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Competition reactions show that the reactivities of terminal olefing toward free radical addition by mer-
captans are influenced by the extent of substitution on the 4-carbon of the olefin. An order of reactivity of 2-
methyl-1-pentene > 2,4-dimethyl-1-pentene > 2,4,4-trimethyl-1-pentene toward addition by n-amyl mercaptan
at 80° has been demonstrated. This order of reactivity is parallel to that predicted by Newman's empirical

“rule of six.””

Addition of methyl mercaptan is not so markedly influenced by substitution on the 4-carbon of

the olefin as are additions of n-amyl and n-dodecyl mercaptans. There are no appreciable differences in the
reactivities of these olefins toward addition of bromotrichloromethane. An explanation is proposed for the
anomalous behavior of these olefins toward addition of these reagents and an explanation of the nature of the effect
of these remotely positioned groups on the reactivities of these olefins toward addition of mercaptans is suggested.

The generally accepted mechanism for the free radical
addition of a reagent XY across the double bond of an
olefin involves the following two free radical chain
propagating reactions.?

Y. + CH/—~CHR —> YCH,CHR (1)

YCH,CHR + XY —> YCH;CXHR + Y- (2)

Relative reactivities of olefing toward addition by
free radicals can be determined by competition reactions
of two or more olefins with an adding reagent. Re-
moval of olefin by reaction of the adduct radical with
olefin rather than with the adding reagent (reaction 2)
can be eliminated as a complicating factor by using very
reactive adding reagents such as bromotrichlorometh-
ane or mercaptans. Such studies have been reported
by Kharasch and co-workers who used bromotrichloro-
methane? to determine the relative reactivities of
various olefins toward addition by trichloromethyl
radicals (Y-= CI;C:) and by Walling and Helmreich
who used mercaptans® to obtain the relative reac-
tivities of olefins toward addition by thiyl radicals
(Y- = RS:). Reversibility of the addition of thiyl
radicals to olefins, a possible complicating factor as
far as reactivities toward addition by thiyl radicals are
concerned, has been demonstrated by the rapid isomer-
ization of unchanged olefin in the addition of methyl
mercaptan to ¢is- and to frans-2-butene. Walling and
Helmreich have, however, demonstrated that reliable
ratios of reactivities of various olefins toward mercaptan
addition can be obtained by maintaining a constant mer-
captan: olefin concentration ratio. Their values for the
relative reactivities of several olefins toward addition by
thiyl radicals are in general agreement with those found
by Kharasch and co-workers for the trichloromethyl
radicals.

We have employed the method of competition reac-
tions to determine the effect of groups remotely posi-
tioned from the reaction center on the reactivities of
terminal olefins toward free radical addition of various
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mercaptans and bromotrichloromethane. The olefins
used in our investigation were 2-methyl-1-pentene (I),
2,4-dimethyl-1-pentene (II), 2,4,4-trimethyl-1-pentene
(I1I), and 2,3,3-trimethyl-1-butene (IV).

k.
CH;CH:CH,C(CH;)=CH, + XY —>
I CH,CH,CH,CX(CHy)CHyY  (3)

k
(CHy):CHCH,C(CHy)=CH, + XY —>
II (CHy);,CHCH,CX(CH;)CH, Y (4)

k
(CH3):CCH,C(CHy)=CH, + XY —>
II1 (CHy)sCCH,CX(CH)CH.Y (5)

k
(CH;)%CC(CHy)=CH, + XY —> (CH,),CCX(CH;)CH:Y (6)
v

These particular olefins were chosen because they
could involve the type of steric effect suggested by New-
man’s “rule of six,” namely that reaction at an un-
saturated linkage is sterically hindered by the atoms or
groups positioned six atoms from the site at which the
reaction is taking place.® In olefin I, there are three
hydrogens in the 6-position. Substitution of a second
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methyl on the 4-carbon of the olefin would result in a
compound with six such hydrogens and substitution of a
third methyl on the 4-carbon would result in nine such
hydrogens. Since the primary steric factors (all are
terminal olefins), resonance factors, and any polar con-
tributions are essentially the same in I, II, and III,
any observed differences in the reactivities of these ole-
fins toward addition must very likely result from the
extent of substitution on the 4-carbon. Olefin IV has
no hydrogens in the 6-position that might exert a
steric influence on the addition reaction. However, IV
does have two less allylic hydrogens available to sta-
bilize the adduct radical and might be expected to be
lower in reactivity with respect to I, I, and III toward
radical addition.

Relative reactivity ratios of these olefins toward free
radical addition by various mercaptans and bromotri-

(5) M. S8, Newman, ‘“Steric Effects in Organic Chemistry,”” M. 8. Newman,
Ed., John Wiley and Sons, Inc., New York, N. Y., 1956, p. 206.
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chloromethane were determined by allowing mixtures
of known quantities of two of the olefins to react with
the adding reagent. The adding reagent was always
present in a large excess to eliminate any polymerization
of the olefin. Further, the mole ratio of the adding
reagent to the total olefin content was kept constant in
all cases. The chain reactions were initiated either
chemically with azobisisobutyronitrile (AIBN) or
photochemically with a sun lamp and were allowed to
proceed until an appreciable amount of each olefin
had reacted to allow for the calculation of the reactivity
ratio. The amounts of the olefins that had reacted
were determined by gas chromatographic analyses of the
reaction mixtures. The relative reactivity ratio of two
olefins A and B (k4/kg) could be found by substituting
the values for the amounts of the olefins before and
after reaction in the equation

log (40/4)

ka/ks = Tog (Bo/B)

where Ao and By are the amounts of the olefins before
reaction and 4 and B are the amounts after reaction.
In our hands, this method gave reactivity ratios of these
olefins toward addition that were fairly consistent
for two or more runs (see Table I). In the duplicate
runs for each reactivity ratio, the initial amount of each
olefin was significantly altered. The reliability of the
values for the reactivity ratios is further supported by
the eross-check experiments.

The relative reactivities of these olefins, using the
reactivities of 2-methyl-1-pentene (I) as a standard, to
addition by the various reagents serve better to il-
lustrate the following discussion (see Table II).

TasLe I

CoMPETITION REACTION STUDIES OF OLEFINS TOWARD FREE
Rapican ApprTioN

Reac- No.
Adding Temp., tivity of Average
reagent °C.  Inmit. ratio Value runs deviation
n-C:HiSH 80 AIBN kr/ku 3.8 4 0.6
n-CsHuSH 80 AIBN /b 13.0 4 2.7
n-C:H;;SH 80 AIBN  ki/kiv 26 4 0.2
’n-CsH“SH 80 AIBN kﬂ/klll 2.9 2 .3
n-CsHuSH 80 AIBN kyv/kyn 4.2 2 .05
n-CroHa:SH 80 AIBN kr/kgp 13.3 4 3.0
CH.SH 0 hv ky/kge 6.3 2 0.9
BrCCl, 40 h E/ky 105 8 .11
BrCCl; 40  hy kyv/knr 0,99 6 .05
BrCCly 0 hy B/ber 1.0 2 .05
BrCCl, 40 Ay ki/kmm 0.96 2 .08
BrCCla 40 hy kl/klv 2.4 3 .10
TaBLE II

RELATIVE REACTIVITIES OF OLEFINS TO ADDITION BY VARIOUS
ADDING REAGENTS
Olefin n-CsHuSH® CHiSH? n-CrHaSH® BrCCle°
CH;CH,CH,C(CH;)=CH, 1.00 1.00 1.00 1.00

(CH;).CHCH,C(CH;)=CH, 0.26 .. . 1.05

(CH;);CCH,C(CH;)=CHa: .08 0.16 0.08 0.99

(CH;);CC(CH,)=CH, .39 .. .. .42
¢ Temp., 80°. ? Temp., 0°. ¢ Temp., 40°.

Examination of the relative reactivities shown in Table
11 shows that: (1) increasing the number of methyl
groups on the 4-carbon of the olefin (and hence increas-
ing the number of hydrogens in the 6-position relative
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to the terminal carbon of the double bond) does mark-
edly lower the reactivity of an olefin toward addition
by mercaptans; (2) this effect is not observed in the
addition of bromotrichloromethane; and (3) the reac-
tivity of an olefin with no hydrogens in the 6-position
but with two less allylic hydrogens (olefin IV) is the
same to addition by mercaptans and bromotrichloro-
methane. If these reactivity ratios are to be taken
as the relative reactivities of the olefins to addition
by thiyl radicals and trichloromethyl radicals, one
might conclude that thiyl radical additions are sterically
hindered by remotely positioned groups whereas tri-
chloromethyl radical additions are not. Such a con-
clusion would be surprising in light of the similar effects
of other factors (primary steric, resonance, and polar)
on the reactivities of various other unsaturates to addi-
tion by these radicals. We find in our own work that a
structure change that decreases the resonance factor
has the same effect on the reactivity of the olefin to
addition by both mercaptans and bromotrichioro-
methane.

One explanation for these anomalous results is that
reversibility of the thiyl radical addition to olefins may
be an important factor in our work in spite of our efforts
to minimize this factor by maintaining a constant
mercaptan:olefin ratio. FExamination of the kinetic
aspects of the chain sequences for the additions of
mercaptans (reactions 7 and 8) and for the additions
of bromotrichloromethane (reactions 9 and 10) show

ke )
RS- + CH=CR'CH; > RSCH,CR'CH; (7)
kou

. kr
RSCH,CR’CH; + RSH —> RSCH;CHR'CH, + RS- (8)
ka .
CLC. 4+ CHy—CRCH; —> CLCCH,CRCH, (9)

. ke
ClgCCHzCRCHs -+ BI‘CCI;; —_—
CLCCH,CBrRCH; + CLC- (10)

that the reversibility of the thiyl radical addition is the
only kinetic factor that is significantly different.t
In the bromotrichloromethane reactions, it follows that
the relative rates of removal of the olefins from the
reaction mixture (what we are actually measuring in
our competition reactions) is dependent only on the
relative rates of addition of the trichloromethyl radical
to the olefins. In the mercaptan additions, the relative
rates of removal of the olefins are equal to the relative
rates of addition of the thiyl radicals only if the rates of
elimination (k_,) are the same for all of the adduet rad-
icals and the rates of chain transfer are the same (reac-
tion 8). This latter requirement is met by maintaining
a mercaptan:olefin ratio that is significantly greater
than one and essentially constant for wvarious runs.
Since there is no difference in the reactivities of olefins
I, II, and III to addition by trichloromethyl radicals,
we might conclude that the rates of addition of thiyl
radicals to these olefins is also the same. This leaves
only the elimination of the thiyl radicals from the

(6) Skell and Woodworth found that there was no isomerization of the
unchanged olefins in the addition of bromotrichloromethane to cis-2-butene
and to trans-2-butene. P. S. 8kell and R. C. Woodworth, J. Am. Chem. Soc.,
77, 4638 (1955).



1678

adduct radicals to explain the reactivities of olefins
I, I, and IIT to addition by mercaptans.

The order of reactivity I > II > III toward mer-
captan addition is consistent with this conclusion that
the elimination of the thiyl radical is the determining
factor for their different reactivities. The adduct rad-
icals A+, B:, and C- resulting from addition of a thiyl
radical to I, IT, and IT1, respectively, can assume (among
many others) the cyclic conformations shown.

‘, Me.,

Me

RS + II

RS- + III

The reaction rate constants for formation of these
aaduct radicals may well be the same, that is k., =
k. = k.". Relief of strain caused by steric crowding
that results when the adduct radical is in a cyeclic con-
formation may well accelerate the elimination of the
thiyl radical. Since the extent of crowding would
depend on the number of methyl groups on the 4-carbon
(and presumably on the number of hydrogens in the
6-position), the predicted order of the rate constants
for the elimination reactions would be k..” > k..’
> k_.. The elimination reaction of the adduct radical
must be faster than its chain transfer reaction with the
mercaptan as evidenced by the isomerization of the
2-butenes.* Thus, the concentration of a crowded
adduct radical would be lower than that of a less
crowded one in a competition reaction and its rate of
removal, and consequently that of the olefin from which
it was formed, would be slower.

The lower reactivity of IV with respect to I toward
addition by n-amyl mercaptan very likely results from
its lower reactivity to addition by the thiyl radicals
themselves. This conclusion appears valid in light of
the very similar relative reactivity ratio of these two
olefins to addition by trichloromethyl radicals. Fur-
ther, the alkyl chain in the adduct radical obtained from
IV is not long enough to permit the type of crowding
that is encountered in the adduct radicals obtained from
the pentenes. The lower reactivities of II and III
compared to that of IV indicate that the elimination
reaction is accelerated to a much greater extent when
there are two or three methyls on the 4-carbon than
when there is only one.
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The smaller difference in the reactivities of I and IIT
toward addition of methyl mercaptan compared to the
larger differences noted with n-amy! and dodecyl mer-
captans is also consistent with the above explanation.
Cyeclic conformations of the n-amyl and n-dodecyl
groups may be responsible for some of the crowding in
the adduct radicals making elimination of n-amyl and
n-dodecyl thiyl radicals more favorable than the elim-
ination of methyl thiyl radicals.

In summary, it appears that g-elimination of thiyl
radicals is markedly accelerated if the radical, which is
undergoing fragmentation, can assume conformations
which involve crowding near the reaction site. The
addition of the radical is not, however, sterically hin-
dered by remotely positioned groups.

Experimental

Materials.—n-Amyl mercaptan, n-dodecyl mercaptan (both
from Aldrich Chemical Co., Inc.), and methyl mercaptan (Mathe-
son) were used without further purification. Bromotrichloro-
methane (Dow Chemical Co.) was redistilled under vacuum until
it gave a single peak on gas chromatographic analysis. 2-
Methyl-1-pentene and 2,4,4-trimethyl-1-pentene (both from
Phillips, Pure Grade) were redistilled and each gave a single peak
on gas chromatographic analysis. 2,4-Dimethyl-1-pentene
(b.p. 80°) was prepared by the acetate pyrolysis of 2,4-dimethyl-
l-acetoxypentane which wag obtained from an authentic sample
of 2,4-dimethyl-1-pentanol (K and K Laboratories). 2,3,3-
Trimethyl-1-butene (b.p. 77°) was prepared by the dehydration of
2,3,3-trimethyl-2-butanol over alumina at 550°. This alcohol
was prepared by a standard Grignard reaction of methyl mag-
nesium iodide with pinacolone.

The azobisisobutyronitrile (Matheson Coleman and Bell)
was used without further purification. The photochemical
reactions were induced with a 275-watt Sylvania Sunlamp.

Experimental Procedure.—The reactivity ratios reported in
Table I were all determined in the following manner. A mixture
consisting of 0.1 to 0.3 g. each of the two olefins, the amount of
each accurately determined on an analytieal balance, was diluted
with an excess of the adding reagent. In the case of the mercap-
tans, the initial mole ratio of the adding reagent to the total
amount of the olefins was 4:1 in all runs. A sample of the
mixture (0.01 ml.) was removed by means of a pipet and injected
on the gas chromatographic column through a Fisher sample
injection valve. The areas of the two olefin peaks (and in some
cases the adding reagent peak) were determined. In the AIBN
induced reactions, about 5 mg. of this initiator was added to the
reaction mixture. The reaction mixtures were sealed in Pyrex
tubes and the tubes immersed in a constant temperature oil bath
set at 80° for the chemically initiated reactions. The photo-
chemically induced reactions were performed by immersing the
tube in constant temperature water baths set at either 40° or 0°.
The reaction mixture was then illuminated by a sun lamp which
was placed about 6 in. from the side of the bath. The reactions
were stopped in all cases before either of the two olefins was
completely consumed. The tube was removed from the con-
stant temperature bath and allowed to come to room temperature
before another 0.01-ml. sample was removed by means of a pipet
and subjected to gas chromatographic analysis under the same
conditions used for the first sample. Determination of the
amounts of each of the olefins remaining in the reaction mixture
was made by comparison of the olefin peak areas with those ob-
tained before reaction. The data were treated in the manner
described previously.



