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ABSTRACT: The radical bromination of 1,1- and 1,2-diphenylethylenes in 1,2-dichloroethane was
investigated on the basis of kinetic and product distribution data. Whereas the ionic process followed a
third-order rate law (second order infBrthe radical bromination was second order in &nd zero order

in olefin in the reagent concentration range examined. Significant inverse kinetic isotope effects were
found for the bromination of 3;bis(trifluoromethyl)-1,1-diphenylethylene act-1,2-diphenylethylene

under these conditions. At variance with the ionic bromination, which gave mixtureesé andd,I-
dibromides only thenesedibromides were obtained both from this- andtrans-1,2-diphenylethylenes.

The kinetic and product distribution data for the radical process are discussed in terms of a mechanism in
which caged radical intermediates are formgdL998 John Wiley & Sons, Ltd.

KEYWORDS: radical bromination; diphenylethylenes; 1,2-dichloroethane; caged radical intermediates

INTRODUCTION RESULTS

At variance with ionic bromination, which has been Alkenesl (L=H or D) were prepared by conventional
extensively investigatédfor a long time, less attention ~ Grignard methods followed by dehydration of the
has been paid to radical bromination in the liquid phase resulting alcoholsCis- andtrans-1,2-diphenylethylenes,
and the few published kinetic data are based on extremely2 and3, were synthesized by Wittig reactions under two-
different equationd. The diversity of reactions and phase condition8. These alkenes were subjected to
difficulty of interpretation arise from the easy reversi- bromination with By*Brs~ in 1,2-dichloroethane in
bility of many radical reaction steps involving bromo the presence of an excess of 8Br—, a reaction that is
compounds. The following pertinent facts however, have known to give anti addition products. The mese
recently been emphasizéda) addition to a double bond  dibromides5a-e were obtained from thérans-alkenes
competes with substitution at the allylic positions and the 3, whereas theis-alkenes2 gave pured,l-isomersta—e.
selectivity is controlled by the Brconcentration; (b)3- Alkeneslaandb gave dibromidegla andb.
bromoalky! radicals reversibly generate bromine atoms The ionic bromination rates of the alken2s—e and
and alkene$;(c) alkyl radicals react with Brat almost 3a—e with Br, were measured in 1,2-dichloroethane
diffusion-controlled rates;and (d) radical bromination (DCE) at 25C, using a conventional spectrophotometer,
gives practically only thenti addition product by monitoring the disappearance of the halogen. All the
In this paper, we report kinetic and product distribution reactions followed the usual third-order rate law of Eqn
data for the radical bromination of arylalkenes, namely (1), whose integrated form for excess alkene concentra-
1,1- and 1,2-diphenylethylenes, in a moderately polar tions (pseudo-second-order conditiokgeudo-= Kz [All;
aprotic solvent. We also relate the data to the kinetic and Al = alkene) is given by Eqn (2)Q=[Br,]) and for
reaction products for ionic brominations in the same identical reagent concentrations by Eqn @)H[Br2]).

solvent. )
~d[Brz] /dt = k[Al][Bro] (1)

1/C-1/Cy = t 2
*Correspondence toC. Chiappe, Dipartimento di Chimica Bioorga- / 2 / 0 kaseum}z ( )
nica, via Bonanno 33, 56126 Pisa, ltaly 1/C% — 1/Cy” = 2kst (3)
Contract/grant sponsorConsiglio Nazionale delle Ricerche (CNR).
Contract/grant sponsorMinistero dell'Universitae delle Ricerca The ks values spanning six powers of ten are reported in

Scientifica e Tecnologica (MURST). . . .
tDedicated to the memory of Professor Giuseppe Bellucci (died 3 Table 1, which also includes the relative product

March 1996). distribution data.
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686 G.BELLUCCI AND C. CHIAPPE

Table 1. Third-order rate constants,kinetic isotope
effectsandproductdistributionfor theionic bromination
of 1,1-diphenylethylerge and 1,2-diphenylethylenesn
DCEat25°C

Alkene ks(M2s7h ka/ko 5.6
la 8.0(+0.1) x 10 0.75(+0.05)

1b 52 (£2) 0.70(+0.05)

2a 2.8(+0.1) x 10? 0.75(+0.05) 55:4%
2b 11.5(+0.5) 56:44
2c 3.7(+£0.1) 58:42
2d 9.0(+0.1)x 102 75:25
2e 9.4(+0.15)x 103 >95.5
3a 50 (£2) 72:28
3b 1.8(+0.1) 71:29
3d 1.7(+0.1)x 102 87:13
3e 2.6(+0.02)x 1073 >95:5

Table 2. Second-orderateconstantsandkineticisotope
effectsfor the radical brominationof 1,1-diphenylethy-
lenesand 1,2-diphenylethyleneg DCE at 25°C

Alkene ke (M~ts™ ka/ko

la 1.2(+0.1) x 10°

1b 72 (£2) 0.70(+0.05)
2a 6.2 (+0.5) 0.75(40.05)
2b 4.4(+0.5)

2c 4.0(+0.2)

2d 2.6(+0.2)

2e 1.6 (+0.1)

3a 6.0 (+0.5)

3b 4.5(+0.5)

3d 2.3(+0.2)

3e 1.8(+0.1)

Reproducible brominations, following the second-
orderratelaw of Eqn (4) whoseintegratedform is given
by Eqgn (5), occurredinsteadwhen DCE solutions of
alkeneslb (5 x 1072 -2 x 10 3Mm), 2a—e(2.5x 10 2 —
2.5x 103 M) and3a—e(9 x 10 2-2.5x 10 3m),L=H
or D, weremixed with Br; solutions(2.5x 10 °>m) in a
stopped-flow apparatusequipped with a diode-array
detectorand irradiatedwith a sphericaW lamp (10V,
3 A, 10 W) at 25°C. The k, valuesfor 1,1- and 1,2-
diphenylethylenesire reportedin Table 2. In Fig. 1 the
observedsecond-ordekinetic constantgk, andksseudo-3
are plotted against[3b] for the two processe$Eqns (1)
and(4)]. Similar plots canbe obtainedwith all the other
alkenesIn agreementith Eqn (4) k, is of independent
[A1].

—d[Br]/dt = ky[Bra]® (4)

1/C — 1/Co = kot (5)

Moreover, at variancewith the third-order process,
virtually the samevaluesof the rate constantsk, were
found for the brominationof both the cis- and trans
isomersof each pair of 1,2-diphenylethyleree Under
theseconditionsonly dibromides4 andmesedibromides

0 1998JohnWiley & Sons,Ltd.
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Figure 1. Plots of the observed second-order kinetic
constants, k; (@) and Kpseugo-2 ((J) vs [3b] for the bromine
addition following Eqns (4) and (1), respectively.

5, without any d,I-isomer6, wereformedfrom laandb
andfrom both 2a—e and 3a—e, respectively A complete
cis - transisomerizationof the unreactedalkenewas
observedwhen the reactionswere carried out with a
twofold excess of 2a-e. Furthermore, under these
conditions,the brominationof trans-1,2-dichloroethene
gave a trans - cis isomerization, pointing to the
involvementof a radical process.t is indeed knowrf
thattrans-1,2-dichloroetheneeactswith Br, only under
radical conditions to give double bond isomerization
without dibromideformation.

A rate law of the type in Egn (6) was observedfor
alkenela, consistentvith the occurrenceof two parallel
ionic andradicalreactionsTherate constantof the two
processesk, [1.2 (+ 0.1)x 10°M~* s7%] and k; [7.6
(+ 0.1)x 10* M2 s}, were calculatedfrom the slope
andintercept respectivelypf aplot (r = 0.997)of KopsaVvs
[A1] [Eqn (6)].

—d[Bry] /dt = (ks[Al] + ko) [Br]® (6)

The k3 value so calculatedwasin good agreementvith

that[8.0 (+ 0.1) x 10° M2 s~} measurediirectly [Eqn
(1)] whenthereactionsverecarriedoutin theabsencef

irradiation using the single-channektopped-flowappa-
ratus(Tablel).

Meaningful inverse kinetic isotope effects (KIES),
virtually identicalwith thosefor thethird-orderprocess,
were found for the second-orderbromination of 1b,
ki/kp =0.70+0.05, and 2a, ky/kp=0.75+ 0.05.
Furthermore, a satisfactory log—log correlation
(r =0.995) showing a slope (0.125+ 0.01) markedly
smaller than unity was obtained when the kinetic
constantsk, for the bromination of trans-1,2-dipheny-
lethylenes,3a—e were plotted againstthe k; values.A
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Figure 2. Comparison of the rate constants for the radical
(k) and the ionic bromination (k3) of cis- (A) and trans-1,2-
diphenylethenes (O).

similar plot (slope0.127+ 0.01,r =0.990)wasobtained
for cis-alkenes?a—e (Fig. 2).

DISCUSSION

In the light of the most recent investigations, the
mechanismfor the ionic bromination by molecular
bromine of alkenesin aprotic solvents, sketchedin
Schemel involves the formation of bromonium (or
bromocarbeniumitribromideion pairs by ionization of
the alkene—Br, = complexedormedin pre-equilibrium
steps:™ The symmetricallyor asymmetricallybridgedor
unbridged nature of the cationic moiety of these
intermediatesstrictly dependsupon the ability of the
substituenton the double bond to stabilize a positive
chargeon the carbonatoms.In particular,asregardsthe
natureof the intermediatesjt has beenshowrt® by a
product study that in the bromination of 1,2-dipheny-
lethylenesin DCE, not only the ratios betweenthe
isomeric dibromides, but also the reversibility of the
ionization of the alkene—Bs n complexesto ion pairs
dependon the bridged or open nature of the cationic
moiety. Whereaselectron-donatingsubstituentfavour-
ing open p-bromocarbenim ion intermediatesgive
stereoconvergenmixtures of meseand d,I-dibromides

from both ciss and transalkenes and depressthe
reversibility, electron-withdrawinggroups,suchas CF;,

favouring fully bridged bromonium ions give stereo-
selectiveand stereospecificeactionsand makeion pair
return very prominent. Furthermore,it has been also
demonstratedhat in aprotic solvents,at relatively high

bromine concentrationsthe counteranioncan be in the
form of pentabromiddéandpossiblyhigherpolybromide
species)’ andthe natureof theanionicmoiety canaffect
the product-determiningtep**

Althoughbromineadditionin thesesolventsgenerally
follows thethird-order(secondrderin bromine)ratelaw
of Eqgn (1), it has been recently found"? that at low
temperaturesand high bromine concentrationswhich
favourthetransformatiorof the triboromide counteranion
into pentabromideon througha very fast equilibration,
the bromination of deactivatedalkenescan obey an
overall fourth-order (third-order in bromine) rate law.
This behaviour has been interpreted® as a kinetic
evidencefor rate determinationduring the nucleophilic
stepof bromination.

However,as far as we know, second-ordebromina-
tions(zeroorderin alkene)of thetypefoundin thiswork
have been never reported. The independenceof the
brominationrate on the alkeneconcentratiorcanbe due
in principleto two reasonspamelytheactivatedcomplex
for the rate-limiting stepdoesnot containalkene,or the
reaction follows Michaelis—Mentenkinetics when the
alkene concentrationis sufficiently high to be under
saturationconditions.The measuredsotopeeffectsand
the dependencef k, on the substituentf the phenyl
rings in the reactionsof 2 and 3 are in agreement,
however with the presencef the alkenein the activated
complex and point to a saturationeffect. Michaelis—
Mentenkineticsimply the fast, reversibleformationof a
complexbetweenhe alkeneandthe brominatingspecies
prior to therate-limiting step.Evenif thiscouldbedue,at
leastin principle, to the formation of a highly stable
alkene—Bj n-complexwhich capturesvirtually all of the
Br, present in solution, the UV-visible spectrum
registeredimmediatelyafter mixing of Br, and alkene,
when the reactionsfollow the second-orderate law,
which is essentiallythat of free Br,, definitely rulesout
the possibility that Br, is completely transformedinto
oneof the n-complexegeportedn Schemel. Therefore,

Bl'3-
Br 2Br, Br Br
Br. 1 Br. 1 \ |
N~ 2 NAt A 2 NALlA~” H /
= == o =—= O =—>>cc—> //c—cl:/ + nBry
Br
+Br2 -Bry /
Br Br5-
N
~&Pe—
P ~

Scheme 1.
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on the basisof thesedata and taking into accountthe
trans — cisisomerizatiorobservedn the brominationof
trans-1,2-dichloroethenainderthe conditionsin which
the reactionsof 1, 2 and 3 follow the second-orderate
law, the mostprobableorigin of theindependencef the
rate constanton alkeneconcentratiorpointsto a radical
processoccurring through a pre-equilibrium step. In
agreementvith a radical processis also the negligible
substitueneffect on k,, shownby the markedlysmaller
than unity slopeof the log—log correlationfound when
the kinetic constantsk, for brominationof 2 and 3 are
comparedvith thekinetic constants relatedto theionic
reaction®>

Theordinaryradicalmechanisri* [Eqn (7)], however,
requiresa different rate law.

hv Al k
Br, = 2Br* — Br—C—C &2 product  (7)
k1

Whenthe reactionof theradicalintermediate? with Br,
is assumedo be ratelimiting:

v = k[B—C—C*][Br2] (8)

an approximatevalue for [Br—C—C®| can be obtained
from Eqgn (10) applyingthe steady-stat@epproximation:

d[Br—C—C‘]] / dt=0

= ki[A1](Br*] — (k-1 + k') [Br—C—C"] (9)
[Br—C—C*] = kg [AL1][Br*]/(k_1 + k) (10)

Furthermore,[Br®] can be expressedas function of

[Bre]iot by

_ knk [AL][Br]*?
VTG ke
Ky

similar to that reportedfor the radicaliodine additionto
pentendsomers:* canbe obtained Evenif, when[A1]
> (k_1 + k) / kq, asimpleexpression:

V = kn k [Br]*/? (15)

independenof the alkeneconcentratiorcanbe writen, a
3/2 dependencef the rate on bromineconcentrationat
variancewith the experimentatesults,shouldbe found.

It is possible however thatin DCE irradiationby the
spectrophotometeggroducesa very low concentratiorof
BreBr* (or Br*Brs*)*® radical pairsin a cageof solvent
molecules,which may be very rapidly capturedby the
alkeneto give cagedBr® (or Brs®) benzyl radical pair
intermediateg7—-Br* in Scheme2 or 7-Br3* in Scheme
3).

The same intermediates7 could be formed also
throughthe homolytic Br—Br cleavageoccurringat the
stageof al:1or 1:2n-complex.t is generallyaccepted®
indeed,that the first stepin chlorinationis alwaysthe
formationof a Cl—Al complexwhichthenbreaksdown
by either homolytic or heterolytic dissociationof the
Cl—CI bond. The involvement of complexesin the
reaction has been assumedalso for radical bromina-
tion'”*® and iodination* However, unambiguousex-
perimental evidence,showing that complex formation
precedesthe formation of radical, has been never
reported.

(14)
+ A1)

{ ] L] L] 'B '
[Br*] = (B} — [Br—C—C"] (12) w, g
FromEqgns(11) and(10) the equation >C:C< L >C::C/ ;Bm
v
[Br—C—C*] = ky[A1][Br*] o/ (k-1 + ks + ka[AL]) “\B‘”
(12) N\ 7By
is obtainedand,since[Br®] is givenb . .
[Bri]isg y The nature of the f-bromo-substitutedadicals has
[Br*] = kn [Bra]2 (13y  beenthesubjectof extensivediscussiof’ andthekinetic
andstereochemicalatahavebeeninterpretedn termsof
aratelaw of theform eitherbridgedstructure$®-(symmetricor asymmetric),
cage —e=cly | Br B Br s |
Br, 4_—"hv Br + Br'l =— "}"Clc"'-._‘:’ ";C‘? ¢ _ldr P ¢+ Br
78r ‘Br a ‘Br
i B B}
e b ] Brl Bry
Y - Br
i Br """ ' | ;
Sl
Br Br
Scheme 2.
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7a, or open radicals, 7b, existing in a preferred
conformatiornallowing for hyperconjugativestabilization
by halogen:®®

The stereoconvergenformation of mesedibromides
from alkenes2 and 3 found in this work certainly
indicatesthat on the intermediate7 the syn attack is
preventedby someinteraction,suchasthe overlapping

betweerthe bromineatomandtheadjacentadicalcentre
(bridging) or the repulsive interaction between the
bromine atom and the attacking radical. Furthermore,
if bridged intermediates are involved, these data
show that the interaction betweenthe bromine atom
andthe adjacentradical centreshouldbe small, at least
in comparison with the Br---C* interaction, since

X X X
" 0
C—=Cl, (C:C /C:C
oo e
X
R
1 (L=H, orD) 2 3
a:R=CF; R =H a:§=)l'(*, b;)é=§>=<4_§! acl aX=H b:X=X=4<Cl
b:R=R'=CF e X=X=4-Br d: X=X =3- d: X=X =3Cl
8 e: X=X"=4-CFj e X =X'=4-CF;
X
: Oy
Br Br H Br \

|
C-CL,Br

Q.
<

4 (L=H,orH)

a:R=CF3 R'=H
b:R=R'=CF;

Br

7b

/,‘Br
7a
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the intermediates arising from all the cis-alkenes,
independentlyof the substituentsareableto equilibrate
to the more stable trans forms before the collapseto
dibromidesor returnto alkenesasshownby thepresence
of mesedibromidesandtrans-alkenedn thereactionsof
the cis-isomers.

Finally, the completecis - transisomerizationof the
double bond of stilbenesobserved,exclusively in the
presencef Br,, whenthereactionsverecarriedoutwith
an excessof the cis-alkene points to a reversible
formation of these f-bromobenzyl radicals. This is
reasonablesvidencefor the cagednatureof 7 and the
relativedifficulty for theseintermediate$o escapeut of
the cage and also for a subsequentrate-limiting
dibromideformation.

The observedsecond-orderdependenceon halogen
concentrationand the saturation effect, resulting in
kinetics of Michaelis—Mententype, can therefore be
interpreteceitheronthebasisof Scheme2 (patha), or on
thebasisof Scheme (pathb). Thetransintermediater—
Brs®, formeddirectly in the caseof 3, or after rotation
aroundthe C—C* bondin the caseof 2, can undergo
recombination(path b, Scheme3) within the cage of
solvent,in competitionwith internalreturnanddiffusion
(patha). Alternatively,theanalogousntermediate/—Br®
canreactwith Br, (patha or b), leading,as shownin
Scheme2 to dibromo derivative 5 by an anti stereo-
specific attack on the benzylic carbon. Pathwayb in
Scheme3 canbe describecby the equation

s Tas A o ke
Al +Br® 4 Br3 < 7-Br; — product (16)
If everystepprecedinghecollapseof 7-Br;* is veryfast,
Eqn(17) canbe written:

V = kc[7-Brg] (17)

and, again with the steady-stateapproximation, the
approximatevaluefor [7—Brs*] canbe obtained:

d[7-Brs*] /dt =
= kl[AIHBr. + Br3‘]free - (k—l + kc)[7—Bl’3'] (18)

[7-Br3"] = ka[Al][Br* + Bra®Jqee/ (k-1 + ko) (19)

Furthermore[Br*®+Br3*]ee Canbeexpressedsfunction
of [Br® + Br3*]ioet:

[Br® + Brz*jqee = [Br* 4 Brs®]io — [7-Br3’] (20)

From Egns(20) and(19), we obtain

[7—Br3'] = kl[AI][Br' + Br3°}t0t/(k_1 + ke + kl[AlD
(21)
andtakinginto accountthat
[Br* + Br3®,o; = kn,[Br2]® (22)

we canobtainthefinal expressiorof the rate[Eqn (23)],
which is practicallythe Michaelis—Menterequation:

_ knke[Al][Bry
(klkj k°> + [Al]

When [Al] > (k1 + kJ)/ky, a simpler expressionEgn
(24)] can be written, correspondingo Eqn (4), where

ko = Kn Ke:

(23)

V = kn,ke[Bra)? (24)

Ontheotherhand,if theradicalprocesdgollows patha or
b of Scheme2 Eqn (25) canbe written:

I
Al + Br* + Br* k:l 7-Br* Brz product  (25)
—1

If the reaction of the intermediate 7-Br*, or after
diffusion of 7, with Br, is ratelimiting,

vV = ke [7-Br*][Bry]

Again, the applicationof the steady-stat@pproximation,
taking into accountthat [Br® + Br®]iot = ki, [Br2], gives
anequationanalogoudo Eqn(24), with k. insteadof k..

V = kn ke [Bra]? (26)

It is notheworthythat the inverseKIEs measuredor
the brominationof 1b and 2a underradical conditions,
0.704+0.05 and 0.75+4 0.05, respectively, virtually
identical with thosefound for the ionic processarein
agreementvith a secondarnyisotopeeffect and indicate
considerablerehybridizationin the rate-limiting transi-
tion statefrom sp” towardssp®.?° This behaviourcanbe
consistenkitherwith the radicalrecombinatiorbetween
the Brs* and benzyl radicals 7, probably having
hybridizationbetweensp? and sp®, or with the reaction
of the benzylicradicals7 with Br,, to give in both cases
the correspondingdibromides sp® hybridized at the
benzyliccarbons.

Althoughboththepathwayscanaccounfor thekinetic
andproductdistributiondata,they imply somedifferent
assumptions.Path b of Scheme3 presupposeghat
diffusion of the radicals through the layer of solvent
moleculesshould be a processslower than the rate-

R B | _Kdif
R—Br 1V » = » R+ Br' — » products

lET

R* Br

———» products

Scheme 4.
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limiting step,i.e. the collapseof 7-Brs* an assumption
which is unnecessaryf the reactionfollows Scheme2
patha. In this case,however,the reactionof the alkene
with the caged Br®, or the kinetically equivalent
homolytic Br—Br cleavageoccurringat the stageof the
1:1 n-complex, should be a kinetically more important
procesghanthe reactionof the alkenewith the Br® free
radicalformedduring the courseof the bromination.

Finally, it is noteworthythat taking into accountthe
mechanismalready proposed for the photochemical
solvolysis of alkyl“* and vinyl?? halides (Scheme4),
the possibility that ionic intermediatescan be formed
evenin the radical brominationof alkenesfrom caged
radical pairs, 7-Brs* or 7-Br®, through an electron
transferprocessin competitionwith dissociationcannot
be excluded(Scheme3 or 2, path c). The radical pairs
producedn the photobrominatiorof alkanediffer from
thosearisingfrom brominationof alkeneonly in theway
in which they are generatedhomolytic cleavageof the
carbon halogenbond in the former case and radical
additionto the doublebondin the latter. Furthermorejf
the reactionfollows Scheme3 the greaterpolarizability
of Brs* with respectto Br® could facilitate the electron
transfer (ET) process.This, even if it requires an
activationenergy[the ET processould be atleastpartly
drivenby light itself (photoinducectlectrontransfer)],is
ableto competewith the radicalrecombination(Scheme
3 pathb) when,asin our case sufficiently stableradicals
are involved and a proper mutual orientation of the
reactantsin the solvent cage is required for the
occurrencef thereaction®* The ET cantakeplaceover
a fairly long distance and has lower orientation
requirements?

In conclusionevenif it is not possibleon the basisof
these results to establish unambiguously the exact
mechanismof the radical brominationof diphenylethy-
lenesin DCE, they give severalimportant pieces of
information. The radical brominationof thesealkenesin
DCE involvesthe reversibleformation of cagedradical
pair intermediatesvhosecollapseto productss therate-
limiting step.Furthermore concerningthe natureof -
bromobenzytadicalintermediatesmportantindications
arise from the product distribution data. Finally, the
resultsobtainedin this work can be very usefulfrom a
practical point of view. They show not only that the
radicalbrominationof aryl-substitutedilkenesin aprotic
solventsis a reproducibleprocessput alsothat this can
beeasilydistinguishedrom theionic proces®nthebasis
of the kinetic (zero order in alkene) and product
distributiondata.

EXPERIMENTAL

Melting points were determinedon a Kofler apparatus
andareuncorrectedH NMR spectrawereregisteredn
CDCl; with aBrukerAC 200instrumentcontainingTMS

0 1998JohnWiley & Sons,Ltd.

as the internal reference.Kinetic measurementsvere
performedwith a Cary2200spectrophotometear with a
Durrum D-110 stopped-flowinstrumentfor the ionic
reactions,and with a stopped-flowapparatusequipped
with a paralleldiode-arraydetectorandirradiatedwith a
sphericatungstarlamp (10V, 3A, 10 W) for theradical
reactions. HPLC analyseswere carried out with an
apparatusequippedwith a diode-arraydetectorusing a
25cm Spherisorb S5CN column, with hexane—THF
(99:1, v/v) asthe eluent,at a flow rate of 1ml min~*.
Bromine (1 ml sealedampoules,Carlo Erba, >99.5%)
andDCE (Fluka, >99.5%)wereusedassupplied.

Alkenesla,1b (L =H or L =D) and2a (L =D) were
preparedasreported’ Cis- andtransstilbenes?2a—eand
3a—eweresynthetizedoy the Wittig reactionasreported
previously® Commercial cis-stilbene (Aldrich), trans
1,2-dichloroethengAldrich) andcis-1,2- dichloroethene
(Aldrich) were distilled before use. All alkeneswere
finally checkedby HPLC and/orNMR andwerefoundto
be>99%pure.Dibromides4, 5 and6 wereobtainedrom
alkenes la and b, 2a—e and 3a—e respectively, by
bromination with BuyN*Brsz~ in DCE following the
reportedprocedure’?

Bromination procedure

Kinetic measurements and product analysis. Solu-
tions of Br, in DCE, preparedshortly beforeuse,were
protectedrom daylightandadjustedo twice the desired
initial concentration@ thekineticruns.Aliquotsof these
solutions,pre-thermostatedt 25 4+ 0.05°C, were mixed
with equal volumes of pre-thermostatedsolutions of
alkenesl or 2 or 3 of suitableconcentrationsThe ionic
brominationsof 1b, 2a—dand3b andd werecarriedout
with a conventionakpectrophotometethoseof 1awith
a Durrum stopped-flonapparatusThe following alkene
and Br, concentrations,path lengths and monitored
wavelengthsvereusedla(L = H or D), alkene5 x 103
—-5x 10 *M,Br,5x 10 °~5x 10 *m, 2cm,480and
410nm; 1b (L =H or D), alkene5—2 x 10 %M, Br, 2.5
—1x103Mm, 1cm, 410nm; 2a (L =H or D); alkene
2x102-2x103Mm, Br, 2x 10 3m, 1cm, 410nm;
2b, alkene 4 — 2x 10°Mm, Br, 2x 10 3m, 1cm,
410nm; 2a, alkene 1.5x 10 — 2.5x 107 2wm, Br,
25x103m, 1cm, 410nm; 2d, alkene 5 -
25%x 10 1m, Br, 2.5%x 10 *m, 0.1cm, 410nm; 3b,
alkene 9 — 2.5x 10°2m, Br, 2.5x103wm, 1cm,
410nm; 3d, alkene5 — 2.5x 10 1M, Br, 2.5x 10 2w,
0.1cm,410nm.

Theradicalbrominationf 1laandb, 2a—eand3a,b, d
ande werecarriedout underirradiationwith a spherical
tungstenlamp (10V, 3A, 10 W) in a stopped-flow
apparatuequippedwith a parallel diode-arraydetector,
in a 1 cm pathlengthcell. The following alkeneandBr,
concentrationswere used: la (L=H or D), alkene
5x102-5x10*M; Br, 5x 103 -5x 10 *m; 1b
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(L=H or D), alkene5 — 2x103wm, Br, 25 —
1x103m; 2a (L=H or D), alkene 1x 102 —
25%x103m, Br, 25 — 1x103wm; 2b, alkene
25%x 101 -2.5x%x 107?M, Br, 2.5x 10 3M; 2¢, alkene
25x102-2.5x% 10 3M, Br, 2.5x 10 3 wm; 2d, alkene
25x102-25x% 10 3™, Br, 2.5x 10 3m; 2¢ alkene
25%x 10 1=2.5x 10 2™, Br, 2.5x 10 3m: 33 alkene
1x10* - 25x10 %M, Br, 25 - 1x 10 3wm; 3b,
alkene9 x 10 % — 2.5x 10 3wm; Br, 2.5x 10 °wm; 3d,
alkene8 x 1072 — 2.5x 10 3™, Br, 2.5x 10 3wm; 3¢,
alkene2.5x 10 2-2.5x 10 *m, Br,2.5x 10 3m. The
absorbance—timéatawerefitted to theappropriatehird-
order, pseudo-second-oed or second-orderate equa-
tion. All reactionswere carriedout at leastin triplicate.
The kinetic constantsarereportedin Tables1 and2.

At the end of the reactions,after evaporationof the
solvent,all thereactionmixtureswereanalyzecoy NMR
and HPLC. The productsformed were quantifiedusing
appropriatecalibrationgraphs.
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