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The Mechanism Study of Free Radical Sy2' Reactions by Leaving Group
Effect and Secondary a-Deuterium Kinetic Isotope Effect
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Thereactions of freeradical addition to allylic compounds are believed to proceed the S42" mechanism. It
isnot clear whether the S42" mechanism is concerted or stepwise. Theleaving group effectsand the secondary
a-deuterium kinetic isotope effectsin freeradical Si2' reactions have been determined. Theleaving group ef-
fect, kei/kei, isfrom 1.88 to 14.3. The secondary a-deuterium kinetic isotope effects, ku/kp, are 1.20 for 2-
methylallyl chloride and 1,1-d»-2-methylallyl chloride and 1.22 for allyl chloride and 1,1-d.-allyl chloride.
Thefreeradical S42' reactions seem to favor the concerted mechanism.
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INTRODUCTION

The reactions of free radical addition to allylic com-
pounds have been investigated for more than two decades.
Theformation of anew carbon-carbon single bond by an S,2'
mechanism involving the attack of a carbon radical onto a
double bond by displacement of aradical from theallylic po-
sition isauseful synthetic process (eq 1).

Re +)\/ , R/Y+Yo )
Y

X

The Kosugi group,* Grignon group,® and Keck group,?
using allyltributylstannane, developed a method for the al-
lylation of halides and pseudohalides. Schroer and Neumann*
indicated that phenyl or rert-butyl radical added to 3-tributyl-
stannyl cyclopentene to proceed the Sy2-y mechanism to
form 3-phenyl cyclopentene or 3-tert-butyl cyclopentene.
Barton and Crich indicated® that there are two possible mech-
anismsfor the Sy2' process: first, oneinwhich the addition of
the radical is concerted with the loss of the leaving radical
(Scheme I, path a); second, a stepwise mechanism in which
theadduct radical hasadefinite existence (Schemel, path b).

The Migta group reported that the reactions of phenyl
radical with allylic sulfidesand halidesyielded allyl benzene

as a major product, and the stepwise mechanism was pro-
posed to explain the reactions.® However, a concerted Sy2'
mechanism was suggested by Barton and Crich for the reac-
tion of alkyl radical with allylic derivatives.® Russell et al.’
indicated that the zert-butyl radical addition to allyl deriva-
tives proceeded with the stepwise Sy2’ reaction mechanism,
and the radical addition to double bond is a rate-determining
step. Therefore, the controversy that existsinthe Sy2' mecha-
nism of the free radical addition reaction still remains to be
elucidated.

In our previous report,® we studied the substituent ef-
fects of the rert-butyl radical addition to 2-substituted allyl
chlorides (eq 1) with substituents (X) including H, CHs,
CHCI, CH,OPh, CH,SiMes. The correlation of log k/kg vs.
om gave a p value of 3.59 with a correlation coefficient of
0.930. However, when the substituent CH,Cl was excluded,
the correlation coefficient rose to 0.990 and the p value be-
came 3.39. The substituent effect indicates that the radical
addition to double bond is the rate-determining step in the
Su2' reaction, which is consistent with the mechanism pro-
posed by Russell.” However, it is hard to explain why the
substituent CH,Cl has alarge deviation in the substituent ef-
fects of S42' reactions. The electronic and steric effects
should not be responsible for the deviation of substituent
CH,CI in the rert-butyl radical addition reactions.? We could
not rationalize the deviation of substituent CH,CI unless
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there are two leaving groupsin this molecule. If the reaction
rate could be alternated by the number of leaving groups, we
might guess the rate-determining step of the S2’ reaction
should involve the rupture of the leaving group. Therefore,
one of the possibilitiesfor the deviation of substituent CH,ClI
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might be that the reaction of the free radical addition to allyl
chloride did not proceed with the stepwise mechanism as
Russell proposed. Thisleads usto investigate the mechanism
of the Sy2’ reaction.

In this article, we use the leaving group effect and the
secondary a-deuterium Kinetic isotope effect to clarify the
mechanism of theradical S42' reaction.

RESULTS AND DISCUSSION

The leaving group effects in free radical SH2' reactions

Bunnett et al.? introduced the use of the element effect
in the study of nucleophilic aromatic substitution. A compar-
ative study of thereactivity of aryl chloridesand bromidesre-
sulted inthe kg./Kc ratio being closeto unity. Based on the as-
sumption that the electronic effect of Cl and Br were similar,
this observation provided strong evidence for the intermedi-
acy of the stepwise mechanism. However, if the kg/Kg ratio
was greater than unity, then the reaction might encourage the
concerted mechanism. Thus, we try to use the element effect
to investigate the free radical Si2' reaction mechanism. The
competitive kinetic experiments were carried out by apair of
2-substituted allyl chloride or bromide (at least 10 timeswith
respect to +-BuHgCl in Me,SO) under photolysis. It is diffi-
cult to determine the leaving group effect directly from the
following competitive reactions (eq 2), because the same
product was obtained from the photolytic reaction of the
2-substituted allyl chloride and 2-substituted allyl bromide
with --BuHgCl.

CHs (b)

Then, the leaving group effects were determined indirectly
by the following method. The relative rates of the following
pairs, 2-methylallyl chloride (1b) and allyl chloride (1a),
compound 1b and allyl bromide (2a), 2-methylallyl bromide
(2b) and compound la, were determined by the relative
amounts of two adducts by GC. Identification of substitution
products was confirmed by comparison of their GCM S data
with those of the authentic compounds synthesized by meth-
ods reported in the literature.® The relative rate ratios are
shownin Table 1.

Thekin/K1a, Kin/koa and kon/kiaare 0.75, 0.40 and 2.45 re-
spectively. The kg//Kk¢ ratios of the leaving group effects,
Koa/K1aand Kap/K1p, are determined indirectly by simple calcu-
lation and the results are shown in Table 2.

TheKg/Ke ratio is 1.88 (Kza/K1a) for compounds 2a and
la, andis 3.26 (kan/kip) for compounds 2b and 1b. The kg /K¢
ratios of the leaving group effect of 2-substitutedal lyl halides
all are greater than unity and seem dependent upon the substi-
tuent X. Thisimpliesthat the free radical S42’ reaction might
prefer the concerted mechanism.

Giese™ hasreported that therates of alkyl radicalsaddi-
tion to alkenes are controlled mainly by the polar effects of
the substituents. Therefore, the substituent effects of the free
radical addition reactions must be the same for different |eav-
ing groups, if the leaving group effects would be determined
properly. In our previous work,™ we investigated the leaving
group effect of freeradical S2' reaction by another method.
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Table 1. Relativeratesin the addition reactions of #-butyl radical
to substrates X and Y in DMSO
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Table 2. Theintermolecular leaving group effects of 2-substi-
tutedallyl halidesin the S;2' reactions

Substrate X  Substrate Y Conditions® kx/ky Substrate Br Substrate Cl Kgi/Key
1b la hv 3hin DMSO 0.75 2a la 1.88%
1b 2a hu 3hin DMSO 0.40 2b 1b 3.26°
2b la hv 3h !n DMSO 2.45 2 Koo/K1a = KeofKga + Kqo/Kon
la 8 hv 3hin DMSO 1.60 b T 20 a s T A .
: Kip/K1a Kin/Koq @nd Koy/k1, Were cited from Table 1.
2The mixturein a5 mm quartz tube was irradiated at 30-40 °C
with 2100 W UV lamp ca. 20 cm from the tube. Each reaction
wasrun at least three times. Error was + 4%. Scheme 111
. CH,CI CH,CI

T.he 2-bromomethyl-3-ch|oro-1-propene 3) |.ncludes two crc? 2 hv eBu—cH,C 2 7
different leaving groups, Cl and Br; the substituent effect CH,Br  t-BuHgCl CH,Br
would be identical for these two leaving groupsin Sy2’ reac- 3 5
tion (eq 3). The relative B-elimination rate of the leaving -
group, Kgi/kci, can be determined from theyield ratio of prod- ‘ CH,=C < ? + Bra
ucts 4 and 5. The kg,/kc ratio of the leaving group is 14.3 s o /CHCI CHoBu-t 8)

. . B ) -Bu—CH,-C —
which was determined experimentally in CH3;CN. : \CHZBr

CH,Bu-t
6 ——=  CHy=C ’ + Cle
CH,CI ho CH,CI CH,Bu-t 5 CHBr
CHy=C CHp=C + CHp=C (3)
CH,Br t-BuHgClI CH,Bu-t CH,Br
3 4 5 and 5 with cleavage of bromo and chloro radicals, respec-

I'n order to distinguish these two different kinds of leav-
ing groups, the leaving group effect of eq 2 is named as “the
intermolecular leaving group effect” and the leaving group
effect of eq 3 is named as “the intramolecular leaving group
effect”. Russell et al.” indicated that the rert-butyl radical ad-
dition to allyl derivatives proceeded with the S;2' reaction
mechanism as shown in Schemel 1.

Scheme |1
[ J
CHy=CHCHX + Re RCH,CHCH,X (4)
*
RCH,CHCHX ~ ———————= RCH,CH=CH, + Xe (5)
X e + RHgCI XHgCl + Re (86)

Thealkyl radical addsto theterminal carbon of the dou-
ble bond to form an intermediate radical, which undergoes
fast B-elimination of the leaving group Xe in achain process.
If the S42’ reactions would obey the mechanism as Russell
proposed, the photolysis of the compound 3 with ~-BuHgCl
should have rendered the mechanism asshownin Schemelll.

Theradical 6 should have been generated by addition of
t-butyl radical to the alkene 3. These fragmentsin an intra-
molecular competition reaction would give the products 4

tively. The value of kg//kc should be dependent upon the
amount of AAGT, which is the free activation energy differ-
ence between the reactions of the rupture of bromo radical
and chloro radical from the adduct radical 6. We may write
that AAG™ = AG™s, - AGT. The AGTg, and the AGT are the
free activation energy of the elimination of bromo and chloro
radicals from the radical 6, respectively. It seems reasonable
to assume the AS of the elimination reaction of bromo radi-
cal issimilar to that of the elimination reaction of chloro radi-
cal. Therefore, the AAGT could be expressed in terms of the
AAHT. Itisalso plausible to assume the value of AAHT of the
freeradical reaction iscloseto the difference of the bond dis-
sociation energy between C-Cl bond and C-Br bond. The
bond dissociation energy of C-Cl bondis 71 kcal/mol and that
of C-Br bond is 57 kcal/mol.** Then, the value of AAHT is
about 14 kcal/mol. Theoretically, the kg/ke ratio would be
10", in the extreme. However, the ks/k¢ ratio is only 14.3
experimentally. This experimental value istoo small to com-
pare with the theoretical value. Therefore, the mechanism of
S42’' reaction seems not consistent with the stepwise mecha-
nism as Russell proposed. This suggeststhat the Sy2’ reaction
might not proceed via the stepwise mechanism. The Kg/Kc
ratios are greater than unity for both intramolecul ar and inter-
molecular leaving group effects, and the S;2' reactions seem
to favor the concerted mechanism.
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The value of intermolecular leaving group effect is
smaller than that of intramolecular leaving group effect in
free radical Sy2’ reaction, although they were measured in
different solvents. The difference is due mainly to solvation
of the transition state. Both chloro and bromo leaving groups
suffer the same extent of solvation in the transition state of
compound 3, because they are on the same molecule. The
intramolecular leaving group effects should not be affected
by the solvent effect. Thus, the kg./kc ratio of compound 3
measured in DM SO would be close to that measured in
CH3CN. The transition state with a smaller and poor chloro
leaving group has a larger charge density than that with a
bromo leaving group. Therefore, the transition state of com-
pound 1 isrelatively better solvated than that of compound 2.
The decreasing kg/Kci ratios in the intermolecular leaving
group effect can be attributed to the acceleration of com-
pound 1 dueto the better solvation in the transition state.

Secondary a-deuterium Kinetic isotope effects in free
radical SH2' reactions

Secondary a-deuterium Kkinetic isotope effects have
been widely used to determine how changing a substituent on
the nucleophile, the substrate, or the leaving group altersthe
structure of the transition state of substitution reactions (eq
9)_12

T -
H(D) (D)Hy H(D)
Nu™ + R-C-LG Nu- —Cq- —-- LG
H(D)
Fi(D)
— > Nu—C-R + LG (9)
HO)

The magnitude of asecondary a.-deuterium Kinetic iso-
tope effect i sdetermined by the changesthat occur in both the
C,-H(D) stretching and out-of-plane bending vibrations
when the reactant is converted into the transition state.™®
Westaway and Ali pointed out'® that the energy of these
bending vibrations is directly related to the amount of steric
crowding around the C,-H bonds. The amount of steric
crowding around the C.-H bonds in the trigonal bipyramidal
transition state can only be altered significantly by changing
the length of one or both of the nucleophile----a-carbon or
a-carbon----leaving group bonds. Thus, the magnitude of the
secondary o.-deuterium Kinetic isotope effect should be a
measure of the nucleophile----leaving group distance in an
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S\2 transition state. Sy2 reaction can exhibit ku/kp > 1 when
the separation between the two proximal atoms of nucleo-
phile and leaving group is relatively long, thus forming a
comparatively loose transition state.***** If the free radical
Sn2' reaction proceeds the concerted process as the Sy2 reac-
tion does, itislikely that the freeradical Sy2' reaction should
progress as shown in eq 10, and the value of secondary .-
deuterium Kinetic isotope effect would be expected to be
greater than unity. There is obvious difference between the
Sn2' reaction and the Sy2 reaction. The differenceliesin that
the reaction center includes three carbonsin eq 10 instead of
one carbon in eq 9. Therefore, Csis a carbon for the leaving
group and C; isa carbon for thealkyl radical, respectively, in
the S22’ reaction.

T e

X R
|

Re +01)\03/LG _ M‘H(D)

OH  “H(D) w0 1 YHD)

LG
X
——= R AHO) +LGe (10)

®

Wetry to use secondary a-deuterium kinetic i sotope ef-
fect to investigate whether or not the rupture of the leaving
group occurs in the transition state of free radical Sy2’ reac-
tions. The two deuteriums are placed at o carbon of the leav-
ing group (Cs) to measure secondary a.-deuterium Kinetic i so-
tope effects. The secondary a-deuterium kinetic isotope ef-
fects of the following two pairs of substrates, compound la
and 3,3-d,-3-chloro-1-propene (7), compound 1b and 3,3-
d.-3-chloro-2-methyl-1-propene (8), are aso determined in-
directly by the competitive technique as described before. A
summary of therelative rate datais presented in Table 1. The
relative rates of kiu/ky and kia/ks are 0.92 and 1.60, respec-
tively. The secondary a.-deuterium Kinetic i sotope effects are
obtained by simple calculation, and the results are shown in
Table 3. When the substituents are H and CHs, the values of
ku/kp are 1.22 (kia/k7) and 1.20 (kin/ks), respectively.

Kim et al. reported that cyanide abstractions from ben-
zyl isocyanides by radicals took place in a concerted mecha-
nism and secondary a-deuterium Kinetic isotope effects,
ki/kp, were between 1.075 and 1.259."° Therefore, we might
suggest that the free radical Sy2' reactions might proceed the
concerted mechanism based on the data of the leaving group
effects and the kinetic i sotope effect.
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Table 3. The secondary a.-deuterium kinetic isotope effects of
H,C=CHX-CH,(D,)Cl in the S;2' reactions

Substituent X ku/kp
H 1222
CHs 1.20°

: Kin/Kp (Kio/K7) = Kan/k7 + Kap/Kia
Kn/kp(kn/Ks) = KiaKe x Kip/Kia
Kin/k7, Kin/kia @nd kykg were cited from Table 1.

The magnitude of the secondary a-deuterium kinetic
isotope effect is a measure of the nucleophile-leaving group
distanceinthe Sy2 reaction transition state. Isthisthe sameas
inthefreeradical Sy2' reaction? The answer isobviously not.
If welook at eq 9 and eq 10 precisely, the CD, group is at a
position in both the nucleophile and leaving group in eq 9.
However, the CD, group is at a. position of the leaving group
only in eq 10. The magnitude of the secondary a.-deuterium
kinetic isotope effect (the change in the C,-H(D) out of plane
of vibrationswhen the reactants are converted into the transi-
tion state) might depend on the looseness of the transition
state. Thelooseness of the transition state of the Sy2 reaction
is dependent upon the distance between the nucleophile and
the leaving group. On one hand, the change in the C,-H(D)
out of plane of vibrations is not dependent entirely upon the
looseness of the transition state in the free radical S42’ reac-
tion. Actually, the change in the C,-H(D) out of plane of vi-
brationsisinfluenced only by the partial structure of the tran-
sition state of the S42' reaction. The Cy, C; and C; carbons
would be in the same plane when the reactants are converted
into the transition state (eq 10), and two C,-H(D) bonds are
also in the same plane. On the other hand, the leaving group
would be perpendicular to this plane. Westaway et al. indi-
cated that the magnitude of the secondary o-deuterium ki-
netic isotope effect was determined by the length of only the
shorter reacting bond if the Sy2 transition state were unsym-
metrical.*® In other words, the change in the C,-H(D) out of
plane of vibrations might only depend on the length of the
shorter reacting bond rather than on the nucleophile-leaving
group distance (Fig. 1).

Calculation for the addition of a methyl radical to

Nu§ \<|>/ \\LG
N

Fig. 1. C,-H(D) out of plane bending for an unsym-
metrical Sy2 transition state.
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ethene suggests that the incoming radical approachesalong a
trajectory perpendicular to the nodal plane of the & system at
approximately the tetrahedral angle."” It allows us to assume
the #-buty! radical addition to double bond is similar to what
the methyl radical does; therefore, it is plausible to assume
that a carbon centered radical undergoes an Si;2' reaction via
atransition state which might be closeto Fig. 2.

Comparing Fig. 2with Fig. 1, the C,-H(D) out of plane
of vibrations in an Sy2' reaction transition state is similar to
that in the unsymmetrical Sy2 transition state. It is obvious
that the C,-H(D) out of plane of vibrations around Cs car-
bon--leaving group is more crowding than the other side
around Cs carbon from Fig. 2. Thus, the secondary o.-deute-
rium kineticisotope effect in an S42’ reaction is dependent on
the length of the shorter reacting bond, which in this case is
the C3 carbon--leaving group distance. The magnitude of the
secondary o.-deuterium kinetic isotope effect in an S42' reac-
tion might indicate the looseness between the reaction center
(Cs) and the leaving group in the transition state.

The secondary a-deuterium kinetic isotope effectsin
Table 3 show ku/kp > 1 regardless of the substituents. Selt
zer™® reported that the secondary a-deuterium isotope effect
in the free radical cleavage of azo-bis-a.-phenylethane was
found to be 1.27. He also reviewed a large body of data on
secondary a-deuterium isotope effects. Theisotope effects of
the reactions, involving arate controlling unimolecular bond
scission, are remarkably constant. The constancy of thisiso-
tope effect, observed in these cases, stems from the similarity
in the changes of the C,-H vibrational frequenciesin going
from their respective ground statesto transition states. More-
over, the C,-H frequencies are relatively insensitive to the
chemical nature of substitution at that carbon atom. There-
fore, it seems likely that the secondary a.-deuterium Kinetic
isotope effects are unaffected by the substituent at the 3-car-
bon atom in an S42' reaction. The reason is that the substi-
tuent at the B-carbon atom would not affect the crowding be-
tween the reaction center (Cs) and the leaving group in the
transition state.

Fig. 2. C,-H(D) out of plane bending for an Sy2' reac-
tion transition state.
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CONCLUSION

The values of the intramolecular and intermolecul ar
leaving groups effects are both greater than unity in the free
radical S;2' reactions, and the values of secondary o.-deute-
rium Kinetic isotope effects are 1.20 to 1.22. All data favor
the Sy2' reactions to proceed with the concerted mechanism
rather than the stepwise mechanism. The magnitude of the
secondary o-deuterium kinetic i sotope effect, in general, isa
measure of the nucleophile-leaving group distancein the Sy2
reaction transition state. However, Westaway et al. pointed
out that the magnitude of the secondary a-deuterium kinetic
isotope effect was dependent upon the length of only the
shorter reacting bond if the Sy2 transition state were unsym-
metrical. Therefore, the magnitude of the secondary a.-deute-
rium Kinetic isotope effect in an S42’ reaction might indicate
the looseness between the reaction center and the leaving
group in the transition state rather than the distance between
the alkyl radical and the [eaving group.

EXPERIMENTAL SECTION

Analytical gas chromatography was performed using a
Perkin-Elmer Autosystem with a DB-5 column (0.25 uM, 60
M) and aflame ionization detector. *H NMR spectrawere re-
cordedona300 MHz VXR FT-NMR spectrometer with tetra-
methylsilane as the internal standard. GCM S were recorded
on a Quattro GCM S 5022 spectrometer or HP 5890 Series |1
Gas Chromatograph with HP 5972A MSD. Melting points
were determined on a Thomas-Hoover capillary melting
point apparatus and were uncorrected.

Materials

Solvents were purchased from Riedel-de Haen and
Mallinckrodt. Dimethyl sulfoxide (DMSO) was distilled
from calcium hydride and stored over 4A molecular sieves
under nitrogen; diethyl ether, and tetrahydrofuran were dis-
tilled from sodium metal. Other solvents were purchased and
used without purification. Allyl chloride, 2-methylallyl chlo-
ride, allyl bromide, 2-methylallyl bromide, t-butyl chloride,
and biphenyl were purchased from Aldrich Chemical Com-
pany. In most cases, the reagents were used without further
purification. Organomercurial swere synthesized by the stan-
dard Grignard procedure.*® 3,3-d,-3-chloro-1-propene (7)%°
and 3,3-dz-3-chloro-2-methyl-1-propene (8)** were synthe-
sized by the methods reported in the literature. The 96% pure
deuterium of compound 7 was obtained. GCMS: m/z (relative
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intensity): 80 (M+2*, 14), 78 (M*, 41), 43 (100). 'H NMR
(CDCl3): 5.99-5.94 (m, 1H), 5.40-5.20 (m, 2H), 4.05 (CH.Cl)
< 4%. The deuterium purity of compound 8 was greater than
96%. GCMS: m/z (relative intensity): 94 (M+2*, 8), 92 (M*,
24), 57 (100). 'H NMR (CDCls): 5.05 (s, 1H), 4.92 (s, 1H),
3.90 (CH.Cl) < 4%, 1.83 (s, 3H).

General Procedure for Competitive Photostimulated Re-
actions of 2-Substitutedallyl Halides with t-Butylmercury
Chloride®

A pair of 2-substitutedallyl halides (1.0 mmol), t-
BuHgCI (0.1 mmol) and internal standard (0.05 mmol of
biphenyl) were dissolved in 1 mL of nitrogen-purged dry
dimethylsulfoxide. The solution was divided into dry and ni-
trogen-purged four quartz tubes (0.25 mL in each tube) each
equipped with a rubber septum. The tubes were irradiated at
35-40 °C witha 100 W UV lamp placed about 20 cm from the
reaction tubes. Reaction tubeswere removed at varioustimes
and the yields of the substitution products were determined
by Gas Chromatography. |dentification of substitution prod-
ucts was confirmed by comparison of their GCM S data with
those of the authentic compounds synthesized by the method
described in our previous reports.®** GLC yields were deter-
mined by using an internal standard (biphenyl) and were cor-
rected with predetermined response factors. Therelativerate
ratios of the competitive reactions are shown in Table 1.
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