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ABSTRACT: Rate constants(k) of radical addition reactions between 15 carbon- and sulfur-centered radicals and 15
vinyl-type alkenes were collected from the literature. Three descriptor variables {a polar (Hammett) sigma scale
[s(H)] and two radical sigma scales as defined by Creary and co-workers [s�(C)] and Dust, Arnold and Wayner
[s�(DAW)]} were chosen to express polar and enthalpy effects.

The reactivity data (logk values) of radicals were correlated with the three descriptor variables using stepwise linear
regression analysis. The Hammetts can describe the polar effects, whereas the radicals�(C) and, to a somewhat lesser
extent,s�(DAW) can describe the enthalpy effects in radical addition reactions. The regression equations support the
symmetry pattern of correlations proposed in Part IV. Radical reactivity (logk) correlates (i) with Hammetts alone for
strongly nucleophilic radicals where polar effects dominate, (ii) with Hammetts and one of the radicals�scales for
moderately nucleophilic (or electrophilic) radicals and (iii) with one of the radicals� scales alone for weakly
nucleophilic radicals where enthalpy effects dominate. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Considerable efforts have been made1–6 to define special
substituent scales which are free from polar effects and
can be applied for radical reactions. However, little is
known about the usefulness, comparison and application
of such scales7,8. Most scales are not appropriate for a
detailed statistical analysis because they are not available
for a sufficient number of substituents.

Our earlier investigations7 were limited to hydrogen
abstraction reactions by polar radicals. The results
suggest that (i) there is no universal radical sigma (s�)
scale for radical reactions; (ii) only two radical sigma
scales {s�(Creary),5 s� (Dust–Arnold–Wayner)6} are
appropriate, showing a small, yet significant, role of
radical stabilization. Therefore, in this work, our aim was
to extend the investigations (i) to radical addition
reactions and (ii) to non-polar (enthalpy-controlled)
radicals.

In addition we sought to answer the following
questions:

. are the radical sigma scales suitable to express
enthalpy effects in radical reactions?;

. is the polar Hammett sigma scale suitable to express
polar effects in radical reactions?;

. is it possible to separate polar and enthalpy effects
using only polar and radical sigma scales in
themselves?

Table 1. Vinyl-type alkenes (CH2=CR1R2) involved in the
study

No. R1 R2 Alkene name

1 H CN Acrylonitrile
2 Me Ph Methylstyrene
3 H Ph Styrene
4 H COOMe Methyl acrylate
5 Cl Cl 1,1-Dichloroethylene
6 H Si(OEt)3 Triethoxy(vinyl)silane
7 H Si(Me)3 Trimethyl(vinyl)silane
8 H OCOMe Vinyl acetate
9 H CH2CN Allyl cyanide

10 Me Cl 2-Chloropropene
11 Me OCOMe Prop-2-enyl acetate
12 H CH2Si(Me)3 Allyl(trimethyl)silane
13 H tBu tert-Butylethylene
14 H OEt Vinyl ethyl ether
15 Me OMe Prop-2-enyl methyl ether
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Table 2. Radical reactivities (logk values) for various radicals9 (for notations, see text)

R1, R2 TBU HP MEOBZ FBZ B MEBZ CNP BCM CNBZ HM CM ME MAL TOS PHSO2

H, CN 6.000 8.000 3.255 3.512 3.342 3.322 3.305 5.732 3.146 6.041 5.041 5.785 5.173 ÿ0.721 ÿ2.22
Me, Ph 4.832 8.602 2.929 3.364 6.591 4.447 5.820 5.477 6.124 0.507
H, Ph 5.121 6.342 3.362 3.380 3.041 3.362 3.382 6.279 3.531 4.362 5.580 5.415 6.061 1.170 0.000
H, COOMe 6.017 7.000 3.389 3.079 2.633 3.477 2.565 5.690 2.833 5.851 5.041 5.531 5.049 ÿ0.456 ÿ1.92
Cl, Cl 5.544 5.332 3.021 2.908 2.663 2.690 2.780 5.431 2.949 4.724 4.519 5.362 5.589
H, Si(OEt)3 4.439 4.917 1.643 2.509 4.826
H, SiMe3 3.982 4.396 1.519 1.875 4.949 3.314 4.114 4.380 5.348
H, OCOMe 3.623 3.875 1.556 1.431 1.176 1.398 1.613 4.813 1.301 2.771 4.114 4.000 5.597 ÿ0.523 ÿ2.10
H, CH2CN 4.049 4.367 1.447 0.903 0.477 1.000 1.944 4.643 1.000 ÿ1.17
Me, Cl 4.057 4.346 1.633 2.079 5.204 3.324 4.204 4.544 5.964
Me, OCOMe 3.230 3.686 1.663 1.898 4.944 2.833 4.716 4.079 5.766
H,
CH2SiMe3

3.049 3.114 1.748 1.672 4.978

H, tBu 2.176 3.029 1.176 1.398 1.255 1.690 1.940 4.544 1.756 2.477 4.041 3.881 5.283 ÿ0.237 ÿ1.70
H, OEt 2.591 2.505 1.079 1.255 1.146 1.505 2.033 5.176 2.415 2.255 4.633 4.146 5.480
Me, OMe 2.342 3.033 1.322 1.914 5.146 2.362 4.544 4.079 5.602
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METHODS

The calculationswere performed on radical addition
reactionsof variouscarbon-andsulfur-centeredradicals
andvinyl-type alkenes:

R� � CH2��CR1R2! R---CH2---C�R1R2 �1�

We analyzed the reactivities (logarithms of rate
constants)of the radicalstowardsthealkenes.

The radicalsstudiedwere as follows (in decreasing
order of nucleophilicity; abbreviationsin parentheses);
2-hydroxyprop-2-yl (HP), tert-butyl (tBu), hydroxy-
methyl (HM), p-methoxybenzyl (MeOBz), p-fluoro-
benzyl (FBz), p-methylbenzyl (MeBz), methyl (Me),

benzyl (Bz), p-cyanobenzyl(CNBz), 2-cyanoprop-2-yl
(CNP), tert-butoxycarbonylmethyl(BCM), cyanomethyl
(CM), 2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl(malonyl;
MAL). phenylsulfonyl(PhSO2) andtosyl (TOS).

The namesand notationsof alkenesinvestigatedare
listed in Table1 andrateconstantswerecollectedfrom
theliterature9 andaregivenin Table2.However,someof
therateconstantswerenotavailableandtheyaremissing
from Table2. In eachcasethe largestpossibledataset
wasanalyzed.

On thebasisof theearlierinvestigations,7 two radical
sigma scales as defined by Creary and co-workers5

[s�(C)] andDust,Arnold andWayner6 [s�(DAW)] were
chosento expresstheenthalpyeffects,whereasthepolar

Table 3. Values of sigma scales (descriptor variables)
used5d,6a,10

R1, R2 Hammetts(H) s.(Creary) s.(DAW)

H, CN 0.660 0.460 0.040
Me, Ph ÿ0.180 0.570
H, Ph ÿ0.010 0.460
H, COOMe 0.450 0.350 0.043
Cl, Cl 0.460 0.240 0.022
H, Si(OEt)3 0.190
H, SiMe3 ÿ0.070 0.180 0.017
H, OCOMe 0.310 ÿ0.005
H, CH2CN 0.010
Me, Cl 0.060 0.230 0.026
Me, OCOMe 0.140 0.010
H, CH2SiMe3 ÿ0.210 0.270
H, tBu ÿ0.200 0.130 0.008
H, OEt ÿ0.240 0.240 0.018
Me, OMe ÿ0.440 0.350 0.033

Scheme 1

Table 4. Regression equations obtained for experimental radical reactivities9 as a function of s(H), s�(C), and s�(DAW) [the
signi®cance of involving the s(H), s�(C), and s�(DAW) descriptors into the equations are given as percentages]: logk = a� b
�(H)� c ��(C)� d ��(DAW)

Radical a b c d n r F s

HP 4.638 3.201(4.48%) 15 0.5243 4.93 1.657
tBu 3.872 3.187(0.07%) 15 0.7768 19.8 0.823
HM 3.500 2.933(0.63%) 12 0.7363 11.8 0.943
MeOBz 1.886 2.219(5.10%) 8 0.7047 5.92 0.808
FBz 1.852 2.120(7.71%) 8 0.6563 4.54 0.881

1.272 1.605(2.18%) 28.88(2.99%) 6 0.9800 36.5 0.259
MeBz 1.350 0.9928(6.16%) 36.14(1.35%) 6 0.9798 36.1 0.242
Me 3.851 1.311(0.01%) 27.35(0.03%) 10 0.9741 65.0 0.182
Bz 0.8174 1.357(0.06%) 3.983(0.03%) 11 0.9543 40.8 0.272
CNBz 1.645 35.97(1.23%) 6 0.9080 18.8 0.342
CNP 1.282 0.7509(3.46%) 3.620(0.15%) 11 0.9003 17.1 0.321

1.193 3.960(0.25%) 11 0.8109 17.3 0.407
BCM 4.713 0.4597(0.92%) 18.78(0.05%) 10 0.9497 32.2 0.134

4.130 4.108(0.01%) 11 0.9191 49.0 0.251
CM 3.457 4.041(0.00%) 10 0.9414 62.3 0.217

4.116 17.96(1.89%) 10 0.7200 8.61 0.274
MAL 5.185 ÿ0.4977(15.9%) 1.266(15.7%) 10 0.6181 2.16 0.335
PHSO2 ÿ2.782 ÿ2.550(2.66%) 5.286(3.35%) 5 0.9823 27.6 0.326
TOS ÿ1.405 ÿ2.576(11.0%) 5.496(13.1%) 4 0.9861 17.6 0.243
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effects were expressedby the Hammett sigma scale10

[s(H)]. Thevaluesof thesescalesaregiven in Table3.
The Hammett scale is basedon the dissociationof

para-substitutedbenzoicacids,whereastheCrearyscale
is basedontherearrangementof thecyclopropanering 5d

shownin Scheme1, whereAr representsa substituted
phenyl ring. This rearrangementis a radical process
without any(significant)polarcharacterin thetransition
state.

The s�(DAW) scaleis definedfrom the benzylic a-
hydrogenhyperfinecouplingconstants:6

��(DAW) � 1ÿ hfcX=hfc0

This scalerepresentsthe componentof energythat may
be attributedto spin delocalizationin the X-substituted
benzylradicalrelativeto theunsubstitutedradical.

The reactivity dataof radicalswere investigatedasa
function of s�(C), s�(DAW) and s(H) using stepwise
linearregressionanalysis.11 Forall threesigmascalesthe
sumof thesigmavaluesof theR1 andR2 substituentsin
reaction(1) wereconsidered.

RESULTS AND DISCUSSION

Theresultsaresummarizedin Table4, anda cleartrend
can be observed where the radicals are listed in
decreasingnucleophilic/increasingelectrophilic charac-
ter. As the polar effects decrease(from the top and
bottom to the middle of the table), the Hammettsigma
becomeslessimportantin theequations.Similarly, asthe
enthalpyeffectsdecrease(from themiddleto thetop and
bottomof thetable),theradicalsigmascalesbecomeless
importantin theequations.

Some prototype radicals were chosento show the
goodnessof descriptionandtheerrorsassociatedwith the
approach.Only the Hammettsigmascaleis significant
with the tert-butyl radicalwherepolar effectsdominate.
Figure 1 showsthe respectivelogk vs Hammettsigma
plot.

Figure2 showsthe descriptionfor the benzyl radical
controlled by both the polar and the enthalpyeffects.
Consequently,boththepolarandoneof theradicalscales
(definedby Crearyandco-workers)aresignificantin the
respectiveequation.Figure3 presentsthe result for the
non-polar, enthalpy-controlled cyanomethyl radical,
whereonly one of the radical scalesis significant.The

Figure 1. Logarithm of rate constants for tert-butyl radical vs
Hammett sigma plot. In each ®gure the dotted lines show
the 95% con®dence interval for the regression line

Figure 2. Logarithm of rate constants for benzyl radical vs
Hammett sigma and one of the radical scales (de®ned by
Creary and co-workers5

Figure 3. Logarithm of rate constants for cyanomethyl
radical vs the radical scale de®ned by Creary and co-workers5

Figure 4. Correlation of the two radical scales: s�(C) and
s�(DAW)
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scatter inherent in the approachcan be seen in the
figures.

Thelastcolumnof Table4 containsthestandarderror
of the estimate.This column showsthe limits for the
reliability of predictionsobtainedby theequations.

The negativeregressioncoefficientsof s(H) for the
malonyl, phenylsulfonyl and tosyl radicals are in
accordancewith their electrophiliccharacter.Similarly,
the positive regressioncoefficients of s(H) for all
remainingradicalsare in accordancewith their nucleo-
philicity. Althoughsomeof theregressioncoefficientsin
Table 4 are not significant at the 5% level, even the
respectiveequationsarejustifiedby theabove-mentioned
trend (i.e. which sigmascaleentersin which equation)
observedin Table4.

There would be good reasonsto leave out the two
styrenederivativesfrom the equationsas the Hammett
scalecannotexpressthe resonancestabilizationof the
phenyl ring properly. We still kept the styrenesin the
equations,mainly becausethe observedtrend and the
conclusionswouldnotchangemuchwith theirexclusion.
Moreover,we wantedto useasmanydataaspossibleto
avoidanychancecorrelation.

It is well known that correlateddescriptorvariables
canleadto unstablemodels.Therefore,we investigated
the intercorrelationsamongthe threesigmascales.We
found that s(H) is not correlated with either s�(C)
(n = 10, r = 0.1752)or s�(DAW) (n = 10, r = 0.2448).On
theotherhand,s�(C) ands�(DAW) arehighly correlated
with eachother (n = 8, r = 0.9166),as shownin Fig. 4.
However,this doesnot causeany problemsincewe did
not obtain any equationsincluding both radical sigma
scalestogether.

In addition,we investigatedthecorrelationof the two
radical sigma scales with the exothermicity (ÿDHr,
negativeenthalpy)of reactionsbetweenthe alkenesand
the methyl radical chosenas a model. As the reaction
enthalpywas estimated9e–k using the methodof incre-
ments,any radicalmay be suitableto model the others.
TheÿDHr valuesusedin thecorrelationsaretakenfrom
PartIV.12

There is a significantcorrelationbetweenÿDHr and
s�(C) (n = 10,r = 0.8618).Therespectiveplot is shownin
Fig. 5.

On theotherhand,thecorrelationbetweenÿDHr and
s�(DAW) is not significant at the 5% level (n = 10,
r = 0.5558). Henceourconclusionis thatthesigmascale
definedby Crearyandco-workers5 expressestheeffectof
radicalstabilizationbetterthantheotherscale.

It is well known that radical reactivitiesdependon
certainpolar variables(suchas ionization potentialand
electronaffinity) in a non-linearway.13 However, our
approachis linear,sinceit is basedon linear freeenergy
relationships(LFER) andusesLFER descriptors.

CONCLUSIONS

We found that the Hammetts can describethe polar
effects, whereasthe radical s�(C) and, to a somewhat
lesserextent,s�(DAW) candescribetheenthalpyeffects
in radicaladditionreactions.

Theregressionequationssupportthesymmetrypattern
of correlationsproposedearlier,12 namely that radical
reactivity (logk) correlateswith Hammetts alone for
strongly nucleophilic radicalswherepolar effectsdom-
inate,with Hammetts andoneof theradicals� scalesfor
moderatelynucleophilic (or electrophilic) radicalsand
with one of the radical s� scales alone for weakly
nucleophilicradicalswhereenthalpyeffectsdominate.
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12. HébergerK, LopataA. J. Org. Chem.1998;63: 8646–8653.
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