 2). A solution of
427mg(0.103mmol) of 1bin 5 ml of asolutionthatwas
0.0717v in KBr and 0.132m in 18-crown-6 and
containing both naphthaleneand 2-butanoneas GC
standardswas stirred in a septum-capped/olumetric
flask.Aliquotsweretakenfor GC assayafter10,170,235
and370min. Thefourth assayis listedin Table 2. After
thatassay500mg of KI wereaddedto the solutionand
iodine was titrated as usual. Column B was used for
assaying cyclohexene and column C for all other
products.

Reactions of 1 with sodium thiophenoxide in the
presence of thiophenol. An exampleis given with 1b
(part of entry 1, Table 3). A solution of 71.0mg
(0.272mmol) of 1b and45pl (48.3mg, 0.439mmol) of
PhSHin 10ml of MeCN containing biphenyl as GC
standardwas stirred with 57.8mg (0.438mmol) of
PhSNain a septum-cappedsolumetric flask for 2h.
The solution was assayedtwice on column A giving
in mmol (average)0.169+ 0.0015 (99%) of cyclohex-
anol, 0.157+ 0.0001 (92%) of Th, 0.0029+ 0.0005
(1.7%) of ThO and 0.215+ 0.002(126%, basedon the
amountof 1b) of DPDS. Following the GC assaysthe
solution was pouredinto 50ml of 2m NaOH and the
agueousolutionwasextractedwith 3 x 25ml of diethyl
ether.The dried (MgS(Q,) ethersolutionwasevaporated
to drynessandthe solid residuewasplacedon a column
of silicagelfromwhich94.3mgof amixtureof biphenyl,
Th and DPDS was eluted with light petroleum. This
mixture wasdissolvedin 5 ml of MeCN andassayedy
GC on columnA to give 0.148mmol (87%) of Th and
0.175mmol (102%,basedon 1b) of DPDS.This assayof
DPDSis reportedin Table 3.

Similar reactionswith 1c—ewerecarriedout. In some
cases,both biphenyl and 2-butanone(for ROH assay)
were used as internal GC standards.In these runs,
columnsA and D were used.Reactionswith 1f andg
were carried out similarly but in DMSO and MeCN
(Table4).
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Reaction of methoxydiphenylsulfonium tetrafluorobo-
rate (2) with sodium thiophenoxide in the presence of
thiophenol. An exampleis givenwith entry2, Table5. A
solutionof 71.9mg (0.237mmol) of 2 and60pl (64 mg,
0.582mmol) of PhSHin 10ml of DMSO containingboth
biphenyland2-butanonesGC standardsvasstirredin a
septum-cappped volumetric flask with 76.8mg
(0.582mmol) of PhSN&for 2 h. Thesolutionwasassayed
three times on column A, giving in mmol (average)
0.212+ 0.020(89%) of Ph,S, 0.023+ 0.002 (9.7%) of
PhS0,0.357+ 0.002(151%,basedon the amountof 2)
of DPDS, 0.00745+ 0.0009 (3.1%) of PhSMe and
0.222+ 0.0036 (94%) of MeOH. Following the GC
assaysthe solutionwas pouredinto 50ml of 2m KOH
andworked up asdescribedearlierto give 105mg of a
mixture of biphenyl, Ph,S and DPDS. GC assaygave
0.200mmol (84%) of PhS and 0.242mmol (102%,
basedon theamountof 2) of DPDS.This assayof DPDS
is reportedin Table5.

Reactions of 1b and f and 2 with sodium thiophen-

oxide in the absence of thiophenol. The PhSNawas
crystallizedfrom ethanol washedwith hexaneanddried

undervacuum.A solutionof 34.0mg (0.0821mmol) of

1b in 5ml of MeCN containing naphthaleneas GC

standardwas stirred with 35.6mg (0.0270mmol) of

PhSN&or 2 h. GCassaygave0.0524mmol (64%)of Th,

0.0311mmol (38%) of ThO, 0.0771mmol (94%) of

cyclohexanoland 0.0521mmol (63%) of DPDS. An

analogouseactionwith 1f gave55%of Th, 43%of ThO

and62% Of DPDS.The GC peakfor MeOH overlapped
thatfor the solvent(columnA). Similarly, 2 gave46% of

PhS, 54% of Ph,SO, 71% of DPDSand53% of MeOH

(columnE). Thesereactionanaybe comparedvith those
in the presenceof PhSH(Tables3-5).

Reaction of 2 with Kl A solution of 61.6mg
(0.203mmol) of 2 and 90.8mg (0.547mmol) of Kl in
10ml of dry DMSO containing both biphenyl and 2-
butanoneasGC standardsvasstirredfor 2 hin aseptum-
cappedvolumetric flask. CG assayon column A gave
0.198mmol (98%) of Ph,SO and 0.200mmol (99%) of
Mel. Tracesof MeOH andPh,S werealsofound.

Reaction of bromocyclohexane with sodium thiophen-
oxide. A solutionof 43.3mg (0.266mmol) of bromocy-
clohexaneand91.6mg (0.694mmol) of PhSNain 10ml
of DMSOcontainingbiphenylasGC standardvasstirred
for 1 h. GC assaygave0.172mmol (65%) of cyclohex-
ene,0.111mmol (42%) of cyclohexylphenylsulfideand
0.0372mmol (11%) of DPDS. PhSH was formed but
couldnotbeassayetecausdts GC peakoverlappedhat
of the solvent.ColumnA wasused.

Experiments with sodium alkoxides. (a) NaOMe was
preparedasa dry powderfrom reactionof Na with dry
MeOH.A suspensionf 13.8mg(0.256mmol)of NaOMe
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in 10 ml of MeCN containingtolueneasGC standardvas
stirredfor 30 min. GConcolumnE failedto detectMeOH.
PhSH(71mg, 0.645mmol) wasinjectedinto the suspen-
sion and stirring was continuedfor 30min. GC again
failed to detectMeOH. Water (0.2ml) wasinjectedand
stirringwascontinuedor 30 min. A smallamounif solid
remained.GC gave 0.269mmol (105%) of MeOH. A
similarexperimentvith 10.5mg(0.194mmol)of NaOMe
and 1.22g (11.1mmol) of PhSH again gave MeOH
(0.185mmol, 95%) only after the addition of 0.2ml of
water.Thesamdypeof experimentsverecarriedoutwith
EtSH. With 10.5mg (0.194mmol) of NaOMeand 36 pl
(0.484mmol) of EtSH, MeOH (0.192mmol, 99%) was
obtainedonly after the addition of water.Whena larger
amount of EtSH (11.2mmol) was used, MeOH was
detectablegainonly aftertheadditionof water,butassay
wasthwartedby overlapof the MeOH peakwith thevery
largepeakfrom EtSH.

(b) The sodiumsalt of cyclohexanolas preparedoy
heatingNa with cyclohexanolunderreflux. The white
precipitatewasfiltered, washedwith dry diethyletherand
driedundervacuum.To 20.7mg (0.170mmol) of thesalt
wasaddedl0ml of dry MeCN containingnaphthalenas
GC standardMost of the saltdissovedAfter stirring for
30min, GC assayon columnA gave0.162mmol (95%)
of cyclohexanol. The experimentwas repeatedwith
redried(P-Os) MeCN andagaincyclohexano[98%)was
found without the needto add PhSHor water.

Reaction of 1b with PhSH. A solution of 16.2mg
(0.039mmol) of 1b and28.3mg (0.257mmol) of PhSH
was madein 3ml of CD;CN containingnapthaleneas
GCstandardReaction(decreasef thepeaksof 1b at8.4
and 4.54ppm) had not occurredafter 18h. After the
solution had beenheatedfor 1 h at 100°C, GC showed
cyclohexeneThO, PhSHandDPDS.A solutionof 1bin

MeCN gaveThO (105%)andcyclohexeng100%)when
injectedinto the hot GC inlet.
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