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ABSTRACT: Both experimental and theoretical studies confirm that the formation of aryl vinyl ether and aryl vinyl
sulfide cation radicals from the corresponding neutral substrates correlates with thedBrparameters as opposed

to Hammetts values. Peak oxidation potentials for both classes of substrates correlate preferentiay veighdo
gas-phase ionization energies calculated by both semi-empiricalamdtio methods. In contrast, the protonation
energies of the same substrates, which relate to carbocation formation, correlate preferentiatlyadiths, as do

rates of protonation and other electrophilic additions. These observations permit a sharp distinction between
electrophilic and electron transfer reactions of these two common classes of electron-rich substrates. Using this
criterion, the cycloadditions of tetracyanoethylene to these substrates are found to proceed via an electrophilic
mechanism, rather than by a previously proposed electron transfer mechani#88 John Wiley & Sons, Ltd.

KEYWORDS: electrophilic reactions; electron transfer reactions; electron-rich alkenes; tetracyanoethylene

INTRODUCTION in which the carbocation center is homobenzylic (see
canonical structured and 2a). In the terminology of
More than three decades after the recognition of the resonance theory, the positive charge is also delocalized
electron transfer (ET) mechanism as an alternative to theon to the benzylic heteroatom (canonical structlbg,
familiar polar mechanism for covalent bond formation, but is not significantly delocalized on to the ring
the distinction between polar and ET mechanisms electron system or on to para resonance electron-
continues to be problematic. The seminal proposal by donating substituent, since this would require expansion
Kosowet of an ET mechanism for the cycloaddition of of the heteroatom octet (structur@c). Since the
tetracyanoethylene (TCNE) to electron-rich alkenes is quinonoidal type resonance structuic)( required by
illustrative (Scheme 1). The difficulty in characterizing the classical o/oc" paradigni for a correlation of
such an ET mechanism is inherent in the potentially very substituent effects with the Hammett—Browi para-
short lifetimes of caged ion radical pair intermediates. In meter is invalid, it is predicted that substituent effects in
principle, ultrafast intramolecular cation radical (or anion electrophilic additions to these substrates should corre-
radical) probes are capable of detecting even the shortestiate with the Hammett parameter. The application of
lived intermediates, but the cation radical probes the conventional paradigm to an ET reaction which forms
developed thus far are not capable of detecting a substrate cation radical is less straightforward, but this
intermediates having lifetimes of 1& s or less In process appeared highly likely to correlate with. In
the present work, a surprisingly straightforward and part, our reasoning was that the cation radical moiety (or
convenient criterion for the differentiation of electro- hole) must be delocalized substantially over both the
philic and ET reactions of certain electron rich alkenes aromatic ring and the ethenic double bond, and positive
was developed. charge situated directly on the ring is known to be
stabilized by the enhanced resonance effegbarf 7-
donor substitutents which differentiates from ¢.2 If
RESULTS AND DISCUSSION this intuitive analysis can be substantiated, e ™"
criterion would provide an unusually straightforward and
convenient method for distinguishing electrophilic and
ET mechanisms for a range of functionality which should
be especially amenable to an ionization mechanism. The
*Correspondence toN. L. Bauld, Department of Chemistry and validity of the. foregoing anquSIS IS Stron.gly supported .by
Biochemistry, University of Texas, Austin, Texas 78712, USA. both theoretical and experimental studies to be detailed
E-mail: bauld@mail.utexas.edu herein, and the results provide an unequivocal assignment

Electrophilic addition to an aryl vinyl ether (or sulfide or
selenide) yields a cationic intermediate (&,cheme 2)
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Scheme 1. Polar and ET mechanisms for the cycloaddition of TCNE with methyl vinyl ether

for the mechanismof the TCNE/electron-richalkene
cycloadditions.

Theoretical studies

Geometric considerations. Ab initio SCFMO calcula-
tions were carriedout at the 6-31G//6-31G level (i.e.
fully geometryoptimizedusingthe 6-31G basisset)for
phenylvinyl ether(PVE), phenylvinyl sulfide(PVS)and
the correspondingationradicals(PVECR,PVSCR)and

conjugateacids[the 1-phenoxyethylcarbocation(PVE-
CA) and the 1-phenylthioethylcarbocation(PVSCA)].
Abinitio calculationsverecarriedoutusingthe Gaussian
94 programonthe Cray YMP computerat the University
of TexasHigh PerformanceComputationFacility. The
optimizationswere carriedout usingthe indicatedbasis
set without imposing any synmmetry restraints. All
doublet specieswere calculatedusing the UHF proce-
dure; otherwise the RHF procedurewas used. The
optimized geometriesare available as supplementary
material. Selectedbond lengthsin thesesix speciesare
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Scheme 2. The o (electrophilic)/o™ (ET) criterion
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1.7843 1.3181 1.7078 1.3546 1.7847 ®
Ph—S8—CH=—=CH, Ph===8===CH===CH,» Ph—S——CHCHs
1.7659 1.7112 1.6276
PVS PVSCR PVSCA
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Ph—0—CH===CH, Ph===0===CH===CH, Ph—O0——CHCHg
1.3809 1.2347
PVE PVECR PVECA

Scheme 3. Selected bond lengths (A) of phenyl vinyl ether, phenyl vinyl sulfide and the corresponding cation radicals and

conjugate acids optimized at the 6-31G"//6-31G" level
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Scheme 4. Conformation of the side-chain in phenyl vinyl ether (PVE) and its cation radical (PVECR) and conjugate acid (PVECA):

6-31G"//6-31G"

particularly pertinent(Scheme3). Especiallynoteworthy
is the observatiorthatthe phenyl-sulfubondof PVSCA
(1.7847A is virtually identical with that in PVS
(1.7843A, suggesting that there is no significant
contributionfrom a canonicaktructuresuchas2c, which

should shortenthe phenyl-sulfurbond. As would be
expectedrom structure2b, the bondfrom sulfur to the
carbocatiorcenteris muchshorterin PVSCA(1.6276A

thanin PVS (1.7659A. In sharpcontrast,the phenyl-
sulfur bondin PVSCR(1.7078A is much shorterthan
thatin PVE (1.7843A andis evenjust slightly shorter
thanthe vinyl-sulfur bond(1.7112A. Theimplicationis

that the sulfur in PVSCRIis more strongly conjugated
with the phenylring in PVSCRthan in PVS and that
conjugationwith the phenyl and vinyl group is about
equallystrong.Analogousrelationshipsexistin the case
of PVE, PVECRandPVECA. Interestingly the phenyl—

oxygen bond in PVECA is actually longer (1.4348%)
thanin PVE (1.36144), indicating that strongconjuga-
tion of the oxygen atom with the carbocationcenter
weakenghe conjugativeinteractionof the oxygenatom
(asanelectrondonor)with the phenylring. The phenyl—
oxygen bond in PVECR, on the other hand, is much
shorter(1.2772A thanthatin PVE.

The conformationsof the side-chainsin the PVE,
PVECR and PVECA lend additional credenceto the
proposathatthe oxygenatomof PVECAIs unableto act
as a n-electronacceptorin relation to the phenylring
(Scheme 4). Whereasthe side-chainin PVECR is
rigorously planarwith the phenylring, thatin PVECA
is twistedby 54.7 outof thering plane.Evenin PVE,the
twist angleis only 35°. The highly twisted structureof
PVECA would not appear reasonableif canonical
structure2c were contributingvery significantly.

+ H @
: >—CH3
0

o o o

AVE AVECR

(aryl vinyl ether)

AVECA

= 4-NHp, 4-MeO, 4-Me, 3-Me, H, 4-Cl, 3-Cl: AM1 and ab initio
3-F, 4-CHO, 4-CP (cyclopropyl) : AM1 only

Ei = E(AVE)-E(AVECR); Ep = E(AVE)-E(AVECA)
AE; = E{AVE)-E{(PVE); AEp = Ep(AVE)-Ep(PVE)

Scheme 5. Theoretical ionization energies and protonation energies
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AEp, AM1

Figure 1. Plot of relative AM1 protonation energies (AE,) of
aryl vinyl ethers vs Hammett o. The correlation equation is
AE,=11.1150 + 0.46577 ( =0.974)

Frontier orbital considerations. The leading interac-
tion in the stabilization of a carbocationcenterby a
resonance(n) electron-donatingpara substituent is
expectedto be that involving the substituentHOMO
andthe carbocationLUMO. The densitydistribution of
the LUMO of PVECA is thereforeof particularinterest
and is depictedin Plate 1. Graphicillustrations of the
LUMO and SOMO were generatedusing the program
MACSPARTAN. Blue regionscorrespondo the highest
densityandred to the lowestdensity.It is evidentfrom
Platel thatthis LUMO is highly localizedupontheside-
chainandthatvery little densityis delocalizedon to the
para position.In contrastthe SOMO of PVECR,which
should reflect the charge distribution in the frontier

AEp, AM1

o+

Figure 2. Plot of relative AM1 protonation energies (A£,) of
aryl vinyl ethers vs Brown o*. The correlation equation is
AE,=6.3438 o+ + 1.3567 (* = 0.870)
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AEi, AM1

o+

Figure 3. Plot of relative AM1 ionization energies (AE) of aryl
vinyl ethers vs ¢, The correlation equation is AE = 15.640
o+ 0.069488 (* = 0.982)

orbital approximationrevealsan especiallyhigh density
attheparaposition(Figurel). Consequenthythefrontier

orbital interactionis consideredikely to be extremely
weak in PVECA. This interaction should correspond
roughlyto canonicalstructure2c.

Linear free energy correlations. The most direct
theoretical test of the proposedos/o™ criterion would
appearto be the calculationof ionization energies(E;)
and protonationenergies(E,) of a seriesof meta and
para-substitutedphenyl vinyl ethers(Scheme5). Such
calculationshavebeencarriedoutin this studyatboththe
semi-empirical(AM1) and ab initio (MP2/6—-31G//6—
31G) levelsof theory. The gas-phaséonization energy,

10

AEi, AM1

Figure 4. Plot of relative AM1 ionization energies (AE) of aryl
vinyl ethers vs . The correlation equation is A£;=25.384 0 —
2.2303 (* =0.943)
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AEp, MP2
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Figure 5. Plot of relative ab initio MP2/6-31G"//6-31G
protonation energies (AEp) (>< 100 in au) of aryl vinyl ethers vs
o. The correlation equation is A£, =0.22317 o — 0.000704
(#=0.977)

E;, is definedhereasthe energydifferencebetweenthe
neutral molecule and the correspondingcation radical,
both fully geometryoptimized without symmetrycon-
straints. Calculationsfor the cation radicalsare of the
unrestrictedHartree—Fock(UHF) type. The gas-phase
protonationenergy(protonaffinity, E,) is definedasthe
energydifferencebetweenthe neutralmoleculeandthe
correspondingconjugateacid (carbocation).The terms
AE; and AE; refer to the differencesin E and E,,
respectivelypf asubstituted®VE andunsubstitutedPVE

AEp, MP2

o+

Figure 6. Plot of relative ab initio MP2/6—31G*//6—31G
protonation energies (AE,) (><100) of aryl vinyl ethers vs ™"
The correlation equatlon is AE,=0.012644 a+00011
(*=0.924)
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Figure 7. Plot of relative ab initio PMP2/6-31G //6-31G
ionization energies (AE) (x100) of aryl vinyl ethers vs ot
The correlation equation is AE=0.029245 o+ — 0.00087
(** =0.980)

(Scheme5). The correlationof the AM1 AE, with o
(Figure 1) can be seento be fairly good (r>=0.974),
whereashecorrelatlonofAE with o is poor (Figure2;
r>=0.870, substltuenlparameterszveretakenfrom Ref.
4.) In contrast, the correlation of AE; with o" is
satisfactory(Figure 3; r> = 0.982),while the correlation
of AE; with o is muchlessso (Figure4; r?=0.943).The
slopeof theplot of AE; vso ™ translatesnto a Hammettp
valueof —11.5,whereaghe slopeof theplot of AE, vso
is equivalentto p = —8.2 (bothin the gasphase).

AEi, PMP2

-4.5 T T T T T T T
-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5

[¢)

Figure 8. Plot of relative ab initio PMP2/6-31G //6-31G
ionization energies (AE) (><100) of aryl vinyl sulfides vs o.
The correlation equation is AE=0.047355 o — 0.00529
(”* =0.886)
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Figure 9. Plot of peak oxidation potentials (Egx, V vs SCE) of
aryl vinyl sulfides by DPV in acetonitrile vs o™. The correlation
equation is AEox =0.341130" 4 1.3563 (= 0.990)

The correspondingb initio resultsfurther supportthe
validity of the proposeds/o™ criterion. The resultsrefer
to MP2/6-31G point calculationsat the fully optimized
6-31G geometriesof each species.The AE, vs o
correlation(Figure 5) is clearly superior(r>=0.977)to
thatfor AE, vso™ (Figures, r°=0.924).Theionization
energies,on the other hand, correlate nicely with o+
(Figure 7, r=0.981) and poorly with ¢ (Figure 8,
r? = 0.886).The slopesof the plots of AE; andAE, vso ™
and o, respectively,correspondo valuesof p=-13.5
and —10.2 for the ionization and protonation, respec-
tively, of phenylvinyl ethersin the gasphaseTheslope
of the AE; and AE, vs o or o plots is relatedto the
reactionconstantby the following equation,wherethe
AEs areexpressedh kcal mol™.

p = (slope)(1000)/4-2.303)(1.987)(298)

For ab initio energiesexpressedn atomic units, the
appropriateequationis

p = (slope)(627.7)(1000)2.303)(1.987)(298)

Finally, whereenergiesare expressedn volts (Epx),
the appropriateequationis

p = (slope)(23.06)(1000)/-2.303)(1.987)(298)

Experimental tests

The proposedcorrelation of the ionization energiesof
AVE and AVS with ¢ rather than with o has been
furtherexaminedy synthesizinggndmeasuringhe peak
potentialsfor theionizationof aseriesof meta andpara-
substitutegohenylvinyl sulfideg(Tablel) andphenylcis-
propenylethers(Table2). The correlationsof thesepeak

0 1998JohnWiley & Sons,Ltd.

Table 1. Peak oxidation potentials (Eox) for aryl vinyl sulfides
in acetonitrile determined by differential pulse voltammetry

Substituent Egx (V vSSCE) Substituent Eqx (V vsSCE)

4-MeO 1.097 4-Br 1.389
4-Me 1.267 3-Cl 1.475
3-Me 1.314 4-CR; 1.594
H 1.346 3,5-Ch 1.603
4-Cl 1.401

potentials(Eqx) with o ando aredepictedn Figures9—
12. The statistical treatments strongly support the
correlation with o*, and F-test$ indicate that the
distinction is valid in both reactionseriesat or above
the 95%confidencdevel. The p valuesfor theionization
of aryl propenyl ethers and aryl vinyl sulfides in
acetonitrile solution at ambienttemperaturesare —7.6
and —5.8, respectively.

Electrophilic additionsto substitutedPVES, PVSS®
and PVSe$ havealreadybeenextensivelyinvestigated
and found to correlate preferentially with Hammetto
values. These studies include kinetically controlled
protonationof PVEs,PVSsandPVSesandtrifluoroace-
tylation of PVSs,all involving reactionof anelectrophile
at the terminalcarbonof the vinyl group.

CONCLUSIONS

An extensive array of theoretical and experimental
evidencesupportghe contentionthatratesandequilibria

in electrophilicadditionsto aryl vinyl etherssulfidesand

selenidegpreferentiallycorrelatewith Hammetto values
as opposedto Brown ¢" values,but electron transfer
(ionization)reactionsf thesesameelectron-richalkenes
correlate with the 0" parameterpreferentially. Since
thesefunctionalgroupsareamongthosewhich, because
of the facility of their ionization, should be especially
amenableo ET reactionsthe o/ criterion providesa

particularly useful and convenientdiagnostic test for

electrophilic vs ET reaction modes.Finally, since the

reactionsof TCNE with aryl vinyl ethers,sulfidesand

selenideshaveall beenfoundto correlatepreferentially
with ¢,'° these cycloadditions can be confidently
assignedan electrophilic (polar) mechanism,and the

hypotheticalET mechanisntanbe ruled out.

Table 2. Peak oxidation potentials (Eqx) for aryl cis-propenyl
ethers determined by differential pulse voltammetry

EOX EOX
Substituent (V vsAg/Ag") Substituent (V vsAg/Ag™h)
4-MeO 1.197 3-Me 1.574
3,4-Me 1.408 H 1.601
4-Me 1.464 4-Br 1.621
3,5-Me, 1.508 3-Cl 1.715
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Figure 10. Plot of peak oxidation potentials (Eox, V vs SCE)
of aryl vinyl sulfides by DPV in acetonitrile vs o. The
correlation equation is AEgx=0.45472 o+ 1.3065
(P =0.921)

EXPERIMENTAL

Electrochemicameasurementaere carriedout usinga
BAS 100 electrochemicalanalyzerin the differential
pulse voltammetric(DPV) mode scanningin the range
500-1900mV at a scanrate of 5 mV s with a pulse
amplitude of 50 mV, a pulsewidth of 50 ms, a pulse
period of 1000 ms and a sensitivity of 1 x 10°°. The
electrochemicatell wasa divided cell equippedwith a

1.6 =)
a
&
< 1.5 o
g 1.4
S -
1.3
1.2 a

1.1 T T T T T T T T T T T

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
o+
Figure 11. Plot of peak oxidation potentials (Eox, V vs SCE)
of aryl cis-propenyl ethers by DPV in acetonitrile vs o*. The

correlation equation is AEox=0.44717 o' +1.2758
(* =0.976)
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APE

Eox,

Figure 12. Plot of peak oxidation potentials (Egx, V vs SCE)
of aryl cis-propenyl ethers by DPV in acetonitrile vs o. The
correlation  equation is AEox=0.5900 o+ 1.2324
(*=0.713)

platinum disk working electrode(anode),a reticulated
vitreouscarboncounterelectrodgcathode)attachedo a
copperwire andseparatedrom theworking electrodeby

aglassfrit. An Ag/Ag* referenceelectrode(silver wire

immersedin a solution of dried acetonitrile,0.1 m in

AgNO; and LiClIO,), calibrated vs the ferrocene/
ferricinium ion couple, was placed in the anode
compartmentand separatedrom the bulk solutionby a
Vycor frit. The bulk solutionconsistedf theanalyte(1—
5 mg ml~?) dissolvedin anhydrousacetonitrilecontain-
ing 0.1 M LiCIO4 as the electrolyte. Acetonitrile was
purified by distillation from P,Os under dry N,

immediatelyprior to use.The peakoxidation potentials
vs Ag/Ag™ were convertedto an SCE basisby adding
0.30V.

Substrates. The aryl vinyl sulfideswere preparedby a
modificationof a literature proceduré® with the excep-
tion of phenylvinyl sulfide, which was obtainedfrom
Aldrich.

General procedure for the synthesis of substituted ary!
vinyl sulfides. An aryl Grignard reagent, from the
reactionof an aryl bromide or iodide and excessMg,
wasadded via a cannula,to a solution of 2-chloroethyl
thiocyanatein THF at 0°C. After the addition was
complete, the reaction mixture was stirred at room
temperaturefor 1 h, at which time the reaction was
cooled to 0°C and a suspensiorof KOtBu (4-6-fold
excess)in THF was carefully added.The reactionwas
refluxedfor 1-2 h and checkedby gaschromatography
(GC). If GC analysisindicatedthatthe reactionwasnot
complete,then abouttwo more equivalentsof KOtBu
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were addedand reflux was continuedfor anotherhour.
The reactionmixture was cooled to room temperature
andthentransferredo aseparatingunnelcontainingl 00
ml of 10% (NH,4)>S0O,, 100ml of saturatedNaCland200
ml of pentaneThe aqueoudayer wasremovedandthe
organiclayerwasthendried overMgSQ, andthe solvent
removedat reducedoressuren a rotary evaporatorThe
residuewas vacuumdistilled at ca 5 Torr, allowing a
small forerun of materialbefore collecting the product.
Yields arereportedor isolatedmaterialof suitablepurity
(>95% by GC) for quantitative experimentsIn some
casesmultiple distillations were necessaryo meetthis
requirement.

4-Methoxyphenyl vinyl sulfide. Using the aboveproce-
dure,the Grignardreagentrom 4-bromoanisol€18.7g)

and Mg (3.0 g) was addedto 8.20 g of 2-chloroethyl
thiocyanaten 20 ml of THF. Theeliminationwascarried
out with 25 g of KOtBu in 100 ml of THF. Distillation

gave6.621g (59.1%)of productdeterminedo be >98%
pureby GC: b.p.115-120C at5 Torr; *H NMR, § 3.76
(s,3H),5.1(m, 2H), 6.43(dd, 1H), 6.85(d, 2H), 7.31(d,

2H); °C NMR 6 55.1,112.4,114.7,123.3,133.5,133.9,
159.5; low-resolutionmassspectrometer§LRMS), m/z
166(M™), 151 (base)135,121,107,77; high-resolution
(HR) MS, m/zcalculatedfor CgH100S 166.0452 found

166.0453;E,°* = 1.097V.

4-Methylphenyl! vinyl sulfide. Using the above proce-
dure, 100 ml of a 1 M solution of 4-methylphenyl
magnesiunbromide(Aldrich) in diethyl etherwasadded
to 8.10g of 2-chloroethylthiocyanaten 20 ml of THF.

Theeliminationwascarriedout with 15.40f g KOtBu in

50 ml of THF and required additional KOtBu (10 g).

Distillation gave5.399 (53.9%)of productdeterminedo

be >97%pureby GC:b.p.95-105C at5 Torr; *H NMR

6 2.3 (s, 3H), 5.2 (m, 2H), 6.45(dd, 1H), 7.07 (d, 2H),

7.25(d, 2H); 13C NMR 6 21, 114.1,129.8,130, 131.2,
132.6,137.3;LRMS, m/z150(M™), 135 (base), 105,91,

77; HRMS, m/z calculatedfor CgH10S 150.0503 found
150.0498;E,°% = 1.267V.

3-Methylphenyl vinyl sulfide. Using the above proce-
dure,the Grignardreagentrom 3-bromotoluend17.122
g) andMg (4.0 g) wasaddedto 8.10g of 2-chloroethyl
thiocyanatén 20 ml of THF. Theeliminationwascarried
out with 25.5g of KOtBu in 70 ml of THF. Distillation
gavel0.864g (72%) of productdeterminedo be >98%
pureby GC: b.p.93-94°C at5 Torr; *H NMR, § 2.32(s,
3H),5.3(m, 2H), 6.5(dd, 1H), 7.0(m, 1H), 7.16(m, 3H);
13CNMR, 6 21.2,115.2,127.4,127.9,128.9,132,133.9,
138.9;LRMS, m/z 150 (M™), 135 (base),105, 91, 77;
HRMS, m/z calculated for CgH;0S 150.0503, found
150.0497;E,> = 1.312V.

4-Chloropheny! vinyl sulfide. Using the above proce-
dure, the Grignard reagentfrom 4-chloroiodobenzene

0 1998JohnWiley & Sons,Ltd.

(9.65 g) and Mg (2.3 g) was addedto 3.21 g of 2-
chloroethylthiocyanateén 20 ml of THF. Theelimination
was carriedout with 5.29g of KOtBu in 25 ml of THF.
Distillation gavel.01g (22.4%)of productdeterminedo
be >95% pure by GC: b.p. 105-110C at 5 Torr;
1H NMR, 6 5.38(m, 2H), 6.45(dd, 1H), 7.28(s, 4H); **C
NMR, 6 116.2,129.2,131.6,132.4,132.6;LRMS, m/z
170(M™), 135(base)108,91,75; HRMS, m/zcalculated
for CgHeCIS (M—H) 169.9947, found 169.9958;
E, "% =1.392V.

3-Chlorophenyl vinyl sulfide. Using the above proce-
dure, the Grignard reagentfrom 3-chloroiodobenzene
(14.5079) and Mg (2.27 g) was addedto 4.94 g of 2-
chloroethylthiocyanatén 20 ml of THF. Theelimination
was carriedout with 9.12g of KOtBu in 25 ml of THF
andrequiredadditionalKOtBu (10 g). Distillation gave
4.098g (58.7%)of productdeterminedo be >96% pure
by GC: b.p. 105-110C at 5 Torr; *H NMR, § 5.4 (m,
2H), 6.45(dd, 1H), 7.18(s, 3H), 7.33(s, 1H); *CNMR, 6
117.5,126.9, 127.8, 129.3, 130, 130.4, 133.5, 136.7;
LRMS, m/z170 (M), 135 (base),108, 91, 75; HRMS,
m/z calculatedfor CgHgCIS (M + H) 171.0035,found
171.0034E,°* = 1.467V.

4-Trifluoromethylphenyl vinyl sulfide. Using the above
procedure the Grignard reagentfrom 4-bromotrifluor-
omethylbenzenél1.123g) andMg (4.07g) wasaddedo
6.643g of 2-chloroethylthiocyanatein 20 ml of THF.
The eliminationwas carriedout with 31 g of KOtBu in
100 ml of THF. Distillation gave 6.034 g (59.9%) of
productdeterminedto be >97% pure by GC: b.p. 80—
83°C at5 Torr; *H NMR, 6 5.52(m, 2H), 6.51(dd, 1H),
7.38(d, 2H), 7.55(d, 2H); **C NMR, § 119,125.8,125.9,
128.7,129.5,140.1;,LRMS, m/z204(M ™), 183,159,135
(base), 91, 69; HRMS, m/z calculated for CgH;F3S
204.0221 found 204.0215;Epox =1.604V.

3,5-Dichloropheny! vinyl sulfide. Using the above
procedure, the Grignard reagent from 1-bromo-3,5-
dichlorobenzend22.62 g) and Mg (3.25 g) was added
to 11.78g of 2-chloroethylthiocyanaten 20 ml of THF.

Theeliminationwascarriedoutwith 43.79g of KOtBu in

100 ml of THF. Distillation gave 5.427 g (26.5%) of

productdeterminedo be >95% pureby GC: b.p. 110—
115°C at3 Torr; *H NMR, § 5.5 (m, 2H), 6.48(dd, 1H),

7.18 (s, 3H); 1°C NMR, § 119.6,126.6,126.9,129.1,
135.3,138.5; LRMS, m/z204 (M), 169, 134 (base);
HRMS, m/z calculatedfor CgHsCl,S (M—H) 203.9567;
found 203.9565.E,° = 1.612V.

4-(Methylthio)phenyl vinyl sulfide. First, 9.62 g of
thioanisole (77.4 mmol) in 60 ml of pentanewere
convertedinto 4-bromothioanisoldy the slow addition
of asolutionof 12.4g (mmol) of Br, in 20 ml of pentane
at room temperature After 30 min., the solvent was
removedandthe crudeproductwasadsorbedn 20 g of
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basicaluminaandplacedontop of 50 g of basicalumina.
The productwas flashedoff the columnusing hexane—
EtOAc (9:1). After solventremoval,14.3g (84.7%)of 4-
bromothioanisolavasisolated.GC analysisof the crude
productshowedt was93% pureandit wasusedwithout
further purification: LRMS, m/z 204 (M), 202 (M™,
base),158,156,108.

Then,usingthe aboveprocedurethe Grignardreagent
from 4-bromothioanisolg14.3 g) and Mg (4.24 g) was
addedto 8.13g of 2-chloroethylthiocyanatan 20 ml of
THF. The elimination was carried out with 35 g of
KOtBu in 100 ml of THF. Distillation gave 6.62 g
(55.6%)of productdeterminedo be 92.5%pureby GC:
b.p.100-110C at1.5Torr; *H NMR, 6 2.4(s,3H), 5.25
(m, 2H), 6.45(dd, 1H), 7.11 (d, 2H), 7.25(d, 2H); **C
NMR, § 15.8,114.9,127.2,130.1,131.7,132.3,138.3;
LRMS, m/z 182 (M™), 167, 135 (base),123, 108, 91;
HRMS, m/z calculatedfor CgH,,S, (M+H) 183.0302;
found 183.0296:E,° = 1.104V.

Synthesis and characterization of aryl cis-propenyl
ethers. The latter substratesvere preparedby the base
(potassiumtert-butoxide—-DMSO)catalyzedisomeriza-
tion of appropriatellyl aryl ethers-? The corresponding
allyl etherswereobtainedby reactionof the appropriate
sodium aryloxide with allyl bromide in refluxing in
ethanol. The crude allyl aryl etherswere isomerized
without further purification.

Pheny! propeny! ether. Foundto be 95% pure by GC:
b.p.25-26°C at1 Torr; *H NMR, 6§ 1.7 (dd, 3H), 4.8 (m,
1H), 6.3(m, 1H), 6.9 (m, 3H), 7.2 (m, 2H); *C NMR, §
9.2,107.1,116.0,122.2,129.4,140.8,157.5;LRMS, m/z
135(M + H) (base)119,105,95; HRMS, m/zcalculated
for CgH1,0 135.0810found 183.0819.

4-Bromopheny! propenyl! ether. Foundto be 96% pure
by GC: b.p. 72—-74C at 0.3 Torr; *H NMR, § 1.67 (dd,
3H),4.8(m, 1H), 6.2 (m, 1H), 6.7 (m, 2H), 7.3 (M, 2H);
13C NMR, 6 9.4, 108.1,114.7,117.7,132.3, 140.3,
156.5;,LRMS, m/z213(M + H) (base)162,134;HRMS,
m/zcalculatedfor CgH;,0Br 212.9915found212.9910.

3-Chlorophenyl propeny! ether. Foundto be 98% pure
by GC: b.p.50-51°C at 1 Torr; *H NMR, § 1.6 (dd, 3H),

4.8(m, 1H),6.2(m, 1H), 68(m, 1H),6.9(m, 1H), 7.1(m,

2H); C NMR, 6§ 9.4,108.7,114.4,116.6,122.5,130.3,
135.0, 140.2, 158.2; LRMS, m/z 169 (M + H) (base),
155,149,145,141,129,125; HRMS, m/zcalculatedfor

CoH110CI 169.0420found 169.0426.

3,4-Dimethylphenyl propenyl ether. Foundto be 96%
pureby GC: b.p.49-50°C at2 Torr; *H NMR, § 1.7 (dd,
3H), 2.1(d, 6H), 4.7 (m, 1H), 6.28(m, 1H), 6.7 (M, 2H),
6.9 (d, 1H); 1°C NMR, § 9.4, 18.8,19.8,106.3,113.4,
117.7,140.3,130.5,137.8,141.6,155.9;LRMS, m/z163
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(M + H) (base),147, 133, 123, 107, 91; HRMS, m/z
calculatedfor C;,H;50 163.1123;found 163.1130.

3,5-Dimethylphenyl propeny! ether. Foundto be 94%
pureby GC:b.p.59-6C°C at1 Torr; *H NMR, 6 1.68(dd,
3H),2.2(s,6H),4.7(m, 1H),6.3(m, 1H),6.5(s,3H); 1*C
NMR, 6 9.4, 21.3, 106.7,114.0, 124.2,139.3, 141.3,
157.7; LRMS, m/z 162 (base),147, 123; HRMS, m/z
calculatedfor C;,H;50 163.1123;found 163.1128.

3-Methoxylphenyl! propenyl ether. Foundto be 96%
pureby GC: b.p.52-53C at2 Torr; *H NMR, § 1.7 (dd,
3H), 3.66(s, 3H), 4.8 (m, 1H), 6.3 (M, 1H), 6.5 (m, 3H),
7.1(m, 1H); *3C NMR, 6§ 9.4,55.1,102.5,107.4,108.3,
130.1,140.9,158.8,161.1.11 RMS, m/z164(base)149,
135,125;HRMS, m/zcalculatedor C,oH;50, 165.0916;
found 165.0914.

4-Methoxylphenyl propenyl ether. Foundto be 97%
pureby GC: b.p.54-56°C at2 Torr; *H NMR, § 1.7 (dd,
3H), 3.6 (s, 3H), 4.7 (m, 1H), 6.2 (m, 1H), 6.7 (m, 3H),
7.1(t, 1H); *C NMR, 6 9.4,55.4,106.0,114.7,117 .4,
142.1,151.8,155.2;LRMS, m/z164 (base);HRMS, m/z
calculatedfor C;gH;50, 165.0916;found 165.0907.

3-Methyilphenyl propenyl ether. Foundto be 95% pure
by GC:b.p.43-45°C at2 Torr; *H NMR, § 1.7 (dd, 3H),
2.25(s, 3H), 4.78(m, 1H), 6.3(m, 1H), 6.7 (m, 3H), 7.1
(t, 1H); *CNMR, § 9.4,21.3,106.9,113.2,117.0,123.2,
129.3,139.6, 141.1. 157.7; LRMS, m/z 149 (M + H)
(base), 133, 121, 109, 57; HRMS, m/z calculatedfor
C10H130 149.0966found 149.0961.

4-Methylphenyl propenyl ether. Foundto be 96% pure
by GC:b.p.40-42C at1 Torr; *H NMR, § 1.7 (dd, 3H),
2.2 (s, 3H), 47 (m, 1H), 6.3 (m, 1H), 6.8 (d, 2H);
13CNMR, §9.4,20.5,106.5,116.1,130.1,131.6,141.5,
155.7;LRMS, m/z148(base)133,119,107;HRMS, m/z
calculatedfor C;,H;50 149.0966;found 149.0961.

4-Biphenyl propeny! ether. Foundto be 99% pure by
GC: m.p. 80-81°C (recrystallized from hexane);*H
NMR, 6 1.7 (dd, 3H), 4.9 (m, 1H), 64 (m, 1H), 7.0 (d,
2H),7.2-7.4(m, 3H), 7.5(m, 4H); *CNMR, § 9.4,107.7,
116.4,126.8,126.9,128.2,128.7,135.4,140.6, 140.8,
157.0;LRMS, m/z211(M + H) (base)171;HRMS, m/z
calculatedfor C;15H,50 211.1123;found211.1118.
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