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Two types of neighboring group participation in intramolecular displacement reactions are distinguished by
reference to intermolecular SN1 and SN2 processes. The thiomethyl (in o-allylthioanisole) and methoxyl (in o-
allylanisole) groups were compared with the H in allylbenzene as reference in respect to their participation as
neighboring groups in a series of electrophilic and free radical chain addition reactions of the double bond. The
addition reagents include HCOOH, HBr, I, ArSCl, and BrCCl;. Relative rate and product composition data
were obtained, where possible, in determining whether the neighboring group had participated and whether
such participation had occurred in or subsequent to the rate-determining step. In no case could methoxyl par-
ticipation (CH30-5) be identified. The evidence showed, on the other hand, that with the neighboring thio-
methyl CH3S-5 of the SN1 type took place to a predominant extent in the HCOOH addition, but without dis-
tinctive anchimeric assistance as estimated from the rate effect. The thiomethyl group clearly afforded a large
degree of stabilization of the cationic intermediate developing at the neighboring olefin center in both the I and
HBr additions. However, no evidence for CH3S-5 of the SN1 type could be found in the analogous ArSCl addi-
tion reaction. The free radical chain addition of BrCCl; also displayed no rate or other éffects of the neighboring
thiomethyl group which could be correlated with stabilization of the intermediate free radical. These and other
observations which have been taken into consideration suggest that the most significant factor determining the
occurrence of neighboring group participation of the SN1 type is the degree of positive charge developed on car-
bon in a transition state structured like an ion pair. Neighboring group participation in the transition state of a
homolytic process can be distinguished as the SH2 analog of the SN2 type of RS-n. Failure to realize the SH1 an-
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alog in free-radical chain addition with BrCCl; can be attributed to insufficient longevity of the radical inter-

mediate.

The phenomenon of neighboring group participation?®-2
has been characterized as the stabilization of a transition
state or a reaction intermediate through bonding or par-
tial bonding of a neighboring substituent to the reaction
center.! Where the reaction is accelerated by participation
of the neighboring group it is said to experience anchimer-
ic assistance.® The increase in rate has also been referred
to as intramolecular catalysis, and, just as with intermo-
lecular catalysis, three different types can be identified,
namely, nucleophilic, electrophilic, and basic catalysis.2
Recently the suggestion has been made?® to call all such
cases internal nucleophilic displacements, NDj. This
term, however, appears to be too general, particularly as
regards characterizing the effects of neighboring groups in
the reactions we have studied.

With divalent sulfur, with which we are concerned here
(i.e., essentially neighboring group participation by thio
ether, or, using the symbolism of Winstein,® RS-n), it is
theoretically possible to distinguish two subclasses of such
intramolecular, nucleophilic catalysis. For convenience
these subclasses may be differentiated by reference to the
analogous intermolecular displacement processes, SN1 and

SN2,
(——n -2 S\ n—2
&t 7 S l E: 7 5
RS------ 6>C ~X-- R Ve
N “N
1 2

SN1 type of RS-n SN2 type of RS-n

The view is taken here that an intimate carbonium ion
pair such as 1, which is developing in the SN1 transition
state, in solution is distinguished from the SN2 transition
state 2 largely by the location of the charge centers and
the distribution of charge between them.6:7 In either case,
however, solvation is required, as has been decisively
demonstrated in connection with a -clear example of
neighboring group participation.? On this basis the essen-
tial distinctions between the Sn1 and SN2 transition
states, both of which are leading to ion pair intermedi-

ates, can be formulated in the following terms. (a) An SN2
transition state (2) in an uncharged ‘substrate is devel-
oping an ion pair in which the positive charge is born
largely by the rearward-entering nucleophile, or its associ-
ated counterion if the nucleophile is charged; the distance
from the carbon seat of the reaction by which the leaving
group X is separated in the transition state is less than
twice the sum of the normal ionic radii of carbon and X.
(b) An Sn1 transition state (1) is developing an ion pair in
which the positive charge is born largely by the carbon
seat of reaction, and by its substituents involved in diffu-
sion of this charge through resonance and with the aid of
electrostatic solvation afforded by solvent and/or neigh-
boring groups. The solvated leaving group X in 1 is sepa-
rated from the carbonium ion center by a distance ap-
proximating the sum of the normal ionic radii of carbon
and the leaving group. Analogous pictures can be de-
scribed for charged substrates in reactions 1 and 2.

Thus, in an RS-n reaction of the SN2 type the thio ether
group in the transition state is providing synchronous, nu-
cleophilic assistance for the departure of the leaving group
at the back side of the reaction center. An RS-n process of
the SN1 type, on the other hand, is one in which the de-
velopment of the carbonium ion at the reaction center is
made easier and rate acceleration is experienced through
(the equivalent of) rearward solvolytic assistance by the
sulfur to the separation by solvent of the departing group
at the frontside. That is to say, a solvent-separated ion
pair has been formed in the RS-n analog of the Sn1
through the ability of the sulfur to provide assistance via
nucleophilic stabilization of the rear lobe of the carboni-
um ion.

It has been contended that rate acceleration might not
always be visible?-11 in the SN1 type of neighboring group
participation. This matter has been the focus of consider-
able controversy in discussions of the nonclassical carbo-
nium ion. Most recently Schleyer and coworkers'?-1% have
presented evidence to suggest that the normal magnitude
of anchimeric assistance by neighboring phenyl in 3-phe-
nyl-2-carbinyl sulfonate ester solvolysis is quite consider-
able. It is not readily perceptible, however, because of the



2158 J. Org. Chem., Vol. 39, No. 15, 1974

difficulties of sorting out all the rate-influencing effects in
solvolysis, including solvent assistance, steric,influences,
and inductive effects. Thus, large rate enhancements do
not always accompany significant contributions to the sol-
volytic transition state by participation of neighboring
groups.

The most familiar examples of RS-n previously studied,
because of the strong nucleophilicity of the neighboring
sulfur, can for the most part be readily classified as Sn2-
type transition states leading to iomic or radical interme-
diates (i.e., either an ionic or radical displacement reac-
tion6:17), An inventory of such cases!8-39 can be consult-
ed in assessing the full scope of this type of reactivity.
Other examples have been reviewed in the recent literatu-
re 2b,d

A significant number of cases?1:32 of RS-n cannot be
readily interpreted in this way. They involve the partici-
pation of sulfide in the electrophilic addition reactions of
a neighboring double bond and can be viewed in two
equivalent ways. From one viewpoint the neighboring sul-
fide is increasing the nucleophilicity of the double bond
and is thus lowering the activation energy for nucleophilic
attack. From another the transition state describes the
development of a carbocation facilitated by the influence
of a neighboring sulfide. From either viewpoint this reac-
tion may be taken to correspond to the S~1 type of RS-n.

The present investigation was undertaken with the ob-
jective of establishing the conditions required for sulfide
participation of the SN1 type. Sneen and coworkers®® have
urged that carbonium ion pairs intervene in the SN1 sol-
volysis of secondary substrates. Added nucleophiles such
as azide ion in the medium compete with solvent in reac-
tion with the ion pair intermediates. This proposal, which
is based on a detailed kinetic analysis, has been sharply
challenged by Schleyer’ and others.338 Nonetheless, for
purposes of an operational hypothesis in the studies car-
ried out here, experiments were designed on the premise
that a simple ion pair of a secondary carbon, analogous to
that postulated by Sneen in solvolysis, was capable of
forming during electrophilic addition to a terminal double
bond. It should, if these circumstances prevail, be greatly
(anchimerically) assisted by the participation of a neigh-
boring sulfide in a process resembling the SN1 type of
RS-n. Another way, of expressing this is, if the carbocation
intermediate in an electrophilic addition process naturally
exists as an ion pair of sufficient longevity, it should expe-
rience increased stability manifested as an anchimeric ef-
fect resulting from interaction in an SN1 type of RS-n
transition state. An analogous statement conceivably
might be made for reactions involving free-radical inter-
mediates. The putative ion pairs and radical intermedi-
ates in these models chosen for study were generated
through additions of common electrophilic and radical re-
agents to an acyclic double bond.

Results and Discussion

Probing for RS-n in Electrophilic Addition to a Ter-
minal Double Bond. 1. Addition of Formic Acid. The
reactions at 77.5° of o-allylthioanisole (3), o-allylanisole
(4), and allylbenzene (5) with concentrated formic acid
gave in all cases the corresponding a-methylphenylethyl
formate derivatives, respectively 6a, 6b, and 6c. With 4
and 5 this derivative was the exclusive product of reac-
tion. In the case of 3 the derivative 6a was minor in com-
parison to the product 7, which could be isolated as an oil
on evaporation of the water and excess formic acid. When
the oil was refluxed in fresh formic acid none of the for-
mate derivative was detected. Furthermore, the formate
6a was unchanged by >24-hr heating in the formic acid
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medium, These results indicate that 6a and 7 were formed
by entirely different paths.

On prolonged (15 days) heating in aqueous formic acid
a hydrolytic reaction transformed 7 into a hexane-extract-
able product 8, in overall yield (from 3) of ~40% (i.e.,
87% of the product formed). This product was identified
by nmr and mass spectral analysis comparisons with an
authentic sample as 2-methyl-1-thiacoumaran (8).

On this evidence and on the basis of its mass spec-
trum and nmr the principal product of the reaction of 3
with concentrated formic acid was formulated as 2,3-dihy-
dro-1,2-dimethylbenzo[b]thiophenium formate (7, illus-
trated in Scheme I). The volatile methyl formate formed

Scheme 1
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with 8 in a sealed-tube experiment was identified by nmr.
These results suggest that sulfide (CH3S-5) can partici-
pate in either the product-forming or rate-determining
steps at the neighboring double bond addition centers.
The analogous oxy ether (CH30-5) in 4 apparently did not
participate in the product-forming step and, most proba-
bly, also not in the rate-determining step leading to 6b.

The relative rates of HCOOH addition in the three sub-
strates under comparison are informative in distinguishing
between the two competing pathways in Scheme II. If
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the rate-determining step involved formation of the pro-
tonated double bond (or an equivalent m complex) without
anchimeric assistance, o-allylanisole (4) should undergo
reaction less rapidly than 3 and 5, since its inductive ef-
fect is greatest in destabilizing the positively charged,
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Table I
Part A. Rates of Addition of Formic Acic to Various
Allylbenzenes at 77.5° (Pseudo-unimolecular Kinetics)

Compd 105, k, sec ! ~k relative
o-Allylthicanisole (3) 4,62 = 0.18 2.0
o-Allylanisole (4) 17.56 &= 0.3 7.5
o-Allylbenzene (§) 2.32 # 0.02 1.0

Part B. Solvolysis Rates of
Methoxyphenylalkyl Tosylates®t in Formic Acid at 25°

106 &, ~k
Compd sec™1 relative
2-Methyl-2-phenylpropyl 1.16 1.0
2-(p-Methoxyphenyl)-2-methyl 83.1 72.0
2-(0-Methoxyphenyl)-2-methylpropyle 7.7 6.5

e Initial product is the dihydrobenzofuran.

protonated complex. On the other hand, if CH30-5 had
transpired, a major part of the product to be expected on
the basis of results previously observed3* in formolysis of
2-(0-methoxyphenyl)-2-methylpropyl tosylate is the dihy-
drobenzofuran, the oxygen analog of 8, which was not
found. The rate data (see Table I, part A), however, do
bear out Ar-3 participation assisted by the o-methoxyl
-group, and though the rate factor is only 7.5, this degree
of rate enhancement can indeed correspond very consider-
able anchimeric assistance.’® Apparently Ar-3 (assisted by
methoxyl substitution) is preferred to CH30-5, as found
by Winstein, et al.3¢ (Table I, part B), when both are
geometrically accommodated by the mechanism of an
electrophilic addition to the double bond.

By comparison with o-methoxyl the o-thiomethyl group
shows a smaller rate factor (ca. 2.0). Moreover, this small
enhancement of the rate of addition is to be correlated
largely with the Sn1 type of CH3S-5, since 6a is not the
major product, and the formation of 7 from 6a via a sub-
sequent SN2 displacement by the neighboring thiomethyl
does not take place in the solvolytic medium. It can be in-
ferred, therefore, that the rate-determining step in both
cases is the formation of a secondary carbonium ion. In
the case of the CH38-5, this carbonium ion is made slight-
ly less than 1/kcal more stable by neighboring thiomethyl
solvation in competition with participation by neighboring
aryl and rearward solvation by formic acid. These conclu-
sions can be summarized with reference to the representa-

tions 9 and 9a.

SCH,6 > OCH,
. oo
CH3 CHS
(CH,8)—Ar-3 < (CH,0)—Ar-3
9
CH3 C|H3
&t 8"
S\ 0
SN —
\'OFé OF
5
CH,S-5 > CHO-5

9a

2. Addition of HBr. The addition of HBr in ether in the
presence of antioxidants to o-allylanisole (4) has been car-
ried out previously.?52 Only the product of Markovnikov
addition, o-methoxypheny!-2-bromopropane (10a), was
found. An entirely different result, however, was obtained
with o-allylthioaniscle (3). The thiomethyl analog of 10a,
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namely 10b, could not be isolated. After the reaction mix-
ture of 3 with HBr-ether was stirred in the dark at room
OCH,

: : @SC&
CHQ(fHCHg CHZ(IJHCHB

Br Br

temperature for 12 hr, a white, hygroscopic solid, 11, pre-
cipitated. The mass spectrum showed that 1 mol of HBr
had been incorporated in 3 in formation of 11. The nmr
clearly indicated it to be a trans (11a, 89%) and cis (11b,

CH; CH,
1la 11b

11%) mixture of the isomeric 2,3-dihydro-1,2-dimethyl-
benzo[b]thiophenium bromides. The total isolated yield of
11 was close to 20%. The remainder of the product was
readily isolated in ca. 65% yield and identified as the thi-
acoumaran 8.

The question to be resolved is whether 10b was actually
formed, followed by an SN2 type of CH3S-5 participation
step, or whether the ion pair intermediate was formed
with SN1-type anchimeric assistance by the neighboring
thio ether group. The choice between these alternatives
can be made by qualitative considerations of the reactivi-
ty of a related compound, o0-(2-bromo-4,4,4-trichlorobutyl)-
phenylmethyl sulfide (20) (see a subsequent section of
this report). The carbon-bromine bond in 20 has the same
geometric relationship to the neighboring thiomethyl
group as in 10b. Moreover, it can be assumed that 20
should be somewhat more reactive in an SN2 displace-
ment because of the strong inductive influence of the elec-
tronegative ~CCls group, which alone distinguishes it from
10b. In an aprotic solvent which fosters the SN2 type of
CH3S-5 it is found that 20 must be heated at >105° for
several hours before any extensive conversion to the cyclic
displacement reaction product is realized. Since 10b, on
the other hand, cannot be isolated from the HBr addition
to 3 at 0°, in the dark, in an aprotic solvent, it follows
that it had never been formed under these reaction condi-
tions. Consequently, it was not a precursor of the forma-
tion of the observed thiophenium ions 11a and 11b.

CH,CH=CH, CH,CH—— "'CH2
@( TR AP @( P
Y Y
4, Y=CH3O
5Y=H 12
I
CH,CHCH,
o™
Y
cH, I”
Ly
S+
N\ ¥/
3 + I, == (2)
13

3. Reaction with Iodine. Isolated (nonactivated) double
bonds do not react with iodine under ordinary conditions.
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This was indeed the case for the double bonds in sub-
strates 4 and 5, suggesting that the o-methoxy substituent
provides no activation, i.e., that the equilibrium ex-
pressed by eq 1 in these cases lies far to the left.

The behavior of the thiomethyl analog 3 toward iodine
was in sharp contrast to that of 4 and 5. Within 3 min
after admixture with iodine in glacial acetic acid both
reactants were consumed almost quantitatively, as deter-
mined by titrimetric analysis with NaS203. However, on
standing in air, the formation of some molecular iodine
could be noted. These findings, together with the observa-
tion that thioanisole does not react with I, demonstrate
that the rapid reaction of 3 and I, involves an equilibrium
reaction that lies far to the right with CH3S-5 participa-
tion at the double bond yielding iodomethyldihydrothio-
phenium iodide (13, eq 2). Oae and Yano3% have noted
briefly, but without comment, that in aryl and alkyl vinyl
sulfides the double bond appeared to be activated toward
iodine addition, whereas corresponding oxy ethers did not
react with iodine,

The superior ability of sulfur to participate in a CH3S-5
transition state of the SN1 type is manifested in activation
of the double bond for an addition process in 3 which
completely fails to occur in the absence of such a mecha-
nism, The iodonium ion center in 12 derives no stabilizing
influence from and is therefore completely unreactive
toward the neighboring substituent when Y = CH3O (or
when the neighboring group is Ar or 0-CH3OAr). Appar-
ently, however, the degree of positive charge on the car-
bon seat of reaction in 12, where Y = CHjS, is greater
than in the protonated double bond of 3a with either Br~
or OF~ counterions, if one is to judge from the increased
reactivity experienced in the iodination reactions.

It will be recognized that the reactivity of o-allylthioan-
isole toward iodine precludes such titrimetric determina-
tion of the course of double bond addition reactions,
which are normally pursued by means of iodometric
methods. The kinetics of 2,4 dinitrobenzenesulfenyl chlo-
ride (ArSCl) addition in the case of 3 (for comparison
with substrates 4 and 5) had to be determined by compe-
tition experiments.

4, Addition of Sulfenyl Chlorides. This reaction is well
known to occur vie an episulfonium ion intermediate in
which little charge is developed on carbon; at least one
can say that the positive charge on carbon is less than in
the protonated double bond in the transition state of pro-
tic acid additions. It can be expected that the ability of
neighboring groups to participate and provide anchimeric
assistance in the double bond addition reactions of 3, 4,
and 5 will be determined by the magnitude of the (natu-
ral) transition-state charge on carbon. The general mecha-
nism of ArSCl addition of olefins can be diagrammed and
referenced in the following way (Scheme III).

Scheme 111

r. d.os *

ASCL + RCH=CH, ="— RCH=—CH,

\\+¢’/
no prior ionization TCI_
of the reagents®™ Ar

stereospecific trans'®'  cyclic episulfonium salt
attack by chloride ion intermediate” with little
positive charge on carbon
T

15
RCHCH,SAr RCHCH,(CI

3839

Cl SAr

thermodynamically®* kinetically controlled product®™*?

controlled product.
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Table I1
Second-Order Rate Constants for the Addition of
- ArSCl to Substrate Olefins

~———Part A. Allylbenzene—— ——=Part B. o0-Allylanisole——-—

103/T, ko X 104, 108/T, ks X 108,
°K 1. mol -t sec =2 °K 1. mol ~! sec !
3.050 47.1 £ 0.5 3.089. 10.1 0.2
3.197 17.3 £ 0.2 3.198 5.22 &+ 0.15
3.311 7.34 £0.16 3.299 2.53 4= 0.04
8.372 5,17 = 0.04 3.378 1.70 4 0.02
3.432 3.94 4+ 0.08 3.445 1.06 =0.01
Table III

Second-Order Rate Constants for Addition of ArSCl
to o-Allylthioanisole (3) (by Competition with 4)

ka® X 109, Eay X 104,

103/T, 1. mol -1 1. mol~*

°K sec—1 ko ke sec ™!

3.089 10.1 0.468 47.5

3.198 5.23 0.440 23.0

3.299 2.53 0.378 9.58

3.378 1.70 0.408 6.94

3.445 1.06 0.362 3.84

Cf. cyclohexene?
30.00° 11.6 11.6
(4.5)¢ 12.)®

¢ Relative rate wvs. o-allylanisole. ? Relative rate us.
o-allylthiocanisole. ¢ Computed from the k; values in Table II.

Table IV
Activation Parameters in the Addition of ArSCl
AGH, @
Substrate E., kcal/mol AS#, %en kcal /mol
Allylbenzene (5) 13.2 = 0.5 —-81.0 1.6 22.1
o-Allylanisole (4) 12.6 &= 0.2 —30.9 £ 0.7 21.4
o-Allylthioanisole
3 13.9 4= 0.6 —28.3 0.2 21.9

@ Computed for the average temperature of all the kinetic
runs, 305°K.

The rates of 4 and 5 in reaction with ArSCl were readily
determined in the usual fashion.*3 Table II (part A, allyl-
benzene, and part B, o-allylanisole) is a compilation of
the rate constants obtained as a function of temperature.
Table III displays the corresponding rate constants deter-
mined for ArSCl addition to o-allylthicanisole by compe-
tition methods. From these values the activation parame-
ters of the respective substrates have been computed and
listed in Table IV.

Several conclusions are readily deducible from these
data. (1) There is remarkably little difference in the rate
of addition of ArSCl to all three substrates; 4 undergoes
reaction only slightly faster than 5 which, in turn, reacts
slightly faster than 3. (2) A comparison with the rate of
cyclohexene reaction at the average temperature of mea-
surement (ca. 30°) indicates a total lack of acceleration
due to anchimeric assistance; there is clearly no rate ef-
fect due to Ar-3, CH30-5, or CH3S-5, since cyclohexene
reacts faster than all three substrates by factors of 4.5-12.
As a consequence of the greatly diminished charge on car-
bon in the transition state in the rate-determining step,
participation that results in stabilization of charge at the
seat of reaction is not realized even in the case of the most
active neighboring group.

A number of reports31:4¢ have appeared in the literature
demonstrating participation by neighboring thio ether
largely evidenced by control of the product stereochemis-
try. However, in the absence of rate data it is difficult to
assess the degree of anchimeric: assistance which could
possibly be correlated with charge stabilization in the
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rate-determining step. Comparisons of product structure
among the three substrates in reaction with ArSCl were
sought for correlation with the relative rate factors.

Thus, the exclusive product of addition of ArSCl to 4 is
the anti-Markovnikov (kinetic) product. Evidently the o-
methoxyphenyl group not only does not participate in the
rate-determining step; as a neighboring group with an
electron-withdrawing field effect it retards the normal
(thermodynamic) product-forming step. This means it
acts to divert the chloride counterion attack on the episul-
fonium intermediate to the least substituted and, normal-
ly, the least electron-deficient carbon in the product-
forming event. The most direct evidence supporting this
interpretation arises from the stereochemical results in
the addition of ArSCl to the simplest substrate 5. Here
the product consists of a nearly 50:50 mix of the Markov-
nikov (thermodynamic) and anti-Markovnikov (kinetic)
adducts. Apparently, the removal of the o-methoxy sub-
stituent diminishes the electron-withdrawing field effect
of the residual phenyl ring to the point where both prod-
uct-forming modes are competitively active.

The course of addition of 3, however, is completely al-
tered by the presence of the o-thiomethyl group. After 3
days of reaction at 40° only a single product was obtained
and identified as the dihydrothiophene 16 (Scheme IV). In

Scheme IV
CH;

(|?H3 CH; CI”

S _SAr é+ SAr

o]~ |es"|-

Cl
14 15
S SAr
O + e

16

fact, two intermediate products of reaction are possible,
both representing the normal Markovnikov direction of
the addition process. One of the products, which tends to
be insoluble and partially precipitates from the HOAc
medium, and which cannot be isolated in sufficiently pure
form for a reliable analysis, could be the direct adduct,
14. The second, which also cannot be isolated, is the dihy-
drothiophenium salt 15, the necessary precursor of the
ultimate product 16. The formation of 15 represents either
SN2 type of displacement of the secondary chloride by
neighboring thiomethyl (CH3S-5) in 14 via path a, or con-
comitant attack of thiomethyl via path b in the rate-de-
termined, episulfonium ion intermediate 14a. The course
of reaction, carried out under otherwise normal circum-
stances in CD3COOD, has been followed in the nmr. The
concentrations of CHsCl and 16 developing in solution
were assumed equal; yet the concentration of the common
precursor 15 was always below the nmr-detectable limits,
since the typical sulfonium methyl resonance near ~3.08
ppm, plainly evident in all analogous compounds such as,
for example, 11, could not be located. Apparently, dis-
placement by chloride on this sulfonium methyl is so
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Table V
Product Composition¢ < as a Function of Time of
Reaction of 3 with ArSCl in CD,COOD at 48.7°

———Relative® concn —
Time, hr (3] [16]
Initial 23
2.5 10 Trace
8.5 7 8
20.5 6 17

¢ Analyzed by nmr integration (see Experimental Section).
¢t Relative to cyclohexane internal standard expressed as per
cent. ¢ Initial concentration of substrate 3 = 3.7 X 1072 M.
much more rapid than its formation that the steady-state
concentration of 15 is kept to a minimum.

Table V summarizes the nmr-based observations sup-
porting this conclusion which show that more than half of
3 has been reacted with ArSCl before even a trace of the
ultimate product 16 makes its appearance.

On the basis both of the rate data and product composi-
tion as a function of time it may be confidently concluded
that path ¢ in Scheme IV is preferred. Thus, in the pro-
cess of participation by neighboring thio ether, little if
any assistance to stabilization of the ion-paired episulfon-
ium intermediate has been gained.

5. Free-Radical Chain Addition. The problem to be
addressed here is whether anchimeric effects can be ob-
served in the course of radical chain double bond addition
reactions. A comparison of the olefins 3, 4, and 5 in reac-
tion with bromotrichloromethane was chosen for a case
study. The reaction of BrCCls with 4 initiated by a trace
of di-tert-butyl peroxide and heating at ca. 105° for nearly
20 hr yielded (ca. 90%) a single product. This was identi-
fied as the normal, Markovnikov adduct 17 by a variety of
means, including mass spectrum, nmr, and reaction with
methanolic KOH giving rise to 18 (60%), trans-19 (30%),
and cis-19 (10%). The reaction of 3 with peroxide initia-

@IOCHa @(OCHS
CHZC’JHCHZC Cly CH,CHCH==CCl,

Br OCH,
7 18

: :OCHS
CH=CHCH=CCl,

19

tion under identical conditions afforded a mixture consist-
ing of the Markovnikov adduct 20 (60%) and the cyclic
product 21 representing loss of CH3Br from 20.

SCH, S
CHZ(IZHCHQCCIE

Br

20 21
S 8
@E)—CHQCCI8 @)—CH=CCIQ
22 23

Moreover, the total product composition proved to be
thermally unstable, for on vacuum distillation the dihy-
drothiophene component 21 increased greatly at the ex-
pense of the adduct 20. This suggested that 20 was the
initially formed product, and had undergone a thermally
activated, SN2 type of neighboring group displacement of
bromide. In other words, CH3S-5 had again taken place in
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Experimental
Melting points were determined in open capillarles and are uncorrected, .
Anal samples for cion were collected At the

thernal conductiviey detector exit port of an F & M Model 500 gas chromstogTegh,
uaing 1/4 x 10' (cokwm A) eud 1/4" % 2' (column B) copper tubing packed with

103 S1l4cone 011 200 on 60-80 uesh neutzal Chromancrh W.
carrier gas at a flow rate of ca. 60 Al/nin.

Reliun was wsed as the
Infraved spectrs were taken of neat
lquid f4lus becween salt blocks using a Perkin-Elmer Infracord equipped with
sodiun chloride optics, Nuclear magnetic resemance Bpectra were recordsd on a
Vartan 480 or a R=220, using Yetranethylsilaze s the incersal staadard. Mass
spactzal information wes obtained using g G.E.C. 21-110B Touble Focusing High Re-
solutdon Spectrometer, Allylbenzens and 2,4-dfnitrobensenssulfenyl chloride
(recrystallized before use, mp 96-38°) were purchased from Aldrich Ghemical Company.

Prapsraion of Starting Olefins
orAllylsbiosnisole (3. 4 solution of 36 g (0.16 mol) of ¥,N-dimecliyl-

S-c~allylphenylthiocarbanate, (b.p. 122° @ 0.4 wm, Mass Spac (Exact ¥ass Deterw
nination) : ¥ (Cale'd) = 221,0874; ' (found) = 221,087% & .002) made smalogously
to 1ts N,N~dlethyl snalogue®®, in 300 ml ether vas added dropvise te a mixturs of
7.6 § (0.20 @ol) of lithium glumtnun hydride fa 1 1, of ether.
was refiuzed for 24 hir, the oxcess hydride vas decompossd with dilute base (sz-
ternal cooling). The basic layer was extracted wich hexane (discarded] and shak-
62 vigarously with 80 nl methyl lodide.
into hexane. The residue after evaporation of the dried (1gs0,), orgsnic phase
was fractionally distilled yielding 13 & (50 of 3: bp B1.5°C (2.2 m)) tar (GDC1,)
2.5 ppm (8, 3, 8@, 3.5-3.7 (a, 2, Axcly), 5.0-5.5 (=, ,-cu),ss—éé(m,l,
-G, 7.3 % 146 (m, 4, Art); Mass 5F==t:um (zel, intensity) 164 (31, ¥, 149¢200).

fal, Cele'd, fex CoH),S: T, T3.1L5 K, 7375 §, 19.52. Found: €, 73.IL( K,
7.40; 5, 19,36,

a-Allylanisole (4). A solution of 144 § (1.07 =ol) of geallylphencl fa

¥ NaOH waa refluxed 7 hx with 324 g (2.28 mol) of methyl fodide ta yleld ofter
distillation 103 g (65%) of 4: bp 102-103° at 12.2 mo (11:,57 101-102° G 22 mm)

Y ~butene (33). &% mixture of 0,12 mol of
sadim In 0,0 end 1

{0.11 =01} was reacted under
atirring at 40-45° for 12 hrs, The residue of the dried, evaporated organic
extract when frsctionslly distilled yialded 14.2 g (79%) of 357 bp 60-6;° (0.7 m);
mr (CCL,) 2.0-2.5 ppa (m, 2, GHy0n), 2.7-3.0 (m, 2, SGHy), 4.6-5,2

After the.mixture

The reaction product was then extracted

Yass apectrua of the afxturs (vel. intansity) 246 (0.10), %4 0.3z, ' >, 150 (wo,
i 4Br}, 135 (60, ¥ GyBr - CKy), 96 (4.8}, 94 (5.2, QigBr), 91 (14).

The ether layer vas svaporated and the organic remidus was taken up in
hexane, Vpc amalysis of the residue, 0.15 g (65%), fram flash svsporation of the
hexane éxtwact, confirmsd the presence of Z-athyl-l-thiacoumsrsn which was trepped
od identifiad by Aur spectral comparison with an authentic sample.

Mdition of 1, to p-Allylthloaaisols (3). A solusion of 10.00 =i of 3
0.01952°F in glacial acetic acid) mmd 40,20 ml of 0,01014 ¥ iodine solution was
swirled for 3 misutes and then titrated with 1,75 wl of 0.01393 N Xay$,0,. Taere-
fors, 0.1926 mmcl of the initial 0.1952 mmol of 3 reacts With I, within I winutas.
The blue color of the etarch-iodine complex returnad some 5 to 10 mimutes after

the titration indlcating dnsradility of the iodination preduct 13 wnder daylight
awblent conditions.

Atteupted Reaction uf Ip with o-Allylanisole (4). A solution ¢f 10.00 ml
of 4 (002069 M in glactal acatdc acid) and 4,76 ul of 0.00992 N iodiae golution
was_swizled 3 minutes and thea titrated with 3L.76 ul of ,01393 ¥
dicating that no resction takea piace barween I, and 4.

5500 ta=

Attemptad Beaction of I, with Thicanisole. A solution of 10.00 ml of thia-
aniaole (0.0 1955 M in glactal acetic acid) and 40.0Z ml of 0.00979 ¥ iedine solu-
£10n was swirled 3 minuces and then titrated with 28.56 ml of 001393 K Ney5,0,,
indieazing thet po reaction takes placs betwsen I, and talcanisole.

Mdttion of ArSQL te o-Allylanisale (4). & solutdaen of 2,00 g (8,53 mol)
of 2,4-dldinitrebenzenesulfenyl chloride and 1,26 g (8.51 mmol) of & in 50 ml of
§latial acetic aché was heatad at 39 for 22 hr. to yield 2.6 g (80%) of o-[3«
cloro-2+[(2,4=dintsraphenyl) chio] progy) janisole (yellovw crystals from chlorsfors):
p 133-139.5°; 220 M2 awr (DMS0-¢g) 3.02 ppm (4 of d, 1, a0z, J-13.5 K1, o-OH),
316 (d of d, 1, I3 Bz, Jm13.5 Hz, o-CR), 9.81 (d of @, 1, Jx3.0 Kz, =115 Bz,
¥ G, 3,85 (5, 3, 001, 391 (8 of 4, 3, J=5.0 He, J1L5 Ha v-Gi), 4.24-4.36 (=,
1, B-G), 6.8247.36 (m. 4, Azi), 800 (4, 1, 9.0, 6elar' 1), 8,42 (dof 4, 1,
32,8 Ha, 3= 9.0 He, SeHlar'l), 8,78 (4, i, Je2.8 He, 3
(zel. intensity) 382 (11, M%), 121 (100).

4nal Galed fox €y (B;0.8CLiC, 50.185 ¥, 3.95; K, 7.32; §, 8,38; C1, 9.26.
G, 50, 303 ¥, 3.89; N, 7.20; S, 8.16; CI, 9,46,

~H[Ar']) Dass spectzan

Found:

Structurally wseigaing the sddition product as the anti-Harkewnikov preduct
Wi based partislly on tae data listed in Table 8,

J0C=13=7
rbutene (18) (60) (nmr (CC3,) 2.7-2.9 pym (m, 2, ArBo), 5.2 (s, 3, 0GRy, 3.8
(8, 3, AxGEE.), 4.2 (4 of €, I, Ju6.3 Ez, JuB.5He, JH). 5.8 ¢4, L, @, 58.5
He), 6.6-7.4 (m, 4, Azu), mass spactoun Ezel. dnvensity) 264 (0.3, 3+ 4), 262
e+ 2), 260 (3, 81, 139 (26, e Grece1,), 120 (100)], 34, 4-dichloro
trena-L,3-butadienyl) antaole (19)(301) lomr (0C1,) : 8 Fpn (s, 3, OO, 6.4-7, o
(m, 7, elefinic and aromatic p:a\:un!) uass spectzum (rel. intemsity) 232 (¢, By

+4), 230 (20, ¥ 42, 228 (31, HD), 43 (200} u signtficant new ir band vas at
980 enl] and gts-(19) (30%), characterizaé by compsrison of its mass spectrum

with that of tran:

(19) which ware nearly identical.

dieion of BrlCly co p-allyltniosntsole (3). 4 eolution to 0.97 §
(5.9 uncl) of 3 a&ad 0,034 g (0,04 mmol) of di-t-butyl peraxide in 23,3 g (0.117
1) of spactral grade BrCCl, vas decxygenabed by & streex of nitrogen and then
refiuxe¢ for 16 hr., (2-bromowd,d,4-trichlorobutyliphenyl methyl sulfide (20){nax
(Brecl, 3 2.5 ppm (s, 3, 8Q4,), 3.0-3.8 (z, 4, werbylenes) 4.4=4.9 (m.1, 2-H),
Ta.d (3, &, 4180 naso spectrm (rel, intensicy) 368 (2, ¥ 8y, 366 1,
46}, 364 W7 4 4) 362 (56, W 42), 360 (29, D), 245 (100)] emd 40K 2,3-dthpdra-
2+(2,2,2-crichloxoacky )benzo(y) thiophens (21), trapped from the vpe, [nmr(Cei,)
3.0-3.7 pp (g, 4, methylenas), 4,0-4.5 (m, 1, 2-H), 6.8-7.3 (ca. singlet, &, axi);
aass spectzum (rel. intemsity) 272 (0.5, ™ + 6), 270 (4, M7 +4), 268 (12, ¥ +2),
265 (13, M%), 135 (200, M'-Ca o1 1.

Strusturally assigning che addirfon produst 88 the Markincv adduct vas

percislly based on the observation that 20 is thermally unstable ané cyclizes to
21 (sealed tube reaction, Zable 6). During the lsst 10.2 hr the amount of 2L
significancly increased, which can be actributed to the cyclistion of 20 stnce
orly a trace of starting olefin was prasent during this Teacticn interval. Product
conpostsion ves detemained by oo analysis. Tne cemcantiaticn of 2L was asaumsd
8qual o the concentration of aﬂazx (singlet at 5.6 Bpc 1s cbserved when the
resction is carrled out ia che sealed nmy tude and disaprears whem R, 18 bubbled
tato the reaction wixture).

Furcher suppert fox the structural assigament of 23 stems from s reaction
in BrCOl, tn a sealad tube (1467, 19C min) t yield 13% unvascted Zi and 87% 2-(Z,
2,2-crichlorcathylibenzo(a) thiophene (22), which was Lrappeé from the vpe {colum
B3 nax (8001, 4.2 ppm (8, D), 7078 (= 5, A*H) ases specerun (rel. Sncen-
siey) 270 0.2, “ ), 268 (1.3, ¥+ 4y, 256 (3, ¥ - 2, 264 (4, ¥, 247

(100, 4" - o1y,

addition ta BrCl, to 5-Benzylthio-lepemteme (24). 4 solution of l.44g
(7.5 nmol) of £4 anc 0.C69 (3,47 mol) af di=c-butyl peroxide im BrGCl3 (0.101

uo1) was refluxed 3~1/2 hx to yiald three products; benzyl bromide, uhich hat an

war and mass spectiur identical with thet of an authentic sswple, and vetrahyéra-
2-(2,2,2-trdchzotonthy ) thdphene (27) [nmr (GOL,) 1.3-2.6 ppm (m, 4, alleyelie
wethylenes), 2,8-3.2 {,(,S) and &, (CH,COL,)] were collectad from €re vpo
hccording o vpe data these two products were produced 13 approxi-
Benzyl L-bromo-§,5,6-trichlorshaxyl sulfide (28) was

{colum B) .
netely aqual smouncs,

@ 2, =0hy), 5.5-6.2 (m, 1, ~Gi=), 7.07.4 (u, 3, ArH); mass spactruz (j:ﬁ -
sncenstey) 160 (47, K1), 123 (100, @Bey) .

5-Banzylthis entene (24). Prepsrad by procedure snalogous to A5:

€ L9 my mmr (G013 13205 pem Gy 6, (R0, 3.6 (s, 2, Gy,
47501 (m, 2, % GHy)y 5,601 (m, 1, -CHe), 7.22 (ga 5, 5, ArH); mase spectrur
(zed. intensity) 192 (30, &),

bp 1Y

o-Prope:

thiosatsole (38). 4 solution of 16.0 g (97,6 mal) o2 3, 150 i
of concentrated BCL, and 7 mg af AaCly In 200 ul of sbeolute ethanol was refluxed
for 2 hrs. to yield aftar distiliation (spfnnfng band colum) 14.8 g (92%) cf a

colorlass liquzd, bp 91~93° (2.1 m),
of 2 producte which were _raphed md ddentifiod an 9% brane<38 (I vinyl = 1.0 ey
atrong ir band at 950 cn™l) and 4% c1a-28 (J vinyl = 1L.2 Ka).
 (Case'd) = 164.0659;

Vpe analysis (colum A showad the pressnce

Hass Spac (Exact

283 Determinacion): X (found) = 164.0661 & 002,

efinic dddirion Reactions

Additicn of 97% HCO.H to o~Allylthioanisole (3).
(7.62 mzol) of 3 was refluxed Zor 2 hr in 97% HCO.R,
poured inte vater and extracted uith hexane (sguecus layer saved),
(eoluzn B) of the residue (0.38 g)

A solution of 1,25 ¢
The reaction aixture was

Vse analysis

of the dried organic layer showsd the prassnce
0% 3 (92%) and semethyleg-(nethylthio)phenethyl alcohcl formate (fa), (8%, 2% rel-
arive t2 (D1 ner (000,) 1.4 ppm (3, 3, 36,0 %, v @), 26 (s, 3, 80Ky, 3.1
@y 2, J=€.5 Hz, ATOR,), 5.3-5.7 (=, I, B3}, 7.0-7.5 (m, ¢, ArH), 8.0 (s, 1,
forayl), nasa spectrun (xel. intehsity) ZIC (4, &%), 169 (100); signiffcant naw
1735 and 1180 ™). Nar amalysts (aesled tubs) of a solution of ga
in HCUZH demonstrated that s was steble for at least 24 hr at 77,5°,

ir bands wers

The aqueous layer was reduced under vacuum to a1 ¢il {ca. 0.7 g) whlch was
characterized ss a mixture of trats- ané glg-7 in a ratfe of 3:1 as deternined by
ner analysis in H('Ozhr
{see balow). Especially significant is the dowafield snift (0.5 ppm) of 0‘135 in

This nar was sinilar to that of the mixture of e and 1M
goiag from reactant 3 to praduct 7, The mass spectyum (rel. intemsity) of the mix-
ture g the follswtng: 210 (4, ¥'), 150 (34, ¥F - HCO,CRy) . The oily mixture was
derivatized by vefluxing it in fresh ferm’c acld for 15 days. Vpe analysis of the
dried hexane extract of the reaciion mixture estsblished the presence of 8 which
was trapped ané idemcified by nur spactral comperlsom with an authentic sample and

by mess spectral analysis, Mass spectvum (rel. irtemsity) 150 (65, ), 135 (100).

Adition of 97% KGOH to gmAllylwnimole (4}, After a solution of 3.30 3
(22.3 mmol) of & in 120 ©L of 97% HCD,H vas heated ar 77.5° for 9-1/2 br., 2.1 g
(4BX) 2% g-methoxy-a-methylphenathyl alechol formate (§b), & colorless iiquid, was
$38=13=3
Tedle §
Comparison of the For Signals of the AL{phatic Protons in o-[3-chloro-2-[(2,4-
¢4aitrophenyl) thiclpropyl]anisole ené 1ts corzesponding sulfona.

Partial Nmr Spectrum of

e

Chemical Shifts (ppr)
* B 00R04
Sk 302 56 381 391 40
Sobr 305 5,25 3.5 LOL 465

Tae nethine proton K, was shifted downfield considerably (0.35 ppm) while
the methylene protons were relatively unaifectad wien che sulfide was oxidized to
thevefore, tha sulfide group)

Accordingly, the sulfome group (and,

was assigned ts the carbea bearing the methize protom.
Reaction of 0=[3-Chlcro-2-1(2,4-d%a4s ophenyl) thiolpropy” anisole WALh

& solution of 2.9 g (7.6 mmol) of o-[3-chioro-2-1(2,4-dinitrophenyi)

(0.064 mel) in 100 ml glactal acetic acid was

the sulifone,

0% 8,0,
thiajpropyllanizoie and 50% H,0,

heated for 3 hr at §5-87° end subsequercly stirzad for 12 hr av roca tempetature.

After the precipitate was cellected, the solution was joured into water saturated
wich NaCl,
carbonate soluticn {extensive effervescence ané discclorar:
The combined solid was recrystallized from

The ealoroform exttact of this mixture was washed with & sodive bi-
Son was cbserved), driec
and the solvent removed Under vacuuz.
hlorofomn to yisid 0,90 g (29%) of yellaw crystailine o-3-chloro-2-[(Z,k-dinitro-
phenylisulfonytIpropyLianisoles mp 165-167°5 220 e mmr (MS3-dg) 3.09 prm (4 af
¢, 1, In9.0 Hz, Jm13.0 Bz, aH), 3.29 (@ of ¢, 1, J=5.0Kz, I=13.0 Mz, oCH), 3.60
(s, 3, OE},}), 3.89 (¢ of &, 1, J=5.0 Hz, J=iZ.5 He, YCH), 4.0L (d of 4, 1, I=3.0
Hz, J=12.5 Hz, YCH), 4.58-4.72 (m, 1, BCH) 6.8247,32 (m, &, &rH), 8.24 (4, 1, Ju
8.5Hz, 6-H[ar']}, 8.64 (d of d, 1, .GHz, J=8,5 Rz, S-H[Ar'2)}; mass spectrum
(rel. tatensity) 414 (12, 47, 147 (100)) a sigrificant aew 4ir band was at 1160 on™

Anal, Caled for CKSHHNZ%SCIJ €, 46.32; H, 3.55; N, €.75; s, 7.73; ¢, B.55,
C, 46,0935 H, 3.34, N, 6.57; §, 7.65; C1, 8,44,

1

Founé::

The addition of 2,4-dinitrobenzenesuifenyl chioride to eliyibenzene was
performed similavly to the adéition of ArSCl to 4 to yield ca a 50:50 mixture of
Merkownikov and anti-Markowalkov adducts (as Jetermined by nor and mass spectral
analysts .

1305
coxlected fror sn eluminum oxide preparative tle plate: nmr (!xcblj) 1.5-2.6 ppo
[2, 8, (CHy)y], 3.3 (4 of 4, 1, Sw5,082, JN1A,5 Hz, 5-#), 3.5 (4 of 3, 1, Jm5.0ke,
58), 3.7 (s, 2 A2y)y 40205 (a1, GBo), 120 (5, 3, e mass opactres
(rel. trtensicy) 396 (9.1, ¥ ey, 394 (0.4, o 48), 392 (1,5, o + 4y, 390
(2,2, 4" +2), 388 (1.1, M), 91 (2003, Max data fzom the original reaction
wixture indicated that the ratic of£5/17 was 4.6/L.

Heating the Markownikov adduct 25 in BTCCly (105°, 13.5
tha formstion of cprlic 27 and benzyl bromtde, as shown by nar and vpe amalysis,
thereby confirming the structural essigmnent fer 25,

Addirion of 3:(1(:1,s to o-Fropenyltilganisole (28).
(6.05 wmol) of 78 (96% trans, 4% cis) with 29,7 g (0.149 Tol) of BrCOLy inizfuted
By a trace of di-t-dutyl peroxide ané neating at 105° for 18,5 hr. yielded 1.5 g
(687} of o-(L-bromo-3,3,3-trichioro=2-nethylpropyl)phenyl methyl sulfide (29)
(80 tarso, "90® 20% eryenro es determined by nor analysis). Nor and mass spea-
txal data aze as follows: nm of threo-29'%% (BxCCLy) 1.5 PR (¢, 3, I46.5 H2),
2,6 (s, 3, sG), 28 (@ of g, 1, J=2.8 He, -cacns:,sz @, 1, CHB), 7.0-7.8
(3, &, ATH)} mass spaccmm of mixture zm intensity) 368 (0.3, ¥ +8), 366
2, y.* +6), 366 (7, ¥ =3, 382 Q0, M7 45y, 360 (5, D), 171 (109,

KL atcenpus to sepsvate che dissterscmers vere unsuccessful; therefors,
the wixture was derivatized, 4 golution of 0,553 g (1.52 mmol) of tha mixture
and excess sodiuo methoxide fn 6 ml of methanol wes refluxed for 6.5 hr.

Zroduct snalysis by tmr spectroscopy of the residue resultlng from the removal

br) resulted in

The reaction of 0.992 g

Kwart and Drayer

JCCA13-3
declated: by 76787 (0,40 m); nax (003.) 1.2 ppm (4, 3, Je6.5Hs, ¥ Giy), 2.9 (4,
2, 7.6 e, AxcHp), 3.8 (s, 3, OCH,), 5.3 (wultiplet 1, ACH), 6.6-7. . (multiplet,
4, A}, 7.8 (s, 1, formyl), mass spectrus (rel, tntensicy) 194 (10, 77, 148 ¢100);
significant new ir bands were 1725 end 1180 cn

Addftion of 972 HOOM to Allylbenzens (5) 4 solution of 5.00 g (42.3 muol)
ef 51n 120 ml of 97% HCOzﬂ when beated for 40 hr at 77,5° ylalded 4.00 g (38%)

of a-methylpnenschyl aluohol formate (§c), & colovless L{quid: bp 58-59°C (0.50 mm);
fmr (DCL,) 1.2 ppu (d, 3, Ju6.3 Ha,v GI,), 2.7 (4 of &, L, In0.0 ¥z, I=13.4 Kz,
ArgH), 2.0.(d of 4,1, J=6.3 He, J=13.4 Rz, AzGH), 5.2 (eextsc, 1, &CK), 7.2 (s, 5,
Ar), 7.9 (s, 1, forayD, mass spectrun (vel, ineemeity) 164 (0,2, ¥, 118 (70),
91(100); eignifteant new ir bands were 1725 snd 1180 c™t,

Adéirion of Gaseous Hydrobromic Acid to o~Allylthioanisole (3), Excess
actd, abtained by heating sodium bromide cov ered with poly-

gaseous hydrobramic
phosphorte acld, was bubdled fnto ashydzous ether containing 0,251 g (1.53 mmol)
of 3 and 4.6 ug Tonol (antioxident), The reaction vessel was kept in the Gark at
0° for the 3 hours the gaseous acid was genevated. The solution was then stirred
overnight and the precipitats that formed Was ffltered (ether Layer was saved) to
yield 0.070 g (19%) of a Whits hydroscopic solid chazacterized as 89% txane’ =2,
dihydro-3,2-diuethylhenza (k) thiophentun brouide (1la) and 11% cis-2,3-dihydro-1,2-
dipethylbenzo(b) thiopheniun srontde (L) £zou aox anayats 1, 0.

¥ar spectrun of aH, s
+ +
R ¢ trans

Signal Position {ppm) Aves  Hulriplicit) 1 (eps’
oL B aubler 7.0
* 3

w18 ) Doublet 6.5
B 297 Y, Stnglet -
Hyy 3.3 )
B, 3.52-3.85 2 Mileiplet

4,65-3,20 - Miletplet ———
3, 7.50-8.20 3 Wiltiplat -

Fne axea of K, equals the area of By,
4The area of H_ equals the ares of H .
t4ra azes cauld sot e deterutne besause of the absorption 4n this
regtan by the vater impuri
J0C-13~6
Acdition of ArBCL to g-Allylthicanisole (3). A solution of 1.93 g (8,21
mol) of 2,4-dinitrobenzenasulfenyl chloriée and 1.35 g (2,23 wmol) of 2 in 50 al

of glarial acetic acid was heated at 40° for 3 days. The reactlon mixture was

diluted with vater and the solvent vas removed imder vacuum. After recrystalliza=
thon fron chloreform, 2.4 g (65%) of yellew crystallne Z-[[(Z,drdinitraphenyl)=
thiomechyl2-2, 3-dthydrobenza(b) thiophene (18) was obtained: op 143-164.5%; 220 Wiz
anr (BS0-dg) 3.27 pp (4 of d, 1, J=5.0 Ha, Julé,0Hz, H-3), 3,46 (d of 4, 1, I~
7.5 He, Iml6.0Hg, Be3), 3.50 (4, 2, 37,00z, CH;9), 4.11-6.27 @, 1, 2-K), 7.00-
7,30 {m, 4,atd), .91 (d, 1, I=9.0Hz, 6~H [Ar']), .37 (d of d, 1, I=2.5 Hz, J=
9.C Mz, SE(AT'D, 8.8 (4, 1, J=2.5 He,
368 (22, 4%, 135 (200, ¥ ~cH 540 .

s, Caled for Gy N,08, €, 51703 H, 3,673 ¥, 8.04; §, 18.41,
L SL713 H, 3,365 X, 8.2 s, 18,22,

I-E[Ar']); mess spectrun (rel. intersicy)

Found:

Sesled Tubs Reaction of 3 and ArSCL in GD3C0D A eolution of 4 ug of 3

and 2 g of cyclonexane ((nternal standard) in 280 mg of (D300 was ssturated with
2,4-ditstrobenzenesulfenyl chlovide, placed in a sealed nar tube and hested at 48.7°,

Tae results of sur analysis of this sealed tube reaction are summar{zed in Tabl
The concentration of L§ was deterained in the following meaner. The wux Spectre
shawed a singlet at 3.0 ppu which dissppaared after N, was bubbled into the reaction
o GICL ané the concentration cf 16 wea
assuned equal to the of GH,CL. ipicar

during the progress of reaction could be assured to contaln the direct adduer 14,

buring the first 2.5 hr of

zixture, This singlet was sseigned

obsarved to form

The av

thanghths could ot be fleolated ss a pura emtity.
reastion more chan half of the starting olefin had reacted yet litela L any of
chiophene 16 had been formed in this period, vhile the precipitate containing Lk
and/or 15 was accunulating, o

addicion of 3xCCiy t0 owAllylenisele (4). The reactian of decxygenated
spectzal grade Brecly (0.272 nel) with 4 (0,014 a0l) Indtlared by a trace of di-
-buryl peroxtde and heabing at 105° for 20 hr yielded 4.14 § (36%)
&,4,4-trichlorabuylyanisele (37) tbp 112-115°C (0.1 wm); maw (CCL) 2.9-3.7 pra
(5, 4, metkylenes), 3.8 (8, 3, 3y, 4348 (z, 1, 2H), 6.7-7.4 (@, 4, Am);
nass spectrus (rel. intemsicy) 352 (0.2, H' +8), 350 (2, u' + ), 363 (7, ¥4},
346 (1, ¥ 42), 344 (6, ', 121 (00).

of Gu(2-bremo-

Derivatizing
excess KO for 16 hr

the Markownikov adduct [7 by rafiusing {t fn methanol with
confimed the structural assignment. The tiree preducts

trapped fron the vpe (colum ) were: 1,l-dichloro-3-nethoxy-4-{o-nethoxyphenyl)-

365-13-9
on Chromosorb ) colum.

The progress of the sddition of 2,4~dinitrobenzenesulienyl chloride to 4
and § vas followad by titrating iodine (generated by the reaction of residual
sulfenyl chloride with lodtde), with standerd thiosulfate,
in Table 2, Since 3 reacte with todine (Pravioualy discussed) tite method developed
by ¥nsrasch’® could mot be used to foilew the reaction of 3 With 2,4~dinitrobonzane
sulfeayl chloride.

Tha second ordsr rate conatants for the addition of 2,4-dinitrobenzena-

Results are presented

via rition

sulfenyl chloride to 3 at several vere

experiments, Competing olafins, 3, and 4, reacted with s itmited smount of Z,6m
dtaitrobenzenssulfenyl chloride i the presencs of am internal standard, diphenyl
sther, Concentrattons ware determined by vbe analysia of the reastion mixture.

Tae velative ratio of the rate comstants was calculated using the equatlont
iy 10w (/D¢

by doz B,/
Sirce each competition experiment was perforned at a temperature where the specific
rate comstent for the reaction of 2,4-dinitrobenzenesulfenyl chloride snd 4 was
kaowm, the corresponding Constant for the sddition of Z,6-dindtxobenzenesutfenyl
chlortda to 3 cculd be readily computed. Rate daza for the additfon of Z,4~di~
nitzobenzanesulfanyl chlozide to 3 are aummerized in Table 3.
Measuremsnt of the Relative Rate Constantd for the Comperitive Asdivior of BriCh

af the sclveat and inorganic salts revealed @ mfxture of 3,3-dfch
[o-(mechylehio)phenyllallyl methyl ether (30) and methyl o-(methylthic)-o-(2,2,2-
trichloro-l-zethyiethyl)beneyl echer (31) 4n a ratio of 0.72/1,
povent 30 was rrapped off the vpe (colwm B): omr (BrCly) 1.6 spm (s, 3, CHy08),
2.4 (2, 3, 5CH), 3.6 (8,3, OCHy), 5.4 (5, 1, &xQ@D, 6.9 s @ 4, Axh),'\ass
spectrun (rel. intensicy) 260 <z M e wy, 278 (8, MY 42, 276 (12, ¥, 241 (300),
Preparatory tle (aluninur oxide piate) resulted in partial Tesalution cf the
producte (30/3L = 0\54/1). Benzyl ethex (31) was chavacterized 5y takirg accawmnt
of the gontzitution of JC tc che mmr and nass specera of the partially resolved
aixturs: nnr (BrCCly( 1.2 ppa {d, 3, I=8.5 K2), 2,5 (s, 3, 8Gi), 2.7 (d of q,
1, 3-1.6 Hz,~GHCCLy), 3.3 (,3,00H,), 5.3 (&,1,450), 7.0+7.5 (m. &, AdiD); nass
spectrum (rel, intensizy) 318 (0.2, o' = €, 326 @, W + &), 3u (5, " + D), 312

(s, ¥, 167 (100, Gy,
@[ -G,

Rate Messuremants, 4 well-srirred, imsulated ol bath, tempevature msintained by a

Tae minor com-

WIherzotrel" wit, was used for all competition experizents involving BreCl, addi-
4 "Forma" water bath, temperature malntained by & merxcury sensing
avolving 2,4-dint 1feny

tion neaceicne.

wnit, was employed for ail wimetle
chloride end formic actd acdicion reactions.
wes conducsed uming s Cual~celumn imstrupenc, Hewlett snd Packard wodel 5750,

6' silicone rubber (UC 498

Gas chromatographic kinetic sralysis

equipped with a flame~iorization derestor, and a 1/4" x

Olefing A solution was prepared censisting of the competing olefins,
an intefnal standard, and di-g-butyl Feroxide in a large excess of BriCl,., Vee

to Vari:

analysis of this mimtuve was perforsed to decersine the iniilal comcentratlon of
A aliquot of rhe solu~
The cxygen dissolved in

The tube was then

each
tion was trensferred to a glass tube ssaled ac one end.

% she olefins, relative to the internal standard.

the solutdor end the alr in the tubs were expelled under vacuum.
sealed vhile still attsched e vacuer pump and placed in a comstant temperature
i1 bath, The solution, vemoved from the oil bath after each olefin was slloved to

resct partially but never completaly, was analyzed for unrescted oleilns by means
2 . Tee o results are 1 Teble 7.

of Psegde Firet Order Rats Corstants for the Addition of 97X Formic Actd
ko Various olefins at 77,5°. A solution of clefin (2% /¥ and interaal standard
(o-iichlorobenzene) in 97% formic acid was placad n & comstant cemperature 01l bath.
o dliquot was then withczawn and imzedistely diluted with a large excess of ice
e solution.

The “zero" time wag the momen: the sampie was withdrmwn from
Vpe analysis of the dried, eveporated

water,
The agueous layer wag excracced with hexane,
hexane extract was perforned to determine the indtial concentration of the olefin
relative to che intemsl scandard, At varying time intervals, aliquots were withe
drewr. ond the save procedure was used to determine the inirial concentration was

carried out te determine the relstive concentration of the olefin at time t. The
seudo fizst order zate constants determined from these dsta axe suwmarized in

Table 3,
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Table VI
Product Composition as a Function of Time of
Heating the Reaction of 3 + BrCCl; at 100°

~Product proportions, %—

Time, hr [20] [21]
2.5 98 2
9.0¢ 89 11

19.2 77 23

« More than 95% of 3 had been reacted at this point.

the product-forming step rather than the rate-determining
step, followed rapidly by demethylation of the resulting
sulfonium ion intermediate through bromide. displace-
ment. The progress of this change in product composition
occurring at 100° heating of the reaction mixture in a de-
gassed, sealed tube is given in Table VI. Proof that 20 was
indeed the first product formed (which at the elevated
reaction temperatures underwent subsequent ring closure)
was obtained by carrying out the reaction at low tempera-
tures via photoinitiation. Under these conditions only 20
was formed in >95% purity as determined by nmr. The
ease with which thermal elimination (including dehydro-
genation) occurs in this system is illustrated by the series
of compounds evolving from 20 on heating at 146° in the
addition reaction medium in which it was formed; the se-
ries includes compounds 21, 22, and 23. The latter (23)
was only tentatively identified as a thermal, HCl-elimina-
tion product from 22 by the presence of a singlet at 5.9
ppm in the nmr, but was not isolated in analytically pure
form.

The possibility that the aromatic substituent in 3 atten-
uates the neighboring group capabilities of the thio ether
moiety in the radical chain reaction with BrCCls was then
examined. The addition reaction was carried out with a
substrate which did not possess this structural feature,
namely, 5-benzylthio-1-pentene (24). This reaction at ca.
105° produced in 8.5 hr a mixture of 25, 27, and benzyl
bromide in the ratios indicated in eq 8. Further heating

Cb-HE,(lJHQ C:H;CH, caL CeHs(l}H2 B
S S st
bt Ca =L O
Br
24 25 26
+ 46
BrCCl, cal
S
+ CH.CH,Br (3)
27
1 1

again resulted in the disappearance of the uncyclized
component (25), concomitant with increasing 27 and ben-
zyl bromide (in equal amounts). Apparently the missing
intermediate 26, which must be the precursor of 27,
undergoes bromide ion displacement and loss of benzyl
bromide too readily to be observed under the thermal con-
ditions of its formation from 25.

For purposes of a rate comparison (to be discussed sub-
sequently) o-propenylthioanisole (28) which was 96% trans
and 4% cis was also treated with BrCCl; and thermal-per-
oxide initiation. The product collected after an 18.5-hr
reaction period in nearly 70% conversion consisted only of
threo (80%) and erythro (20%) diastereocisomers of the
normal, Markovnikov adduct 29. These structures were
identified by mass spectral and nmr criteria, as well as by
the course of their reaction with methanolic NaOCHj3,
shown in Scheme V, yielding 30 and 31 in the ratio
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Scheme V
CH3 CH3
S
S BrCCly CCl, _NaOCH,
_CH - J/ "
CH?Z “NCH, (|3Hcr\1
28
Br CH,
1( 29
(les (les
S cH, S S C|H3
OC & =00 |00 e
CcH” Br C‘H
clms CCl; OCH,
32 33 30
+
CH,
S (I:Hs
@( _CHCQl,
CIH
OCH,
31

0.72:1.0. This result tends to confirm the interpretation
(above) of the course of addition of BrCCls to o-allyl-
thioanisole (3). There is, evidently, no driving force for
CH3S-5 participation leading to 32 in the rate-determin-
ing step of the free radical chain addition process. If a
radical CH3S-5 mechanism had been even slightly com-
petitive with the course of addition observed with 28, pre-
vious experience indicates that it should have been possi-
ble to find some stable dihydrothiophene such as 33.

In the interests of evaluating the possibility of any de-
gree of anchimeric assistance in the free radical chain ad-
dition process a series of kinetic experiments was conduct-
ed by competition methods. The results arrayed in Table
VII give no indication of rate differences which can be cor-
related with any of the structural features of the seven
olefins examined.

The largest rate bias, a factor actually less than 2.5,
emphasizes that polar substituent influences in most radi-
cal chain addition reactions of the double bond are small.43
Moreover, polar factors in hydrogen abstraction reac-
tions*® do not exceed p = —1.36.47 However, while polar
substituents exert only minor influence on the homolytic
dissociation of the peroxide bond,*® exceedingly large ac-
celerations (ca. 10%), corresponding to CH3S-5 participa-
tion, have been noted*®-5! in connection with perbenzoate
decomposition. It can be deduced, therefore, that the rela-
tive rates of 3 (o-allylthioanisole = 0.95), 4 (0-allylanisole
= 1.4), and 5 (allylbenzene = 1.0) signify the total ab-
sence of rate effects which could possibly be correlated
with anchimeric assistance in the transition state of the
BrCCl; addition reaction.

Conclusions

Electrophilic Additions. The stereochemistry of the
addition of acidic reagents to olefins does not follow a
simple pattern and varies from exclusively trans or cis to
the formation of nonstereospecific adducts depending on
the olefin structure and the nature of the acidic reagent.
A few generalizations can be deduced, however. (1) Addi-
tion reactions which lead to relatively unstable, short-
lived carbocation (or ion-pair) intermediates generally af-
ford trans adducts. Illustrations of this are the addition of
DBr in DOAc to trans-butene,52 of HBr to cyclohexene-
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Table VII
Competitive Rates of Addition of BrCCl; to Various Olefins®
Time, Olefinse
Temp,? °C min competing [Initial}d [Final]4 ka/kpe
121.00 31 4/3 1.29/0.93 0.62/0.57 kw/ky =1.5
121.00 57 4/5 1.57/0.94 0.70/0.54 kaoy/ksn = 1.4
119.70 95 34/28 1.54/1.21 0.43/0.44 koo/kesy = 1.3
119.70 95 34/28 1.37/1.70 0.39/0.58 koao/kesy = 1.2
119.70 92 34/35 1.52/1.56 0.23/0.72 kan/key = 1.5
121.00 46 24/5 0.91/0.91 0.33/0.40 kav/ke = 1.

« The gas chromatographic internal standard for the competition at 121° was diphenyl ether and at 119.7° 1,2,4-trichloro-
benzene. ® The temperature was held to £0.1°, ¢ o-Allylanisole (4), o-allylthioanisole (8), allylbenzene (5), propenylbenzene
(34), o-propenylthioanisole (29, 96% trans), 4-phenylthio-1-butene (35), 5-benzylthio-1-pentene (24). ¢ Initial and final con-
centrations relative to internal standard. ¢ ks/ks = log (Ai/A:)/(B))/(Bs), where the subscript i represents the initial and f
the final relative concentrations, that is, at the beginning and end of the reaction period.

1,3,3-d3 in HOAc,%3 and of HCOOH to 4-tert-butylcyclo-
hexene.?* (2) Acid additions which form more stable ion
pairs, such as, for example, those having substituted ben-
zylic cations, yield predominantly cis adducts. Illustra-
tions of this route are the cis additions of DBr to acenaph-
thalene, indene, and 1-phenylpropene in nonprotic sol-
vents.%% (3) Finally, additions that produce highly solvat-
ed carbocations yield nearly equimolar amounts of cis and
trans adducts, as typified by the acid-catalyzed hydration
of 1,2 dimethylcyclohexene.58

An attractive conclusion deducible from these generali-
zations is that the nature of the ion pair intermediate and
its lifetime in solution control the stereochemistry of elec-
trophilic addition to the double bond. In a number of
cases discussed above CH3S-5 participation of the Sx2
type has been observed to occur very readily in the prod-
uct-determining step. These facts strongly suggest that
there are no steric difficulties associated with thio ether
participation in the rate-determining steps of the addition
reactions studied. One may speculate how the nature of
the ion pairs, i.e., whether or not they involve intimate
contact between the counterions, or to what extent solva-
tion energy has been liberated, can influence the stereo-
chemistry of the rate-controlling step. However, the most
significant factor appears to be associated with the degree
of positive charge developed on carbon in a transition
state structured like an ion pair. This factor also is related
to the degree of solvation of the ion pair intermediate and
its longevity.

A similar conclusion can be drawn from the results
above bearing on the occurrence of the Sn1 type of
CH3S-5. This type of neighboring group participation by
thio ether has been identified here only in those cases
where a significant degree of positive charge would tend to
develop on carbon in the activation step of the addition
mechanism. In terms of the extent of CHzS-5 experienced
in the rate-determining step, the results show that iodina-
tion ~ hydrobromination in aprotic solvent > HCOOH ad-
dition in protic solvent. The ArSCl addition where almost
no charge is developed on carbon3%:3? gives no evidence of
anchimeric assistance via an SN1 type of CH3S-5. This is
reminiscent of the report3? that the charge on carbon in
the episulfonium salt intermediate®? is so scant that nu-
cleophilic attack is often preferred on the sulfur.

The few cases where neighboring sulfur participates in
electrophilic addition can be considered to reflect the ne-
cessity for a threshold degree of charge on the carbon of
the ion pair developing in the activated complex. Thus,
the unusually rapid addition of HCl and HI to 5-methyl-
thio-1-cyclooctene is explained3! as transannular =-bond
activation by the thiomethyl group. The greater stability
of the cyclooctyl cation8-6° compared to isopropyl may be
the controlling influence. An impressive illustration of
participation by neighboring sulfur in a stable carbocation

intermediate has been furnished by Martin and Basalay,32
whereby protonation of 36 gives a cation which may be
represented as an equilibrium of 37a and 37b for the rea-
son that it displays only one peak (in the nmr) for the two
methyls.

PhS ~~» S—Ph

QR0 *

36

37b

Radical Chain Addition. The reaction of BrCCl; with
olefins is known®! to occur in a trans, stepwise manner.
The lifetime of the intermediate carbon free radical, how-
ever, allows for free rotation. Skell and Woodworth®2 have
reported that the reaction products of both cis- and trans-
2-butene are identical in diasterecisomer composition.
Thus, free rotation in the radical intermediate about the
bond between the ultimate asymmetric centers in the
product must be more rapid than its reaction with
BrCCls. This accounts for the 80:20 mixture of dia-
stereoisomers arising from the reaction of BrCCls with o-
propenylthioanisole regardless of the 4:96 cis:trans compo-
sition of the starting olefin.

The question to be considered, then, is why, if the in-
termediate radical had sufficient lifetime to undergo one
or more free rotations, did it not experience stabilization
through participation by the neighboring, unobstructed,
thio ether group. This is a particularly cogent question in
view of the results of Martin and coworkers*®-5? which
clearly establish a large degree of anchimeric assistance
by thio ether for the homolysis of an O-O bond in a
CH3S-5 process. The answer may lie in the nature of the
peroxide cleavage which may be likened to an internal
radical displacement process, SH2. A similar explanation
has been proposed by Pryori® for the formation of isobu-
tylene oxide in a hydrogen abstraction from di-tert-butyl
peroxide. Apparently, CHzS-5 participation of the SH2
type is just as readily mobilized as the CH3S-5-assisted
displacements of the SN2 type.

It is possible that failure to observe the analogous SN1
type of CH3S-5 process during addition of BrCCls to 3
(and other thiomethyl olefins discussed above) may be
correlated with inadequate longevity of the radical inter-
mediate in these reactions. Evidently the intermediate
must endure for a period longer than is merely necessary
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to account for the diastereomeric product composition.
Skell and coworkers83.6¢ have suggested that bridged radi-
cal®® intermediates can be detected by stereoselective ad-
dition results, and claimed evidence for neighboring group
assistance in the transition state of radical addition reac-
tions. On the other hand, Kaplan®% has reviewed the
question of neighboring group participation in radical
reactions, including a number of systems in which an-
chimeric acceleration (but not by neighboring sulfur) for
the BrCCls addition was sought. In no case, however, has
he identified an unequivocal example of neighboring sul-
fur bridging in radical additions to olefins.
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The stereoselectivities for hydrogen abstraction in the electron impact induced loss of acetic acid from three
1,2-disubstituted ethyl acetates as well as the loss of water from three acyclic secondary alcohols have been de-:
termined. This information was sought in an attempt to (1) help define the general limits for conformational
analysis in the study of gas-phase ions and (2) determine the structural relationships, fundamental to confor-
mation, among the various gas-phase ionis and accessible phase molecules studied. In each case, i.¢., elimina-
tion of acetic acid and loss of water, the results are stereochemically comparable to the analogous thermal reac-
tions, i.e., formation of olefins from the pyrolysis of the subject acetates and 1,4-hydrogen abstraction by the
alkoxy radicals derived from the alcohols studied. The overall results may be seen as a stereochemical extension
of the historical structure-reactivity approach to ion structure in inaccessible gas-phase molecular radical cat-
ions. The success of these stereochemical experiments, along with the results of others in related studies, clearly
recommends this type of approach to the elucidation of the nonbonded features of gas-phase ion structure un-

available by present methodology.

The molecular radical cations produced by electron im-
pact and studied in mass spectrometers are now recog-
nized as effective models for understanding the behavior
of numerous intermediates in condensed phase.?2 The
study of such condensed-phase intermediates is one of the
central themes of modern organic chemical research and
therefore work on the structure of their mass spectral po-
tential counterparts is important. While interest in such
questions in gaseous ion chemistry has led to various
methods for structure correlation and elucidation,® there
is a continuing need for information on the relationship
between accessible molecules subject to conventional
probes and those encountered in mass spectrometry. In
the present work we have chosen two different electron
impact induced hydrogen abstracting elimination reac-
tions which appear superficially analogous to certain ther-
mal reactions. For each of these reactions we have com-
pared the stereochemical prerequisites in the transition
state of hydrogen abstraction (i.e., thermal vs. electron
impact) by determining the relative transfer of competi-
tive diastereotopic hydrogens. For both electron-impact
reactions the stereochemical course measured in this way
is exactly parallel to the compared thermal reactions.
These results strongly suggest that the compared reacting
molecules are closely corresponding in structure.

Electron Impact Induced Elimination of Acetic Acid.
Earlier work on the electron impact induced (EI) elimina-
tion of acetic acid from acetates* showed, in analogy to
the situation in pyrolysis,® that hydrogen is abstracted
primarily from the 8 carbon. Since the detailed stereo-
chemistry of the pyrolysis is known,3-¢ the corresponding
sets of 3-eliminations suggest looking at the mass spectral
counterpart stereochemically to determine the depth of
analogy (Scheme I).
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As outlined in Scheme I, our objective is the kinetic
discrimination between the diastereotopic hydrogens,”-8
H, and Hy. This necessitates preparation of the deuterat-
ed diastereomers of the subject acetates (Scheme II).

Scheme I1
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1, R=CH, 2, R=CH,
3, R=CH, 4, R=CH;
5, R = a-naphthyl 6, R = a-naphthyl

While the labeled acetates 1-4 were prepared following
the literature,® 5 and 6 were both synthesized from trans-
1,2-di-a-naphthylethene via lithium aluminum deuteride
opening of the epoxide and deuterioboration, respective-
ly.2

Table I exhibits the mass spectral data for loss of acetic
acid from these deuterated materials.



