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Abstract

In this work The factors affecting the rate of addition of methyl radical to a number
of monosubstitued Alkenes have been studied using quantum mechanical calculations.
These factors include physical properties such as: electron densities (Total ED)on the
carbon atoms involved in the addition reaction (carbon bearing the single electron in
methyl radical and the carbon on the unsubstituted methylene carbon in
Alkene),electron density on the substituted carbon, electron density on HOMO orbitals,
energy level of HOMO orbital (Enomo) and energy level of LUMO orbital (E_umo). In
addition, the steric energy in the transition state of the addition reaction also has been
considered. The correlation between the logarithm of the addition rate constant (logK)
and the physical properties has been established. The results of the regression analysis
gave the best correlation coefficient (R=0.97) in the case of using (log K) as a
dependent variable with three an independent variables which were: polarity, Exomo,
ELumo. The most influencing factor on the rate of addition was the polarity followed by
ELumo While Ejomo and steric energy showed an insignificant effect.

Introduction

The importance of polar effects in the addition of methyl radical to
Alkenes has been emphasized for many years (Heberger & Fischer,1992).

This trend in the studies was encouraged by mechanistic studies and
Quantum methods in which the effect of the substituents on the addition
rate of free radicals was studied (Minisci & Citterio,1980).This type of
studies are included in a branch of chemistry which is called computational
Chemistry. This branch includes a number of mathematical methods which
can be classified into two categories according to the way in which the
molecule will be treated. The first one is the molecular mechanics which
applies the laws of classical physics on the molecule nuclei without
obvious interest in electrons. On the other hand, Quantum mechanics
depends on Schrodinger equation to describe the molecule with
emphasizing on the electronic structures (Najla,2002). The importance of
polar effects has arisen from the fact that the differences in the electron
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densities on the carbon atoms which are involved in the addition reaction
(methylene carbon of the Alkenes and the carbon bearing the single
electron of free radicals) affect the formation of a complex in which the
transition state between the attacking free radical and the Alkenes has an
asymmetric structure. The larger differences in electron densities, the
longer life for the complex. The long life for the complex increases the
probability of the addition ( Heberger et al, 1992).The factors influencing
the addition rate of free radicals to Alkenes are: Polarity(electron densities),
steric energy, HOMO and LUMO energy levels. The degree of the effect
for these factors on the rate constant of the addition reaction depends on
nucleophilicity and electrophilicity of the radicals (Najla,2002). Using PCA
(principle component analysis) free radicals can be classified according to
their behavior in the addition process to: strong nucleophile, medium
nucleophile, weak nucleophile, strong electrophile, medium electrophile
and weak electrophile (Heberger & Lopata,1995) , (Heberger, K and
Lopata, A 1998) .Both older experimental studies(Arnaud, R et al,1986)
and recent theoretical studies(Denisov,1999) have led to the conclusion that
the methyl radical is nucleophilic in character. Evidence for this nucleophilicity
has largely rested on the observation that electron-withdrawing group on
the Alkene substrate enhance the rate of methyl addition. Consequently,
methyl radical has been utilized in theoretical studies as a model for
nucleophilic radical(Zipse et al, 1991). The dominant influencing factor of
the addition rate can be determined using the single and multiple linear
regression analysis to find the correlation between the logarithm of the rate
constant as a dependent variable and the factors mentioned previously as an
independent variable(Shorter,1973). Because of the importance of methyl
radical in organic Synthesis and polymerization process, so our study is
concerned with finding the most influencing factor on the rate of addition
of methyl radical to a number of monosubstituted Alkenes.

92



Journal of Kirkuk University —Scientific Studies , vol.3, N0.1,2008

Calculations

-MOPAC program was applied to calculate the values of the physical
properties of Alkenes under study. These properties are: the electron
densities on the atoms involved in the addition, the electron density on the
substituted carbon, the energy level of the highest occupied molecular
orbital(HOMO), the energy level of the lowest unoccupied molecular
orbital(LUMO) and the electron density of HOMO(EDHOMO).

Furthermore, the properties for methyl radical such as: The energy level of

the singly occupied molecular orbital(SOMO) and the electron density of
the SOMO (EDSOMO) have been calculated . These data have been
obtained from the most stable configuration which obtained by energy
minimization procedures by AM;.

-MM2 program was applied to calculate the steric energy between the
unsubstituted carbon of the Alkene approaches the carbon bearing the
single electron of the methyl radical with a distance of 1.5A° (transition
state of the addition reaction).

-SPSS: The statistical analysis of the data has been achieved using SPSS
program to find the correlation coefficient ( R ) between the logarithm of
the addition rate constant (log K) for methyl radical and the physical
properties of the Alkenes in order to determine the most influencing factor
of the addition reaction. Moreover, the square of the correlation coefficient
( R? ) and the coefficients al,a2,...etc associated with the independent
parameters have been calculated.
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Results and discussion

Table(1) shows the physical properties for the Alkenes under consideration.
This properties include the electron densities, energy levels of HOMO and
LUMO orbitals. The Alkenes are arranged according to the increase of the
electron density on the unsubstituted carbon.

Table(1): Physical properties for some monosubstituted Alkenes.

Ethene(H,C'=C“HX) Total ED HOMO ED | Enomo(eV) | ELumo(eV)
H2C1=C2HCHO Cl| 4.1238 0.8871 -10.6918 -0.0450
C2 | 4.2646
Cl| 4.1290 0.8943 -11.0728 -0.0138
H2C1=C2HCO2Me =5 271913
Cl| 4.1565 0.9314 -10.8576 0.0496
H2C1=C2HCN c2 | 4.0994
H2C1=C2HPh Cl| 4.2045 0.9926 -9.4682 0.4740
C2 | 4.1329
Cl| 4.2175 0.9975 -10.2099 0.8559
H2C1=C2HClI C2 | 4.1484
Cl| 4.2180 1.0000 -10.5518 1.4379
H2C1=C2HH S 22079
H2C1=C2HMe Cl| 4.2259 1.0156 -9.9922 1.3648
C2 | 4.1619
H2C1=C2HF Cl| 4.2760 1.0475 -10.2383 0.8997
C2 | 4.0038
H2C1=C2HOAC Cl| 4.2817 1.0851 -9.3569 1.4991
C2 | 4.0344

Total ED:Total electron density on methylene carbon, HOMO ED:Electron density of the HOMO orbital,
Enomo: energy level of HOMO orbital, E, ymo: energy level of LUMO orbital.

Table(2): Physical properties of methyl radicl.

EDR

ED SOMO

Esomo

3.983

1.0000

-13.8025

EDR: electron density on carbon bearing the single electron in methyl radical, Esomo: energy level of

SOMO orbital.

The comparison of the values in table(1),(2)has shown that, if the
electron densities of all carbon atoms involved in the addition reaction are
less than electron densities for carbon atom in the free radical which bears
the single electron,then methyl radical will be more nucleophilic.
Consequently, the rate of addition will be increased by the decrease of the
electron densities on the unsubstituted carbons on which the free radical
will be added(Ming et al, 1993).
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Table(3): The logarithm values for the rate constant (1.M™.S™) for the
addition of methyl radical to the Alkenes under study.
(Giese,1983)(Bamford& Tipper,1976).

Alkene Log K (CH3)
H,H 3.56
H,F 3.64
H,Me 3.65
H,OAC 4.16
H,CI 4.32
H,Ph 5.43
H,CO,Me 5.54
H,CN 5.79
H,CHO 5.88

Table(4): The values of steric energy (Kcal/mole) for methyl radical-Alkene
complex in the transition state when the carbon bearing the single electron
of methyl radical approaches the unsubstituted carbon of Alkene with a
distance of (1.5A0).

Alkene Steric Hinderance for CH3 Complex Kcal/mole
H,H 22.4215
H,F 22.3668
H,Me 22.8867
H,OAC 41.5228
H,ClI 22.6131
H,Ph 16.5101
H,CO,Me | 39.6735
H,CN 22.3695
H,CHO 24.8647
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Figure(1): The relationship between Log (K) and the Toatal electron
density on C;.
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Figure(2): The relationship between Log (K) and the electron density on

HOMO orbital (ED HOMO).
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Figure(3):

The relationship between Log (K) and the energy of HOMO
orbital (EHOMO).
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Figure(4):The relationship between Log (K) and the energy of LUMO

orbital (E umo)-
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Figure(5): The relationship between Log(K) and steric energy

Table (5) shows the results of the regression analysis for methyl radical
addition to some monosubstituted alkenes. It is well-known That R
(correlation coefficient) reflect strength of the correlation between dependent
variable and an independent variables. On the other hand, the square of
correlation coefficient (R?) describes the percentage of the total variance. The
coefficient al, a2,... etc associated with the independent parameters reflect the
sensitivity of the rate constants to changes in the respective
parameters(Shorter,1973).The results have shown that R between (log K) as a
dependent parameter and single parameters : total ED, HOMO ED, and E, ymo
were 0.82, 0.793, 0.917 respectively. It is noteworthy that E, ymo gave a good
correlation with log(K) depending on the value of R=0.917.0n the other hand,
steric energy and Epomo Showed an unacceptable R which were 0.051, 0.374
respectively. This results suggest that more than one parameter is affecting the
rate of addition. Generally, except the case of E, ymo With log (K), all factors
couldn't be considered alone in evaluating its effect on the addition reaction.
There is a necessity to consider more than one factor to obtain good
correlation coefficient (R>0.9). This is obviously proved in table(5) where the
application of three or two factors gave a good correlation coefficient (R>0.9).
It is important to point out that the best correlation was between the log (K) as
a dependent parameter and Total ED , Exomo and E_ymo Which was 0.97. As
for the most influencing factors, the values of the regression coefficient (a)
have shown that polarity is the most influencing factor with (a) larger than that
associated with E, ymo, steric and Eyomo. While (a) for E, yvo Was larger than
that of Ejomo and steric. On one hand, this result suggests that the polarity is
the most influencing factor followed by E_ymo. On the other hand, steric and
Eromo had insignificant role in the addition of methyl radical to the Alkenes.
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Table(5): Regression analysis results of the addition of methyl radical to a
number of monosubstituted Alkenes.

Model No. Model a R R?
1 Constant 63.839 0.821 0.673
Total electron density -14.077
Constant 16.131 0.630
2 Homo ED -11.661 0.793
Constant -1.735 0.140
3 Erome 0623 0.374
Constant 5.695 0.840
4 ELumo -1.423 0.917
Constant 4,509 0.003
> Steric 5.886E % 0.051
Constant 16.464
6 Total Ed 259 0.920 0.847
ELumo -1.224
7 Constant 49.660
Total Ed -8.664 0.970 0.942
Enomo 0.752 '
ELumo -1.180
8 Constant 15.396
Total Ed -2.402 0.854
0.924
Steric 1.025 E®
ELumo -1.245

a: regression coefficient , R: correlation coefficient.

The relationship between a dependent variable with a series of independent
variables X;,X»,X3 ...etc can be written according to the multiparametric
linear regression as below:

y:b+a1X1+a2X2+a3X3. ...etc

Where y represents the dependent variable; Xi,X;,X3 represent the
independent variables; the scaling factor b gives the value of y in a
reference state and the regression coefficient aj,a,,a; have the significance
of statistical weighting factors .

As for model No.7 which gave the best correlation coefficient (R=0.97)
between Log(K) as a dependent variable and Total ED, Exomo and E ymo
as an independent variables, the equation between them was:

Log K=49.6-8.66Total ED+0.751Eomo-1.18E, umo

While for model No.8 which gave correlation coefficient (R=0.924)
between Log(K) as a dependent variable and Total ED, Steric and E_ymo as
an independent variables the equation was:

Log K=15.4-2.40Total ED+0.102Steric-1.125E, ymo

98



Journal of Kirkuk University —Scientific Studies , vol.3, N0.1,2008

References

e Arnaud, R.; Subra, R.; Barone, V.; Lelj, F.; Olivella, S.; Sole, A,
Russo, N.;(1986): Ab-initio Mechanistic studies of radical reactions.
Directive effects in the addition of Methyl radical to Unsymmetrical
Fluoroethenes,J.Chem.Soc.,Perkin Trans .2, 1517p.

e Bamford, C.H.; Tipper, C.F.;(1976): Comprehensive chemical Kinetics
vol.18, Elsevier scientific publishing company.

e Denisov, E.T.;(1999): Physical factors determining the activation
energy of Alkyl radical addition to unsaturated compounds” Russian
Chemical Bulletin.vol.48,pp.442-447.

¢ Giese, B.;(1983): Formation of C-C bonds by addition of free radicals
to Alkenes, Angew.Chem.Int.Ed.Engl.vol.22, pp.753-764 .

e Heberger, K.; Fischer, H.; (1992): Rate constants for the addition of the
2-Cyano-2-propyl radical to Alkenes in solutin,
Int.J.Chem.Kinetics.vol.25, pp.249-263.

e Heberger, K.; Lopata, A.;(1995): Seperation of polar and enthalpic
effects on radical addition reactions using principal component
analysis,J.Chem.Soc.,Perkin Trans. Vol.2, pp.91-96.

e Heberger, K.; Lopata, A.;(1998): Assessment of nucleophilicity and
electrophilicity of radicals, and of polar and enthalpy effects on radical
addition reactions,J.Org.Chem. vol.63, 8646p.

e Heberger, K.; Walbiner, M.; Fischer, H.;(1992): Addition of Benzyl
radicals to Alkenes:The role of radical deformation in the transition
state Angew.Chem.Int.Ed.Engl. vol.31, pp.635-636.

e Ming, W.; Addy, P.; Leo, R.;(1993): Are polar interactions important in
the addition of Methyl radical to Alkenes, J. Am.Chem.Soc. vol.115,
pp.11050.

e Minisci,F.; Citterio, A.;(1980): Advances in Free radical Chemistry
vol.6,Edited by G.H.Williams.Heyden, London..

e Najla, J.;(2002): Factors affecting the addition of free radicals to
Alkenes with emphasize on polymerization process, unpublished Ph.D
thesis in University of Mosul.

e Shorter J,(1973): Correlation Analysis in Organic Chemistry, Clarendon
Press, Oxford.

e Zipse,H.;He,J.;Houk,K.N.;Giese,B.;(1991):  Transition  state  of
electrophilic ~ radical  additions to  Alkenes,J. Am.Chem.Soc.
vol.113,.4324p.

99



Journal of Kirkuk University —Scientific Studies , vol.3, N0.1,2008

U oY) Al il gisa g ¢ A AN ABley) (AgUaiiay) alat & et dad o
SN e ds gana ) Jifiad) Jda ddld) s ju e LUMO s HOMO
s gl dalal)

U A Sdhaa

g8 S daala — aglall 4408

DAY

A la¥) Gl Y e e ) il ds dil) de e e 55l J sl Ay Gaad) 138 b S
e A JSIY) AGSIS 45 5l ldall (e 3o Glua o5 S S @lilSan (3 )k alasinly Gy sl
G S Jang 3 @S0 Laa s S ) sl 3a) Al dlee & IS Gl g0 KU 30
Os— S e s Y)Y AN Y AL SN 8 ) e s Ss el Hiad) o s
5 HOMO U5 48l iy sise s HOMO JUis )Y e 3 g Sy 280K Sl 5 ¢ jon sal
SV oAl Hiall il A Adlany) Allad) b o Sid) dieall el ddley) Clus ) Ayl LUMO
i all oy GBSV ) il is Al de e i S e b o AR alay) Gl aey 3L S
Aadi ) 2 se (R=0.97) Llg ) dslae Juadl cilacl (5 jani) dulail) milineMed 5 5Saall 4 5l 5l
HOMO 4l (5 sise cdplhaiin)l 1 a5 sadine e ol se EO g adine JalaS de jual) i 2y e )
& s Ay Agllaiy) S a8 ALY e e e il Y1 Jlall dasilly WL LUMO 43l (5 gise s
Lsale e Al jdl dley) s HOMO 48l (5 g Lil (S Ly LUMO il

100



