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ABSTRACT

KINETIC AND THERMODYNAMIC ASPECTS OF REACTIONS
INVOLVING THIYL RADICALS: A COMPUTATIONAL
APPROACH

In this study, the kinetics of the addition of different phenylthio radicals on the
thiol-ene reactions mechanism have been computationally investigated for the first time.
The contributions of substituents are examined by Density Functional Theory (DFT)
calculations. It is known that the reaction mechanism of thiol-ene reactions depends upon
the ke/kcT ratio, where kp is the rate constant of phenylthio radical addition to unsaturated
alkene and kcr is the rate constant of hydrogen abstraction of newly formed carbon
centered radical from the thiol. The M06-2X/6-31++G(d,p) level of theory is used to carry
out geometry optimizations and energetics of eleven reactions. The activation energy
barrier of the addition reaction is strongly controlled by the electrophilic character of
phenylthio radicals and the singlet-triplet gap (S-T gap) of the alkenes. For this reason, the
functional groups on the alkene and phenylthio radical have an importance in order to
understand the reaction Kinetics of the propagation step. It is shown that the transition state
structure is responsible for the lower activation energy barrier of the chain transfer step due
to the stabilization effect of intramolecular interactions. Our study has shown that the
substituents on the thiol as well as the substituents on the alkene have an important effect
on the kp/kct ratio as well as the substituents on the alkene. The computational method
described in this study can be applied in the synthesis of the desired polymers by
modifying the substituents.

In addition to the investigation of thiol-ene reaction energetics and kinetics, the
solvent effect on the hydrogen abstraction reaction of alkyl radical from thiol is examined
by implicit solvent model. Water and acetonitrile are chosen as solvents to show the effect
of the polarity of solvent. For this purpose, three different reactions are modeled at the
MO06-2X/6-31++G(d,p) level of theory. The results showed that the role of solvent on the

thiol-alkyl reactions can be predicted by methodology used in this thesis.
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OZET

TiYiL RADIKALI iCEREN REAKSiYONLARIN TERMODINAMIK
VE KINETiK OZELLIKLERINE HESAPSAL BiR YAKLASIM

Bu ¢aligsmada, ilk defa olarak siibstitiientler eklenmis feniltiyo radikallerinin tiyol-
alken tepkime mekanizmasi tizerindeki etkisi hesapsal olarak incelenmistir.
Stibstitiientlerin etkisi Yogunluk Fonksiyonlar1 Teorisi (DFT) ile incelenmistir. Daha 6nce
bilinen sonuglar g6z Oniine alindiginda, tiyol-alken tepkimelerinin reaksiyon
mekanizmasinin kp/Kct oranina bagli oldugu goriilmektedir, ke feniltiyo radikalinin alkene
olan katilma tepkimesinin hiz sabitini gosterirken kct yeni olusan karbon radikalinin
tiyollerden hidrojen koparma reaksiyonun hiz sabitini gostermektedir. Biitiin geometri
optimizasyonlart ve enerji hesaplamalart M06-2X/6-31++G(d,p) yoOntemleriyle
gerceklestirilmistir. Polimerizasyonun yayilma ayaginin aktivasyon enerjisi feniltiyo
radikalin elektrofil karakterine ve alkenin singlet-triplet araligi (S-T Gap) tarafindan
kontrol edilmektedir. Belirtilen nedenlerden dolayi tiyol radikalinin ve alkenin tlizerindeki
fonksiyonel gruplar yayilma tepkimesinin kinetigini anlamada biiyilk dneme sahiptirler.
Zincir transfer adiminin diigiik aktivasyon enerji bariyerine sahip olmasi gegis
konumundaki molekiiler yapidan kaynakli molekiil i¢i enerji stabilizasyonunu saglayan
etkilesimlerin olmasi sebep olmustur. Bu ¢alisma alkenin tizerindeki siibstitiientlerin kp/kct
oranin tzerindeki etkisi kadar tiyollerin iizerindeki siibstitiienlerin etkisi oldugunu
gOstermistir. Ayrica, bu caligmada belirtilen hesapsal yontemler yardimiyla istenilen

polimerler siibstitiientler degistirilerek cesitlendirilebilirler.

Tiyol-alken reaksiyonlarinin enerji ve kinetigine ek olarak, alkil radikallerinin
tiyollerden hidrojen koparma tepkimeleri ¢oziicii modelleriyle ¢alisilmistir. Polar
¢Oziiciiniin etkisini gostermek amaciyla ¢alismalarda su ve asetonitril kullanilmistir. Bu

amag dogrultusunda ii¢ farkli tepkime M06-2X/6-31++G(d,p) seviyesinde modellenmistir.



vii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS. ..ottt eene s iv
ABSTRAGCT .ottt ettt st s bt e et et e s e et et e st e b e e be st e n et e st et ene b s Y
OZET .ottt ettt bttt ettt vi
LIST OF FIGURES ..ottt sttt viii
LIST OF TABLES ...ttt ettt nn s Xi
LIST OF SYMBOLS ...ttt sttt ne st e ne et Xiii
LIST OF ACRONYMS/ABBREVIATIONS ..ottt Xiv
IO | I 0 1 1 L@ N L TR 1
p Y/ I (1510 1 0 L R 6
2.1. Density FUNCEIONAI THEOIY.....c.ooiiiiiiiiiic s 6
2.3, BaSIS SBIS ...eiiieiiee et re et e 10
2.4. Continuum Solvation MOGEIS ........c.cooveiiiieiiee e 11
3. AIM OF THE STUDY .ttt sttt st e nae e nnae e nnae e 13
4. THIOL-ENE REACTIONS ... ..ottt e e 14
4.1. Computational PrOCEAUIE...........cciiiiiiieieieee e 14
4.2. Benchmark Study for Thiol-Ene ReaCIONS ..........cccooiriiiiiniiiiieie e 16
4.3. Propagation Step: Role of Phenylthio Radicals ............ccocooiiiiiiiiiiiis 19
4.4. Propagation Step: Para-Substituted Phenylthio Radicals.............cccccooeiiininnnnns 22
4.5. Propagation Step: Role of Alkene Functionality .............ccccoeiviviiieiieic e 23
4.6. Chain TranSTeI ..o ettt sreeneas 34
4.7, REACHION RAES.....ccuiiiiiiieiieieiiesie ettt sttt see bbb nreaneas 40
5. THIOL-ALKYL REACTIONS ......otitiietet ettt 44
5.1. Computational ProCEAUIE...........ccviiiiiece ettt 44
5.2. Solvent Effects and Hydrogen Atom Transfer in Agueous Solutions.................... 44
5.3. Conclusion and FULUre WOTK ..o e 48

REFERENGCES ... .o 49



Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 1.5.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

LIST OF FIGURES

Thiol-Ene Click Reaction............ccooviiiiiiiiiiiies e 2
Propagation and chain transfer steps of thiol-ene click chemistry ............ ... 2
Relationship between kp /kct and concentration.............ccoccoeeecnensinienne o 3
Chemical structures of thiophenols and alkenes............cccocvevviveivececiienns ... 4

Chemical structures of alkyl radicals and thiols used to monitor the

hydrogen abstraction from thiolS ............cccooiiiiiiii e 5

Correlation between calculated Gibbs Free energies AG%xn (kcal/mol) of

thiyl radical addition to the alkenes for two different theoretical methods . 17

Comparison of calculated S-H BDEs of para substituted thiophenols
versus  experimental S-H  BDEs  (kcal/mol)  (MO06-2X/6-
BLAFG(A,P))- - e v v nee et 18

Overall reaction profile for the step-growth mechanism of radical

initiated thiol—ene CLICK FEACTIONS ...vvvuniiiieiiiieee ettt e e e 19

Correlation between RSEsqd (kcal/mol) of 4 different para-substituted
phenylthio radicals and spin density on sulfur radical (MO06-2X/6-
SLHFG(A,P)) cvvverrereireiieiee ettt 23

Correlation between AG! (kcal/mol) and spin density on the sulfur
radicals (M06-2X/6-31++G(0,P)) ..cvvverreeiiieiie e 23



Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 4.15.

Relationship between AH% (kcal/mol) and carbon-sulfur bond distances
(A) at the propagation transition state (M06-2X/6-31++G(d,p))......cceeevev... 26

Correlation of AH% (kcal/mol) versus AH'» (kcal/mol) for the addition of
phenylthio radical to the alkenes (M06-2X/6-31++G(d,P)) .vvvvereerrvrrnennnns 27

Correlation between AH% (kcal/mol) and AH'% (kcal/mol) (M06-2X/6-
K H R CT (o 110 ) ISP 28

Correlation between RSE; (kcal/mol) of carbon centered radical
intermediate and S-T gap (eV) for alkenes without outliers (M06-2X/6-
I T (o 0] ) RSOOSR 29

Correlation between RSE; (kcal/mol) of carbon centered radical
intermediate and S-T gap (eV) for alkenes (M06-2X/6-31++G(d,p)).......... 30

Correlation between AG'% (kcal/mol) and S-T gap (eV) for the alkenes
(MOB-2X/6-31++G(0,P)) +.vevereiriireieriiie ettt 30

Correlation bewteen AG' (kcal/mol) and SOMO energies (a.u.) of
phenylthio radicals (M06-2X/6-31++G(d,P)) .ecvvevveiieiieieiiece e 31

Correlation between AH!» (kcal/mol) and electron density on C1 atom of
alkenes (M06-2X/6-31++G(d,P)) +vveererrrerreiereeniesese e see e ree e se e 32

Correlation between AH' (kcal/mol) and electron density on C1 atom
without the outliers (M06-2X/6-31++G(d,P)) vveovveevvreiiieiieiie e 33

Relationship between AH!% (kcal/mol) and RS ene* charge-transfer
configurations (eV) for propagation steps (M06-2X/6-31++G(d,p)) .......... 34



Figure 4.16.

Figure 4.17.

Figure 4.18.

Figure 4.19.

Figure 4.20.

Figure 4.21.

AH! cr (kcal/mol) versus standard RSEsw (kcal/mol) for carbon centered
radicals (M06-2X/6-31++G(A,P)) veveeverrreireiieieeie e 35

Correlation of AHlcr (kcal/mol) versus RSEsq (kcal/mol) for carbon
centered radical intermediates (M06-2X/6-31++G(d,p))..cveervereereeeerennee. 36

Correlation of AH°rt (kcal/mol) versus AHlcr (kcal/mol) for chain
transfer (M06-2X/6-31++G(d,0)) +ovevreerreeieiierie e 37

AG°t (kcal/mol) versus C-H bond distance (A) in chain transfer
transition states (M06-2X/6-31++G(d,P))...ccccerrrieiieeiriieiiere e 37

AG°t (kcal/mol) versus S-H bond distance (A) in chain transfer
transition states (M06-2X/6-31++G(d,P))....vevverrerrrriieierieiese e e 38

Comparison of experimental and calculated rate constants of propagation

steps (10garithmic SCalE) ........ccoveiieiiiie e 44



Table 4.1.

Table 4.2.

Table 4.3.

Table 4.4.

Table 4.5.

Table 4.6.

Table 4.7.

Table 4.8.

Table 4.9.

Xi

LIST OF TABLES

Comparison of experimental results with calculated propagation rate

(000 1S3 7= ] £ 15

Calculated ionization potentials and electron affinities for alkenes and
phenylthio radicals. lonization potential, electron affinity, RS™ ene* and
RS* ene” energies are given in eV (M06-2X/6-31++G(d,p)) ..c.covevevrereerennen. 16

Benchmark studies for the Gibbs free energies for five thiol-ene reactions
(kcal/mol) (M0OB6-2X/6-31++G(A,P)) verveverrerrerrerieiieseeeeiesiesieseesesiesressaeneas 17

Experimental and calculated S-H bond dissociation energies (BDE) of
para substituted thiophenols (kcal/mol) (M06-2X/6-31++G(d,p)) .............. 18

Calculated activation barriers (AG!, AH') and reaction energies (AG®,
AH®) kcal/mol for propagation and chain transfer steps (MO06-2X/6-
BLHHG(A,P)) cvvverereiresieiee et 20

Calculated ionization potentials and electron affinities for alkenes and
phenylthio radicals. lonization potential, electron affinity, RS™ ene* and
RS" ene” energies are given in eV (M06-2X/6-31++G(d,p)) ....cevvrvrvrerenes 21

Propagation transition state geometries of 11 thiol-ene reactions (M06-
2X/6- 3LHHG(U,P)) - eveverierieierieeee e 24

Radical stabilization energies (kcal/mol) for phenylthiol radicals and
carbon centered radical intermediates (M06-2X/6-31++G(d,p))......cc.cerve.. 28

Singlet triplet gap for alkenes (eV), and electron density on C1 atom
(NPA) (M06-2X/6-3L++G(d,P)) ..ververererreriererierieiearesiesieesesieaeseseessesesse e 29



Table 4.10.

Table 4.11.

Table 4.12.

Table 4.13.

Table 4.14.

Table 5.1.

Table 5.2.

Table 5.3.

xii

SOMO energies (Hartrees) of phenylthiol radicals and their carbon
centered radical intermediates (M06-2X/6-31++G(d,p))...cvccvverreervreiverennn. 31

Calculated energies (eV) of charge transfer configurations for eleven
reactions with the S-C bond distances (A) at transition states (M06-2X/6-
KN T (o 1 o) ) ISP 33

Dipole moment (), AH'ct, AG'cr for chain transfer reactions (MO06-
DXIB-BLA+G(A,D)) e rereeeeeeeeeeeeeereeeeeeess e eeeessesesesee e eeeeeeees 38

Chain-transfer transition state geometries of 11 thiol-ene reactions (M06-
2XIB-31HHG(A,P)) e 39

Forward and Reverse Rate Constants for Propagation and Chain Transfer
Steps for Thiol-ene Reactions (ke/kct) (M06-2X/6-31++G(d,p)) ...cocvvvvvee 42

Calculated activation barriers (AG!) and reaction energies (AG®) for
hydrogen abstraction reaction by alkyl radicals from thiols (M06-2X/6-
BLHFG(A,P)) cvvverereiresieiee et 46

Calculated and Experimental rate constants for thiol-alkyl reactions
(MOB-2X/6-3L++G(0,)) +.ververerrerieieriiierieieie et 46

Transition state geometries of thiol-alkyl reactions (MO06-2X/6-
BLHHG(A,P)) cvvverereiresieiee et 47



Ef
ECVWN

Exexact

Ec[p]
Ex[p]
Eoo+

Gt

Jlp]
T(p]
Ts[p]
Ux°

Vee [p(r)]
Vexe(r)

Vks

AGler
AGlp
AG°T

LIST OF SYMBOLS

Electronic activation energy
Vosko-Wilk-Nusair correlation functional
Exact exchange energy

Correlation energy

Exchange energy

Non-covalent contributions to the energy
Gibbs free energy of activation

Coulomb energy

Kinetic energy of interacting electrons
Kinetic energy of non-interacting electrons
Exchange energy density

Interelectronic interactions
External potential

Kohn-Sham potential

Gibbs free energy of activation barrier of chain transfer reaction
Gibbs free energy of activation barrier of propagation reaction
Gibbs free energy of chain transfer reaction

Gibbs free energy of propagation reaction

Becke’s gradient correction

Relative electronic energy at 0 K

Sum of the change in electronic energy and zero point energy at 0 K
Enthalpy of activation barrier of chain transfer reaction
Enthalpy of activation barrier of propagation reaction

Enthalpy of chain transfer reaction

Enthalpy of propagation reaction

Enthalpy of overall reaction

External potential

Electron density

Kohn-Sham orbital



Xiv

LIST OF ACRONYMS/ABBREVIATIONS

B3LYP Becke-3-parameter Lee-Yang-Parr functional
B88 Becke 88 Exchange Functional

DFT Density Functional Theory

GGA Generalized Gradient Approximation

A Hamiltonian operator

hi One-electron hamiltonian

HF Hartree-Fock

J Charge Transfer Integral

K Exchange Integral

KS Kohn-Sham

MO06-2X Minnesota functional with 54% HF exchange
RSEst Standard Radical Stabilization Energy

RSE; Zavitsas’s Inherent Radical Stabilization method
S-T Gap Singlet-Triplet Gap

SOMO Singly Occupied Molecular Orbital



1. INTRODUCTION

The improvements of high quality materials are necessary to meet demands of
industrial applications. Tailor-made type molecular structures considerably fulfill such
requirements in terms of designing materials with the control over construction,

functionality and especially physico-chemical characteristics.

The click reactions have gained importance after Sharpless identified their
properties in 2001 [1]. There are many advantageous click reactions in chemical synthesis
and they can be listed as: giving high yield without byproduct or easily removable
byproduct with the non-chromatographic method, having short reaction times, having
substituent and solvent tolerance, insensitivity towards water and oxygen. Even if there are
series of reactions which are known as ‘click’ reactions, research has been mainly carried
out by on the Cu(l)-mediated Huisgen reaction between an alkyne and an azide due to the
ease of application, effortless reaction conditions and orthogonality [2-4]. However, the
immense advantages of Cu(l)-mediated alkyne-azide reaction gave an opportunity and
encouragement to researchers to investigate other type of reactions which have click
properties. For this reason, the application areas of click reactions are now numerous,
nucleophilic ring-opening of strained heterocyclic electrophiles, Diels-Alder reactions and
photo initiated thiol-ene reactions which are based upon the hydrothiolation of alkenes can

be pointed as the mostly preferred ones.

The reactions between thiols and alkenes are not a recent exploration, the affinity of
sulfur radical to unsaturated alkenes is known for more than 100 years [5]. Even if the
thiol-ene reactions can be initiated thermally, initiation efficiency with UV is higher, and
that gives an opportunity to initiate reaction by sunlight. The reaction mechanism of thiol-
ene reactions can be basically described as: sulfur radical addition to unsaturated alkene
with the anti-Markovnikov rule and hydrogen abstraction of carbon centered radical from

the thiol as shown in Figure 1.1.

Initial usage of thiol-ene reactions is in the area of polymer synthesis with excellent

network was demonstrated in the work of Hoyle and Bowman [6-18]. In last decade, due to



the promising and facile properties of thiol-ene reactions, a field of applications has been
developed far beyond the polymer synthesis. The areas including thiol-ene reactions are
expanded to dendrimer, hydrogel synthesis [19,20], surface patterning [21], drug delivery

systems [22], electrooptical materials [23].
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Figure 1.1. Thiol-Ene Click Reaction.

The photoinitiated thiol-ene click reactions have basically three steps. These steps
can be expressed as initiation, propagation and chain transfer as shown in Figure 1.2. In the
initiation step, a thiyl radical is formed after the thiol is exposed to UV radiation. After
that, the thiyl radical attacks to the unactivated alkene by obeying the Anti-Markovnikov
rule and a new carbon centered radical intermediate is formed in the propagation step.
After the propagation step, the radical intermediate has two possibilities, one of them is to
abstract a hydrogen from thiol, the other is the attack to an alkene vyielding the
homopolymerization. The pathway is controlled by the relative rates of chain transfer and
chain growth steps that both depend upon the characteristics of the alkene and the carbon

centered radical intermediate [10].

Propagation

B 5
R—S~——"~f R=S~H

Chain Transfer

Figure 1.2. Propagation and chain transfer steps of thiol-ene click chemistry [16].



Even if some studies [12,14,18,24] claim that the reaction mechanism of thiol-ene
reaction is primarily controlled by the functionality of the alkene, in the experimental
studies [10,25,26,27] the overall reaction kinetics are seen to depend on the alkenes and the
thiols. Notwithstanding there are many application fields of thiol-ene reactions, the studies
about the kinetic investigation of reaction mechanism is highly limited. For this reason, the
determination of factors that influence the structure-reactivity relationship gain importance

in understanding the origin of the thiol-ene reactivity.

It is reported by Bowman and co-workers that the ratio of the rate of propagation to
rate of chain transfer (ke/kct) is crucial to manage the overall reaction kinetics. The
dependency of kinetic parameter and reaction order of thiol-ene reaction is displayed in
Figure 1.3. Despite the fact that ke/kcT gives a reasonable understanding about the reaction
mechanism, reaction and activation enthalpies, free energy activation barriers, kp and kcr
individual parameters are extremely important for thiol-ene reactions [24]. In addition to
the energetics of thiol-ene reactions, polar effects [28], non-polar effects [29],
intermolecular forces [30] are essential for radicalic reactions to figure out the reaction

kinetics.

kP‘/kCT >> ] [gllll

if kpker <1 overall rate depends on [SH]"? [C=C]'2

kp/ker <<1 [c=C]!

Figure 1.3. Relationship between kp /kct and concentration.

The addition reaction between the thiyl radical and the alkene is highly fast and
often reversible [31]. Besides, the exothermicity is relatively high, reaction enthalpy of
thiol addition to electron rich vinyl ether double bond is around -10.5 kcal mol! and -22.6
kcal mol™ for the electron deficient N-alkyl maleimide [32]. For this reason, the addition
rate of electron efficient alkenes is more rapid than the poor ones for the same thiol [8,33].
The stability of the carbon centered radical intermediate has an importance on the

regioselectivity of thiyl radical addition to alkenes [34]. Despite the fact that thiol-ene



reactions have high regioselectivity, thiyl radical addition to linear alkenes shows low
stereoselectivity. In the cyclic and the substituted cyclohexene case, stereoselectivity is

highly possible because of the steric hindrance [35].

In this study, the propagation and the chain transfer steps of thiol-ene reactions with
different types of thiols and alkenes are investigated. Although the effect of alkene
functionality on the thiol-ene reactions has been studied, the effect of thiol functionality
has not been studied in detail yet. The propagation rate constant kp is affected by the
alkene functionality, the type of thiyl radical and the stability of thiyl radical. The chain
transfer rate constant kp is mostly controlled by the stability of carbon centered radical. In
this study, the mechanism of eleven thiol-ene reaction has been studied by using Density
Functional Theory. In order to define the effects of thiol on the thiol-ene reaction, 4
different meta substituted phenylthiol radicals are chosen with the six well known and

industrially used alkenes as shown Figure 1.4.
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Figure 1.4. Chemical structures of thiophenols and alkenes.

In contrast to the general opinion, radicals are responsive to polar solvents [36]. For
instance, protic hydrogen atom donors like phenols are less reactive in terms of hydrogen
atom transfer in polar media because of the their hydrogen bonding ability [37]. Thiols are
less sensitive to hydrogen bonding due to fact that they are weak hydrogen bond donors
[38]. In contrast to that, it has been shown that polar solvents especially water increase the
rate of hydrogen atom transfer to alkyl radical. The rate constant of hydrogen abstraction
by tertiary alkyl radical is increased in water when compared to dichloromethane for the

identical reaction [39]. In addition to this, the reaction between thiol and alkyl radical, the



polar transition state is stabilized by the polar solvents by leading to a decrease in
activation barrier [39]. In this work, three different hydrogen abstraction reactions between
thiol and alkyl radical will be studied computationally both in implicit and explicit water
solution models in order to identify the effect of polar solvent on the rate constant and
reaction energetics. Therefore, four different carbon centered radicals and three different

thiols are selected to investigate the effect of water on the reaction as shown in Figure 1.5.

Figure 1.5. Chemical structures of alkyl radicals and thiols used to monitor the hydrogen

abstraction from thiols.



2. METHODOLOGY

2.1. Density Functional Theory

Density Functional Theory (DFT) [40] is a quantum mechanical approach, which
allows to calculate the electronic structure of molecules based upon a theory proposed by
Kohn-Hohenberg [41,42]. Kohn-Hohenberg theorem states their ground state density is

sufficient to determine the wavefunction.

The first theorem of the theory states that electron density p(r) determines the
external potential Vex(r) i. e. the potential due to the nuclei and the second theorem
introduces the variational principle. As a result, the electron density can be computed
variationally and the wavefunction, energy, position of nuclei and other related problems

can be calculated [40,43].

The electron density is defined as:

p(x) =N [ [IW(xq, x5, %) |Pdxydxs -+ dxy, (2.1)
where x represents both spin and spatial coordinates of electrons.

The electronic energy can be expressed as a functional of the electron density:

[p]= [v(r)p(r)dr+T[p]+V.,[r] (2.2)

where T[p] is the kinetic energy of the interacting electrons and Vee[p] is the interelectronic

interaction energy. The electronic energy may be rewritten as

[p]= [u(r)p(r)dr +T,[p]+ 3[p]+E, [ 0] 2.3)

with J[p] being the coulomb energy, Ts[p] being the kinetic energy of the non-interacting

electrons and Exc[p] being the exchange-correlation energy functional. The exchange-



correlation functional is expressed as the sum of an exchange functional Ex[p] and a
correlation functional Ec[p], although it contains also a kinetic energy term arising from the
kinetic energy difference between the interacting and non-interacting electron systems. The
Kinetic energy term, being the measure of the freedom, and exchange-correlation energy,
describing the change of opposite spin electrons (defining extra freedom to an electron),
are the favorable energy contributions. The Coulomb energy term describes the
unfavorable electron-electron repulsion energy and therefore disfavors the total electronic

energy [44].

In Kohn-Sham density functional theory, a reference system of independent non-
interacting electrons in a common, one-body potential Vks yielding the same density as the
real fully-interacting system is considered. More specifically, a set of independent
reference orbitals y; satisfying the following particle independent Schrodinger equation are

imagined.
1 2
[— 3 \% +VKS}//i =&Y, (2.15)

with the one-body potential Vs defined as

_v(r). Blel, Elp]
Vs =M 5o0) * aplr) (210

Vs =v(r)+%dr'+vxc(r) (2.17)
r—r

where vy(r) is the exchange-correlation potential. The independent orbitals i are known
as Kohn-Sham orbitals and give the exact density by

plr)=> Il (2.18)

if the exact form of the exchange-correlation functional is known. However, the exact form

of this functional is not known and approximate forms are developed starting with the local



density approximation (LDA). This approximation gives the energy of a uniform electron
gas, i. e. a large number of electrons uniformly spread out in a cube accompanied with a
uniform distribution of the positive charge to make the system neutral. The energy

expression is

Elp]=T.[ol+ [ pr(r)dr + 3[p]+ E,[o]+ E, (2.19)

where Ep is the electrostatic energy of the positive background. Since the positive charge
density is the negative of the electron density due to uniform distribution of particles, the

energy expression is reduced to
Elp]=T.[o]+Elo] (2.20)

Elpl=T.[o]+E.[o]+Eo] (2.21)

The kinetic energy functional can be written as
Tlpl=C. [ p(r)sdr (2.22)
where Cr is a constant equal to 2.8712. The exchange functional is given by
E [p]=—C,[ p(r)sdr (2.23)

with Cyx being a constant equal to 0.7386. The correlation energy, Ec[p], for a homogeneous
electron gas comes from the parametrization of the results of a set of quantum Monte Carlo

calculations.

The LDA method underestimates the exchange energy by about 10 per cent and
does not have the correct asymptotic behavior. The exact asymptotic behavior of the

exchange energy density of any finite many-electron system is given by



.1
limu =-— (2.24)

X—>00

U ¢ being related to Ex[p] by

£, [p]= %Z [pugdr (2.25)

A gradient-corrected functional is proposed by Becke

2

_ pLlDA % X,
==5 ,Bzglfp,, 1+6_ sinh™ x_ ar (2.20)
\%
where ¢ denotes the electron spin, X, = | '[Z/"| and f is an empirical constant ($=0.0042).
Py’

This functional is known as Becke88 (B88) functional [42].

The adiabatic connection formula connects the non-interacting Kohn-Sham

reference system (1=0) to the fully-interacting real system (1=1) and is given by
1
E,. = [U}d (2.27)
0

where / is the interelectronic coupling-strength parameter and U /. is the potential energy

of exchange-correlation at intermediate coupling strength. The adiabatic connection

formula can be approximated by

£, =2 Eo* 1y (2.28)
2 2

XC

since U2 = E®, the exact exchange energy of the Slater determinant of the Kohn-Sham

orbitals, and U, =U " [41].
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The closed shell Lee-Yang-Parr (LYP) correlation functional [45] is given by

E,=-af

#{mbp‘% [CF oot 4 (it +iv2p)}ecp'% }dr (2.29)
1+dp 73 9" 18

where
t =———§V P (2.30)

The mixing of LDA, B88, E* and the gradient-corrected correlation functionals to give

the hybrid functionals [46] involves three parameters.

E><C — E)I;CDA + aO(E:xact . E)I(.DA)_'_ aXAEXBBS + a.CAECnon—IocaI (231)

where AE’® is the Becke’s gradient correction to the exchange functional. In the B3LYP

functional, the gradient-correction (AE! ™) to the correlation functional is included in

LYP. However, LYP contains also a local correlation term which must be subtracted to

yield the correction term only.

AETer-losal _ ELP v (2.32)

where E/"™ is the Vosko-Wilk-Nusair correlation functional, a parametrized form of the

LDA correlation energy based on Monte Carlo calculations. The empirical coefficients are
a0=0.20, ax=0.72 and a,=0.81 [47].

2.3. Basis Sets

Basis sets describe the wavefunctions, and are necessary to solve the Schrodinger
Equation. Split valence basis sets of Pople et al. such as 3- 21G, 6-21G, 6-31+G and 6-

311G* are the most common basis sets used. The functions are splitted, i.e. the first
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number denotes the primitives in the core functions, and the numbers after the hyphen
represent the number of primitives used in the valence functions. Two numbers mean
valence double-{ basis, and three numbers mean valence triple-{ basis. One can add
polarization functions, and extend the basis set, describe the system better and have more
mathematical flexibility in calculations. Diffuse functions can also be added, where it is
not possible for the basis set to provide enough flexibility to include an electron so far
away from the core. Diffuse functions are denoted by the “+” sign to heavy atoms, second
“+” sing denotes diffuse functions to hydrogen atoms. Polarization functions on non-
hydrogen atoms are shown by “*”, and if two asterisks “**” are present, it means that the

polarization functions are also added to the light atoms, hydrogen and helium.

2.4. Continuum Solvation Models

Continuum solvation models are the most efficient way to include condensed-
phase effects into quantum mechanical calculations [48]. The advantage of these models is
that they decrease the number of the degrees of freedom of the system by describing them
in a continuous way, usually by means of a distribution function [48,49]. In continuum
solvation models, the solvent is represented as a polarizable medium characterized by its
static dielectric constant € and the solute is embedded in a cavity surrounded by this

dielectric medium. The total solvation free energy is defined as

AGsolvation = AGcavity + AGdispersion + AGelectrostatic + AGrepuIsion (2-45)

where AGecavity IS the energetic cost of placing the solute in the medium. Dispersion
interactions between solvent and solute are expressed as AGudispersion Which add stabilization
to solvation free energy. AGelectrostatic 1S the electrostatic component of the solute-solvent
interaction energy. AGrepusion IS the exchange solute-solvent interactons not included in the

cavitation energy.

The central problem of continuum solvent models is the electrostatic problem
described by the general Poisson equation:
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—V[e@VV @) = 4npy (@) (2.46)

simplified to
—V2V(#) = 4mp,, (¥) within C (2.47)
—eV?V(#) = 0 outside C (2.48)

where C is the portion of space occupied by cavity, ¢ is dielectric function, V is the sum of

electrostatic potential VM generated by the charge distribution Py and the reaction potential

VR generated by the polarization of the dielectric medium:

V(#) = Vu(@) + V() (2.49)

The Polarizable Continuum Model (PCM) belongs to the class of polarizable
continuum solvation models [50]. In PCM, the solute is embedded in a cavity defined by a
set of spheres centered on atoms (sometimes only on heavy atoms), having radii defined by
the van der Waals radius of the atoms multiplied by a predefined factor (usually 1.2). The
cavity surface is then subdivided into small domains (called tesserae), where the
polarization charges are placed. There are three different approaches to carry out PCM
calculations. The original method is called Dielectric PCM (D-PCM), the second model is
the Conductor-like PCM (C-PCM) [51] in which the surrounding medium is modeled as a
conductor instead of a dielectric, and the third one is an implementation whereby the PCM
equations are recast in an integral equation formalism (IEF-PCM). The IEF-PCM

methodology has been used in this study.
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3. AIM OF THE STUDY

In the first part of this study thiol-ene reactions have been modeled, whereas in the
second part of this thesis the hydrogen abstraction ability of thiyl radical in solution has

been investigated.

In the propagation part of study, eleven different addition reactions are modeled to
understand and determine the reasons that influence the reaction mechanisms. Methyl
methacrylate, vinyl acetate, butyl vinyl ether, styrene, acrylonitrile, 4-methoxystyrene are
selected because of the fact that they are mostly used alkenes in material industries.
Thiophenol and its  derivatives;  4-chlorothiophenol,  4-nitrothiophenol,  4-
methoxythiophenols are used to understand substituent effect on sulfur radical and reaction
energetics. AG!, AH'%, AG%, AH% represent the activation barrier and reaction energies of
propagation steps. Activation barriers are used to determine rate constant of each

propagation reaction.

In the chain transfer, eleven reactions with the same monomers are examined to
determine properties which trigger chain transfer energetics and kinetics. Among the
eleven thiol-ene reaction, first five reactions are chosen with the same radical but different
alkenes to eliminate the effects which result from the different types of phenylthio radical.
The four of those reactions are selected to eliminate the effect of the alkene by choosing the

same alkene for the reactions.

In the second part of thesis, the effects of polar solvent on the thiol-alkyl reaction
energetics are investigated to identify reaction rates. For this purpose, four different thiol-
alkyl reactions having experimental rate constants are selected. The experimental rate
constants determined in aqueous media are benchmarked against the results of

computational solvent models.
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4. THIOL-ENE REACTIONS

4.1. Computational Procedure

All reactions and benchmark calculations were modeled by using the Gaussian09
software package [52]. A previous study [24] has shown that more than 4.0 kcal/mol errors
are assessed at the B3LYP/6-311+G(d) level of theory for a series of thiol-ene reactions in
terms of reaction enthalpies. M06-2X has been chosen because of its success in a thiol-
disulfide exchange study [53]. Three different basis sets have been used to predict the best
outcome in terms of reaction kinetics (6-31+G(d), 6-31++G(d,p), 6-311++G(3df,3pd)).
Benchmark calculations have been carried out for five thiol-ene reactions whose
experimental rate constants are known [30]. The MO06-2X/6-31++G(d,p) methodology
yields the best agreement with experiment (Table 4.1), therefore, all geometry
optimizations, frequency, transition state and single point calculations have been
performed with this methodology. Geometry optimizations are carried out in vacuum at 1.0
atm and 298.15 K. Electron affinities are determined by subtracting the electronic energies
of the anions from the neutral molecules. lonization potential energies are found by
subtracting the electronic energies of the cation from the neutral molecules. Singlet state
and triplet state energy differences gave the S-T gap for each alkene. Radical stabilization
energies were calculated according to standard (RSEst)[54] equation 4.1 and Zavitsas’s
method (RSE;) [55] equation 4.2. In the standard radical stabilization energy definition,
bond dissociation energies D[H — CH3| and D[H — R] are used to predict the stability of

radical R". In the Zavitsas’s radical stability definition, bond dissociation energies
D[H3C — CH3lcaqe; D[R —R].ac are calculated by using Pauling’s electronegativity
equation [56] for the direct comparison of the different types of radical stabilities. The
standard method contributes to understand the tendency of a radical to transfer hydrogen
from organic molecules, while Zavitsas’s model helps to understand the inherent stability

of various type of radicals.



RSE.4(R) = D[H — CH;] — D[H — R]

RSEZ(R) = 1/2(D[H3C - CHB]calc - D[R - R]calc)

k(T) — K(T)%(CO)l—me[—ﬂG*/RT)
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(4.1)

(4.2)

(4.3)

Rate constants are calculated by using equation 4.3 where, k(T) is the reaction rate

constant, R is universal gas constant (8.314 J mol™ K™), x(T) is tunneling correction (for

simplicity it is taken as 1), ks is the Boltzmann constant (1.380658x1072% J K1), T is the
temperature (298.15 K), h is Planck’s constant (6.6260755x1073* J s), c° is the standard

unit of concentration (mol L) (= n/V = P9/RT), m is the molecularity of the reaction, and

AG*is the Gibbs Free energy change between activated complex and reactants. (RS~ ene™)

and (RS" ene") represent the polar charge transfer configurations. The energy of (RS~ ene®)

is calculated by subtracting the electron affinity of the phenylthio radical from the

ionization potential of corresponding alkene and vice versa for (RS* ene™) (Table 4.2).

Table 4.1. Comparison of experimental results with calculated propagation rate constants.*

Substrate
Styrene
Methyl
Methacrylate
Acrylonitrile
Butyl Vinyl
Ether

Vinyl Acetate

6-31+G(d)
2.33E+07

4 48E+06
8.47E+04

2.75E+06
2.98E+04

6-31++G(d,p) 6-311++G(3df,3pd)

3.54E+07

4.35E+06
8.37E+04

1.15E+05
5.08E+03

9.91E+12

7.79E+11
6.13E+10

2.33E+11
1.43E+10

Experimental
[27]
2.70E+07

3.20E+06
4.60E+05

1.20E+05
1.70E+04

1 M06-2X is used as a functional for each basis set. Correlation coefficients are 0.9841, 0.9997, 0.9975,
respectively. Phenylthio radical is used as radical.
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Table 4.2. Calculated ionization potentials and electron affinities for alkenes and
phenylthio radicals. lonization potential, electron affinity, RS ene™ and RS* ene™ energies
are given in eV (M06-2X/6-31++G(d,p)).

lonization Electron
Substrate Potential Affinity RS ene* RS" ene’

Styrene 8.5 0.5 6.2 9.3
Methyl Methacrylate 10.0 0.6 7.7 9.4
Acrylonitrile 109 0.4 86 9.2
Butyl Vinyl Ether 8.7 0.8 6.4 9.6
Vinyl Acetate 98 0.8 7.4 9.6
Phenylthio radical 8.8 -2.3

4.2. Benchmark Study for Thiol-Ene Reactions

Five thiol-ene reactions have been chosen for a benchmark study in order to assess
the efficiency of the M06-2X/6-31++G(d,p) by comparison with the CBS-QB3 results [24]
according to overall reaction (Table 4.3). The correlation between these two methods is
high as seen in Figure 4.2 in terms of reaction free energies. S-H bond dissociation energy
of thiophenol is around 79 kcal/mol according to the experimental result [57]. In our
calculations, BDE’s of thiophenols and substituted thiophenols (Table 4.4) vary between
73.67 to 78.75 kcal/mol, high correlation has been established between calculated and
experimental results [58] (R? = 0.885) (Figure 4.2). M06-2X/6-31++G(d,p) has been
chosen to investigate the energetics of thiol-ene reaction by taking into account the results
of five reaction free energies and the BDE’s of thiophenols.
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Table 4.3. Benchmark studies for the Gibbs free energies for five thiol-ene reactions
(kcal/mol) (M06-2X/6-31++G(d,p)).

CBS- MO06-2X/
QB3 6-31++G(d,p)
Thiol Alkene Thioether AGCrxn AGCrxn
RN P 7.7 -8.8
N NN -45 -6.0
o] o]

-8.2 -10.7
__—SH \)}\O/ \S/\)J\O/
0

~
o (o}
o L _© A
- No/ -~ WI\O 8.3 -9.4
o o S\
-4
-5 4 R?=0.8454 Methyl Vin
o -6 1 Crotonate e *
M -7
R
2 N Fumarate
M -9 - opene
O
210 A
-11 A ®  Methyl Acrylate
'12 T T T

-9 -8 -7 -6 -5 -4
MO06-2X/6-31++G(d.p)

Figure 4.1. Correlation between calculated Gibbs Free energies AG%xn (kcal/mol) of thiyl
radical addition to the alkenes with two different theoretical methods.
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Table 4.4. Experimental and calculated S-H bond dissociation energies (BDE) of para
substituted thiophenols (kcal/mol) (M06-2X/6-31++G(d,p)).

MO06-2X/
H, Cl, OCHs, NO> Experimental [59] 6-31++G(d,p)

e Oyor

1 Q — S+ H 79.1 77.75

2 | C <:> SH=>Cl Q S+ I 79.2 76.68
Ol

3| P SH™=, 76.9 73.67

Q Q,
O O
O O

4 81.4 78.78

R?=0.885

Calculated

76 77 78 79 80 81 82 83
Experimental

Figure 4.2. Comparison of calculated S-H BDEs of para substituted thiophenols versus
experimental S-H BDEs (kcal/mol) (M06-2X/6-31++G(d,p)).

The reaction profile of the phenylthiol-ene reaction is displayed in Figure 4.3. The
Gibbs free energy of activation barrier of phenylthiol radical addition to alkene is
represented by AG'p, the hydrogen abstraction of the carbon centered radical intermediate
from phenylthiol, the chain transfer step is represented by AG'cr. The reaction Gibbs free
energy of propagation step, the Gibbs free energy of chain transfer and the overall reaction
Gibbs free energy are expressed as AG®, AG°ct, AG%xn, respectively. In this thesis, the

main focus will be on the propagation and chain transfer (Figure 1.2.) steps due to the fact
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that the initiation step includes several photochemical and thermal initiators [60,61]

according to the experimental procedure and it is not the inherent point of this study.

GIBBS FREE ENERGY

AG'cr

R '
\./ AG°ct

O

REACTION COORDINATE

Figure 4.3. Overall reaction profile for the step-growth mechanism of radical initiated

thiol—ene click reactions.

4.3. Propagation Step: Role of Phenylthio Radicals

It can be argued that the rate of propagation and chain transfer steps of thiol-ene

reactions can be controlled by the nature of the alkene and the radical as well as by the

stability of carbon and the sulfur radicals which trigger the reaction. It is suggested by

earlier articles [8,12,62] that propagation rate depends upon the electron density of alkene

and the rate of chain transfer depends upon the stability of carbon radical. For this reason,

in this study, different type of alkenes having various functional groups and para

substituted thiophenols have been examined in detail. The energetics of eleven reactions
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are investigated by the MO06-2X/6-31++G(d,p) methodology (Table 4.5). All eleven
reactions are enthalpically exothermic ranging between (-20.2 to -36.2 kcal/mol) and
exergonic (-6.7 to -12.0 kcal/mol). The activation barriers of propagation step of all
reactions show variation between 7.2 kcal/mol (4-methoxystyrene) to 13.3 kcal/mol (vinyl
acetate) in terms of Gibbs free energy. The formation of radical intermediates is
endergonic except for two reactions, reaction 7 (-1.4 kcal/mol) and reaction 8 (-0.5
kcal/mol). The relatively lower activation barrier of these outliers can lead to exothermic
behaviour in the propagation step and the free energy of activation barrier (8.2 and 7.2
kcal/mol), respectively. When non-substituted pheylthio radical addition to different
alkenes- first five reactions in Table 4.5 are taken into consideration, it can be argued that
delocalization ability of radical intermediate pulls down the reaction exothermicity in
addition to decreasing the activation barrier of the propagation reaction. Among these five
reactions, relatively low activation barrier of reaction 4 can be result of the lower charge
transfer energy (6.42 eV) for RS ene® (Table 4.5, Table 4.6). One of the reasons for low
activation barrier of reaction 7 can be explained by its slightly low charge transfer energy
(6.86 eV). However, low activation barrier and propagation step exothermicity of reaction
8 can be the result of resonance capability of the radical intermediate. In addition to
resonance, for reaction 8, its low charge transfer energy (5.38 eV) is in line with the
decrease in its reaction energetics. That’s why, it can be asserted that variation in alkene
functionality has considerable effect on activation barrier and reaction energetics of thiol-

ene reactions as displayed in Table 4.5.

Table 4.5. Calculated activation barriers (AG', AH') and reaction energies (AG°, AH®)
kcal/mol for propagation and chain transfer steps (M06-2X/6- 31++G(d,p)).

Propagation Chain Transfer Overall
Rxn Radical Alkene AHLY  AGY  AH%  AGS% | AH'er  AG'er  AH%er  AGer | AH’y AG
1 CgHsS® CH,=CHPh -38 9.1 -13.1 0.2 -16 10.6 8.6 85 | -218 83
2 CeHsS® CH,=C(Me)CO,Me -16 103  -11.9 0.4 0.8 11.2 8.3 -85 | -202  -82
3 CeHsS® CH,=CH(CN) 1.2 12.6 9.7 1.1 2.9 135  -11.8  -104 | -21.4 93
4 CeHsS CH,=CH(OBU) 37 11.4 71 6.9 -8.1 8.1 156 -109 | -227  -40
5  CgHsS® CH,=CH(OC(O)Me)  -0.6 12.7 76 6.5 -3.9 7.1 2192 -186 | -268  -12.1
6  p-MeOC¢HsS® CH,=C(Me)CO,Me -0.6 125 -10.2 3.0 -2.8 8.7 -233 -9.6 -335 -6.7
7 p-NO,CeHsS®  CH,=C(Me)CO,Me -36 8.2 -138  -14 0.7 107 224  -93 | -362  -10.7
8  p-CICsHsS’ p-MeO-PhCH=CH, -6.3 7.2 -14.4 -0.5 -5.4 7.6 -10.1 -8.7 -34.4 7.2
9  p-CICsHsS’ CH,=C(Me)CO,Me -2.2 105 -12.2 0.9 -1.9 9.6 =222 -8.1 -24.5 -9.2
10 p-CICeHsS®  CH,=CH(OC(O)Me)  -1.0 125 77 6.2 5.8 9.1 201 -182 | -278  -120
11 p-CICeHsS® CH,=CH(CN) 1.4 133 -9.3 2.0 2.0 13.6 -13.1 -11.2 -22.3 -9.2




Table 4.6. Calculated ionization potentials and electron affinities for alkenes and
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phenylthio radicals. lonization potential, electron affinity, RS ene™ and RS* ene™ energies
are given in eV (M06-2X/6-31++G(d,p)).

lonization Electron

Substrate Potential Affinity RS ene® RS"ene
CH2=CHPh 8.5 0.5 6.2 9.3
CH2=C(Me)CO2Me 10.0 0.6 1.7 94
CH2=CH(CN) 10.9 0.4 8.6 9.2
CH>=CH(OBuU) 8.7 0.8 6.4 9.6
CH>=CH(OC(O)Me) 9.8 0.8 7.4 9.6
CesHsS® 8.8 -2.3

lonization Electron

Substrate Potential Affinity RS ene” RS*ene
p-MeO-PhCH=CH: 7.9 0.8 54 9.5
CH>=C(Me)CO2Me 10.0 0.6 7.5 9.4
CH2=CH(OC(O)Me) 9.8 0.8 7.2 9.6
CH2=CH(CN) 10.9 0.4 8.4 9.2
p-CICsHsS*® 8.8 -2.5

lonization Electron

Substrate Potential Affinity RS ene® RSene
1CH,=C(Me)CO2Me 10.0 0.6 8.0 8.7
1p-MeOCgHsS*® 8.1 -2.0
2CH2=C(Me)CO2Me 10.0 0.6 6.9 10.3
2p-NO2CeHsS* 9.7 -3.1
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4.4. Propagation Step: Para-Substituted Phenylthio Radicals

It is highly important to study the effect of substituent on the phenylthio radical to
detect factors that trigger the thiol-ene reactivity. In order to study this effect, four different
well-known groups are used (-NO», -OMe, -ClI, -H) at the para position of the thiophenyl
radical. It is proposed by Degirmenci et al. [63] that whereas the c-withdrawing groups on
sulfur radicals have destabilizing effect, the lone pair and the m acceptor groups on the
sulfur radical have a stabilizing effect. In the same study, it is indicated that due to
electronic characteristics of substituents on the sulfur centered radical -OMe to -NO; the
deviation in the Zavitsas and Standard RSE is about 30 kcal/mol to 20 kcal/mol. In this
study, there are four types of sulfur centered radicals and high energy change in RSE is not
observed based on the substituent. However, high correlation (R?> = 0.9857) between the
RSEstw of the sulfur radical and spin density on the sulfur radical is obtained (Figure 4.4).
The results in this study about the forming resonance structure of spin show consistency
with a recent study [63]. The relationship between spin delocalization for various sulfur-
centered radicals have shown a negative slope with RSEsw. When Figure 4.4 is considered,
it can be apparently seen that spin density follows the rank MeO < H < CI < NOg, in
parallel with the electron withdrawing feature of the substituents on the sulfur radical.
Notwithstanding in the decreasing range of RSEsg, the reactivity of the radical is
increasing. As shown for reactions 6 and 7 in Table 4.5, the phenylthio radical having
electron withdrawing group (EWG) on it has low activation energy barrier due to the
contribution of EWG substituents.

In this study, the effect of electronic characteristic of substrate is basically figured
out at the addition reaction of sulfur centered radical to the alkene. The agreement (R? =
0.9479) between spin density and the activation barrier of propagation step is satisfactory
Figure 4.5. This correlation explains that the stabilization of the sulfur centered radicals is
provided by conjugated m-accepting groups. In light of these results, it can be concluded
that spin densities not only have a remarkable influence on RSEsqs but also on the
activation barriers of the propagation step of thiol-ene reactions.
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Figure 4.4. Correlation between RSEsw (kcal/mol) of 4 different para-substituted
phenylthio radicals and spin density on sulfur radical (M06-2X/6-31++G(d,p)).
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Figure 4.5. Correlation between AG» (kcal/mol) and spin density on the sulfur radicals

(M06-2X/6-31++G(d,p)).

4.5. Propagation Step: Role of Alkene Functionality

There are many studies where the addition of the carbon centered radical to alkenes

has been studied experimentally [64,65] and computationally [28,66]. Even though the

main factors that affect the reactivity of the carbon centered radical are well known,
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knowledge about the reactivity of sulfur centered radical is highly limited. After addition
of thiyl radical to the alkene, the carbon-carbon 7 bond is broken and a new carbon-sulfur
bond forms. The length of the forming S-C bond distances at the transition state (Table
4.7) is well correlated (R? = 0.9135) with the enthalpy of the propagation step (Figure 4.6).
Hammond’s postulate [67] is obeyed as discussed in recent theoretical studies [24,29]. The
addition of phenylthio radical to 4-methoxystyrene being the earliest transition state, it has
the highest reaction enthalpy (AH® = -14.36 kcal/mol), and the longest S-C distance at the
transition state (2.44 A). Moreover, 4-nitrophenylthio radical addition to methyl
methacrylate (reaction 7) and phenylthio radical addition to styrene (reaction 1) have lower
free energies of activation (8.2 and 9.1 kcal/mol) and longer S-C distance at the transition
state (2.45 A and 2.44 A), respectively.

Table 4.7. Propagation transition state geometries of 11 thiol-ene reactions (M06-2X/6-
31++G(d,p)).

Rxn Propagation Step

N
)
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Table 4.7. Propagation transition state geometries of 11 thiol-ene reactions (M06-2X/6-
31++G(d,p)) (cont.).

Rxn Propagation Step
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Table 4.7. Propagation transition state geometries of 11 thiol-ene reactions (M06-2X/6-
31++G(d,p)) (cont.).

Rxn Propagation Step

10

11

R*=0.9153

AHC,,

'].6 T T T T T
232 235 238 241 244 247 250

C-S bond distance

Figure 4.6. Relationship between AHC, (kcal/mol) and carbon-sulfur bond distances (A) at
the propagation transition state (M06-2X/6-31++G(d,p)).
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In spite of the presence of a correlation between the forming bond distances and the
reaction enthalpies, a correlation between the reaction enthalpies and the activation barriers
for the same set of reactions is missing. These findings are reminiscent of the contribution
of polar or nonpolar effects in the transition states for these sets of reactions. Figure 4.7
indicates that an Evans—Polanyi relationship [68] holds for this series of thiol—ene
propagation reactions (R?> = 0.9415) except that the outliers (reactions 4,5 and 10) are
found to be more exothermic than expected. Figure 4.8 displays the same correlation with
the outliers, the latter have an electron donor oxygen atom next to the C=C double bond,
the corresponding intermediates are more destabilized -have higher barriers- than the other

alkenes which possess electron withdrawing groups.

-6

R2=0.9415

8 -

-10

AH®,,

-12 4

14

-16
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Figure 4.7. Correlation of AH% (kcal/mol) versus AH' (kcal/mol) for the addition of
phenylthio radical to the alkenes (M06-2X/6-31++G(d,p)).

It is also noteworthy to understand the reactivity of the alkene by monitoring the
relationship between the RSE (Table 4.8) of the carbon centered radical intermediate and
the singlet-triplet gap (S-T gap) (Table 4.9). RSE and S-T gap exhibit a reasonable
correlation (R?=0.8745) (Figure 4.9) with one outlier which when included decreases the
correlation coefficient to 0.5855 (Figure 4.10). The S-T gap of the alkene represents the -
7* excitation energy and the m-bond strength of the alkene can be predicted by taking into
consideration its S-T gap energy. The correlation coefficient between the Gibbs free
energy of activation for the propagation step and the S-T gap is 0.8045 (Figure 4.11) 4-
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methoxystyrene (reaction 9) has the lowest S-T gap (2.71 eV) and the lowest enthalpy of

activation (-6.3 kcal/mol) as well as the lowest reaction enthalpy (-14.4 kcal/mol).

-6 1 R2=0.3288

AHY,
Figure 4.8. Correlation between AH (kcal/mol) and AH's (kcal/mol) (M06-2X/6-
31++G(d,p)).

Furthermore, the radical stabilization energy of the intermediate radical has the
second highest RSE; (13.1 kcal/mol). In reaction 5, vinyl acetate has one of the highest S-T
gap (4.5 eV) and its intermediate has the lowest RSE; (2.1 kcal/mol), it also has the second
highest free energy of activation (12.7 kcal/mol). The same trend is followed for the other
four reactions which have the same type of radical and different types of alkenes as
reactants. Therefore, alkenes having high S-T energy gaps have high exothermicities and

low activation barriers for propagation.

Table 4.8. Radical stabilization energies (kcal/mol) for phenylthiol radicals and carbon
centered radical intermediates (M06-2X/6-31++G(d,p)).

Phenylthio Carbon intermediate
radical radical

radical substrate RSEsa  RSE; RSEstd RSE;
CeHsS® CH2=CHPh 25.8 21.4 17.1 13.2
CeHsS*® CH2=C(Me)CO2Me 25.8 21.4 16.3 11.9
CeHsS*® CH>=CH(CN) 25.8 21.4 14.1 10.6
CeHsS*® CH2=CH(OBU) 25.8 21.4 13.8 7.1
CeHsS® CH>=CH(OC(O)Me) 25.8 21.4 6.6 2.1
p-MeOCgHsS*® CH2=C(Me)CO2Me 29.9 27.8 16.8 12.4
p-NO2CeHsS*® CH,=C(Me)CO:Me 24.8 21.1 16.2 11.5
p-CICeHsS*® p-MeO-PhCH=CH 26.9 24.5 16.8 13.1
p-CICgHsS*® CH,=C(Me)CO:Me 26.9 24.5 16.9 12.0
p-CICeHsS*® CH2=CH(OC(O)Me) 26.9 24.5 6.8 2.3
p-ClCgHsS*® CH>=CH(CN) 26.9 24.5 13.8 10.4
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Table 4.9. Singlet triplet gap for alkenes (eV), and electron density on C1 atom (NPA)
(M06-2X/6-31++G(d,p)).

Substrate S-T Gap Electron Density on C1 Atom
CH>=CHPh 3.65 -0.41
CH>=C(Me)CO.Me 3.96 -0.36
CH2=CH(CN) 4.02 -0.34
CH,=CH(OC(O)Me) 4.54 -0.43
CH2=CH(OBuU) 4.46 -0.60
p-MeO-PhCH=CH: 2.71 -0.51

16
) R2=0.8745
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Figure 4.9. Correlation between RSE; (kcal/mol) of carbon centered radical intermediate
and S-T gap (eV) for alkenes without outliers (M06-2X/6-31++G(d,p)).
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Figure 4.10. Correlation between RSE; (kcal/mol) of carbon centered radical intermediate
and S-T gap (eV) for alkenes (M06-2X/6-31++G(d,p)).
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Figure 4.11. Correlation between AG (kcal/mol) and S-T gap (eV) for the alkenes (MO06-
2X/6-31++G(d,p)).

Further assessment to this approach was carried out in another theoretical study
where low activation barriers were obtained by modeling alkyl thiyl radical additions to
thioketones [29]. In the same study it has been emphasized that high SOMO energy of the
radical and low energy of the n* orbital of the substrate can lead to resonance interaction in
the transition state. In this study, we observe that the SOMO energies of the sulfur centered
phenylthio radicals have higher SOMO energies than their carbon centered radical
intermediates (Table 4.10). Reactions 2, 6, 7, 9 are chosen to investigate the relationship
between the SOMO energies of phenylthio radicals and the activation barriers of the
propagation step. The reactions have been chosen because they all have the same alkene
(methyl methacrylate) in this way eliminating the errors that may emerge from the effect of
the alkene type. High correlation is obtained for these series of reactions (R? = 0.9806)
(Figure 4.12).

Table 4.10. SOMO energies of phenylthiol radicals and their carbon centered radical
intermediates (Hartrees, M06-2X/6-31++G(d,p)).

Rxn X Phenylthio Radical Carbon Centered Radical
2 H -0.28635 -0.25675
6 MeO -0.26727 -0.26647
7 NO2 -0.31602 -0.28006
9 Cl -0.28682 -0.27226
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Figure 4.12. Correlation between AG's (kcal/mol) and SOMO energies (a.u.) of phenylthio
radicals (M06-2X/6-31++G(d,p)).

Bowman’s experimental study reports that the rate of propagation for the thiyl
radical addition to the alkene is mainly controlled by the electron density on the alkene
[12]. However, a recent theoretical study has claimed that direct correlation between the
propagation rate and the electron density is not valid [24]. In this study we show that, in a
small set of reactions, there is a weak correlation between the enthalpy of activation for
propagation and the electron density on C1 (R? = 0.1096) (Figure 4.13) with the exception
of two outliers vinyl ether (reaction 4) and vinyl acetate (reaction 5). The characteristics of
these two outliers can be rationalized by indicating the presence of the heteroatom next to
the carbon-carbon double bond. Most probably, the oxygen atom is responsible for the
higher electron density on C1 atom because of the mesomeric electron-donating properties

of the oxygen atom.

Moreover, the increase in the activation barrier may be attributed to a late transition
state (almost 0.1 A difference) for reactions 4 and 5 (Table 4.11). When these outliers are
taken out, the correlation is higher as claimed by Bowman [12] (R? = 0.9406) (Figure
4.14).



R2=0.1096

The electronic configuration of the propagation state may influence the enthalpy of
the activation barrier. Two polar charge transfer configurations are determined for each
reaction. Table 4.11 displays the calculated energies of charge transfer configurations;
these energies are determined by using the ionization potentials and electron affinities of

both radicals and alkenes.

Table 4.11. Calculated energies (eV) of charge transfer configurations for eleven reactions

-0.6 -0.5

-04

Electron Density on C1 Atom
Figure 4.13. Correlation between AH' (kcal/mol) and electron density on C1 atom of

alkenes (M06-2X/6-31++G(d,p)).
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with the S-C bond distances (A) at the transition states (M06-2X/6-31++G(d,p)).
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Figure 4.14. Correlation between AH'» (kcal/mol) and electron density on C1 atom without
the outliers (M06-2X/6-31++G(d,p)).

For all the reactions, RS™ ene* configurations have lower energy than RS ene
configurations. Thus, the electrophilic characteristics of the phenylthio radicals dominate
the reaction for the propagation step. Moreover, a reasonable correlation between the RS”
ene* configurations and the activation enthalpies is established (Figure 4.15). As expected,
the polar nature of the transition state affects strongly the activation barrier for
propagation. Furthermore, the electrophilic nature of the sulfur-centered radicals is
responsible of low charge transfer energy which leads to a decrease in the activation

barrier.

R?=0.9236

el |
L

AH,

50 55 6.0 65 70 75 80 85 9.0 95
RS-ene™
Figure 4.15. Relationship between AH' (kcal/mol) and RS™ ene* charge-transfer

configurations (eV) for propagation steps (M06-2X/6-31++G(d,p)).
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4.6. Chain Transfer

A subsequent reaction of the propagation step can be the abstraction of a hydrogen
atom from thiophenol by the intermediate carbon-centred radical to yield a thioether and a
phenylthio radical (Figure 1.2, Table 4.5). The newly formed sulfur centered radical shows
a different behavior than the carbon centered radical thus both steps deserve careful
analysis. The Gibbs free energy activation barriers of the chain transfer vary by nearly 6.5

kcal/mol.

Bowman and co-workers [12] have reported that chain transfer rate directly
depends on the radical stability of the carbon radical at the intermediate structures. It is
well-known that electronegative or electron-withdrawing groups for instance, -CFs, -NO3, -
F, and -OC(O)R destabilize the carbon-centered radicals. On the other hand, electron-
donating substituents such as -Me and -NH> stabilize them [69,70]. Destabilization due to
the electron-withdrawing nature of the -OC(O)CHs (reactions 5 and 10) and —CN groups
(reactions 3 and 11) on the radical center leads to relatively low exothermicities for the
propagation reaction. On the other hand, the expected larger exothermicities for the chain
transfer reaction of carbon-centered radicals which have electron-withdrawing groups
couldn’t be observed. Note that, the alkenes having electron donating groups such as -Me,
-Ph, -PhOMe (reactions 1, 2, 6, 7, 8, 9) are more exothermic in the propagation reactions

and chain transfer reactions except for reaction 8.

Furthermore, in addition to the effect of electron-donating and electron-
withdrawing groups, the stability of carbon centered radical intermediate can be considered
as another main property that has an effect on the chain transfer activation barrier.
However, a correlation couldn’t be established between radical stability (RSEsq) of the
radical intermediate and the enthalpy of activation barrier of chain transfer because of the
three effective outliers (reactions 4, 5, 10) (R? = 0.09) (Figure 4.16). The outliers have low
RSEsw (13.8, 6.6, 6.8 kcal/mol) and low activation barriers for chain transfer) 8.1, 7.1, 9.1
kcal/mol), respectively. Overall, electron withdrawing groups decrease the stability of the
carbon radical for these monomers more than expected. When outliers are ignored, a

relatively high correlation is obtained as seen in Figure 4.17 (R? = 0.9198).
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Figure 4.16. AH' ¢t (kcal/mol) versus standard RSEq (kcal/mol) for carbon centered

radicals (M06-2X/6-31++G(d,p)).
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Figure 4.17. Correlation of AH'cr (kcal/mol) versus RSEstw (kcal/mol) for carbon centered
radical intermediates without the outliers (M06-2X/6-31++G(d,p)).

In order to evaluate the transition states of the chain transfer reaction, the Evans-
Polanyi relationship [68] for this reaction was considered (Figure 4.18) however a
correlation between AH'ct and AH Ct has not been established . This result is at odds with
a previous study for the abstraction of a hydrogen atom from methyl mercaptan where a
reasonable correlation (R?=0.83) between the reaction enthalpy and the enthalpy of
activation was derived [24]. In our set of thiols, the chain transfer reaction can be affected
by steric factors, spin delocalization, contribution of the electron withdrawing or donating

groups, m-m interactions and also possible H atom-m interactions or lone pair electrons-n
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interactions while not all these effects are present in the reaction of methyl mercaptan.
Note that, bond distances between hydrogen and heavy atoms (C-H, S-H) at the transition
states of the chain transfer reactions and the corresponding reaction Gibbs free energies are
well correlated (R = 0.8078 and 0.6888 respectively) (Figure 4.19 and Figure 4.20).
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Figure 4.18. Correlation of AHr (kcal/mol) versus AH!ct (kcal/mol) for chain transfer
reactions (M06-2X/6-31++G(d,p)).
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Figure 4.19. AG°r (kcal/mol) versus C-H bond distance (A) in chain transfer transition
states (M06-2X/6-31++G(d,p)).

The transition structures of chain transfer reactions have sandwich-like structures
where there are favorable interactions either between the phenyl groups (reactions 1 and 8)
or between the phenyl groups and the lone pairs of the heteroatoms (reactions 2, 3, 4, 5, 6,
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7, 9, 10, 11). Overall the activation barriers of chain transfer reactions are lower than the
ones for the propagation reaction. Strong favorable = interactions in the chain transfer
transition states can alter significantly kct and the ke/kcT ratio. (Table 4.12). The presence
of hetero atoms or polar groups on the thiol structures allows the modification of the ke/kcT
ratio thus the overall order of the reaction (Table 4.12).
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Figure 4.20. AG°r (kcal/mol) versus S-H bond distance (A) in chain transfer transition
states (M06-2X/6-31++G(d,p)).

Table 4.12. Dipole moment (u), AH!ct, AGlcr for chain transfer reactions (M06-2X/6-
31++G(d,p)).

Radical Alkene Dipole Moment  AHctr  AG'cr
1 CeHsS® CH2=CHPh 4.07 -1.62  10.63
2 CeHsS® CH»>=C(Me)CO2Me 3.11 -0.84 11.17
3 CeHsS® CH>=CH(CN) 1.42 2.87 13.48
4  CeHsS*® CH>=CH(OBuU) 3.33 -8.14 8.05
5 CeHsS® CH2=CH(OC(O)Me) 3.79 394 7.2
6 p-MeOCeHsS®  CH=C(Me)CO:Me 4.32 284 874
7 p-NO2CeHsS*  CH2=C(Me)CO:Me 7.05 -0.67 10.74
8 p-CICsHsS® p-MeO-PhCH=CH: 1.95 -5.45 757
9 p-CICsHsS* CH2=C(Me)CO2Me 1.52 -1.87 9.64
10 p-CICeHsS® CH2=CH(OC(O)Me) 181 -5.81 9.07
11 p-CICeHsS® CH2=CH(CN) 3.03 199 13.60
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Table 4.13. Chain-transfer transition state geometries of 11 thiol-ene reactions (M06-2X/6-
31++G(d,p)).

Rxn Chain Transfer Step
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Table 4.13. Chain-transfer transition state geometries of 11 thiol-ene reactions (M06-2X/6-
31++G(d,p)) (cont.).

Rxn Chain Transfer Step
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Table 4.13. Chain-transfer transition state geometries of 11 thiol-ene reactions (M06-2X/6-
31++G(d,p)) (cont.).

10

11

4.7. Reaction Rates

As pointed out so far in various studies,[14,15,16,18] the crucial point for thiol-ene
reactions and their applications is the ke to kcr ratio (Table 4.14). Based on the Gibbs free
energy activation barriers and the Gibbs free reaction energies (Table 4.5) the ranking of
the forward and reverse rate constants for propagation (2.66E+04 to 7.61E+08) and chain
transfer reactions (1.67E+04 to 9.28E+08) is quite similar.
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Table 4.14. Forward and Reverse Rate Constants for Propagation and Chain Transfer Steps
for Thiol-ene Reactions (kp/kcT) (M06-2X/6-31++G(d,p)).

Propagation (kp) Chain Transfer (kcr)

Rxn  Radical Alkene Forward ~ Reverse | Forward Reverse ko/Kct
1 CeHsS' CH,=CHPh 354E+07  5.31E+07 | 248E+06  145E+00 | 14.28810
2 CHsS CH,=C(Me)CO,Me ~ 4.35E+06  7.99E+06 | 1.00E+06  5.74E-01 | 4.34943
3 CHsS' CH,=CH(CN) 8.37E+04  556E+05 | 2.02E+04  5.00E-04 | 4.13823
4 CgHsS' CH,=CH(OBu) 6.56E+05  7.57E+10 | 1.93E+08  1.88E+00 | 0.00340
5  CeHsS' CH,=CH(OC(O)Me)  7.34E+04  4.09E+09 | 9.28E+08  2.19E-05 | 0.00008
6  p-MeOCeHsS' CH,=C(Me)CO,Me  1.03E+05 152E+07 | 6.02E+07  5.33E+00 | 0.00171
7 p-NOLCeHsS' CH,=C(Me)CO,Me ~ 156E+08  148E+07 | 2.08E+06  3.33E-01 | 74.87921
9 p-CICH:S’ D-MeO-PhCH=CH,  7.61E+08 3.14E+08 | 437E+08  184E+02 | 1.74005
8  p-CICeHsS' CH,=C(Me)CO,Me ~ 3.03E+06  1.35E+07 | 1.32E+07  L1.44E+01 | 0.22919
10 p-CICHsS’ CH,=CH(OC(O)Me) 9.92E+04  3.65E+09 | 3.47E+07  155E-06 | 0.00286
11 p-CICgHsS" CH,=CH(CN) 2.66E+04  8.36E+05 | 1.67E+04  9.81E-05 | 1.59700

As mentioned earlier, the kp/kct ratio has an importance on thiol-ene reactions
(Figure 1.3). If the ratio is higher than 1.0 rate the limiting step is Kcr, if it is lower than 1.0
the rate limiting step is ke. Phenylthio radical addition to styrene (reaction 1) and 4-
nitrophenylthio radical addition to methyl methacrylate (reaction 7) have ratios greater
than 1.0. The reactions of phenylthio radical addition to methyl methacrylate, acrylonitrile
(reaction 2,3) and the reaction of 4-chloropheyltio radical addition to acrylonitrile (reaction
11) have kp/kcT values close to 1, the other reactions have kp/kcr values lower than 1.0.
However, if ke and ket values are similar and the reverse propagation rate k-p is higher than
the forward chain transfer rate, it is hard to describe the overall reaction Kinetics accurately

as in the case of reactions 1 and 3.

In the set of reactions considered in this study, all the propagation reactions seem to
be significantly reversible except for 4-nitrophenylthio radical addition to methyl
methacrylate (equilibrium ratio is about 10.54). The relatively low radical stabilization
energy of sulfur-centered radical of this reaction can be responsible for this behavior
(Table 4.8). Some experimental studies have already revealed that thiyl radical addition is

thermodynamically reversible for thiyl radical and electron rich alkenes [6,71,72,73,74].
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This phenomenon has already been proved for methyl thiyl addition to vinyl ether, vinyl
silane and allyl ether [24]. In this study, except for 4-nitrophenylthio radical addition to
methyl methacrylate all other reactions can be significantly affected by high reversibility of
the propagation reaction. Among the ten reversible reactions, three (reactions 4, 5 and 10)
have similar tendency and high reversibility, the reverse propagation rate for these
reactions is about 5 orders of magnitude larger than the forward addition reaction.
Especially, the overall reaction rate of vinyl acetate (reaction 5,10) and butylvinylether
(reaction 4) can be expected to be slower than the other monomers due to the p C-S
scission. Equilibrations of these three reactions at the propagation step leads to the
formation of sulfur radicals because of the weak S-C bond. In the case of methyl
mercaptan [24], the intermediate radical can play an important role for the reaction. But, in
the phenylthiol derivatives, both transition states for the addition and chain transfer
reaction can be significantly influenced by polar effects. Therefore, radical stability of the
intermediate products alone is not enough to explain overall thiol-ene reaction. All forward
chain transfer reactions have more than 5 orders of magnitude larger rate constants than the
reverse ones due to the significant radical stabilization energy differences between
phenylthio radicals in the product and the carbon-centered radicals as intermediate product
(Table 4.8).

Individual rate constants for the propagation step of a series of reactions have been
measured experimentally by Ito and co-workers [25,75,76,77]. The absolute rate constants
are determined by the SRS flash photolysis method [77] while the relative rate constants
have been evaluated by the spin-trapping ESR method [78]. In this study, a high
correlation coefficient (R? = 0.8447) between experimental and theoretical results has been
assessed even though the experimental polymerization reactions take place in bulk and the
theoretical calculations are evaluated in the gas phase. The logarithmic scale of this
correlation is displayed in Figure 4.21. In contrast to the recently published theoretical
study [24], a sound correlation between the stability of the formed intermediate carbon-
centered radical and the chain transfer activation barrier couldn’t be established. Note that
due to the lack of thiol functionality a correlation between the stability of the formed
intermediate carbon-centered radical and the chain transfer activation barrier has been

established by Northrop and co-workers [24].
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Figure 4.21. Comparison of experimental and calculated rate constants of propagation

steps (logarithmic scale).
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5. THIOL-ALKYL REACTIONS

5.1. Computational Procedure

Due to the success of the M06-2X/6-31++G(d,p) methodology in the first party of
the thesis, the same methodology has been used to model the kinetics of thiol-alkyl

reactions in solution. Rate constants are calculated by using equation 4.3 where, k(T) is
the reaction rate constant, R is universal gas constant (8.314 J mol™ K™, x(T) is tunneling

correction (for simplicity it is taken as 1), kg is the Boltzmann constant (1.380658x10% J
K1), T is the temperature (298.15 K), h is Planck’s constant (6.6260755x1073* J s), c° is

the standard unit of concentration (mol L™?) (= n/V = P?/RT), m is the molecularity of the
reaction, and AGtis the Gibbs Free energy change between activated complex and

reactants.

5.2. Solvent Effects and Hydrogen Atom Transfer in Aqueous Solutions

It is suggested that the equilibrium constant of carbon and sulfur centered radicals
cannot be affected by the reaction media even if there is not a remarkable interaction that
controls the activation barrier of the reaction [57]. It is reported that the rate of hydrogen
abstraction reaction from hydrocarbons to thiyl radical increases in agueous media [79].
However, it is shown that there is not a significant difference in solvents having low
polarity, for example, THF and toluene [80]. Due to the fact that the remarkable
importance of the reaction of thiyl radical in biological cell, several studies about the

reactivity of thiyl radical in water have been published [39,79,81,82].

In this study, four different hydrogen abstraction reactions having experimental rate
constants are modelled to understand the role of the solvent. Table 5.1 displays the
calculated activation barriers of these reactions. 2D representation of reactants and
calculated and experimental results [57] are displayed in Table 5.2. In the transition state
structures shown in Table 5.3, H abstraction by the alkyl radicals takes place with a
distance varying between 1.39 A to 1.57 A. The activation barriers for forward reactions

vary between 8.37 to 14.66 kcal/mol, those for the backward reactions rank between 9.14
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to 15.50 kcal/mol. Note that for the reactions 2 and 3, reverse reactions are faster than the
forward reactions because of primary alkyl radicals abstract a hydrogen atom from thiols
rapidly, secondary and tertiary alkyl radicals react more slowly probably due to their
relative thermodynamic stability while the reverse reaction follows the opposite trend [57].
The calculated forward and reverse rate constants are tabulated in Table 5.2. Even if the
experimental results are in the agueous media, reactions energetics are investigated in gas
phase and implicit water. The results have shown that the calculated rate constants are in

the agreement with the experimental ones.

Table 5.1. Calculated activation barriers (AG') and reaction energies (AG°) for hydrogen
abstraction reaction by alkyl radicals from thiols (M06-2X/6- 31++G(d,p)).

Gas Water Acetonitrile
Forward Reverse Forward Reverse Forward
Rxn  Thiol  AlkylRadical AG) AG% AGh AG% AGh  aG%  aAGh  AG% AGh  AG%
1 Me,C(OH) PenSH 8.37 -7.13 15.50 7.13 8.41 -6.97 15.38 6.97
2 PhCH(OH) H,;N(CH,),SH 14.66 5.52 9.14 -5.52 15.15 5.97 9.18 -5.97
Ko
3 ):7; H,N(CH,),SH 10.81 -0.44 11.24 0.44 15.96 0.40 15.56 0.40
o7 °N”
H
4 ¢ t-BuSH 8.71 8.89 9.69 8.33 9.72 8.33
~ -Bu . -8. . -8. . -8.
[A\

Table 5.2. Calculated and Experimental rate constants for thiol-alkyl reactions (M06-2X/6-

31++G(d,p).
RSH *’ <= RS- + *’
Kn-
. . ) Calculated Kn- K.y-
Rxn Radical Thiol Media _ _
K-n- Experimental | Experimental
Calculated
Gas 1.13E+08
Phase 6.60E+02
(0]
1 )\‘OH HOJ\)LSH
NH, Wat 1.06E+08
ater
8 19E+02 1.00E+08 1.00E+04
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Table 5.2. Calculated and Experimental rate constants for thiol-alkyl reactions (M06-2X/6-
31++G(d,p) (cont).

Kn-
) _ ) Calculated K- K-n-
Rxn Radical Thiol Media ) _
K- Experimental | Experimental
Calculated

Gas 2.78E+03
Phase 8.81E+05

2 ‘ OH HzN/\/SH
o 1.21E+03
Water 1.00E+07

6.05E+02

Gas 1.84E+06

B o Phase | 3.09E+07
3 L T NS
07 N 3.07E+02
H Water 4.00E+05
2.88E+07
Gas 6.35E+07
Phase -
. 1.22E+07
4 SH Water 1.30E+07
N X )
1.15E+07
CH3CN 3.50E+06

Table 5.3. Transition state geometries of thiol-alkyl reactions (M06-2X/6-31++G(d,p)).

Rxn Gas Phase Water CHsCN
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Table 5.3. Transition state geometries of thiol-alkyl reactions (M06-2X/6-31++G(d,p))
(cont.).

The effect of solvent polarity (H20, CH3CN) is examined by modelling hydrogen
abstraction reaction from t-BuSH to alkyl radical (reaction 4) and the rate constants are
compared to the experimental rate constants [39]. Tables 5.2 demonstrates that the rates of
H-transfer from alkyl thiols to alkyl radicals depend on the polarity of the solvent. In the
hydrogen abstraction reaction between the different radicals, the solvent may affect the
reaction energetics by stabilizing the reactants, transition state configuration (Table 5.3) or
the products. In this thesis, the results show that the stabilization character of water is
higher than acetonitrile for abstraction reaction from t-BuSH to alkyl radical as reported in
previous experimental article [39]. For reaction 4, even if the amount of the stabilization
energy for reactants and products in both water and acetonitrile is higher than transition
state, it can be said that the stabilization energy differences between water and acetonitrile
in the transition state is higher than the stabilization energy differences of reactants and

products.
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5.3. Conclusion and Future Work

The thiol-ene reaction mechanism was investigated with the DFT methodology for
six different types of monomers and four different phenyl thiols. In spite of the numerous
studies on the role of the ene functionality on the thiol-ene reaction, the essence of the thiol
functionality on the mechanism has been elucidated for the first time by considering the
substituent effects of the phenylthiol group by using the MO06-2X/6-31++G(d,p)
methodology. Among the factors which facilitate the propagation reaction, the electrophilic
characteristics of the phenylthio radicals and the stability of the RS ene™ configuration was
found to be more responsible than the S-T gaps of the ene functional groups. In our set of
reactions, favorable intermolecular interactions have been detected at the chain transfer
transition state structures. These interactions are the source of the deviation from the linear
relationship between the stability of carbon radical and the activation barriers of chain
transfer reaction. In this study, we emphasize the fact that the ke/kct ratio is controlled not
only by the alkene functionality but also by the thiol functionality. As a result, we have
also demonstrated that the limiting reactions of the thiol-ene reaction mechanism can be
altered from the propagation to chain transfer reaction by just changing substituents on the
thiol group. This information can be useful for tailoring polymer structure that enables
adjusting desirable physical and mechanical properties of polymer product without

changing the alkene functionality.

In the set of thiol-alkyl reactions carried out in solvents with different polarities, the
implicit solvation model seems to reproduce the experimental results in most cases.
However, the set of reactions used is not sufficient to draw sound conclusions about this
study. This part of the work is in progress, a larger set of reactions will be modelled in

order to detect the role of solvent in thiol-alkyl reactions.
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