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ABSTRACT

ANALYSIS OF THE RADICAL POLYMERIZABILITY OF DIALLYL
- MONOMERS

- In this study, the radlcal cyclopolymenzanon mechamsm of dlallylamme and
d1a11y1 ether monomers . and their derivatives has been 1nvest1gated by computational
modeling. The calculatlons were. performed by the Den51ty Functional Theory using the
B3LYP/6-31G* basis set In the first part of the study, a correlation has been built between

the stucture of the monomer and the polymerizability. The expenmentally measured Bc

-NMR chemlcal shifts of the dlallylamme monomers, which were in 11ne with thelr ‘ '

polymenzab111t1es could be successfully correlated to the - descriptors derived from
‘calculanons The charges, bond orders, reactlon ‘barriers have successfully reproduced the
polymenzab111ty trend. In the second and third parts of this study, the regroselectmtles and
- stereoselectivities of ring closure reactions of diallylamine and derivatives have been
-explained by cons1der1ng steric and electronic factors.. Diallylamine monomers formed 5-
vmembered rings even though the thermodynamlcally more stable 6-membered rings would
be expected to form. It has been shown that the 5-rnembered Tings have lower barriers for
cychzatlon The fourth part of the. study includes the modehng of dlallylether monomers -
“and their derivatives. The fast and efficient polymenzablhty of diallylether monomer has :
been 1nvest1gated by consrdenng the similarities and differences between this compound |
and 1ts amine ' analogue. In the last part of the study, the competing reactions,
homopolymenzatlon and H-transfer reactions, as well’ as. standard cyclopolymenzatlon |
reactlons have been consrdered The efficiencies of the competing reactions have been
: 1nvest1gated in their relatlon to the standard cyclopolymerlzauon reactlons Comparrson of
free energies of activation for eyclopolymenzatlon and competlng reactlons has shown that

competmg reactions are less efficient i in the case of catlomc MONOMers.



OZET

A’ DIALIL MONOMERLERININ RADIKAL POLIMERLESME
EGILIMLERININ INCELENMESI

" Bu gahsmada dlahlamm ve dlahleter monomer ve turevlermm, rad1ka1
sﬂdopohmerlzasyon mekanlzma51 ile gergeklestlrdxgl halkah pohmerlerm olusma
tepklmelen hesapsal yontemlerle mcelendl Monomer yapisinin bu mekanizma iizerindeki
etkisi arastmldl Modelleme "Density Functlonal Theory" ile B3LYP/6-31G* seviyesinde
gerg:eklestmldl Cahsmamn itk klsml monomerin kimligi ile pohmerlzasyon etkinligi
arasinda bir iligkinin gehstmlmem konusunu kapsamaktadlr Deneysel olarak, iyi
pohmerlegme ozelligi gosteren dialil tiirevlerinde vinil karbonlarin BC NMR sinyalleri ile
pohmerleseblhne ozelhklen arasinda bir 111$k1 saptanmistir. Bu qahsmada monomerlerin

yiik daglhmlarl bag mertebelen gecis konumlan olusturmak icin gerekh aktlvasyon
enerjllen ile *C NMR sinyalleri arasmda bir baglant1 olusturulmustur Caligmanin ikinci
ve liglinct kisimlarinda dialilamin ve tiirevlerinin pohmerlzasyon tepklmelermde olusan”
halkalarin yoresel ve sterik seqlclhklermm nedenleri- aragtirildi. Heteroatom ve- zincirin

ustundekl siibstitiiyentlerin halka olusturma mekamzmalarma etkileri ele alindu.

- Termodinamik yonden 6 uyeh halkalann pohmer zincirini kararh k11malar1 beklemrken 5

uyeh halkalarm olugmam kinetik terc1h1er1e aglklanmlstxr Bes iiyeli halkalarin aktxvasyon
ener_]llerl daha dusuk oldugundan s1k11k pohmerlerde 5-uye11 halkalar olusmaktadir. -
| Cahgmanm dordiincti kismu dialileter ve turevlermm sﬂdopolunermasyon tepklmelermm’
~ modellemesini- 19ermekted1r Bu kisimda = amin/eter gruplarmm sﬂ(lopohmerlzasyon

tepknnelermde olast benzerhk ve farkhhklan goz onunde bulundurularak dlahleterlerm

~ deneysel olarak. gozlemlenen hizli ve yogun sﬂdopohmerzasyon tepklmelermm nedenleri

~ aragtirildu. Cahgmamn son kismt mklopohmerlzasyon tepkimesi esnasinda yer alan yan
f tepkunelerm homopohmerlzasyon H-transferi- modellemes1m 1g:ermekted1r Bu kisimda
siklizasyon 11e yarigtig1 bilinen yan tepklmelerm serbest enerjllerl ile 51khzasyon
- tepklmesmm ag1Ba c;lkardlgl serbest enerjller klyaslanarak katyomk monomerlerde yan ’

» tepkunelerm daha az etk1h oldugu goster11d1
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1. INTRODUCTION

" Butler's dlscovery of polymenzatmn of drallyl compounds via an alternatlng
ntramolecular—mtennolecular mechanism (Figure 1. 1), later narned "cyclopolymerlzatxon ,v
led to a new field in polymer chermnistry [1 2 3] The drscovery has been classified as the-

erghth major’ structural aspect of synthetic polymer chemistry [4]. The mechanism served

1nterest1ng features because the monofunctional counterpart of dlallyl mMONomers, the allyl

‘monomer, has always been consrdered asa poor monomer for polymerrzatlon whereas the
| dlfunctlonal monomer could be successfully polymenzed [5] Furthermore the -

cyclopolymerlzatlon mechamsm offered synthetic control of propertres related to physrcal
and chemical propemes of polymers ‘Since its first dlscovery, a large number of work has
‘been devoted to cyclopolymenzatlon and ‘the attentlon on cyclopolymenzatron “has
_1ncreased over the years. The growing mterest is a consequence of the advantageous
- properties of polymers such as high water solubility, high molecular we1ght excellent
electrical properties. Commerclahzatmn of the resultmg polymers was rapid. The most
common apphcat1ons are in " the rmmng 1ndustry, paper and textile manufacturmg,

wastewater-treatment electroly31s cosmetrcs and health care industries and in biological,
medical and food apphcatlons [4]- The first cyclopolymer that has been manufactured |
“.commercrally is poly(N N—drmethyldrallylammomum chlonde) and it is the most widely
studred d1a11y1 monomer [6]. There are 120 patents related to the apphcatrons of poly(N,N-

' dlmethyldlallylammonrum chlonde) or its copolymers [4]

The cyclopolymerrzatlon reactron of dlallyl MONOMErs OCCurs by alternating
| _ mtramolecular cychzatron and intermolecular propagatlon steps shown in Flgure 1.1. The 1
g mechamsm can be vrsuahzed mamly in 4 dlfferent steps (Flgure 1.1, '
- i. Initiation
ii. Cyclization
| i, ~Intennolecular Chain Propagation

iv.. Termination -
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‘Figure 1.1. Cycldpolymeri_zatidn mechanism and éompeting reactions



The radical polymerization reaction starts by aCtivation of the initiator followed by |
‘the attack of the radicalic 1mt1ator at C1 “This forms a growrno polymer with a Secondary .
radlcal center at Cz (Imtratlon Flgure 1. 1) This monomer can attack mtermolecularly to
‘another monomer. (Homopolymenzatron Figure 1.1) and the pendant double bonds can
‘further react to form water msoluble cross-lmked polymers However Butler discovered
‘that the polynlenzatron of drallylarnmomum monomers. undergo cychzatlon rather than-
linear polymerrzatron and form water soluble linear polyrners [1, 2, 3]. The growmg cham
with secondary radrcal at C2 attacks 1ntramolecularly to form either a 5-membered (exo) or
a 6-membered (endo) ring depending on the 51te of attack (Cychzatron Flgure 1.1). The
polymerization then proceeds by further: propagatmn mvolvrng mtermolecular attack of the

| growmg radlcal on another monomer (Intermolecular Propagatlon F1gure 1.1).

In the cychzatron step of the polymerrzatron reactron 5- or 6-membered rings can
‘ form depending on the site of attack C(, or C7 The formation of 6-membered (endo) ting
was generally expected smce a 6—membered ring is more stable than a S-membered (exo).
In addition, formation of the 6-membered . ring would mvolve a secondary radrcal :
‘intermediate in the propagatlon step, whereas the S-membered ring generates a prlmary'
‘ radlcal which is less stable. However, predrctrons based on thermodynamlc control can be
misleading because experlmental results did not conﬁrm these expectatlons and klnetlc’

products are oﬁen found. [7-10]. _

The importance of cyclopolymerrzatron 11es not only in the ‘properties of the ﬁnal"
“product but also on its rneehanrsrn The difunctional monomers can be polymenzed to high
_ molecular wetghts although the monoﬁmctronal counterparts exhlbrt very low degrees of
polymenzatron In general, allyl monomers ‘have a low tendency to polymenze and display
a low degree of polymenzatron [11]. They can only be polymerized with difficulty and
, they yreld polymers of medrurn molecular Weloht The low polymenzabrhty of allyl o
: monomers is attributed to cham transfer processes (Cham Transfer, Flgure 1.1) [12] In the -

polymenzatron of allyl monomers, the orowmo charn 1nvolves a secondary radrcal that i 1s

reactive toward H-abstraction. H—abstractlon produces a resonance stabilized allyl rad1cal .

'- _(Equatron L l) whrch is less active and has less tendency to initiate a new polymer chaxm

Thus, chain transfer reactrons lower polymenzatlon eﬂicrencies (Chaln Transfer, Figure

1.1).



CHFCH-CHR <> CH,CH=CHR = R

The effect of cham transfer reactlon has been conﬁrmed by deuteratmg the allylic
’ carbon of allyl acetate monomer. Thls resulted in almost three-tlmes thher rate of

polymenzatron and hlgher molecular welght products compared to polymerrzatlon of non-

" deuteriated allyl acetate [5]

One of the most important aspect in'vsynthetic polymerization is tailor making of final
products. The initial strategy is to desrgn the mlcrostructure of polymers It is of
fundamental importance to start polymenzatlon with monomers that are good candidates
for the resulting polymers of desired physical or chemical properties. Thus foreseemg the

react1V1ty of monomers 1s a valuable information to save efforts

In the first part of our study (Section 3) we have predicted'the reactivities of a set of

- diallylamine and d1allylammomum monomers namely, NN—drallylammme (1) N,N-

dlallylammomum cation (2), drallyl dlmethyl ammomum cation (3) 4- (N N-dlallylamlno)
. pyrrdme (4), and 4- (N N- dlallylamlno) pyndrne cation (5) (Frgure 1.2). The purpose of this
. part of the study was to investigate the correlat1on between the polymerrzablhty trendof _
3 diallylamine and diallylammonium monomers and some of their descriptors derived from
" ~quantum chem1ca1 calculations. The ultlmate goal indeed was to bulld up a sound means of
predrctlng the polymenzablhty of N N-substltuted—drallyl monomers pr1or to their
synthesis. It was further desnable to provide guldeful 1nformat10n to experrmentahsts in

the1r endeavor to polymenze derlvatrves of diallyl monomers. o
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Figure 1.2. Diallylarnine and diallylammonium monomers studied in Section 3

In tailor niaking of final products‘,b control over reaction rate, -re'gioselectivity,
stereoselectivity and the degree of cyclization is of fundamental interest ‘in
‘ 'cyclopolymerrzatlon Thrs can be done only by a clear understanding of the factors that
- govern each step of the cyclopolymenzatron In the- followmg sectlons we have
approached cyclopolymenzatlon ina mechamstlc way. In Sectlons 4- 6 main emphasrs has

‘been focused on cychzatron

In cyclopolymerlzatlon complete cychzatlon wrthout any pendant unsaturatlon is
1dea1 There are two approaches to facilitate hrgh cyclization. In the first approach the rate 7
~of cychzatlon can be enhanced, so that cyclization dominates over homopolymerization. In
,. the ‘second approach intermolecular homopolymerrzatlon is suppressed Use of dilute
solutions in cyclopolymenzatlon is based on this 1dea In Sectron 4, the cychzatlon step of
g cyclopolymerlzatron has been discussed in detalls to. understand structural factors that
- influence polymenzablhty and to determine how it is related to the ease of cychzatlon The

regloselect1v1ty and stereoselectmty have also been cons1dered Wrth this purpose the set

of monomers in Flgure 1.3 have been con51dered
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Figure 1.3. Diallylamine and_diallylamnmniurn monomers studied in Section 4

In this set of monomers, the mﬂuence of a change of nitrogen substrtutron upon the

- efficiencies of radical cychzatron has been explalned and ratronahzed

Experrmentahsts have tried different means of controllmg nng srze reaction yield
and cychzatron efﬂcrency, kc/kl, _ where k| and ki are -the rate constants for.,
B cyclopolymerrz_atlon and homopolymerrzatlo--, respcctlvely In dlallyl monomers, usage of -

'monofunctronal moieties that do not homolymerrze is reported to facrhtate cychzatlon by |
N suppressrnn homopolymerrzatron [13] However, hrgh cychzatron efﬁcrency was not
always accompamed by an mcrease in polymerrzatron Thus, it became 1mportant to use‘ »

monomers which have both hlgh cyclrzatlon efﬁcrency and hlgh polymerlzatlon capabrhty ‘
| In that respect, compounds 6 (N-methyl-N, N—drallylamrne) '8 (N-methyl- N-a11y1-2- ’

' (methoxycarbonyl)allylamrne) © and 9 -~ (N- methyl N—methallyl 2-’

v (methoxycarbonyl)allylarmne) (Frgure 1.4) have drawn consrderable attentron Kodaira et

al have reported that 8 has both high cychzatron efﬁcrency and high cyclopolymenzablhty -

v[14 15]. Monomers 6 and 8 have been found to undergo ﬁve membered cychzatron

whereas 9 forrned six membered rings along with decreased polymerrzatron tendency as‘ :

| vcompared to 8 [14-16] ‘These observations were. attnbuted 1o sterrc and/or electronic
. factors due to the ester and methyl substrtutron on the C=C double bonds In Sect1on 5,a

1 mechamstrc study of the 1ntramolecular cychzatron reactlons for 6, 8 and 9 is reported



The steric and electronic effects of methyl and acetate substitution on the double in the- '
' cychzatlon efﬁc1ency of N-methyl—N N-dlallylamme is discussed. The regtoselectmty of
rmg closure has also been cons1dered The computatlonal ﬁndlngs have been compared -

' ’Awnh the experlmental polymenzablhtles

T
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" Figure 1.4. The xjnonomefs'studied in Section 5

- In most of the cases, the polymenzatlon of non-symmetncal diallyl monomers was

'governed by the non-allyl counterpart [17]. The non-allyl monofunctlonal counterpart of

. methyl a-(allyloxymethyl)acrylate (11) (Flgure : 1.5), namely alkyl o

| propoxymethylacrylate is reported to have hxgh homopolymenzatlon [18] In that respect,
- monomer 11 was not expected to have a high polymerizability due to the pnnmple

, mentloned above, but the experlments d1d not confirm these predictions. Almost complete )

s cyohzatlon and high radical polymenzablhty of monomer 11 even in bulk was observed

",'[18 19]. Although inconclusive, the high - cychzatlon of 11 has ‘been explamcd

experlmentally by the confo_rmatlonal prcferen_ces of the monomer favormg

'cyclopolymenzatlon[l9],~ .
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Figure 1.5. Dialljrlether monomersv modeled in Section 6

In Section 6 the cychzatron of MOnomers, 10 and 11 in therr cyclopolymenzation
mechanism has been discussed with a quantum mechamcal approach to account for their
»’cyclopolymerizabilities We have ° explamed the - conformatlonal preferences of the |
monomers prior to cychzatlon and have demonstrated their eﬂect in cychzatron The
regroselectmty and stereoselectwrty of monomers have also been dlscussed The effect of
. ester substitution has been mqurred and ﬁnally, the expemnental data has been compared -

‘with the calculations.

Although' diallyl - monomers are employed in various cyclopolymerization and
cyclocopolymenzatron processes and great effort has been spent on tallor-makmg of the
,. final products, all aspects of cyclopolymerlzatron and factors that control different
| - pathways and reactions of cyclopclymenzancn are not clear yet. Tn Sections 4- 6 we have
discussed the cychzatlon of diallyl monomers in thelr cyclopolymerrzatlon reaction, based
on quantum mechanical calculatrons The regioselectivities and stereoselecnvrtres have
been explamed by considering. steric and electromc factors In Section 7, we have
anatyzed the cychzatron and intermolecular prcpaoancn steps of the cyclcpolymenzatlon
~ mechanism, Eased on kinetic and thermodynamlc approaches Tn addrtlon to cychzatlon
and mtermotecular propagation reactions, the competing reac‘nons and their ability to
| "overcome the efficiency of standard cyclopolymerlzatron steps have been modeled and
dlscussed Two representatrve rnonomers N—drallylarmne (1) and NN—drmethyI—N N-

diallylamonium (3) are chosen for this study Thls chotce is based on the fact that the |



[20]4 Additionally, 1 has :Very low polymerizability' while 3 hes gOod polymerizatlon
_efﬁcrency [21]. In general, cationic monomers polymenze better than neutrals and this has
~ been attributed to high chain transfer efﬁcrency of neutral monomers [51 In compound 3,
- the effect of the positively charged allylic subsntuent has been dlscussed in comparlson to

thevneutral compound 1.
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2. THEORY

The electromc structure methods use the laws of quantum mechamcs The energy

and other related propertres of a molecule may be obtalned by solvmg the Schrodmger

- Equation
Cme-¢ @)

where, ¥, the wavefunction desCribes the X,yand z spatial coordinates of the particles in
the system, E is the energy of the sytem at that stateand H is the Hamiltonian operator to-
derive the kinetic and potentlal energy of a sytem. Exact solutlons are not computatlonally
practical for large molecules. Approxnnatrons are mtroduced to electromc structure

. methods The mostly encountered three major classes of electromc structure methods are:

o Seml-emprncal methods they use parameters denved from expenmental data

~ Different semr-empmcal methods are charactenzed by their different parameters

o Ab 1mt10 methods, no experrmental parameters are used o
e Density functional methods the total energy of the system only depends on 1 the

~ electron density.
2.1 Semi-empirlcal Theory '

" The dlfﬁculty of performmg ab-initio calculatrons on large molecules led to develop o
semr-emprncal methods In semr—emplncal models, rather than solving all the mtegrals of
| ,the Schrodmger equatlon parameters ongmatmg from expenmental data are used Seml-‘
' Vemplrlcal models can be used to ‘yield contmuous energy surfaces They are nerther ‘
: varlatlonal nor size consrstent More 1mportantly, seml-empmcal methods are 1nherently
dependent on the choice of parameters The parametenzatlon is tested agalnst a limited set
of molecules to ensure its accuracy Thrs dependence on parameters can be mlmmlzed by
usmg a large and varied training set of molecules to estabhsh parameters Like numerical

iteration, this process isa contmumg one. Parameters are 1ntroduced in order to reproduce
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' expenmental equlhbnum geometnes heats of formatlon electric dipole moments and

1omzat10n potentlals

In solvmg Schrodmger equatlon the number of off- d1agona1 one-electron’ mtegrals
' .rapldly becomes very large and computationally burdensome To handle this task, the
g approx1mat10n was made to set the overlap integrals to. zero. With this assumpnon the

secular determmant for the Hartree-Fock method reduces to -
|F-E|=0 Y )

The Fock matnx F, here is the sum of the usual one-electron and two- electron posmons

The latter presents a particularly dlfﬁcult hurdle since the number of 1ntegrals of the form
LAOk: OUEOBEOHEMHD @)

are encountered where ru is the d1stance between the particles. The overlap assumptlon
. sets these integrals to zero except in the case. where i=j and k=1. The assumptlon led to the
' de51gnatlon of CNDO [22], complete neglect of dlfferentlal overlap.  An add1t1ona1
assumption was that the off- d1agona1 resonance integral Hj could be made proportional to
‘the overlap mtegral Le., although the overlap matrix disappears, values are st111 ass1gned to
8 certain Sj to allow evaluatmn of the Hl, and for later ‘computation of charge distribution. A
| somewhat later upgrade in the parametenzatlon was forthcommg under the tittle CNDO/2
rv Although the CNDO methods did not 1ntroduce electron-electron repuls1ons they do not ,
“handle the question of the 1nteract10ns between electrons w1th parallel and ant1-parallel

 spins, especmlly when the electrons are on the same atom. NDDO (Neglect of D1fferent1a1‘

' Diatomic Overlap) model is another semi- emplncal model. This theory ‘neglects

- differential overlap between atom1c orb1tals on different atoms [22] The first pract1cal
‘ NDDO method was introduced by Dewar and Th1e1 [23] in 1977 called “modlﬁed neglect_

of d1atomlc overlap (MNDO) ThlS model was parametenzed on experlmental molecular |
.geometrles heats of formation, d1pole moments and 1omzat10n potentials. The MNDO
- model is.a very successful model, but it has also some 11m1tat10ns in reproducmg hydrogen

" - bonding successfully. - -
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In - this study, the - semr-emprncal PM3. model [24 25] whrch is the thlrd

= parameterrzatron of the orrgmal MNDO model is used. Thrs is a NDDO method which

utilizes more adJustable parameters for the core-core repulsron term In PM3, all quantities

‘that ‘enter the Fock matrix and the total energy expressions have been treated as pure

parameters. To accomphsh this task of optimizing parameters an automatic procedure was

1ntroduced allowing a parameter search over many elements srmultaneously This model -

employs minimal basis of Slater type orbitals. For hydrogen 1s, for first row elements 2s,

2p and for second row elements 35 and 3p orbitals are used

Each atom is charactenzed through 13-16 parameters that are’ present in- AM1 and
additionally five parameters that define the one-center two-electron integrals. n PM3 the
parameters were optimized using an automatic optrmrzatron routine that used a large set of
reference molecular data. It is the most precrsely parameterized semr—empmcal model but
agarn it has some limitations. Lone-pair lone- -pair repulsrons are not always well

_ represented i in these methods and care _must be taken.
2.2, Ab-initio Methods

The variational calculatrons ofa system starts by wrltrng a Hamiltonian operator : for

the system Then a trial wavefunctron ‘P is selected. The wavefunctron must have varrable .

: parameters The energy of the sytem is minimized by varyrng parameters. The term “ab-
- initio” means “from the begrnmng mdrcatmg that the: steps of wrrtmg Hamiltonian,
- selecting a‘trlal wavefunction and mlmmrzatron of parameters are performed In ab initio
-method, the Hamiltonian and the wavefunctron have been defined, the effectrve electronic

energy can be found by use of the variational method In the varratronal method, the best

wavefunctron is found by mlmmrzrng the effectrve electromc energy with respect to

' parameters in the wavefunctrons

Common levels of ab 1mtro theory mclude Hartree-Fock Hartree-Fock replaces the _
many electron problem by a one- electron problem. The electron-electron repulsion is

treated in an average way in these methods
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23 Density Functional Theory ’_

-Density Functional Theory (DFT) [26‘] is an approach to the electronic structure of
. .atoms and molecules based upon a theory presented by Hohenberg and Kohn in 1964
whlch states that all the ground-state propertres of a system are functlons of the charge
den51ty The DFT methods achieve significantly greater accuracy than Hartree-Fock theory
~at only a modest increase in cost. Although both methods account for the instantaneous
interactions of pairs of electrons Mth opposite spin, DFT methods include the effects of
electron correlation (eiectrons ina molecular system react to"'o.ne anOther’s motion‘ and
attempt to keep out of another ] way) while Hartree-Fock calculatlons see this effect in an

average sense (each electron sees and reacts to an averaged electron dens1ty) [27].

Density functional methods partition the electronic energy into several terms and

compute them separately.
E=Er+Ey+Ep+Be 4

Er7 is the kinetic energy term, Ey is the ipotential energy of the nuclear-electron attraction
and nuclear-nuclear repulsion term, £y is the electron-electron repulsion term (also called
Coulomb energy) Excis the exchange correlation term that 1nc1udes the remalmng part of

g the electron-electron interactions.

CAll the terms except the nuclear-nuclear repulsion, are functions of electron density,
- p(r). Exc can be d1v1ded into’ exchange and correlatlon functlonals Eyc accounts for the
exchange energy arising from the antlsymmetry of the quantum mechamcal wavefunctlon

and the dynamlc correlatlon in the motlons of the md1v1dua1 electrons.’

In 1964, Hohenberg-Kohn prov1ded the proof (DFT based methods ultlmately denve
from quantum mechamcs research from the 1920’s especlally the Thomas-Ferml-Drrac

' model and may be regarded as an approximation to the exact theory) that DFT i is in fact an

exact theory for descnblng the electromc behavior of mattér. The var1at10na1 principle

" determines the ground state energy and electron denstty in terms of the electron density.
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Further the ground state ‘electron den51ty o(r) determmes the external potennal v(r) and

varratlonally determmes the ground state propertles of the system of mterest
The electronic energy can be expressed asa functional of the electron density:
" Elpl= IV(r)p(r)dr - T[p]+ [p] e

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

interactions.
The electronic energy may be written in the form of Kohn-Sham approach.
E[p]= jv(r) p(rydr +T,[pl+ oI+ ELlp] - (26)

ThlS is based upon an orbital density descrlptlon that removes the necessity of knowing the

exact form of T[p] Kohn-Sham proposed focusing on the kinetic energy of non-
" interacting system of electrons T [p] asa functlonal of a set of smgle partlcle orbltals that
-give exact density. |
T,[p]= Z(‘P |——v2|\11) e
SRR i=1 ,

J[p] represents the electron—electron repulsmn (Coulomb energy) and E_ [p] is the

. exchange-correlatlon energy functlonal with its functlonal denvatwe called the e\change-

, _correlat1on potentral,‘ xc(r)
E,_;[p]éT[p].—Ts[p]ffoe,e[p]—J[p] e

| ;_»aE;c[p]

.v,c(r) 20(r) (2.9)



- E, [p] is divided into two parts, namely an eXoha_nge functione.l, E,[p] and a correlation

functional, £, [p].
Ex;[p]=5s_[é1+'EELolﬁ, o o .<2-1_°>"

EJr [p] and £, [p] functionals oan be both local or gradient—corfected functionals. Local or

gradient—corrected functionals are called traditional functionals. Local funotiOhals depend -

only on electron den51ty s whﬂe gradlent-corrected fuctlonals depend on both pand its

gradlent Ap

A syStem of non-interacting e_lectrbns moving in an external effective potential

v, (r) is shown as; -

oy L B a0 i
veﬁ.‘(r)=y(r)+ap(r) o) _v() Iﬁdr‘fv“(r) B (2.11)

- Now, an equati_on very similar to the Schrodinger Equation exists. -
| [.-%Vz + w’(r’)]‘fﬁ =¥, e
(2.6), (2.7), (2.8), (2.9), (2.10), (2.11) are Kohn-Sham Equations."

~ In order to evaluate. the exchange-correlatlon functlonal some appronmatlons are
made The first one is the local den51ty approxxmatlon (LDA) It is based upon a model of - |
uniform electron gas In the uniform electron gas model a large number of electrons
uniformly spread out in a cube where ther_e is a uniform distribution of the posltlve charge
to make the system neutral. It assumes that the charge density varies slole throughout the
molecule so that a localized region of the molecule behavee like a uniform electron gas

The energy expression is:



1‘.5"
Elpl=Llolt [pomrar + Slpl+ B L1+ E, @13

~ where E, is the electrostatic energy of the positive background Since the positive charge

| density is the negatrve to the electron densrty the equatlon reduces to
ELD] T[p]+E [p]= T[p]+E [p]+E Lo] | »‘(2.14).‘
The e)rchange ﬁlnctional is given by: .,
shecfere e

C=0. 7386' this form was developed to. reproduce the exchange energy of a umform

electron gas. However, it has weaknesses in descnbmg molecular systems

So, Becke formulated the gradient-corrected eXchange functional

E=EP - i %o dr (16
'Ble“ 1+6fx, smh'lx o 218

Where | % denotes ‘the electron | spin‘ x, = IV'D"I and : B lis an empirical'- constant
Ao ; > o 4/3

| v( B=0. 0042) chosen to ﬁt the exchange energles of the mert gas atoms. Thrs functional is
" known as Becke88 (BSS) functlonal ’

The adiabatic connection formula is ;-

‘where 7» is an 1nterelectron1c couphng—strength parameter and U 1s the potent1al energy

' of exchange correlatlon at intermediate couphng strength ThJS formula connects the non-
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'mteractlng Kohn-Sham reference system (X—O) to the fully 1nteract1ng real system (X—l) '
Thls formula has been approxnnated by Becke as [28] |

E, .'=.1E,, +1U§j’" | N A T Y
TETRRTRY= -
since Uy, = E,, the exact exchange energy and Uic = U4 This exchange functional is -

called the Becke half-and-half functional.

" The correlation functional used in thls study is the Lee-Yang—Parr (LYP) correlatlon
functional. ‘The closed shell LYP functlonal 1s glven by [29]: '

B =- Jl—gm{mbp‘“ Crp® =21, +(—t +—~V2p)] }dr (2 19)
where,

=P gy 20

- and a=0.04918, b=0.13_2, ¢=0.2533 and d=0.349.
- DFT methods are deﬁned by. palnng an exchange functronal with a correlatlon"
o functlonal and can be named as tradltronal or hybnd functionals. Hybrrd functlonals-

| 1nclude the exact term in the exchange functronal whereas tradrtronal functlonals do not

BLYP (Becke’s gradient-corrected ‘exchange functional with .Lee-Yang-Parr’sfw '
_-‘gradlent-corrected correlation functional) method i is a traditional functional {30] whereas,
B3LYP (Becke style three parameter functlonal in combination with the Lee-Yang-Parr |
correlation functronal) method the linear comblnatlon of LDA B8s, Ex‘"“ibl and LYP
-functlonals is ahybrld functional. [31]: ‘
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. Exc =vE£‘£A +a0(E;-.rlzcr TEfDA)‘*'axAEng +acAlEézorr-locﬁI‘; ) . '. L (221)

where AE a8 is the Becke’s gradrent correctlon ie. the second term at the right hand srde

- of the equatlon 2.16 and the correction to the correlatlon (AE ""”""’”’) is provrded by the

‘Lee-Yang—Parr funct1onal But LYP mcludes both local and non-local terms, then the )

- correlatron functional used is actually a,E} urp +(1 a)E"™ Where E/™ is the Vosko-

W1lk-Nusa1r correlat1on energy The parameters are specrﬁed by Becke by ﬁttmg the

- ,atomrzatlon energies, 1omzatlon potentlals proton affinities and’ ﬁrst oW atonnc energies -

~in the molecule set, ao—O 20, a,=0.72 and ac——O 81. Hybrld tunctlonals have proven to be

~ superior to the tradltronal functlonals
2.3.1. Basis Sets

~ The basis sets used in quanturn mechanical ealculations are composed of atomic '
- functrons ' The molecular orbitals are expressed as linear combmatmn of a pre-deﬁned set_ -

of one-electron functions called basis functions. The most convenient way is to use atomic

| orbitals as basrs functlons Among the types of the basis sets (minimal basis sets, split
valence basis sets, polanzed ‘basis sets, high angular momentum ba31s sets) the most
" popular one is the split valence bas1s set which i is developed by Pople and his group [32]
termed as K-MNG. 4-31G 5-31G, 6 31G. In split valence basm sets each inner. shell is’
represented by a single ba51s functron taken as a sum of K Gaussian functions and each |
. valence orbital is split into two parts, an inner part described by M Gaussians. and an outer
part descnbed by N Gaussrans Spht valence basis sets allow’ orbltals to change s1ze not the
’shape Polarized basis sets remove thls hmrtatlon by addrng orbitals w1th angular,
| '_momentum beyond the ground state conﬁguratmn for each atom. In this study 6-31G*
valso known as 6- 31G(d) polanzatron basrs set is used where d functrons are added to heavy

atoms
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2.4, Moller-l’les_set (_MP) Perturbation T heory B

The Hartree-Fock theory fails to adequately represent electron correlatlon In the
self consistent field method the electrons are assumed to move in an average potential of
the other electrons. The pos1t10n of electron is not. 1nﬂuenced by the presence of a
‘neighboring electron However, this i is not the exact picture. The electrons are correlated
and they tend to avoid each other more than the Hartree-Fock theory ﬁnds This lowers the ‘
energy. Conﬁguratlon mteractron (CI) 1s the most popular way of 1nclud1ng electron
~ correlation in the molecular orbital calculations. Accordmg to CI, better descrrptlon of
overal wavefunction is p0551ble by a linear combmatlon of the ground and excrted'

wavefunctlons In general the CI wavefunction can be written as.
vv‘.Ivvl»:(Co‘Po""cl ?Plfcé‘l’z+ . (222)

_ ‘I‘o is smgle-determmant waveﬁmctlon It is obtarned by solv1ng the Hartree-Fock
equation. ‘¥, '~P2 are wavefunctlons wh1ch are expressed as determmants These
: wavefunctrons represent configurations in Wthh one or more of the occupred orbrtals are -
replaced by virtual orbitals. The energy is then m1n1mrzed by determining the coefﬁments

- bya vanatronal approach.

leler and Plesset proposed an altematrve way to deal w1th the electron correlatron
problem [34]. In this method, the- true Ha.mrltoman is deﬁned by the sum of zero- order

Harmltoman Ho and aperturbatlon V.
H=Hy+w - @)

s a parameter that can vary ‘between 0 and 1. T he elgenfunctrons and ergenvalues E; of H -

- are expanded the wavefunctron and ergenvalues in terms of perturbatron is

".‘Pa=\rfi“,’>+7sri<‘>+ 7»,2%‘,2);...". : 24
E=BEOMEC+VNEQ.. (25
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E( ) is the first order correctlon to the energy, E; @ js the second—order correctlon and so on:

These energles can be calculated from the elgenfunctlons as follows:

Eiéol;jlpi(o):}{plpvil(t))ldt_ - :‘_ _ - - '(2_.267)»“ .
CEe-mewte  em
: _’Eiv‘z)_.=l‘Pi(O)V"Pi‘lqu' 4 R | ~.<2.28.)

_ Ei<s>_'=»l\1ii:<o>§.\ri(z>dt B : C ‘(2.‘29)

‘The wavefunction to a giyen order must be determined to find the corrections to the
energy To improve the Hartree-Fock energy it is necessary to use Moller-Plesset_ |
: perturbatron at least to second order. This level is referred to as MPZ and involves the
mtegral % @ vy, O dr The h1gher order wavefunctlon ¥, @, 1s expressed as linear

combmatrons of solutrons to the zero- order Harmltoman
\1.}0‘(1)‘= z: cj(l)le(O)‘ S . L (2.30)

The ¥; @ in eduation 2 30 will include single, double etc , excitations obtained by
| _promotmg electrons 1nto the v1r1al orbltals obtamed from a Hartree—Fock calculatlons The

second order energy is glven by

e [ j dtldtzm(l)x,@)(l/nz)[xa(l)Xb(Z) xb(l)xa(Z)]

B)»H3

1]>1ab>a_,,

(2.31)
Ea +8b 81 € - :

- The Moller—Plesset perturbatlon theory 1s 51ze 1ndependent but not vanatlonal and
sometlmes glves ener01es that are lower than the true energy. Espec1ally, MP2 i is the most

. popular way of mcorporatmg electon correlation in quantum mechamcal calculat1ons
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| 25 Reactivity Descriptors S

Reactivity and 1ts relation to structure and propertres have been of 1mportance to

theoret1cal chemlsts Although the accurate electronlc wave functlon potentially contams

o all the necessary . 1nformatlon the computatlon of the wave funcuon and consequently

o propertles isa complex numerlcal task even by the standards of modern computatron In _' :
~ this context, the density funct10na1 theory (DFT), based on the basic variable of three-
d1men51onal electronic den51ty has introduced 51mp11ﬁcat10ns [35, 26] Many of the well
known, ernpmcal but 1mportant chemical concepts such as the chemlcal potentlal (p) :
electronegativity (%), hardness (n) and softness (S) appear naturally within the. framework ‘
of DFT. ThlS not only prov1des them with a new status, but also g1ves a rlgorous way for
estimating therr actual values. In general these quantltres correspond to the linear
responses of the electron dens1ty with respect to changes in external potentlal V) and -
‘number of electrons (N). These global parameters help understandmg the behavior of a -
system and lead to mdely applicable and useful principles such as the principle of
maximum hardness. In a more local approach, the parameters mentloned above also.
emerge as a useful tool for ratlonahzmg, 1nterpret1ng and pred1ct1ng d1verse aspects of

‘chemical bonding and reaction mechamsm

If electronlc energy 1s . defined as a functlonal of the number of electrons and external
v_ | potent1a1 E [N v(r)] these perturbatlons can be obtamed by a series of denvatlves of the
energy. Perturbatmns due to changes 1n the number of electrons are deﬁned as globa

properties [36] and are related to overall molecular stablhty Perturba’uons due to changes
in extemal potent1a1 are called as “local” propernes [36] and deterrmne the sne selectivity

~ofa molecule fora specrﬁc reactrontype
. '_2.5.1. Global Descriptors

The'chemical potential (1) 1s a .globalb property that deterrnines the extent of a

‘reaction..

p,:_SE[N,v(r)]/‘SN'v'. o o "(2.32)



“Electronegativity (%) is defined as the negative of chemical potential:
Cox=mw e

- Hardness is a global property-desoribed as the resistance to change in electron

diStribution [37] which determines the s_tability of a molecule. It 'isk'expressed as
on= Su/EN=FENyOI/EN o (234)

where v(r) is the potential' imposed by the rmolei_ ‘at— position. r. A finite _divfference

approximation yields
»n’—_—(I..A)/.Z’- TR o (2.35)

where [ is the vertical jonization potentlal and A the electron afﬁmty Furthermore 1n the

molecular orbital theories where the Koopman s theorem is valid,

= (eLumo-gHOMOY2 . e - (2.36)
where 8LUM0 and sHOMo are the LUMO and HOMO orb1ta1 energies of the species,
' respectlvely Therefore hardness is proport1onal to the HOMO-LUMO gap and large ,
n should lmply stab111ty for the chem1ca1 spe01es ' :

Global sofiness :(_S) is expressed as the inverse of global hardness:

os=1im | (237)
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| 252. . Local Descr.ip.torsv

Local softness (s) descnbes local perturbatron in terms of electron densrty (p(r))“ E

: W1th respect to a global change in chemrcal potentlal w
sE=8pm/ 238)

The Fukui function,'f(r), isa space-dependent local function and “it measures how
~ Sensitive a system’s chemical potential is to an 'external pertztrbation ata particu'lar point”

[26]. It also grves 1nfonnat10n about a quantity related to the electron densxty of an atom or

molecule in its frontier regions [26, 38]: .
)= (8 /Bv(r) = '(‘Sp(r)/ 8N );@_ | e 3w
These two local properties are relateti to each cthe_r [39] through global softness," St
,s(r)=f(r)’S_ : _> -v . | I : (40

Slnce however Sp(r)/ 8N is a dlscontmuous functlon of N it w111 have one value o

' from the rlght one from the left and an average at some mtegral value of N

£" (r) = [8p(r) 51\]-]'+ o (as_ N gces fr’om‘No to No + 8) v  (2;41)
)= [s_p(f)/ SN]” | © (asN goes ﬁomN(')-S toNg) _-(2.’42) X |
=112 [f*( +£(0]° (average) - : } B (2.43)

~where f'(r) i's"the reactivity index for a nucleophilic attack £ “(r) for an electrcphilic attack
and f %r) for a radical attack. Wlthm the ﬁmte dlfference approx1mat10n these

relatlonshlps can be written as
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.f‘*(r)éspN('r)-spI_q‘_l'_('r) '- L | B ey
' ,f‘(f)=6t>w+1(r>-6ps_<r) EOR e
PO HBa-S) @49

"A more convenient way of calculatmg the f(r) functrons is to use the condensed
F ukui functrons obtamed from the previous equations, when integrated over the k™ atomic -

.'regron for the nucleophlhc electrophrhc and radlcal attacks respectlvely

f+=qk(N'l"1)'qk(N)‘ SR T 4
I= qr(N) qr(N -1) S U : 4y
= 1 [qu(N+1) - qk(N 5 R o _' o ,(2-4,9.)

Here qy is the electronic population of atom k in the rnolecule undervconsideration It is |
known that these descriptors are generally used o probe the reglo-selectlve nature of a

'_ reactlon
2.6. Polarized Continiuum Model (PCM)

Chem1cal problems in the liquid state are dlverse and there are d1fferent approaches '

to treat these problems of solvent effects

1. - virial equations of state, correlation functions -
i Monte Carlo or molecular dynamics simulations
. ii. Contmuum treatments : ‘

1v Molecular treatments
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Contmuum models typlcally form a cavrty of some sort contammg the solute‘
molecule and the solvent outside the cavrty is thouoht of as a continuous medrum The
~ solvent is categorlzed by a limited amount of physmal data such as the dielectric constant
The electric field of the charged pamcles compnsmo the ‘solute 1nteract with thls

| »background medium, producmg a polanzahon in it, whlch in turn feeds back upon the

solute's wavefunctlon

A 31mple contmuum model is the Onsager cav1ty model oﬁen called the Self- -
Conslstent Reactlon Field, or SCRF model [40] This represents the charge dlstrlbutton of
the solute in terms of a multlpole expansion. SCRF usually uses an idealized cav1ty

5 _(spheric'al 'orfellipsoidal)’ to allow an Aanalyti'c' solution to the interaction energy between t_he o

. solute multipole and the multipole which this induces in the continuum. -

Polarlzable Continuum Model (PCM) is a much more sophlstlcated contmuum
rnethod [41 -43]. The PCM method places a solute in a cavity formed by a union of spheres
centered on each atom PCM also mcludes a more exact treatment of the electrostatlc
‘interaction with the surroundlng medtum as the electrostatrc potent1al of the solute
generates an apparent surface charge' on the cav1tys surface. The computat1onal
procedure divides this surface into small tesserae, on which the charoe (and contributions
to the grad1ent) are evaluated. Typlcally the spheres deﬁnmg the cavity are taken to be 1. 2
times the van der Waals radii, - A techmcal dlﬂiculty caused by the penetration of the
“solute charge dens1ty outside th1s cavity is dealt w1th by a renormal1zat1on ‘The solvent is
characterized by - its dlelectnc constant surface tens1on size, - density, and so on.
_ Procedures are prov1ded not only for the computatlon of the electrostat1c interaction of the
solute with the apparent surface charges but also for the cavrtatlon energy, and dlspersmn

and repuls1on contnbutrons to the solvatron free energy
v 27 Natnral Bo_nd Orbital Analysis

The Natural Bond Orbltal (NBO) analys1s [44 48] g1ves a s1mple and mtu1t1ve
plcture of the wavefunct1on ideal for making. theory meanlngful and useful The analysrs'
prov1des useful 1nformat10n such as charges, bond types hybrid directions, resonance

‘weights,"bond orders and other familiar valence descrtptors 'NBO anelysis is based on 2

A N v ** e Y L anat Vlltllnhﬂn‘)“ A



26

- method for optlmally transfomnng a glven waveﬁmctron into locahzed form,

‘.correspondmo to the one—center ("tone parr") and two-center ("bond") elements of the

- chemist's Lewis structure picture.

B The concept of “natural” orbltals was ﬁrst mtroduced by Lowdm to describe the

| unique set of arthonarrial T-electron ﬁmctrons B(r) that are intrinsic to the N—electron

wavefunction ‘I’(l, 2, ..;,' N). Mathematlcally, the B(r)s can be considered as eigenorbitals

'rof ¥ (or, more preciser, of ‘P‘sv ﬁr'st=ord'er reduced density- operator), ’and they are

 therefore “best possrble” (most rapldly convergent in the mean-squared sense) for
descnblng the electron densnty p(r) of ‘I’ hence they are natural” in the sense af Lowdln,

havmg opt1rna1 convergence propertles for descnbmg the electron densrty
o In a system of two H atoms, '
W¥(Hs Hp) T (250)

"The orbltal descnpt1on of ¥, is nearly 1dentlca1 to that for for the correspondmg

_Iocahzed waveﬁmctlons
Y=Y (HA) and ‘I"1r3:= ¥(Hs) P BT (251)

The natural orbltals of ‘I’g w111 be found to dlﬂ‘er quahtatlvely from those of
¥ia or‘I’;B, because ‘I’z must mcorporate superposmon symmetry [49] between Ha and Hg
B ThlS results in making orbltals look more delocalized. Thus the - natural orbitals, as
onomally deﬁned include bogus “delocahzatlon eﬁ‘ec‘tsu that have no. physrca;t
51gmﬁcance To remove the effects associated with symmetry adaptatlon a locallzed
A criterion for analogous maximum-gccupancy (natural) character in locahzed 1 center and
| :2-center reglons of the molecule can be formulated [44, 50]. The set of hlgh occupanc:y
.FNBOs each taken doubly occupled is consrdered ta represent most accurate poss1ble

atural Lewxs structure * of the molecule -
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The NBOs are one of a sequence of natural localized orbital sets that include natural -
atomic (NAO), hybrid (NHO), and (sem1 )locahzed molecular orb1ta1 (NLMO) sets,

intermediate between basis AOs and canomcal molecular orbitals (MOs)
AOs —> NAQs --> NHOs --> NBOs > NLMOs >MOs  (252)

All of these natural localized sets are complete and orthonormal. They‘ are able vto
exactly describe any property of ‘P As compared to standard AOs the NAOs give a ‘much
- more condensed descrlptlon of ¥, (“mlmmal basis”) wrth only a small number having
appreciable occupancy. Thus, a “minimal” descnpnon in terms of core and valence- shell.
~ NAO:s is often found adequate for 'chemicalp_urposes, providing a compact representation |
~of ¥ that is intimately related o standard valence concepts. In other word, the

7 'condensat'ion of occupancy in the natural localized orbi‘rals leade to partitioning into high
and low occupancy orbital types. The small set of most highly-occupied NAOs, is referred :
to as the "natural minimal basis" (NMB) set. The NMB (core + valence) functlons are
dlstlngulshed from the weakly occupied. "Rydberg" (extra-valence- shell) functions.
~ ‘Rydberg functions complete the span of the NAO space, but they make little contribution .
to molecular properties. Likewise, in the NBO space, the hlghly occupred NBOs of the
natural Lewis structure can be dlstlngurshed from the "non- Lewrs" antlbond and Rydberg ‘

orbitals that complete the span of ,the NBO space. -

~ Each bonding NBO oap can be written in terms of two directed valence hybrids

(NHOs) Aa, hs on atoms A and B, with corresponding polarization coefficients CA, Ch,

A= cAhA+cBhB R X )

~This is in accordance w1th the eimple ‘bond }orbital picture ‘The polarization
B coefficients vary dependmg on covalent and jonic character of the bond, such that it may
.V be covalent with (ca = ¢B ) or 1omc (ca >> <8 ) or in between this limit. Each valence
bonding NBO must in turn be palred wrth a correspondmg valence ant1bond1ng NBO to

~ complete the span of the valence space.
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owt=caha-ehs - @5

The “Lew1s -type (donor) NBOs Q. 53) are thereby complemented by the “non-
Lewrs” -type (acceptor) NBOs (2 54) that are formally. empty in an idealized Lewis |
structure plcture Weak occupancies of the valence antrbonds (2.54) show departures from
" an 1deahzed localized Lewis structure picture, ie., true “delocallzatlon effects.” The
energetrc stabilization due to such o —> o* donor-acceptor mteractlons can be estimated by
20 -order perturbation theory For example, for a o; = o™ 1nteract1on the stablhzauon

- _energy E(2) associated with delocalization is estimated as:
E(2)=AEa,-=.qi (F W/ (gee) @59

‘ Where q; is the donor orbrtal occupancy, F is the orbltal Ham1ltoman (F ock or Kohn-Sham
operator), F (i,j*) is the off- dlagonal NBO Fock matrix elements, & = <o |F|ai>, g =

cj | F | GJ > are the respectlve orb1ta1 energles of donor and acceptor NBOs ‘Thus, by
cons1der1ng the valence antlbonds (2.54) therefore leads to far-reaching extens1on of
elementary Lewis structure concepts to encompass leadmg delocahzatron corrections in

srmple NBO perturbatlve estimates such as Eq 2. 55)

‘The NBO methods and terrmnology are. 1ncreasmgly recogmzed as standard in

theoretical presentatlons ngh numerlcal stablhty and rapid convergence insure maximum

: I'Chablllty and efﬁcrency of the theoretlcal descnptlon The NBO program is unpllmented ,

in many programs that calculate electronic structure, such as Gaussran Jaguar, Gamess
PQS and QChem. '
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3. PREDICTING POLYMERIZABILITIES OF DIALLYLAM]NE -
AND DIALLYLAMMONIUM MONOMERS |

Making an educated guess on the reactrvrty of monomers to obtain a specrﬁc
polymer product is an unportant task, because foreseemg the reactrvrty of monomers is a
valuable information to save efforts. In the literature, there are reports on the react1v1ty of

‘ allyl and vinyl compounds and very few on diallyl compounds

~ Kinetic studres on the reactrvrty of allyl monomers (CHZ—CHCHZX) by Zubov et al o

[11] have shown a correlation between the radical polymerizability and the nature of the
functional group X of the monomer in radical polymerrzatlon They report that the rate of
polymenzatron depends on the nature of the functional group 1n the allylic position; the '

“more electron—wrthdrawrng the allylic group, the less efﬁclent the hydrogen abstractron
~from the allyllc CH, [ll] The polymenzatlon efficiency of the monomers is correlated to -
- pK values of the allylic substituent. The pK value is defined as the inverse logarrthm of the‘ |

dissociation constant of the acrd derived from the correspondmg conjugated base.

"l“he behaviour . of ' vinyl .and’ acrylic monomers with .the chemical structure ', -
| CH;=CRR; in polymenzatlon is 1nﬂuenced by the polar character of the olefinic double
- bond and the resonance effects associated with the electronegatrvrty of the substltuents '
[51, 52] In another study on v1nyl compounds the T electron density 1s reported to affect
the 3C NMR chemical shift of the o and B (HoCp=CoRiR2) carbons [53] Thrs is also
'related to the reactlvrty of the vinyl compounds: a lower electron densny on the B-carbon
: ‘of the monomer leads to an eas1er electron transfer from the propagatmg polymer radrcal to

~“the monomer [54]. Thrs results ina hrgher reactwlty of the monomer. ‘

Later in 1992 Gollard ef al. have studied the kmet1c behawor of the ‘free radical
polymerrzatlon of N-[4- (methacryloyloxy)phenyl]-2 (4-methoxyphenyl)acetam1de and N-
[4- [[(4-methoxyphenyl)acetyl]oxy]phenyl]methacrylamrde (HzCB'—Ca(CHg)COR) [53]
B The charge densities calculated by the serm-emrplncal PM3 ‘and AM1 methods have been
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~ related to the reactmty of monomers. The less negatlve charge den51ty of the B-carbon has

: enhanced the reactivity of the monomer.

. In a study of N, NQdisubstithted methacrylamides (‘Ho‘C‘B—C’RR’) and related
- compounds 3¢ NMR- chemical shifts of the C=C double bonds are summarized. It has
been- reported that the 8&, and 8cp values shift to a hlgher and lower magnetic ﬁeld
~ respectively, with a hnear relationship when polymerization efficiency of monomers -
- increase with the i mcreasmg electron-attracting power of the substltuents [17]. This showed |
~ that the dlfference in 3C NMR chemical shifts (Ad) of Ca and Cp reflect the 1nﬂuence of

substltuents more effectlvely than their absolute values.

'Vaidya and- Mathias have reported- a structure-'reactiﬁty relationship for - the
homopolymerlzablhty of various dlallylamlne and diallylammonium monomers [21]. Their-
aim was to develop easily apphed techniques to predlct polymenzablhty Mathias et al.

~ have polymerized various dlallylammes (Figure 3.1) and builtup a correlat1on between ’C

o NMR chemical shift dlfferences of the vinyl carbons and their polymenzablhty The same

. ‘study includes a relatlonshtp between the quantum mechamcal (M[NDO/3) structural and :

-~ energetical features of these compounds and their polymenzablhtles .

NN

2
Monomer - - R¢- ' R2 . | Charge (*)

1 H S - . 0.

2 H CH +1
3 , ~CHs » CH; | o +1
4 CNH, | o 0
5 - CsNH; 0 +1

F igure 3. 1. Diallylamine and diallylammoninm monomers analyzed in Section 3
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It was- shown that as the electron—thhdramng ablllty of the- allyhc substituent
‘_ increases, the B-carbon and y—carbon peaks Shlft upﬁeld and downﬁeld respectwely‘
(Figure 3.1). This 1mphes that B and v peaks get closer as the electron-w1thdraw1ng ab1hty
~of the allyhc substltuent mcreases Table 3.1 shows a decrease iri chemical shift dlfference

| A6 (A8=8y-5B), between allylic carbons with i 1ncreasmg electron-v withdrawing ablhty of N
allyhc substituents. A smaller chemical shift dlfference reflects polanzatlon away from the
double bond and the connectmg CHz groups. Th1s reduces chain transfer of hydrogens on
the connecting CH» groups and high molecular werght polymers are produced. The A8
B values were correlated to the polymenzabrlltles of the monomers such that monomers with
A8 less than 7. 5 ppm were easily polymenzed whlle those w1th AS values hlgher than 17 -
pm polymerlzed poorly. The AS value from 7.5 to 17 ppm is the transition region from
good polymenzablhty to poor polymenzablhty Slmllar Tesults were observed for ester vs..
ether denvatlves of a—hydroxymethyl acrylates Wlth the former displaying smaller

chemlcal shift differences and g1vmg much hlgher molecular welght polymers than the
latter [55]. ' L

Table 3.1. The polymenzablhty and chemlcal shift dxfference (AS =8,~8p ) data of -
' d1ally1am1nes in Fi 1gure 3.1[21]

| Monomer Ry - R, A8 =3,~3; (ppm)  Polymerizability

1 e - 191 . Nery poor
2 m  H 31 Good
3 cW,  CH 30 Verygood
4 CsNH, o o 64 Very poor
5 GNHs 0 124 Moderate

In the ﬁrst part of our study, we have predwted the react1v1t1es ofa set of d1allyam1ne
~and d1allylammon1um monomers. The purpose of this part of the study was to 1nvest1gate
the correlation between the polymerlzabﬂrty trend of d1a11ylam1nes and some of their

descnptors derlved from quantum chemlcal calculanons '
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' The following _steps have been achieved throughout this study

i computational modeling of five diallylamlnes narn'ely N,N-diallylammine v(l), N N¥

: drallylamme hydrochlonde (2) diallyl dimethy! ammonium chloride (3) 4-(N,N-
diallylamino) pyrldlne (4), and 4-(N, N—drallylammo) pyndrne hydrochlonde (5) (Frgure )
3. 1) - o

il. correlatron of experrrnental polymenzablhty to calculated monomerlc descrlptors

~such as charge drstrlbutron energy barrier for cychzatron, bond order local softness
- values, HOMO-LUMO gaps ’

111 establrshment of a mathematlcal relation between -the polymerrzabrhty of the
~ monomers, represented by the experrmental value of therr chemical shlﬁs (AS) and the
descriptors derived from ‘quantum chemical calculations. The ultlmate goal 1ndeed was to
build up a sound means of predrctrng the polymenzabrhty of NN-substrtuted-~

dlallylammomum hahde monomers prior to their synthe51s
. 3.1.Methodology
| 3.1.1t: COmputational Modeling

“The most stable confonner for each of the selected drallylamrne mionomers shown in
| Frgure 3.1 was determmed by carrying out a conformer search usrng the semi-empirical
PM3 [24 25] method using the SPARTAN 5.1.1 [56] package The counterrons of the
cationic MONOMmers are excluded in calculations. All possible statronary geometries for the
~structures located as minima along the potentral energy surfaces were generated by free
rotation around s1ng1e bonds. The number of conforrners for each compound is 3%, where n
- isthe number of C- Cor C-N single bonds. Thus, one would have to deal with a very large
" number of conformers for a given compound. Analysxs of the structures located as local '

rmnrma along the potentral energy surfaces revealed that appreciable changes in the
| geometry produced only slight changes in energy Havrng decrded not to consider the

structure corresponding to the global rmmmum only, we were focused on ‘those structures
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‘which lay w1th1n a pre-selected energy threshold Accordmgly, we decrded to consider the
. drstrrbutron of structures among energy levels w1th1n 3 kcal/mol from the global mrmmum ,
The probablhty for each conformer to exist in the proposed energy range was calculated

usmg the Boltzmann dlstrlbutlon The populatlon of states among energy levels was -

determined by:
N;/Nj='e,*‘“3i""3i>’k?, R €5

Where N; and N refer to the populatlon Ei and E; are the energres of states 1 and Js k is the
~ Boltzmann. constant and T is the temperature. The relative probabllrty of each state’ was
found by computmg the ratio of N; to N, where NT—EN =, gBIkT, The next step was to.
calculate weighted averages for each descriptor by multiplying the relative probability of
each energy state by the correspondmg value of the descriptor. This was followed by
summing up over all states, which lay within 3 kcal/mol from the global minimum. The
monomeric descriptors drscussed in what follows are Boltzmann averages denved from

' semr—empmcal calculatrons.
In the mtramolecular propagatmg step of the polymerrzatron reaction (Flgure 1.1,
there isa long polymer chain at the first posrtron For srmphclty and in order to reduce the

-computatronal cost, the long polymer chain is replaced by a hydrogen atom as if 1t had

been initiated by H radical and will be referred to as “hvmg monomer (Frgure 3. 2)
) : ...‘--.'...---.}v‘ C . g -

o ‘/N\ B = : , /N\ |

Propzigating' Polymer Chain T Living Monomer :

 Figure 3.2. Model for the living polymer
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To ﬁnd the minimum energy conformer for this hvmg monomer a conformer search
: was performed along the potentlal energy surface for 2 by usmg SPARTAN 5.1. 1 571
: package with the sem1 empmcal PMJ method Drfferent substrtuents were: “inserted on -
 nitrogen atom and then opt1mlzed starting w1th the global minimum of 2 geometry These
3- d1men51onal structures were used as representatlve hvmg monomers (Figure 3. 3) To

_ model the cychzatron reaction- and find the geometrrc thermodynamrc and -kinetic
. parameters for the 1ntramolecular cychzat1on reaction, these living . monomers. and the
transmon state structures for 5- and 6-membered cycllzatlon reactlons were located for all
. the monomers studled Al the plausible transition - state structures cis- or_ trans-
orientations in the 5-membered ring and chair or boat confonnatlons in 6-membered rmg,
- were located. The nature of the transition state structures was conﬁrmed by one 1mag1nary E
- frequency belongmg to the formmg bond. Nevertheless the transrtlon states with the
| mmlmum energy of actrvatlon were selected for each monomer since the reactlons proceed
along the lower barner pathway Figure 3.4 dlsplays the 3- drmensronal structures of the
transmon states of minimum energy of activation with Mulhken charges on Cl, Cy, Cs, C7, :

N and some critical dlstances '

The local and global softness calculatlons were performed on the monomers by using
Mulhken atomic charges. Although electrostatic charges were used to calculate the average
' _charges in the monomers, it is common practlce to use Mulliken charges to calculate local '

oftness The local softness values for C5 are shown in Table 34,

‘ In the mtermolecular reactron there is an attack from rmg structure to another

' monomer The difference in energles of the HOMO of the mcommg radrcal and LUMO of
» "allyl monomer have been analyzed in order to investigate an effective overlap between the g
o 'two (Table 3.4). For the 1ntramolecular reactlon the HOMO-LUMO energy dlfferences of

“the representatrve living monomers have been also tabulated in Table 3.4.

Throughout the discussion, the numbering system in Figure' l.lhas been emp:loyed.:
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3.1.2. Mathematical Modelihg 'v

The correlatlon between the polymenzablhty of d1allylam1ne monomers and therrv |
quantum chemlcal descrlptors was established by constructmg a non-linear regresswn
o model with one dependent and multlple mdependent variables. The dependent varlable was -

- deﬁned as the chemlcal shift in B and Y carbons deprcted from the experrmental work of

‘others [21] The mdependent vanables were made of a set of monomer—spemﬁc descrlptors -

‘estimated by PM3 calculations and correspondmg to the two symmetrrc structures around :

~ Pandy carbons respectlvely Hence, two models were deﬁned for each monomer as;.

Sp=Ag+ Bgf(DEsl)B + Cp fIDES2)p ¥ DpfDES)p+... - B2
5= At By f(DE_Sl_)y " Cyf(DESZ)Y +D,ADES) *or B3)

- where, 8p and B, are the chemlcal shrfts m B and y carbons respectlvely; f(DESl)Y Bs
f(DESz)y B> f(DESg), B,-..aT€ lmear or - non-linear ﬂmctlons of the quantum chem1cal
descriptors defined by DES,, and Ay, By.p, Gy 5, Dr. g a are the parameters of the models, the
| subscnpts refernng to B and y cases. The input data for the mdependent varrables consisted
,of bond lengths, atomic charges, heats of formation and energy of activation. The stat1st1cal
SIgnlﬁcance of each variable in terms of their contr1but10ns to the proposed correlatxon was"

- tested w1thln 95%. conﬁdence limits, and those varlables wrth 1n51gmﬁcant contrrbutlons ’

were discarded from the model ‘Once the vanables of the best representatwe model were

selected, the model was tested for rehablhty by computing dp and Oy values of an arb1trar11y
selected diallylamine sample, using ‘the estimated ' values of - model pararneters All
_ regressmn analyses were camed out by. usmg the non—hnear subroutlne of a statistical

package program [571.-
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3.2. Discnssion :
3. 2 1. Descrrptors Derrved from Calculatrons

It has been shown expenmentally that the polymerrzabrhty trend depends on the |
nature of the substituents attached to nrtrogen atom [21] The structural parameters bond
~orders, charges, heats of forrnatron local softness values, energy bairiers to polymenzatron
reactlon were consrdered as plausrble descriptors for. the polymenzabrhty of d1allylam1nes
Throughout the d1scussron that follows these descnptors will be d1scussed The numberlng '

system is the same as the one adopted in Frgure 1.1,

3.2.1.1 Charges. The average electrostatic charge on C; was found to decrease in the order: |

v 1>4>5>3>2 (Table 3.2). Srnce the expenmental polymenzabllltres of the monomers are in
the reverse order (Table 3.1) [21], it follows that the smaller the electron densrty
,dtstrrbutlon on Cy, the better the polymerrzabrhty

o Table 3.2. The Average Electrostatic Charges :on Atoms ca_lculated with PM3

| 1 2 3 4 5
c%m 005 004 016 009 |
c, 018 021 026 018 022
crC 002 018 022 002 013
c, 02 02 017 020 021
c, 017 003 005 015 -0.09
cC, 005 019 012 005 0.12
N 076 063 058 064 010

- The trend in experrmental polymenzabrhty is perfectly reproduced in our -

calculations except for the exchange in the orders of 2 and 3, in which the charges onC; )

~ are very close (-0.03 and ~0.04, respectrvely) The long-range delocahzatton of charges
depends on the substrtuents such that the charge on C, is more positive for the most

electron~w1thdraw1ng allylic substituent. The srtuatron is srmrlar for C7, W. which is
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) symmetnc to C,. The charge on C7 reflects the polymerrzabrhty trend as in the case of Cl :

‘and the orders of 2 and 3 are interchanged agaln due to very close values of - charge
drstrrbutrons (-0.03 and —0 05 respectlvely) |

_ The electron densrty on C, was also found to be an 1nd1cator of polymerrzablhty The
calculated charges on C; are g1ven in the followmg order of 1ncreasrng electron—den51ty
,3>5>2>4—1 ThlS order is in agreement with the experrmental polymerrzabrhty trend,
'except for 2 and 5, (whose orders are exchanged), in which electron drstnbutlons are

: _al_rnost equlvalent (-0.21 and —0.22, respectively) (Table 3.2).

" During the intramoleeular cyclization, the electron rich center is more prone to be
attacked by a radrcal "The electrostatic charge drstnbutron has shown C,/Cs to be richer in
negat1ve charge distribution than Cl/C7 This computatronal finding is in agreement 'with
the expenmentally observed 5-membered cycles instead of 6-membered ones durlng the

- cyclopolymerlzatlon.

- Furthermore, the calculated charge d1fference between the vinyl carbons 1s an
excellent rephcator of the expernnental polyrnenzabrhty trend shown in Table 3 1. As the. v
v electrostatlc charge dlﬁ'erence between C; and C; (CI-CZ) and Cs and Cy (C6—C7) atom
. palrs increases, the polymenzabrhtles of the monomers of interest also. 1nerease Hence, the
| 'dlfference of charges.on double bond carbons was found to be hlgher for the monomers

that polymerrzed well and lower for the poorly polymerrzmg monomers.

Another indicator of polymenzabﬂlty is the electrostatrc charge on the mtrogen atom

s (Table 3.2). The calculated electrostatic charges on nitrogen atoms in order of decreasrng ‘

electron densities are as 1>4>5>3>2 This trend mimics the expenmental tendency for .

. polymerizability of the Mmonomers: Vardya et al. have also correlated the electron-i

. withdrawing ability of allylic substrtuents with - their polymenzabrlmes [21] The
electrostatic charge on nitrogen is indicative of the electron—wrthdrawmg abrhty of the
- monomer The order of decreasing nitrogen charges in the studied monomers reﬂects the.

decreasmg electron-w1thdraw1ng capacity, 1mply1ng also a decreasmg trend in

 polymerizability.
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© 3.2.1.2 Energetics and Rate. The minimum energy structufeé for reactants and the

transition states of the cyclization Teaction are displayed in Figure 3.3 and Figure 3.4,

. tespectively.

- Figure 3.3. The 3-dimensional structures for the living monomers of 1-5 as models to

reactants °
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Figure 3 4. The 3- dunensmnal transmon state structures of miliimum activation energy for

1ntramolecu1ar cychzatlon reactions
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In all of the monomers studled the - C—C dlstance for the formmg bond in the
'transmon state structures is ~2.1 A The plausible transition state structures for 5- and 6-
: membered nngs leading to cychzatlon reactions have hlgher heats of formation for 6-
meémbered ring formation. Except for 1 all the monomers have the lowest heat of
formation of transition state structure for 5-membered ‘ring formation as’ reported by~
| expeuments [7-10] (Table 3.3). Add1tLonally, it was reported experimentally that the rings
had a cis.trans ratio of 6:1 [7- 9] and 3-4:1 [10] for 3 in different studies. With the semi-
empmcal PM3 calcuta,uons the dominating ting streochetmstry was trans in contrast to

experimental findings.

Table 3.3. Energetics and kmetlcs for the mtramolecular cychzatlon reaction -

(T=298. 15°K)

Energetlc and Kinetic Data R 1 2 3 4 5
Fora] Geamo) —5% 1051 —75 51 1083
E+ZPE [b] (keal/mol) 961 N 1045 '7.88_ 67 5 v.m.so'
| AF [ (keal/mol) IR, X . 9sl 678 1039 985
AHF + ZPE [d] (kcal/mol) , " R ‘8'.60> 955 7.16 : 12.96 ” 952 |
As* fe} Ccalmol) R a3 998 Ge 238 749
,exp(-Ea/RT) ’ ,‘  6.54*10"8 _ 1.97*10'“‘ '13.1‘8‘*10f ,2._13*10'1_ 1.15%10° ‘
exp((E,+ZPE)/RT) A ‘9.02*10‘#‘ 218%10° 1.67f1(_)*‘- »2.79*10'9‘  2.02%10%
exp(-A}F/RT) | _ . 3600107 9.02¢10°  107%10°  2.40%10° ,6.01*10-‘8
exp ((AH'ZPEYRT) o o 4964107 9.98¥10% 564*10° 3144107 1.06%107
| exp(-Ea/RT)*exp(AS*/I{T) ‘ 5.83%10™° ,1.30#10'“" 14.53%10° - 4.20*10'“" 2.65%107°
| exp -(E+ZPE)/RT)*exp(AS¢/RT) 8.03*10™° ,1.44*10'-'94 239+10°  5.48*107  467*107
| exp(-AH*/RT)*exp (AS"/RT) ' -3.21*10'9"' : ‘5.9?,4*i0"°' 153*10% - 473%10" 139410 ‘ '
exp( {AH¢+ZPE) ,RT)*exp (AS*/RT) -442*_10‘9 6.57*10™ 8044107 '5.-17*:10"3‘ . 2447107

[a] Ea= Activation Energy ;
[b] E+ZPE= Activation Energy with Zero-Pomt Energy

[c] AH*= Enthalpy Difference , : :
[d] AHF + ZPE= Enthalpy Difference with Zero-Point Energy

" et AS’— Entropy leference o
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‘The- act1vat10n energres calculated by using the energetrcs of transition states, were
consrdered as indicators of barrrers to cychzatron reactions. The actrvatron energies for 2,
3, 5 reproduced the polymenzablhty trend (Table ) The trend was further improved

when the zero point energres were taken into account except for 1, whrch did not fit into -

the expected trend. The enthalpy of activation, AH, showed the same trend as the energy |

of actlvatlon The entropres of activation, AS were also calculated to see their effect on -

»-the pre- exponentlal factor, A, in the rate equatron The rate of a reactron is descnbed as:

The pre-exponent1a1 factor A, is proportlonal to the entropy of actrvatron
exponentlally, such that:
A=(KThy*e*e™® (4

'where k is the Boltzmann constant h is the Planck’s constant The product of the pre-
' exponent1a1 factor w1th the. exponentlal factor did not reproduce the expected trend

: quahtatlvely It may be that the - entropy does not play a 51gmﬁcant role m predlctmg the

rate of polymenzatron or the r1g1d Totor and harmomc oscrllator approxrmatlons used in

| ,_’_calculatlng the thermodynamlc parameters are not adequate approxlmattons for the

molecules selected.

- »3.2.'1}.'3 Bond Order. The bond order of the forming bond between C, and C5 atoms inthe

intramolecular cychzatron reactlon of the propagatmg 11v1ng monomer was in the. order of
v 0.01103 0.01038, 0.01028, 0.0995 and 0. 0989 for 3,2, 5,4 and 1 (Table 3. 4), respectively..
- These values indicate that the hlgher the bond order the more eager the monomer is for

, bond formatron and the more polymerrzable it is.

3. 2 1.4, Local Softness One of the descrlptors of polymcnzablhty was found out to be the -

' local softness (s), tabulated in Table 3.4. The local softness values of Cs, which is the site
~of attack for the 5-membered ring formation in the cychzatlon reactlon showed that there

was a 10-fold decrease from monomers of high polymenzablhty to low polymenzabrhty
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ThlS indicated the sens1t1v1ty of CG to a radical attack and hence reproduced the
polymenzabrhty trend. - : . :

Table 3.4 . Quantum mecham'cal descriptors

| Descriptor 1 2 3 4 5

Bond Order for C,—C, _ 0,00089 _ 0.01038 001103  0.00995  0.01028
Cofes 006 0075 0075 007 005
S . 009 - 0781 . 0.89 0112 1695
s 00069 00585 00672  0.067 0.0847
AE;[a] 10138 1281 L117 8918 0.590
ABg[b] 10346 0039 . -0080 8997 0015

: [a]: AEI= HOMOreactant = LUMOreactant o
‘[b]: AEr= HOMOying - LUMOmonomer

‘ ‘»3 2.1.5. HOMO-LUMO Gaps The HOMO-LUMO dlfference ina chermcal system can be/

considered as a measure of 1ts resistance to changes in electromc conﬁguratron Large' ’

‘ HOMO-LUMO gaps are known to prov1de great stablhty and low reactivity to a chemrcal '
| 'spec1es In the mtramolecular propagatmg step of polymenzatron reaetron, there 1s a '

- transfer of the unpalred electron from the incoming rad1cal to the oleﬁmc bond. Tms , .
 transfer is accomphshed by mrxmg of the a—odd electron with the LUMO of olefinic bond. |
The HOMO-LUMO energy dlfferences for the propagatmo l1v1ng monomer AFE;, are much‘ 4‘ _
larger for monomers polymerlzmg poorly whereas this difference is qurte small for good '

 polymerizing monomers (Table 3.4).

| In the. 1ntermolecular step during polymerlzauon the HOMO from the propagatlng |

| radlcahc ring structure, whrch is the donor of electron, w111 interact w1th another monomer
~ which is the acceptor. This HOMO—LUMO interaction may take place more efﬁcrently
~ when the energy gap between the two molecular orb1tals AEH is small The gap between
the HOMO of the 5-membered ring and the LUMO of the unattacked d1ally1 monomer
reflected the polymenzatlon trend perfectly. The gap is very small for monomers -of high
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?polymerrzabrhty lndrcatrve of easier mixing of these orbrtals “The gap is srgmﬁcantly

.larger for monomers of low polymerrzabrhty
322 Correlation of Monomeric DeScriptors with Polymerizability_

| The input data for estrmatmg the parameters of the proposed models 1mt1ally ‘v
| con51sted of all the calculated descriptors of the five. dlallylammes in concern and the
'experrmentally deterrmned chemrcal shifts in B and Y carbons In the first step, a stepwrse
regression analysis was performed to exclude those descnptors (1f any) with statrstlcally -‘
insignificant contributions to the proposed models, represented by Equatxons 3.2 and 3 3. )
In accordance it was found that the only srgmﬁcantly contrrbutmg descriptors were the
'electrostatlc charges on Cl, Cz, Cs, Cq and N Furthermore, the model was found to"
improve statrstlcally when the carbon—related charge variables were represented by two .
arithmetic means: as that of C1 and Gy (named C1C7) and C and Cs (named CZC6) The |
reduced set of input variables after elimination of non-contnbutmg independent vanables :

is presented in Table 3. 5 Note that the vanable N represents the charge on mtrogen

Table 3.5. Final input data for estimating model parameters

Monomer - Dependent Variable e Independent Varlables

5, 5 BEs, DES, . DES;

- | Cocien ©es) @

e 167 01 020 076

2 1250 1281 003 02 4063
3 1254 284 005 022 4058
4 1153 1317 016 019 064
5 183 1307 009 - 02 010 |

The output data for the proposed models (to predrct op and 67) are presented in Table

3 6 in terms ot charge descriptor functlons and the estlmated parameters
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_ Table 3.6. Model Outputs- '

f(DES,) T T
Model ~~ DBS, DBS, DES; A B c D
TGahif)  CIC7 C2060 N 10308 13461 11139 1968 |
H(shify  CIC T C2C6 N 9116 31560 -I7LT6 050

" Results of variance analysis, standard errors of estimate and regression coefficients

for the predicted cdrrelations are summarised in Table 3.7. _' o

Table 3.7. _Anaiysis of variance and correlation coefficients

Sum of Squares Mean Square . Corrected ' _' Standard Error
. , : . R _ ,
‘Model Regression  Residual Regression . Residual . . A B (o3 D

TG) 724687 0227 181172 0227 ~ 0989 499 2184 9503 220
|m@, 860102 0003 215026 0003 100 097 633 456 014

In summary, the predlcted correlatlon between the polymerlzablhty of a dlallyl
, .monomer (in terms of the shift in y- and/or the B-carbon) and the quantum chemlcal

descriptors is defined by:
5'—103 08 -134. 61(ClC7)+11139(C2C6) +19. 68(N) (= =0.989) (3.5)
| 8p= 91.16+315.60(C1C7)2 -171;76(C2C6) 70.50(1\1) j ( 1.00) o (3.6)

where, N represents the electrostatic charge on the nitrogen atom of the concerned

monomer.

‘In observing the values in Table 3 7, it appears that the second model (developed for

 the shift of B carbons) is a better predlctor of polymerlzablhty in terms of statistical
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's1gmﬁcance However the test of the two models ona drallylamme monomer outsrde our
sample populatlon namely N, N, N-trlethyl-N allylammomum bromlde showed that the
predlcted shifts by both models are hrghly close to the actual values The results of thls test .

and the 1nput data for the monomer are presented in Table 3 8.

EI Table 3.8. The resulf of test and the input data for test monomer, N,N,N—tri_ethﬂ-l\l- i

allylammonium bromide
Charges ST ‘Chemical Shifts
-Predioted ‘Observed
Cc1c7 C2C6 : _N_.. : A g ’» Y :[3 |
-0.03 023 066 1260 13062 = 125.1 1289

‘NQmethyl-N-allylmethacrylamide has also been used as a test molecule although the |
‘main structure of the monomer is’ different from our samples. The model predicts the
chemical shlﬁs of the carbons on the methacryloyl srde systematically. lower than the
| actual values (Table 3. 9) However, the chemical shift difference (A3), that has been

consrdered as an mdrcator of polymerrzabrlrty reproduces the actual value [5 8]

Table 3.9. The result of test and the 1nput data for test monomer N-methyl-N- :

allylmethacrylamlde
Charges o Chemical Shifts |
, D . Predicted . Observed
cic7 €206 - N —~ B8 1 B
011 024 055 1135 1365 ° 117.3»140.8»

One more test has been applred by the N—methyl ‘N-N- dlallylamme monomer (Table-
3. 10) Although the chemical shlfts of C and Cg were not avallable ‘the chemral shift.
dlfference of 11 1 correlates with the expenmentally known poor polymerlzabrlrty of the

| ‘monomer [l6].
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o Table 3.10. The result of test and the mput data for test monomer, N—methyl N-N- -

d1allylam1ne
Charges - - Chemical Shifts
| S D - Predicted A
C1C7' C2C6 N. v - B |
-020 016  -063 1205 1316. - RERY

33. Concluding-Remarksw"

 The aim of this part of the pI'O_]eCt was. to correlate the exper1mental'.
cyclopolymerlzablhty trend of a serles of dlallylamme monomers by the descriptors
~derived from quantum mechanical calculatrons Hence, it is possrble to make predictions )
- on monomers that have not been’ synthe51zed yet. The 13C NMR chenucal shrfts of the
' studled d1ally1am1ne monomers, which have been correlated to the. polymenzablhtles [21},
‘could be successfully correlated to the descriptors derived from . calculatrons The
welghted average” charges of vinyl carbons and nitrogen could successfully produce the

'polymenzablhty trend. The actlvatton energ1es and the enthalpy dlfferences between the '

transition._ state structures and the living monomers for the" 1ntramolecular cyclrzatlon. .

vreproduced the polymerlzablhty trend successfully in general The C,--C¢ bond order, local
softness values of Cg and HOMO-LUMO gaps were also found to. reﬂect the -
polymenzabrhtres of the monomers. The mathematlcal model has predlcted 13C NMR
’ chermcal shifts based on electrostatlc charges denved from quantum mechamcal 4
'caloulatlons (PM3). Although the model has been developed w1th only 5 samples the_"."
validation check has shown that the model is accep’table Data on s1m11ar MONOMETS are -

desued in order to extend the usage of the proposed model
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4. FACTORS CONTROLLING THE RATES OF CYCLIZATION IN -
RADICAL POLYlV[ERIZATIONS OF DIALLYLAMINE AND
DIALLYLAMMONIUM MONOl\’IERS

- In'Section 3, descriptors are saught to determine the polymerizabilities of mo'nomers'
.However the results of this study have led us to study the cycl1zat1on reaction of

‘ cyclopolymenzatron in more detail.

The 1mportance of cyclopolymenzatlon lies not only in the propertles of ﬁnal o
product but also in its mechanism. The difunctional monomers can be polymenzed to hrgh
molecular werghts although the monofunctlonal counterparts exhibit very low degrees of
polymerrzahon They can be polymenzed to only low molecular werghts in spec1al
complexing media [11]. It has been mentioned in section 1 that the low polymenzablhty of
 allyl monomers is attnbuted to chain transfer processes (Cham Transfer Flgure 1.1). Inthe

polymerization of allyl monomers, the growing chain has a secondary radical that 1s |
| '.reactrve toward H-abstraction, thus cha1n transfer reactions  lower polymer1zat10n v
' efﬁc1en01es (Chain Transfer, Figure 1.1). On the other hand, the difunctional monomersr _
~ can be polymenzed efﬁ01ently In cyclopolymenzatlon the growing radlcal attacks the.
second double bond that i is 1n close vrc1mty and cyclizes. The resultmg prrmary radical is
stencally unhindered and hlghly reactive towards radical add1t10n Propagatron is facile
i and faster than other reactions that terminate the polymenzatlon N, N—drallylamme (1) N,
R N-drallylammomurn (2), and N, N-dlmethyl-N N—dlallylammomum (3) (Fi igure 4.1) can all
“be cyclopolymenzed but the experrmental polymerizabilities vary from very poor to very ,
- go‘odfor 1,2 and 3, respectrvely [21»]. ' ' L

' Although the d1funct1onahty of d1ally1am1ne (1) monomer makes 1t a surtab'e :
candldate for cyclopolymenzatlon chain. transfer reactions are still ‘competitive. Zubov ef .

al. reported that both d1allylam1ne and allylamme have very low rates of polymenzatron .

RN



48

Rl/, ,\Rz'
Monomer - - Ry Ry Charge *
1 H®H - o
2 . H ): S |
3 ‘ CH3 - CHs +
6 ~ CHs - 0
7 CH H +

Figure 4.1. Diallylamine and diall_ylarnmmium MONOMErs ‘studied

In general, cationic diallyl monomers have higher polymerizabilities than neutral as

in the case of 1 and 2. The pdorest compound, 1, is reported to have very poor o

B polymerlzatlon [11] although itisa dlfunctlonal MONOMer. However 1ts protonated form

~ 'has good polymenzablhty [71] Polymerlzatlon of catlomc monomers may have some

advantages over neutral in terms of cyclization or terrmnatlon reactions. It has been .

proposed that the growmg chain' may be stablhzed against drsproportlonatlon by the _
| mductlve effect of the ammomum catlon dlrnlmshmg cham transfer [59] In catlomc'
mMonomers, the C(,-H bond attached to an ammonium group is qulte unreactlve towards

-abstraction by electrophlhc radlcals

Allyltnmethylammomum chlonde demonstrates the unportance of cychzatlon in the
vpolymerlzatron The monoallyl salt is reported to have poor polymerlzatlon tendency and
to be polymenzed only ina speclal complexing medrum [12] whereas its dlfunctlonal |
, analog NN dlmethyl-N N- dlallylammomum (3) can polymenze very eff101ently to hrgh'_ :
: molecular welghts w1th a htgh degree of polymenzatlon and low cham transfer [20,9, 60]

~Among the monomers studied here N,N- dlmethyl-N N-dlallylammomum (3) is the

most extenswely studred It is reported that 5-membered nngs ‘are formed in the -
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cyclopolymerization reaction of 3 vwith a ciS'tranS' ratiO"of 6:1 [7-9] or '3-4"1[10]”>in
different NMR studies, The cis:trans ratio for N-methyl-N, N—drallylarmne (6) was also
reported as 5: 1 w1th 13C NMR studies [16]. o

T he 1ntramolecular radlcal cycl1zat10ns of model systems for- 1ntermed1ates mvolved 7
in pclymerrzatron of the monomers N; N—drallylamme (I) N, N—drallylammomum (2), and
N, N-dlmethyl-N N—d1a11ylammon1um 3),. N—methyl—N N-diallylamine (6) and N-methyl- '
vN N—dlallylammomum D have been explored in this section (Figure 4.1} We want to

understand the factors that influence the polymenzablhty and to determlne how it is related
to the ease of cyclization. The. mﬂuence of a change of nitrogen subshtutron upon the

| efficiericies of radical cyclization has been explained and rationalized.
4.1, Methodology

A model compound was used for cycliiation of the growing polymer as in Section 3 :

(Frgure 3. 2) The polymer chain at €, in the actual system was replaced byaH atom, and

thls model radical was used to model the cyclization reactlons The model compounds for X

1,2 3,6 and 7 will be desrgnated by 1%, 2", 3", 6" d 7" In the model compounds

g 1n1t1atron has already taken place and the monomer is about to cycl1ze

The DFT method [26] employmg the B3LYP [31] functronal with the 6-31G* basis o

set has been used to carry out the full optrmrzatron of the compounds of mterest wrth the -
Gauss1an 98 [61] package Recently, the origins of stereoselectmty in mtramolecular |
' Drels-Alder cycloaddrtrons have been -modeled with success -using the B3LYP -
methodology [62]. The statronary pomts were analyzed by v1bratronal frequency .
 calculations. Various possxble transmon states far, both 5-exa (Figure 4 2) and 6-enda
'(Flgure 4.3) cyclizations were. modeled Both chair and boat conformatrons of 5-exo and 6->: :
.. endo cychzatlon transmon states were found The transmon states will be referred as :
| chair/boat and substituents as ax1al/equator1a1 as in- earher calculatlons of cycllzatlons of 5

| khexenyl. The transrtron structures were verified to be saddle polnts by the presence of one

,lmagmary frequency correspondmg to the reaction coordmate An IRC [63, 64] calculatlon -

was performed on the transition state for the models of monomers studled and then the
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structures for reactants and products were further optimized to locate correspondmg ;
f statlonary points. The reactants obtamed in this way are- called the "reactlve rotamers";
these are the rotamers that are close n geometry to-the transition state The reactants were |
also fully optlmlzed in their global mlmmum geometnes The reactive rotamer and the -

global mmlmum for 1' and 2' are shown in Flgure 4 4 as representatlve of cationic and“

neutral monomers.

ax

Figure 4.3. Chair and boat tiran}sition structures for 6-membered ring cyclization
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4.2, Discussion v

| - “The global minima of the radlcal 1ntermed1ate models are in extended confonnatlons
‘ (Flgure 4 4)

Reactive rotamer of intermediate radical derived from N, N-diallylammonium (2')

Global mxmmum of intermediate radical derived fom' " Global minimum of intermediate radical derived from
N, N-dmllylammomum( 2' ) ‘ : o N, N-diallylamine 1 -

Flgure 4.4. Reactwe rotamer and global mlmmum of 1' and 2'

~The reactant molecules have all. anti conformatlons about C-N bonds In catlomc |
reactants (2', 7" and 3") the NCC=C d1hedra1 angles are 90-110°, ‘as. are the NCC-C,
| dlhedrals involving the radlcal centers “In neutral models ‘the NCC—C and NCC-CY
| dihedrals are — 160° and 125°, respectlvely (Figure 4.4). Thus, m the catlomc intermediates,
the p-orbltal on the radical center is parallel to the C3-N4 bond whereas in the neutral case

it is almost at a right angle with that bond. The parallel orientation provides the sultable o
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geometry for a delocahzatlon of electrons in p- orb1ta1 into o*CN and may act as a
stahilizing effect an that conformer The effect of this mteractron may be traced from the
C3-N4 and Cs-N4 bond lengths In the neutral 1ntermed1ates these bonds are equal in length - |

(146 Aint and 6') whereas in cationic monomers the C3-N4 bond is always 10ﬂgef bY
0.02-0.03 A than C5-N4bond -

Butler had indicated that cyclopolymenzatxon nnght be fac111tated by T—T 1nteractlon -
of the twa double bonds in 1,6-dienes. However, the reported spectroscoprc evrdence has -
been 1nconc1us1ve [6, 65] The conformatlonal study on compounds 1'-3', 6 and 7' has v
shown extended structures with na significant rc——rc mteractrons between the dauble bonds.

in their global minima. However, the reactive rotamers that have quasr cyclic structures are

1-3 kecal/mol hrgher in energy -(Table 4.1).

The cychzatlon transrtron structures for 1'-3', 6' and 7' are very snmlar in many ways .l
ta those of the cychzatron of hexenyl radical reported earlier [66-73]. These reports have
) demonstrated the preference of 5-exo over 6-endo cyclization: Formation of S-membered
rings is also antrcrpated from the generahzed "Baldwrn Rules" for the relative faclhtres of

ring closure [74].

" The actlvatlon energies for 5- and 6- membered transrtlon states are shown in Table

: 4 1. The 5-exo transmon states are lower in energy than 6- endo by 3.0-5.6 keal/mol even

' though the 6-membered ring products are more stable than the 5-membered The large |
energy dlfference between 5-exo and 6-endo transrtron states is cons1stent wrth the
“experimental preferences for. formatlon of ﬁve—membered rmgs in the polymerrzatlon of
~these monomers. AAG3t the difference in free energy of actrvauon for 5-exa and 6 enda
.cychzatron for 1'-3', 6' and 7' are 4.0, 5.9, 3.3, 3.9-and 4.3 kcal/mol respectlvely, in favor
of 5-membered nng formatlon, Thrs is mainly an. enthalprc effect, although the entrapy of
actlvatlon is also shghtly more favorable for the 5-exo cyclizations (Table 4.1). The AAS* .

Values between exo and endo cychzatrons are 0. 6-0.8 e. u. for 1'-3', 6' and 7".
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' Tuble 4.1. The energies of .alctivation"(Ea) (kcal/m_ol), free ehergies ef actiVatiOn (AG™) -

(kcal/mol) and the entropies of activation (AS™) (e.w.) for 5-exo and 6-endo transition -

-states.

| Energy T 7 3 e C
Ea (BrsEBreactive rotamer) 5.4 54 37 37 43
E, BrssowBumam) 72 86 62 50 64

1B BrosowBue) 109 116 103 106 102

|8 2109 <109 131 136 120
AG* (5-ex0) - - 9T 17 82 13 87
As*_(s'-exo) -10.0 123 89 ,:,'-9.4_ 96
AG® (6-endo) 17 1500 125 B2 126
AS® (6-end))  -108 130 96 <100 -102

In Flgure 4.5, the transmon structure obtamed for the 5-membered cychzatlons of N, N-
' dlmethyl-N N dlallylammomum (3 ) is shown.

Flgure 4.5. The 5 £X0 transmon state for cychzatlon of 3' (51de and top v1ews)

All the transition states dlsplayed S1m11ar features and are very 51m11ar to transition

states ‘of the 5-hexenyl ring closure reactlon [66]. The 5-ex0 transmon states are chalr-hke

as in 5- hexenyl case. In the transition structure for cychzatlon of 3", the bondmg distance is

2.29 A shghtly shorter than the 2.34 A in earller calculatlons of S-hexenyl [66] The -
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| _double bond, Ce-Cs, :leng'the'ns to 1.37 A. The Cp-Ce-C; angle is 110°, similar to 106° of 5— o
hexenyl leewrse the C-C,-Cs angle is 109° In the 5-membered transmon states, the
~109° attack angle is readily obtamed while mamtalmng the overlap of the p-orbrtals

formmg the = bond. In the 6-endo, the onentatlon of the reactmg centers does not allow

very efficient overlap.

In 5-exo transition states the bondmg distances are. shorter and C6—C7 bond lengths'

- are longer than in 6-membered (Figure 4.6). Slmrlar observatlons were reported by Jursic

“inthe cychzatlons of 5-hexeny1 radlcals using B3LYP [73]

5-exo - 6-endo © 5-ex0 6-endo
Compound ~ C—C  C—C — = T
— 2@ 2% 1% ~136
2 227 236 131 L 136 -
3 a2 23 13T 136
& 225 235 . 13T 136
7 S 23 13T 1.36

Flgure 4.6. The C—C bondmg distances and the C—C bond lengths of 5-exo and 6-endo
transition structures SO ‘

The 5-exo transmon states may have éis or trans isomers depending on the

' ,orlentatron of the methyl group and the double bonds as shown in Frgure 4 7
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- cis-chair . e ' ST cis-boat

transchair © - - . . trans-boat
Figure 4.7. The cis and trans conformations of 5-exo. t_ranSition state

The lowest energy corresponds to czs—chalr conformer w1th the equatonal
' substltutlon on mtrogen C)is'in a pseudo-equatonal posmon and cis to the double bond.
'The transition state resembles a cyclohexane and C; behaves as a substltuent on the -
cyclohexane ring. Equatorial substitution will be favored for smple steric reasons

N erewrse substltuents on mtrogen also prefer the equatonal conformation. In the hexenyl

analogs, this was reported to be favored both expenmentally and by calculatlons [66] , ;

' Structure 3 was reported to give dominantly cis products with a cis: trans ratlo of 6:1 [7, 8,

9] or 3-4 1[10] in different NMR studles The activation energy for the 5-membered

- minimum energy cis structure of 3 is 6.2 kcal/mol whereas for the trans it is 7.4 keal/mol.

_ The calculated cis:trans ratio of 3 at 25 °C 1s 4.9:1, in between the two expenmental' :

.~ _ values The ratio is 1.6:1 for 6, wh1ch is lower than the expenmental ratio of 5:1.
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~ In the 6- endo transition states, the chalr is more stable than the boat (Flgure 4 3).
Equator1a1 substltutron is favored here, as in the 5-exo cases. Except for unsubstltuted 1 all '

the monomers preferred equatorlal CH; on carbon or mtrogen
421 The N-alkyl and N, N -gem-dialkyl Effects

N-methylation of dlallylamrne ) lowers the actlvatron energy for cychzatlon of the

. radrcal derivative from 7.2 to 5 0 kecal/mol, ie. 2.2 kcal/mol. Similar conversmn of o

drallylammomum to the N—methyl derrvatlve lowers the actrvatron energy from 8.6to 6. 4 _
kcal/mol, again by 2.2 kcal/mol (Table 4.1). The- methylatlon of N-methyl derrvatlve 7, |
lowers the activation energy for cyclization reaction by only 0.2 kcal/mol (Table 4.1). The
mono-alkyl effect here is larger than the better known gern-dialkyl effect [75-91]. 1 |

| The rate enhancement of cyclization reactions by ge_minél ’substitutien on 'the»‘ atom
~joining reactive functionalities is called the “gerh-diél_kyl effect” [75-91]; Jung and co-
workers have demonstrated numerous examples of the effect of geminal substituents on
| “cyclization rates. In thelr work . on substltuted 2-furfuryl methyl ﬁlmarates [88] they
observed that the rate of cyclization mcreased by methyl subst1tut10n (Frgure 4.8). They |
reported that drmethyl substitution had a greater effect than monomethyl substitution. In
our calculatlons, one methyl substltutlon increases the predrcted rate by : a factor of 160 (2

vs. 7") Whi_le the rate constant is only doubled by substitﬁtion of a second methyl (3' vs. 7).

* Various explanations of the gem-dialkyl effect have been offered. The Therpe-IrrgoId -

effect [92] was an explanation based on the idea that the two reacting centers are moVed

- closer together by alkyl substltutlon This is accompamed by a compressmn of the 1nterna1 ‘

- ‘angle caused by the alkyl groups. This effect has generally been found to be neghgrble [79 .
85 92] '
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o
COzMe
R R k(inCDCN) -~ Keetative
H H = =107 T
H Me  1x10° 55
Me Me - 3.4x10™ 1700
HC -
PN ‘ L@
R R' . N .
R R
. R » R : vkcyc ’ o ktelative‘
H H 1ox10” 1
'H  Me 16x107 160
Me Me  3.1x107 310

T Flgure 4.8. The rate constants and the relatlve rate constants for cyclizations of (1) 2-
- furfuryl methyl fumarates [88] (experlmental) and (2) of cychzatlons studied in this work
' (calculated) | ' ‘

An alternative explanatlon for the 1ncreased rate on substltutlon is based on the :

- ‘hlgher populatlon of the reactive rotamer called the “reactive rotamer effect” by Brulcev

- and Pandtt [93]. Their explanatlon is based on the idea that the cychzatlon rate depends on
the concentratlon of the reactive rotamer. They propose that substltutlon of alkyl groups for

_hydIogen increases this concentratlon The reactive rotamer is the folded conformatlon of
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,the reactant which is very close in geometry to the transrtlon state structure Frgure 49
~ shows the situation schematlcally For a cyclization to occur the reactlve units, X and Y, o
- must be in the gauche conformatlon rather than the. more stable anti conformation. If one of
| the two carbons of the C-C bond is substltuted wrth one or two alkyl groups, then the anti

form is destabilized and becomes closer in energy to the gauche Therefore the populatron

| of the gauche conformer w111 increase with alkyl substrtutron ‘The increase in the reactlve' v :

’rotamer populatron w111 enhance the rate of cychzatron wrth respect to the non-alkylated o

molecule

(CHp,X

X
H H .
— . H< (CH)pY
(CH2)mY H
Canti o _gauche - .
-(CHz)nX .
R.
anti S gauche

| vFigure 4.9. Effect of substituent on the conforrriational_ equilibrium

Accordmg to the “facﬂltated transmon state hypothesrs” by Parrlll and Dolata [94]

the rate acceleration for a cychzatlon is due to lowenng of rotatronal energy bamers by

substltutlon In particular, the barrier correspondrng to achrevmg the transrtron state is the
| _ focus of their explanatron Substltutlon of Hby an alkyl group 1ncreases the energy of both
}'staggered and eclipsed conforrnatlons of the reactant, but the increase in energy is much :
‘ more: pronounced in the staggered case correspondmg to reactants. Thus substltutron v
lowers the energy drfference between the reactant (staggered) and transrtron state

' (echpsed) The ground state is destabrlrzed relatlve to the transition state.
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The apphcablhty of each of these explanatlons to the cases studied here has been
evaluated. First, ‘the C-N-C angles in. reactants were inspected for a 31gmﬁcant Thorpe—'
g ‘Ingold effect. There isa compressmn of this angle from 116° in 2' t0112°in 7' and 107°in '
3. Although the Thorpe-Ingold trend is as predlcted this angle compressxon is not
accompanied by a - decrease m bondmg distance (Table 4. 2) The Thorpe-Ingold

compre351on_1s nota 51gmﬁcant factor in activation energy lowermg.

Table 4.2. Geometric parameters in the’ 5-exo transition state structures' S

Monomer o j AN f 203 6 T
[C—C BondingDistance (A) 225 227 229 227 228 |
C-N-C Angle (°) o113 16 107 112 112

- In our study, two rotamers are analyzed_for compounds 1'-3', 6' and 7'. One of these
is the global minimum, which has a very extended conforrnation, unsuitable for
cyclization, and the other is the folded rotamer obtained from the IRC calculation. To forrn

product, only rehybridization and bond fonnation must occur (F igure 4.4).

 Inthe reactive rotamer, the Cz-C3-N;-C5 dihedral angle is ~60° in all the comp‘ounds. 2
The rotamers where the Cz-C3-N4-C5 dihedral is 180° were also computed to see the energy
| difference between the anti and gauche conformers around the Cs-Ns bond in the reactlve'

rotamer.. The energy dlfference (HFC.CNC_(,oo - HFC_C N_c—lso°) is 1.4 kcal/mol for 2' 0. 7

- keal/mol for 3 and 0.3 keal/mol for 7' Substltutxon of an alkyl group for H on nltrogen

decreases the energy dlfference between the ant1 and gauche conformers around the C3-Nj
‘ bond The reactlve rotamers: for COmpounds 2' 3' and 7' are 3. 2 2. 5 and 2. 1 kcal/mol
“higher in energy than their correspondlng ground state structures. Henoe alkyl substltutlon v

'tends to 1ncrease the populatlon of the reactlve rotamer. -



Fi gure 4. 10 shows how substltutron influences the actrvatlon energy of the reactlon

The gauche interactions in reactant and the transmon state w1th thelr relatlve energtes are

shown for2", 3" and 7".

ad .’,62
CS’ .. H
H-
—
86 R »
[ : ," 2 .
,' Cs Me -
v oy , ,
!
—’g ] Me
E : _—
= ' ;] 62 -
133 1 7
< ' 1
/ ;
. E Ll !
g ; /
143} LR | . I
) . C2 }}; CZ' ’I
; :
H ~H H H!
C5 4 - C5 :
. —_—
0.0 0.0 \
/.

* Figure 4.10 The reactants and the transition states of 2', 3" and 7'

In 2', the steric change is the ant1 to gauche change In 7' the methyl substltuent on N

1s gauche to the radical center in the reactant, whereas 1n the transrtron state it is anti, since
it is an equatorial substltuent on the chalr-hke transmon state. Thus the gauche interaction

formed in reactant of 7' is partly reheved in gorng to transttron state ThlS causes a deerease
in the acttvatlon barrier for the cychzatlon of 7" (6. 4 kca]/mol) as compared to 2' (8 6 :
kcal/mol) In 3', one of the methyl ‘substituents on - nitrogen has _the same gauche

eractlons as above, but the other has gauche mteractlons both in transmon state and
‘axial on the chalr-hke transition state. ‘One N-methyl accelerates :

int
n reactants and equatonal (antl) in the transrtlon state while

' reactant since it is
. cychzatlon smce it is gauche 1
the second methyl substrtuent is gauche in both the transmon state and the reactant and has

Little effect. (_Flgure 4. 1’1).»
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Although substitution of alkyl groups for hydrogen 1ncreases shghtly the populanon
of the reactive rotamers for compounds 3 and 7, this effect is not the main cause for the
' Afac111tat1on of the cychzatlon In3 and 7, the gauche effects, Wthh lower the energy gap |
| between the ground state structures and the reactlve rotamers are also present in the'
transmon structures. This is a “facdltated -transmon state” although it could also -be-
considered as a result of increase in the reactive rotamer that best resembles the transition
state. As shown in Scheme 4. 11, the react1ve rotamer is cons1stently 4-5 kcal/mol below
| the transrtlon state, as substltuents have parallel effects on both specres

The calculated activation energies for cyclization are' consistent with the
experimental polymerizabilities of 'the‘ monomers 2 and 3 [21] The barriers to cyclization |
show that the cyclization reaction is energetically feas1ble and the methyl subst1tuted
a ‘monomer cyclizes easier as it polymerizes much more effec’nvely In the case of N,N-
dlallylamlne (1), the cyclization reaction is calculated to be easier than its cationic analog,
but the overall cyclopolymerization of ‘the monomer is reported to be very poor,
‘presumably ‘due to more effectlve cham transfer reactlons that may act to terrmnate 1ts‘

_ polymerlzatlon.
43. Concluding Remarks -

The cycl1zat10n reactions of 1-3 have been studled as model 1ntermed1ates in the '

| cyclopolymenzanon of d1allylam1ne monomers. The: monomers are shown to produce 5-

e membered ring structures as suggested by expenment The structures for transmon states

are also demonstrated. ‘The 5-membered rmg formation is explamed by a more effecnve
overlap poss1ble in the 5-exo transition state as compared to the 6-endo transition state
The 5-exo preference over 6-endo is found to be malnly an enthalprc effect, as the small :
actrvat1on energy differences between 5-exo- and 6-endo transition states show. The

o cis: trans ratio of N, N—d1methyl-N N dlallylammomum 3)is calculated as 4 9:1 whlc‘1 1S

in good correlatron with the experiments.
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The Thorpe-Ingold effect is found to be too small to explam the energy barner
_lowenng by methyl substitution. Monomethyl substltutron is shown to have more effect
. ‘than two methyls contrary to some hterature ﬂndmgs of gem-dralkyl effects 1n other |

systems The ¢ equatorral methyl” effect accounts for the acceleratlon a type of “facﬂrtated
 transition state.” R |
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5. MODELING THE CYCLOPOLYMERIZATION OF |
L N- lV[ETHYL—N N-DIALLYLAM]NE N-METHYL- N—ALLYL-Z-
” ,(l\’[ETHOXYCARBONYL)ALLYLAMINE AND N-METHYL-N-

: METHALLYL-2-(METHOXYCARBONYL)ALLYLAIVIINE

_ In cyclopolymerlzatlon usage of monomers whose monofunctlonal counterparts do
B not homopolymerlze have ‘been found to enhance the cychzatlon efﬁ01ency of the E

vlb‘monomer [13]. However, lngh cycllzatlon efﬁc1ency was not always accompamed by an
increase'in polymerization. Thus, it became important to use monomers which have both
‘high cyclization efﬁciency and high polymerization capability. In that respect, cbmpounds
6 (N-methyl-N N—d1ally1am1ne) 8 (N-methyl- N—allyl—2 (methoxycarbonyl)allylamme) and _.
9 (N- methyl-N-methallyl—2 (methoxycarbonyl)allylamme) (anure 5.1 have drawnv _
considerable attention. Kodaira et al. have reported that 8 has both’ hlgh cychzatlon v

efficiency and high cyclopolymerizability {14, 15]. Monomers 6 and 8 have been found to '

. undergo five membered cyclization whereas 9 formed six membered rings - along w1th

decreased polymerization tendency as compared to 8 [l4 15, 16] These observatlons were '

' attrlbuted to steric and/or electromc factors due to the ester and methyl substitution on the
'C=C double bonds. | |

e In the previous sections the 1ntramolecular cycl1zat1on of a series of dlallylamme and_
| dtallylamrnomum monomers has been studied by using quantum chem1ca1 methods [95, -
- 96]. The steric and electromc factors that influence cylization have been explamed and'
o ratlonahzed [95, 96]. Thls part of the study aims a mechams‘uc study of the 1ntramolecular;

| cycllzanon reactlons for 6, 8 and 9 with the same methodology The steric and electromc |
. effects of methyl and acetate substltutlon on the cychzatlon efﬁcxency of N-methyl-N N- |
'dlallylamme have been dlscussed The regloselectmty of ring closure has also been .

) cons1dered The computat10na1 findings have _been compared w1th the expenmental

polymenzab1ht1es.



65

‘Monomers O Ry — . R,
6 T H - H
$ - coocH,  H
9 o COOCH; . CH,

B Figure 5.1. Monomers studied in this section B
S vMethodology
The long polymer chain has been sirnpliﬁed and_model compounds have been used

for the monomers 6,8 and 9 (Figure 3. 2) in order to reduce the computational cost as' in. :

o prev1ous sectlons In the models the long polymer cham is replaced bya hydrogen atom. It

has been reported that the monomers behave in the same way in cychzatlon in their long - B

polymer cha1ns as in the1r low molecular welght analogues thus our model can account for
the cychzatron in the long polymer chains {14]. The model compounds for 6,8 and 9 w111

: be des1gnated by 6' 8' and 9, respectlvely

The calculatrons have been carr1ed out by using the densrty functional theory [26] v
-~ with the B3LYP functronal [31] and the 6- 31G* basis set, usmg the Gauss1an 98 package :
_— [61] | |

v The model cornpounds of N-methyl-N,N-diallylamine (6‘), N—methyl-? N-ally1-2-, -
. (methoxycarbonyl)allylamme (8" - and N-methyl-N-methallyl-2-
' (methoxycarbonyl)allylamine (9') were optlmlzed for thelr global minima. The transrtlon; ,

structures for ring formation were modeled for the1r various conformatlons dependmg on’
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4. 3) They will be referred to as charr/boat as in earlier calculatlons of hex-5- enyl radrcal B
[66 -73, 95-96]. Frequency calculatrons have been carned aut to canfirm the existence of the

: transmon states by verlfmg for the one 1mag1nary frequency belonglng to the reactlon ’
coardinate. ’ '

| IRC [63 64] calculatlons have been performed on both five and six membered
~ transition states for all the madels of the monomers and these calcldatrons have led to

'statlonary local minima on both srdes The products and reactants were further optlmlzed :

*far their local minima.

~ Natural Bond Orbital (NBO) analysis [44-48] has been carried out on the stationary
structures along the cyclization reaction in arder to charactedie the stabilizing interactions '

' that ‘may be present in these compounds CHELP charges [97] for the compounds of

interest will alsa be dlscussed
‘The activation energies, AE*; free’energies of acti_vatio'n,. AG?, entropies of activation, -
'A_S*,' heats of reaction, AE,, and the free energies of reaetior;_ AG, are discussed in terms R
- of'the cyclization and polyrnerizationefﬁciencies of the monomers of interest (Table 5.1).
_Throughout' the discussion, the numbering Systern'shown in Figure 5.2 has been used.
R o~ Y / \Cs/ o

CH;

Figure 5.2. The numbering scheme used for monomers 6,8 and 9 -

5.2 Discussion



5.2 Discussion

Polymenzatlon reactlons carried out on compounds 6 8 and 9 have shown that 6 and
8 form excluswely 5-membered rmgs in their polymer backbones whlle 9 forms 6-
- membered ring structures [14-16]. Calculations have been carried out on models for the
- monomers to understand the factors that affect the regloselectmty in thelr cychzatlon
.reactlons The transition structures correspondmg to the cychzatlons have shown that 6'
and 8' have formed exo (S-membered) nngs while 9" prefers the endo (6-membered) nng

_ (Table 5.1). These results are con51stent w1th the expenmental hndmgs [14 16]

' Tabl'e 5.1. vEnergetics of 6', 8" and 9' in their radical cyclization reaotions (in kcal/mol) :

Enery 6 &
- [Reactant 0 — o 0
| TS0 54 . ses - 1402
TSew  1L18 1220 1159
| Producte, i 18t o207 375
Productus, - -186 a8 887
A 93 a2 1192
- AS 908 A7 -10.82
1AG .., e 726 1095 16,64
A 115 1470 1400
1 Ao 7.64 o a6 -1.1.67
ASin endo | o -1191 R 1098 . 924
AGrae 1036 160 644
N i 1629 553 686
AAS mioso -0.60 o408 110
'AAG’*endoexo 589 375 -2.64
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Close 1nspect1on of the dlfference in the actlvatlon energles AAE*E (AEe,nd0 - AEN, ), .

 for the 5 and 6-rnembered transition states of the same monomer shows that subst1tut10n

'decreases the energy dlfterence between two paths The AAG’E (AG endo—AG exo) values also

‘ 'reﬂect the same trend as AAE* (Table 5.1). The energy dlfferences between the exo and the

endo tran51t1on structur_es indicate that as substitution on the parent structure_, 6', increases, -
the exclusive exo preference decreases either du_e to destabilization of the exo transition

structure with respect to the endo or stabilization of the endo with respect to the exo.

Capon and Rees havé interpreted the unexpected exo prefer'ence of hexenyl systems
in terms of the activation entropy, AS’E [98] They propose that hrgher stram energy. in the
smaller ring is overcome by the more favorable activation entropy of the exo cychzatron
AAS? (AS endo™ AS* exo) values for 6', 8' and 9' are -O 60 cal/mol K, -1.05 cal/mol K and 1. 10, :
‘cal/mol K, respectrvely (Table 5.1). Although the trend is similar to the one observed inthe
' rmg size preference the changes are too small to account for ring preference ‘For 1nstance
ata very high temperature of 400 X, an energy difference of 1.05 cal/mol X in AS?, would
alter the free energy change only by 0.42 kcal/mol For compounds 6', 8" and 9' although :
the numerical values follow the expected trend, the small AS¢ values are far away from

behavmg as dnvmg force (Table 5. l)

Jul1a and co workers have explamed the exo/endo preference of 1 6-r1ng closures in -

© hex-5 -enyl systems by referrmg to non-bonded 1nteract10ns that may be present in the 6-

membered nng [99]. The exo0 path is favored over the endo for cases ‘where there are

 unfavorable non-bonded interactions between the pseudo ax1al H on G, and the syn H on’

Cyin the endocyhc transttlon structure of hex-5-enyl system ThlS distance i 1s 2 62 A 2.56
: A and 2.53 A for 6', 8 and 9', respect1ve1y Compound 9" has the shortest C--H dlstance
‘ and yet prefers the endo transrtlon structure.. Furthermore these dlstances are too long for af |

: ,' SIgmﬁcant destablhzrng 1nteract10n to occur.

In cychzatlon reactlons of hex-5-enyl- radlcal Beckw1th et al. proposed ‘the
conformatrons of the transmon structures to be 1mportant in- determining the rmg size

’preference [67], Similarly, in  our calculatlons  the conformatlons of the
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’ transmon structures correspondrng to the cychzatron of 6' 8 and 9' are the key factors in-

determrnmg the regioselectivity of the cychzatlon reactions. . The three-drmensronal o

l orlentatron of the transition states will be dlscus_sed in t_h_e followmg sectron to account for
' 'the regioselectivity ohservéd by both experiments and calculations. The transition states
for the cychzatron reactions of 6', 8' and 9" are similar i in many ways to those 1nvolved in -
the cychzatlon of hex-5: enyl radical and N N—drallylamrne and N N-drallylammomum

monomers consrdered in our earlier studles as they resemble chair and boat conformatrons

of cyclohexane 11ke structures (Frgure 42and4.3).
5.2.1. N-methyl-N,N-diallylamine (6)

The global minimum for the ground state structure of 6', R'6 is 1n an extended

structure with anti conformations about the C-N bonds (Figure 3. 3) There is not a
: '51gn1ﬁcant delocahzatlon of electrons from the lone pair of mtrogen to the C-N bonds as
has been reported to be present in its cationic analogues in section 4. The absence of thls :

delocalization can be traced from the C-N bonds being equal to each other (1 465 A)

The conformation of the transition structure has vital 1mportance in understandlng-
- bthe exo preference of the monomer, wh1ch was expected from the Baldwrn s Rules [74].
The exo transrtron structure (TSG'm) is charr-hke with methyl substrtuent on mtrogen in
, the equatorial posmon (Figure 5. 3).In the 6-membered transition structure, the skeleton of
the ring 1s chair-like and equatorial substrtutron is favored as, , observed in 5—membered
transition structure (Frgure 5. 3). Axial orlentatlon of the methyl group on mtrogen and
- axial methyl group on radlcal center destablhze the endo less than the exo because a 6-
_membered ring has a more extended structure and it can accomodate the axial substltuents' 2
»' more easily. Overall, the predominant factor which deterrmnes the stabrhty of the
transmon structures TSG 'exo and TS6'enao OVer all the other transition state confonnatlons

is based on the equatorral preference of the substrtuent on the cyclohexane rrng



TS6', Lo
exo ) TSﬁ._'endo

P6'eyo ‘ . B _ ) . 7 .P6'¢‘:ndo '

Figure 5.3. Global minimum, transmon structures and the products for exo and endo

cychzatlon of 6"



’ In TSG'eio and TS6'endo the C=C drstances have elongated but yet the distances are -
more reactant-hke than product-like. The carbons at the reactmg centers have only partral :

sp° character in the transition state Thus the geometrrcal parameters show that both the
endo and the exo transition states are early ' |

T he Mulhken Bonding Analysrs (MBA) NBO results and CHelp charges also
conﬁrrn the preference for T S6'xo versus TS6'e,,do Mulhken bond orders 1ndrcate the bond

* order of the forrnmg C---C bond to be stronger in the case of TS6 exo (Table 5.2).

- Table 5.2. The Mulliken Bond Orders in the tran_sitioyn,Structures _ |

i . _6' ¥ _ . » 8 ' : 9!
TSe Cr—Cs 0105 0145~ 0163
ISy Cy—C;, 0060 . 0103 009%

v CHelp electrostatic charges (Flgure 5. 3) show that the radrcal center attacks the more |
-electrophlhc site (-0.31 vs 0. 04) of the C=C double bond and leads toa 5-membered _
g ting. The NBO delocahzatron energy of molecular orbitals 1nvolved in bond formation is

higher in the exo transition structure than in the endo (Table 5.3). The stab111z1ng i

: ’1nteractrons for S-membered rrng formation are 55. 79 kcal/mol m TS6' exo and 41 47

kcal/mol for TSG',m'do (Table 5.3). These analyses show that sterrc effects as well as

~ electrostatic effects favor exo cyclization. .

In earlier‘reports on cyclopolymerrzatron of drallyl monomers the endo preferencev E
_was expected because a secondary radical that forms at the endo attack is consrdered tobe
more stable than. the prlmary radical at the €x0 attack [2]. Furthermore a 6-membered rmg
| lls expected to be more stable than a 5-membered one. We have performed calculatrons on
B ‘both 5 and 6-membered products, P6' ., and P6'engo, and have observed this expectatron to -
" hold (Table 5. 1) The endo product is lower in energy than the exo-product by 6.84
t:kcal/mol but the expenmental observation and our calculatrons of actrvatron energy‘

indicate that the stability of the product has no effect on the regroselectrvrty
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. Table 5. 3 Natural Bond Orb1ta1 Analysrs on the exo and endo transition structures (in

kcal/mol) of 6'
| TS6'exo : - Energy_ o TS6'eae . | .Energy .
o K
LPC,;—>BD* Ce=C, 2425 LP C;~>BD*Ce=C, 1759
LP C;~>BD* C=C; 028 | o -
BD Ce=Cr>LP*C; 077 " BDCeC,—>LP*C; 2093
BD CCp>LP*C; 2505 LP*Cy->BD* Ce=C; 295
| LP* Cy->BD* Ce=C; 546 o T o
[sum —mm suM | 4471

Although the Mulhken bonding -analysis and the NBO analysrs can be used 1o
'ratlonahze the preference of TS6",,(o vs. TS6' engo, the three-drmensronal structure of the
transition state is the key factor in explarmng the observed regloselectlvrty In the exo -
transition state, the p-orbital of the radrcal center and the n orbital of C-C double bond
| prov1de an efficient overlap geometry On the other hand, in the 6—endo trans1t10n state, the .
reactmg centers do not have an efficient overlap This enhanced overlap efﬁcrency of the
_5-exo transmon state overcomes the stability of the 6-membered rmg structure and all
“other effects that may favor an endo product. The atom-atom overlap welghted natural -
atomic orbrtal analysis reveals the bond order for the formrng bond to be hrgher in exo
than in endo transition state (0 2539 1n TS6';,° and 0.2087 in TSG'em,.,) Thus, our ﬁndrngs | )

; mdrcate that both the electromc and sterlc effects favor the formatron of the exo structure

, Ina 13C NMR study on polymenzatron of 6, the cis: trans ratio is found to be 5:1 [1 6] :
* whereas, the calculated ratio is 1.6:1 at 25 °C In our calculatrons the quahtatrve trend is |
: obeyed The C=C bond, being anti wrth the C-N bonds provrdes a chair-like geometry to -
the system The pseudo-equatonal substltutron on C is preferred since equatonal

substrt tron 1s preferred for cyclohexane nng In the trans transrtlon structure the methyl
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group 1s in pseudo-axial onentanon and thls destablhzes the system by only 0 27 kcal/mol

In the real polymerlzatlon process, the long polymer cham is on C and hence, this causes -

much more destab111zat10n than in the model system. Thus the calculated c1s trans ratlo 1s
lower than expected ' ~ : : '

- 5'2'_2_; N-methyl- N-al|yle-(methoxycarbonyl)ally_lamirie 8) |

The _initiation reaction of the ester substituted diallyl compounds has been 'found, to |
start from the ester side [14,,15]. This assumption has been tested by modeling the radicals
j .formed after the initiation both from the allyl and the ester sides. The radical that formed
by 1n1t1at1on from the ester side is found to be 7. 40 kcal/mol more stable than the radical -
' that formed by 1mt1at1on from the allyl side. The stability of the rad1ca1 formed by
 initiation from the ester s1de 8, is obv1ously due to the con_]ugatlon between ‘the C-O ’_

bond and the radical.

‘The structure corresp'ondingto _the‘global minimum of compound 8', R8', does not
~adopt an all anti orientation in its backbone as in the case of R6' (F igure 5.4). The radical |
. center, C-O and the oxygen. of ester group are all coplanar as expected for max1mum
delocalization. The methyl group on the ester is syn ‘with the c=0 group. Due to the lack ‘
- of symmetry in R8', the C-N bond_s are not equal to each other as in R6'. 1 ' |

Methyl ester substltunon on N-methyl-N-N-dlallylamme 6, did not alter the

' regloselectlvrty for the cyclization reaction and the exo’ cychzatlon is preferred over the

~endo (Table 5. 1). n TS8' 5., the skeleton of the trans1tron state is chalr-hke (Figure 5.4).

~ The ester group, being bulkler than methyl occuples the pseudo equatonal orientation.

The methyl ‘group on nitrogen is also in the equatonal position. 8' has a charr—hke
transition structure in its 6-membered transition state TS8' cndo> as in 6' (Figure 5. 4) The “
methyl on nitrogen and the ester substituent prefer the equatonal posrtlon as in TSS' exor AS
| in the case of TS6'cxo, the axial methyl group on mtrogen destab111zes the transition state
| less m 1ts endo analogue because the 6-membered ring, being more ﬂemble than the 5- °

" membered ring can accommodate the ax1a1 group much better



~ Figure 5.4. Global minimum, transition structures and the products for exo and endo )

gyClizatioﬁ of 8'



TS5

Both the endo and the exo paths have early transrtron states and TS8 endo is earher

than TSS exo SO that the C—C bond is longer and the carbons at the reactrng centers have'-

more sp character in TSS'mdo The geometrrcal changes in TSS'exo and TS8'cndo 1nd1cate

.that 8’ has a later transition state than 6.

The Mullrken Bondrng Analysrs NBO results and the CHelp charges also confirm - -~
the experimental regloselectrvrty as in the case of 6. The Mulliken Bondrng Analysis. for
“ exo and endo transition states has shown stronger bonding for 5-membered transition .

structure than for 6-membered (Table 5. 2) NBO results show that there is a greater- donor- -

acceptor 1nteract10n in TSS'm, than in T SS'e,',do (Table 5.4). CHelp charges 1nd1cate that
‘the ester group provides conjugatron between the radical center and the C-O bonds The

electron density on C2 is smaller in R8' as compared to R6' As in the case. of 6 the

' preferred site of attack on the C6—C7 double bond 1s Cs, which ‘is- sl1ghtly rnore_.,_e'

' electrophrhc than C,.

Table 5.4. Natural Bond Orbrtal Analysrs on the exo and endo transition structures

(kcal/mol) of 8'
[TS8  Emergy  TS8am Energy
TP C,>BD* G=C, 3005 LPC,—>BD*CeC; 2560
.'LPCZ-->BD*C -C, 066 - S s
B B
[BDCeC,>1prC; 114 ' | |
LPCe—>LP*C, 14397 . BDCeCr>LP*Cy 3922
SoM 1582 soM . 6482

Compound 8 is reported to produce domrnantly the trans product in its polymers

v[14] Our calculatrons account for the expenmentally observed stereoselectivity. The‘

’expenmentally observed actlvatron energy difference for ‘the trans-crs cychzatron is

deterrmned to be 1.07 kcal/mol [14]. We have calculated this energy drfference as

B . . . » . ————nm e . - . - .
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L. 51 kcal/rnol The cis: trans ratio is reported to vary from 10:90 to 34 66 by changmg the |
'temperature in the range of -78 to 180 °C [14]. The cis: trans ratlo is calculated tobe 27:73
at 180 °C.. Decreasmg the temperature to 25 °Ci 1ncreases the trans content to 13: 87. Thus

our calculatrons produce the experlmental trend qual1tat1ve1y

522 1 Stenc Effect of the Ester Group in Cvchzatron The ester group behaves as a- |
bulky substituent on a cyclohexane nng In its’ endo and exo transmon states, it acqurres
the most stable orientation with respect to the ring, ie. the equatorial orrentatron on- C;_.
This causes a change in the skeleton of the ring, such that in 6,lthe‘.cis conformation is the

preferred geometry but in 8 the trans orientation is preferred. .

"The bulky group -causes steric hindrance in both exo and endo ring closures and
steric cr’owding at the reacting sites. This increases the activation energy of cyclizatiOn
because the reacting centers have to undergo more conformatlonal change in attaining the ]
sultable geometry for cyclization reaction at the expense of energy cost. ‘This effect is more
| pronounced in the exo transition structure because a 5-membered ring is less extended than
a 6-membered rrng and can accommodate the ester group less easily. Thus, as a result of
inclusion of the “ester group 'in the parent structure, the activation energy for exo -
cyclrzatlon of 8' is higher by 3.27 kcal/mol than that of 6' whereas thls 1ncrease is only ‘

1. 02 kcal/mol in the case of endo cyclization.
Furthermore if there is extended delocahzatlon 1nvolv1ng the radrcal ‘center in
radical addition reactions, the radrcal center is reported to resist pyram1dahzatron [100] '

" This effect may lead to an increase in the activation energy of 8' with respect to 6.

>5 2. 2 2. Electromc Effect of the Ester Group in Cvcllzatlon Accordrng to NBO ana1y51s

the radical on C, has more stabilizing interactions with the ester side of the molecule than I

the nitrogen. The NBO energies for the interaction of the lone pa1r on C,, LP(C2) with the o

antl-bondrng lone-pair on C of C=0 (LP*) is 128.08 kcal/mol, whereas interaction of
LP(CZ) wrth the antr-bondrng orbital of the C3-Ny bond (BD* (C3-N4)) is 3 52 kcal/mol and .
the mteractlon of LP (N4) with BD* (CZ-C3) is only 0.88 kcal/mol. The radrcal on Cz is
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: delocalized with the ester group as expected Due to these 1nteract1ons and the decreased '

‘ electron den31ty on Cz ( 0.25 vs ~0 31), the radrcal is reluctant to attack the C=C double
bond ' ‘ :

522, 3 Effect of the Ester Groun in Polvmenzatlon In the real polymenzatron reactlon |

. there are a number of reactlons other than cyclopolymerrzauon like homopolymenzatlon
or charn transfer reactrons by H-abstraction from the allylic C. In our calculat1ons these

reactions are not taken into - account. The monofunctronal counterpart of drallyl

compounds, the allyl monomers have low polymerlzatron and thrs was attr1buted to chain =~

'_ transfer reaction by hydrogen The secondary radical that forms by H-abstraction i in chaln

transfer reactions is stabilized by resonance and is reluctant to polymerlze. In that respect,
‘the .chain: transfer reaction acts as a termination reaction. In the diallyl rnonomers, the e
- cyclopolymerization takes,place, ‘overcoming the competing reactions like_H-abstraction '_

and homopolymerization.

Although the diallylamine ‘rnonomer_'6 has low barrier for cyclizatiOn, it i'.s'less
' polymerizable with respect to 8 because it still suffers from H—abstraction' The ester group ‘
may have steric and-electronic eﬁ'ect in d1m1n1sh1ng H—abstractron ‘and thus, enhances
‘ cyclopolymerrzatron The secondary radrcal that forms at C, before cycllzatlon is stab1hzed
by the conjuganon of the ester group and abstracts the H less readrly This i is verified by o
v-the NBO delocahzatlon energies ‘and decreased electron densny on the radical center.
_ Secondly, the ester group may cause bulkiness in’the v1crmty of the hydrogens to be
“abstracted and this may decrease H-abstraction efficiency. Thus, chaln transfer reactlon byv .
H-abstractlon plays an 1mportant role and is more dominant in 6 than in 8 although
' '/ cychzat1on reactron is more facile ‘with 6. This is. also conformed by the allyl C-H bond
lengths in the global minimum which are 1.112 &, 1.106 A 1.109 A and 1.100 AinR6,
“and 1,101 A, 1.102 &, 1.099 A and 1.107 A in their analogues in R8'. Companson of -
) allylic C-H bond lengths in 6' and 8' shows that the C-H bonds are stronger in 8' than in 6'

. drmlmshlng cham transfer reactlon by H-abstractlon
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“In addition, the ester group may suppress hornopolymerization It is known that the‘
monomers whose monofunctronal ~part do not have polymerrzatron tendency increase -
cyclopolymerrzabrhty [131. The functional counterparts of 8 are known to undergo poor

polymerrzatron [14 -15]. Thus, the monomer w1th the ester group has enhanced

" cyclopolymenzatlon tendency than homopolymenzatron which is another competrng o

reactron for cyclopolymenzatron
5.2.3. N-methyl-N-methallyl-2-(methoxycarbonyl)allylamine (9) .

Imtlatron in9 can produce secondary radrcal on both sides of the drallyl compound
and our calculatlons have shown that initiation takes place from the ester site as in the case
| of 8. The secondary radical that forms upon initiation from the ester side (Cz) is found _to :
_be 7.06 kcal/mol rnor_e stable than the structure with a secondary radical at C . Thus, our
calculations account for the presence of the rnethallyl pendant unsaturation encountered in :

. polymers of N-methyl- N-ally172-(methoxycarbonyl)allylamine [15]. . -

The global , mlmmum ' for ' the model ’of N—methyl-N-rnethallyl-Z-_
: (methoxycarbonyl)allylannne (R9') has almost the same three-dlmensmnal structure as the

~ global minimum for N—methyl-N—allyl-Z (methoxycarbonyl)allylam1ne (R8"). The methylv ol ;

I group on the double’ bond does not make any 51gmﬁcant structural change in the
conforrnatron of the reactant. However 1t alters the regloselectrvrty of cychzatron reactron , :
. in9". Th_e energy barriers on the model structure of 9 have showed endo preference which

is in accordance with the experimental results [15].

The Mulhken Bondrng analysrs 1ndlcates a stronger bondmg for the exo transrtlon o
) structure than the endo (0.163 vs. 0. 098) and 11kew1se the NBO stabrlrzatron energy is
“higher for TS9'm (216 22 kcal/mol) than for TS endo (134 78 kcal/mol) (Table 5). These:

. findings support the formatlon of stronger bondrng in exo rather than in"endo transrtron_

vstate contrary to our expectations and the expenmentally observed regloselectrvrty [15]
However, CHelp charges show that the radrcal prefcrs to attack the more nucleophiilic site

| (C7) of the c=C double bonds. These analyses indicate that the observed regroselectrvrty is |
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not purely directed by electronic effects In TS9'exo the reactlng centers may form the C-C*
bond more effectrvely, but at a higher energy cost due to the steric effect of substituents on

' 'C"C double bond. Hence, the transmon structures and their energies are much better
mdrcators of regroselectrvrty

Table 5.5. Natural Bond Orb1ta1 Analysrs on the exo and endo transrtron structures of 9'

(Energles in kcal/mol)
189 Energy  TS9mm .  Energy
a ’ o« _
[LPC,>BD*C=C;, 4444 T LPC,>BD* Ce=C, 2436
B | B T
[PC,P*C, 17178 IPG, >iP*C; 11042
[som a6z sam 13478

~ The geometry of the transmon state, TS9 endos 1S srmllar to TS8' endo- THE. methyl |
substituent on nitrogen is 1n the equatonal orrentatlon and the C—C bond is directed such , '
that the ring has a chair-like geometry As in the case of TS8'cndo, the bulkrer ester group g
occupres the equatorial position at C,. Methyl substltutlon on the c=C bond does not alter'
its axial- Vs, equatorlal preference and the charr—hke geometnes of TS6'em'1o and TSS em,o

are preserved in TS9 gndo. '

In TS9'e,o, the geometry of the ring is boat—hke contrary 1o 6' and 8' The ester

. tgroup occupies the pseudo-equatorral posmon as in Tss exo- In TS9'e,.,, the favoredv

| _ conformatron of the C—O group is due toa stablhzmg mteractlon between the oxygen of -
. C=0 and the H on C; at a distance of 2.391 A C; is in an axial-like onentatlon In TSG exo0
. and TS8'exo, the pscudo equatorlal onentatron of C=C was preferred, but in the case of
- TS9'ex.,, the methyl substituent on the C—C bond occupres the equatonal posrtron since 1t is

| shghtly bulkrer This has caused a boat-like transmon structure for TS9Y'exo.
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 Figure 5.5. Global minimum, transition structures and the ptoducts for exo and endo

_ ?;yclizations of 9"
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. 5.2.3.1 Effect of Methyl Substitution in Cyclization. -We have eXplained "the exo-‘ _
preference of diallylamine compounds marnly by the more favorable overlap efﬁcrency of .

. the reactmg centers 1n the exo transition structure In the l1terature there are examples of

compounds that undergo 6-membered rrng formation as substrtutron on double bonds
_increases [67] The ﬁve membered rmg formation is explained by kmetlc control of the
reaction and the srx membered r1ng formation by taking steric factors and stablhzatlon of _.
6-membered radical 1nto consideration as in experrmental studies on 8 and 9. However, -
: our calculatrons show that in the case of 6', 8 and 9', the expenmentally observed' :
regioselectivity is due to lower actrvatron barrier of the cyclrzatron reaction. Also the 6- |
membered product of 9" is 12.62 kcal/mol lower in energy than the 5-membered product.
Although the 6-membered products are lower in energy than the 5-membered along the

polymer1zat1on of 6' and 8', the observed regloselectmty is exo and the kmetlc factors

'dommate in the ring size preference

The geometry of TS9' s, 1S dlfferent than the transition structures located for hex-5--
enyl [67] and drallylarmne analogues modeled in our previous sections. In those cases, the
reacting centers have optimum overlap efficiency i in exo. geometry The favorable overlap _b

efﬁcrency of the exo cychzatron overcomes the factors favoring the endo path, such as the |

stabrhty of the 6-membered ring, the strain in the 5-membered product and the less stable R

primary radrcal that forms in the exo cychzatlon However as substrtuents are 1ntroduced .
: to the parent system, as in the case of 8' and 9', the ﬁve-membered ring can hardly form,
because the subst1tuents at the reacting centers mterfere and prevent cyclization. Thus, m
9, as'in radrcal addition reactions to alkenes, the radical prefers the unsubstrtuted site for
' ‘attack [101]. The relatrve rates of cyclrzatron in hexenyl analogues show that as | k'
| substltuents on the C=C bond or the radical center increases, the relative rate of endo
: cychzatron tremains almost unaffected (Table 5 6) However the rate of exo cyclrzatron is
' affected much more than endo cyclrzatron In th1$ study, we observe a srmrlar effect The
geometries of the transrtron states TS9' exo and TS engo show that the methyl group on the
double bond promotes steric interaction. In TS9' o, the five-membered ring can hardly -
' accomodate the two substituents; methyl at Cq and ester at C,, thus, the destabilization is

carried in-the exo rather in the more extended endo transition structures. As a
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result the activation energy for the exo cychzatlon of o is much higher than that of 6' and

8, whereas the activation energy of 6', 8' and 9' in the endo cychzatlon is almost the same
“in all (Table 5.1). '

Table 5.6. Relatiyerates for cyclization of hexenyl analogues [67]

kexo ’ L kcndo
L R Y )
1.4 - 0.02
S o002 004
N , | ‘
» 0.0002. 0.02

5.2.3.2. Effect of Methyl Substitution in Poltlmerizahility In the cyclopolymerrzation'of 8

the cyclization step is reported to be rate-determmmg by ESR studres [102], SO the -
activation energies related to the cychzatlon step -are cruc1a1 in comparmg the
’v cyclopolymerlzablhtles of the monomers The polymerization of 9is reported to be slower
than 8 [14- 15] In accordance with the expenmental observatrons the actlvatlon energy of:e
cyclization for 9" is higher than 8'. This is expl_amed and demonstrated by the increased .

_ steric effect of the methyl group in Cylization. '
5.3. Concluding Remarks

In thls study, the cycllzatron reactrons of 6' 8 and 9' are studled as models for the

: cychzatlon teaction that takes place in the cyclopolymenzatron of monomers 6 8 and



9. The calculated ‘activation’ energres for cyclization- have been used w1th success 1n-

’ B explammg the expenmental reg1oselect1v1t1es The exo vs: endo preferences of the models

are rat10nal1zed by taklng into account dlfferent factors such as stenc electrostat1c effects -

and entropy The favorable entropy dlfference is shown to be 1nsufﬁc1ent in explalmng the.

regloselectmty and sterlc effects seem to dominate the electrostatlc effects '

: The regioselectivity 1s governed mostly by the steric effects of methyl and ester

: vsubstltuents Concluswely, the observed regmselectmty is malnly due to factors that cause

destablhzatron in the exo transmon states and that do not favor the exo cychzatlon Thrs o

‘conclusron is drawn by almost unchanged reaction barrler m endo cychzatron and
increased activation energy in exo cychzatron by substltutlon_. The experimental

stereoselectivity has also been reproduced by considering the transition state geometries.

_ The -methodology and the models “used have enabled us to reproduce the
experlmental results whose mechamst1c details had not been clanﬁed earlier. We have
been able to rationalize the substituent effect on the regioselectivity of the cychzat1on of

B d1allyl denvatlves Finally, the fact that the cychzatlon barriers are not in agreernent w1th

' the rates of the cyclopolymenzatlon has led us to consider the expected 31de react1ons The

strength of the o. C-H bonds has been con51dered Itis shown that the a C-H bonds are
L stronger for ester substltuted monomers ThlS prevents the effectrve H-abstractlon thus.
~ decreases the efﬁc1ency of degredatlve cham transfer, which acts as termmatlon reactlon in
' - cyclopolymerization. The intermolecular reactions constltute the scope of Sectlon 7 where |
the homopolymerlzauon and H-abstract1on react1ons of diallyl monomers have been

dlscussed.
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. 6 MODELING TI-IE CYCLOPOLYMERIZATION OF DIALLYL
'} | ETHER AND METHYL OL-[(ALLYLOXY)METHY L]ACRYLATE

In- previous sectlons cyclopolymenzatlon of vanous dla]lylamme andw a

draltylammomum monomers have been studied. In thrs sectron, the study is extended ta B
dlallylethers namely, diallyl ether (10) and methyl oc-[(allyloxy)methyl]acrylate an (Figure

6. 1) Experrmentahsts have tried different means of controlhng ring size, reaction yield and .

| cyclization efficiency, k./k;, where k. and k; are the rate constants for cyclopolymerlzatron ‘

‘and homopolymerrzatron, respectrvely As mentioned earlier, usage of monofunctional

moieties that do not homolymerlze is reported to faclhtate cychzatron by suppressmg

homoponmerrza‘uon [13]. In most of the cases, the ponmerrzatron of non-symmetncal' '

diallyl monomers ‘was governed by the non—allyl counterpart [17] The non-allyl o

monoﬁmctronal counterpart of methyI a—(aIIonxymethyI)acryIate (I 1) (Figure 6.1), namer - )
»alkyl oc-propoxymethylacrylate is reported to have high homopolymerrzatron [18] In that _ '
' respect, monomer 11 was not expected to have a hrgh cycIopolymenzablhty but the
~ experiments did not confirm these predrctlons Almost complete cychzatlon and high radrcal

| ponmerrzabrhty of monomer 1T even in bulk was observed [18, 19 The experimentalists

tried to explam the high cychzatron of 11 by the conformatlonal preferences favoring - |

cyclopalymerization [19] but their attemps have been mconcIusrve [6]. S

S

kR '

. Monomer - R

0 H
‘11 COOCH;

. Frgure 6.1. Diallylether monome'r‘s‘ 1‘0’ and. 11

In cyclopolymerrzatron the ring size of the cyclic species has been of interest. The .

regloselectlvlty in radical cychzatron reactrons is reported to depend on the substrtuents on



< In cyclopolymenzatlon the ring 51ze of the cychc specres has been of’ 1nterest The L
reg10se1ect1v1ty in radical cycllzatron reactions is reported to depend on the substrtuents on -
| ‘the double-bond and on the backbone [67]. Thompson et al. state [19] that ‘the five- 3

- membered r1ng formatlon of 11 is not common as compared to other eyclopolymenzatron .
| studies [35] Monomer 11 is reported to form exclusively S-membered ring in 1ts o
polymerization although a 6-membered ring would be- expected [18] The diallyl ether : |

'monomer 10 (Flgure 6. l) 1s also reported to undergo cyclopolymenzatlon react1on w1th 5-

’ membered nngs on its backbone [21.

In this study, the cyclization of monomers 10 and 11 in their cyclopolymerlzation
" mechanism has been modeled to account - for their cyclopOlymerizabilities. The
conformational preferences of the monomers prior to 'cyclization have'been explained and
" their effect in cychzatlon have been demonstrated ‘The transition structures leadmg to 5-
. membered and 6-mernbered rings have been - located and, thelr energetrcs and three ‘
_d1rnen51onal geometnes “have been discussed to account for . the regloselect1v1ty of
cyclization of these monomers. - Stereoselect1v1ty of monomers have also been consrdered
The effect of ester substltutron has been 1nqu1red and ﬁnally, the expenmental data has

_ been compared wrth the calculatrons
~ 6.1 Methodology

To model the cychzatlon reactlons of monomers. 10 and 11 in -their
1 cyclopolyrnenzatlon reactions, a model compound is used to 31mp11fy the long polymer
chain as in our earller studres [95, 96, 103] The model compounds for 10 and 11 wrll be

desrgnated by 10" and 11'.

The calculatlons have been carned out by usrng the densrty funcnonal theory [26]
wrth the BJLYP methodology [31] and the 6- 31G* basrs set, usmg the Gaussian 98_
o package [61]. In the drallyl and d1allylammomum analogues of 10 and 11, we have

successfully reproduced the regloselectmty and other avarlable expenmental data by usmg

~this methodelogy.
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search is done with the semi- empirical PM3 [24 25] method'and the lowest 20 conformers
have been: thlmlzed with BBLYP/6-3 lG* In addition to the global mm1ma, the reactants
that are cyehc in thelr ground state and in a very sultable geometry for cychzatlon have also v :

been lacated. These rotamers whrch resemble the transition states wrll be referred to as

reactrve rotamers asin prevrous sections.

The transrtron structures for the cychzatlon reactlons of the model compounds 10' S
‘_and IIr have also been madeled. Various. conformatlons of the transition structures,
depending on ring size and ring geometry have been located. One 1mag1nary frequency

. belonging to the reaction coordmate has confirmed the validity of the transition state.

| Intrinsic Reaction. Coordlnate (IRC) [63, 64] calculatlons have been perforrned on
both five and six membered transition structures. The stationary pomts obtained in this way:
were further optmnzed The geometrres obtained by the DFT theory have been shown to. be |
adequate [95, 96, 103] however, the energies were further 1mproved by usmg higher level of
calculations. MP2/6 31G* optrmlzatlons have been performed on the B3LYP/6-31G*

geometrtes of gIobal minimum and transition structures of I(Ir

Natural Bond Orbltal (NBO) analysis [44 48] has been performed on the reactants :

and transmon structures.

The energetics for cyclization, the activation energies, AE, free energies of activation,
AG, entmpres of aetwatmn AS?e heats of reaction, AEm, and the free energres of

reactlon AGm, have been also reported These ﬁndmgs will ‘be- drscussed in terms of

| polymenzatlon efﬁcrencres, regloselectmty and stereoselectwlty of the monomers The

 effect of ester substltutlon will also be explamed The calculatlons w1ll be compared w1th the L

a.va_llable expenmental data. |

The numbering syste'm shown in Figure 6.2 will be used in thefoltbwing discusston.



The numbering System shown in Figure 62 Will_be used in the following discussion,
1\ ' h 7 . |
3 5 z
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Figure 6.2. The numbering scheme used for compounds 10 and 11 B
6.2 Results and Discussion ‘
6.2.1 Diallyl Ether (10)

The model compound located as global minimum for the model of drallyl ether

GM 10, (Flgure 6.3) is in an extended conformation. This conformatron allows strong |

hyperconjugatlve 1nteract10ns from the lone-palrs of oxygen w1th the partlally ﬁlled p

orbital of the radical and the n—bonds to the corresponding antrpenplanar antlbonds These .

effects are demonstrated by NBO calculations in Table 6.1. Tn the global mlmmum the" s

allyl srdes are very much lrke the1r three-dlmensmnal structure in the transmon state but

the ring-like structure is dlstorted by rotation around the C-O bonds If the C5- C6 and C3- . o

‘ ‘04 bonds were anti to each other, the structure of the molecule would be more extended :

but the hyperconjugative 1nteractrons from the lone pairs to the antlpenplanar C2-C3 and

: CS C6 bonds in the global minimum would be d1m1mshed

The reactive rotamer of 10, RR 10, (Flgure 6. 3) obtamed from the IRC

,_calculatrons has also been studied. The 3-dimensional structure of this rotamer 1s srmrlar to .-

its transrtron structure The reactrve rotamer is only 0.88 kcal/mol higher in energy than the

'global minimum and the barrier for rotation can'easily be attained under the reaction

conditions by free rotatlon around single bonds. The presence of oxygen as heteroatom in

the ring causes the reactlve rotamer to be closer in energy with respect to fhe global ‘

- minimum and this will be demonstrated by NBO analysrs done on both conformers
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'GM;IO' o - S 'RR_10'>

Plﬂ'm‘ '

Flgure 6.3. The global mmlmum, reactlve rotamer, transmon structures and products for ;

endo and exo cychzatlon for the model compound of diallyl ether (10')



Table 6. 1._Th§ NBO stabilization ene_._rgies (kcal/mol) of the reactive rotamer (RR_I.O_") a‘nd'» o

 the global minimum (GM_'10")

| Donor-Acceptor B - RR_iO' v — GM_ 10'
LP; (0) 5 BD*C,C; 066 098
LP,(0) > BD*C:C;, | 679 | 64l
LP, (0) > BD*Cs-C i ez

| O Ry e — 6.93 B AT
LP,(0) > BD*C;H, = 200 | 1._69».‘.

- | LP,(0) > BD*C,H, | 401 T 518
LP,(0) > BD*CsHy | 076 YT
[Ih©)>BD'CHE, 062 T 068

[LP (O >BD*C;H, | 150 143

[P, @ >BD*C:H, | 546 T
LP, (0) > BD*Co-Hy — 0 | 212
Ip,(0) > BDCH, | = 447
P C, > BD*C;H, | 035 ‘ 0.93

[P >8P, | 4 | 4ss
PG, >BD*C;O, | 434 | 23
BD, Ce=C; ¥ BD*O,C; | 226 249
BD, CeC, SBD*0sCs | 235 250

In Tablé'6 1 the hyperconjugative'.interactions from the'lone-pairs n—bonds and half-

~ filled p-orbltal of the radical are considered. It is 1mportant at this point to recall that a .

hypercon] ugatlve interaction 1s maxnmzed when the donor and acceptor molecular orbltals

are on the same plane. These mteractlons 1nvoke the anomerlc effect where the donorisa

bondlng orbxtal and the acceptor is an antlperlplanar antibonding orbltal [104] The donor-» t

acceptor stab1hzat1ons have shown the hyperconj ugatwe interactions to be strong in both

“conformers for 10'. However, there are two mteract_ons in RR_10' that are lost in global ‘

. minimum (GM_10"). One of them is from thé lone pair of oxygen to the antiperiplanar
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' vantrbondmg orb1ta1 of CS-H (LP7(0)9BD"‘ C5-H) wrth a stabrhzmg 1nteract10n of 5.46'

" keal/mol. In the reactive rotamer (RR _10") there is an interaction of 4.34 kcal/mol from.
~the radical center to the C3-04 bond while the geometry of the global minimum (GM_ |
0') allows only a 2.33 kcal/mol of stabilization. This kind of hyperconjugatlon has been

reported to be important in the stereoselectmty of pyranyl compounds [105, 106] The -
other interactions are almost in the same order. When the whole system is considered, the
total donor-acceptor interactions are hrgher for the reactive rotamer (197 14 kcal/mol) than _ |
for the global minimum (195.07 kcaI/mol) These 1nteract10ns suggest that the donor-
accceptor stabilizations are max1mlzed in the reactive rotamer and they stablhze the

~ system, even rnore than the global mlmmum and overcome the strain energy 1nduccd by

the cychc structure to a great extent. Thus, the energy of the reactive rotamer is only 0.88

_kcal/mol hlgher than the global mlmmum

It is well known by anomertc effect that thc hyperconjugatlon is often accompamed_
by changes in bond length [104]. In compounds RR 10' and GM 10' there are -
hyperconjugatlve interactions in both d1rect10ns so there is no net bond shortemng in the :

‘ donor bond and bond Iengthemng in the acceptor

~ In sectlon 4, the dlallylamlne and dlallylammomum monomers have been con51dered
and thelr reactlve rotamers as well as their global minima have been located The reactlve '

rotamer was found to be 1.3 kcal/mol and 2.5 kcal/mol above the global mlmma in N- - |

methyl-N-N-diallylamine (6) and .in . N, N-dnnethyl N- N—dlallylammomum 3).

respectlvely The total donor-acceptor interactions calculated by NBO are 218 3 kcal/mol.
' mthe reactive rotamer and 213.4vkca1/mol in the global minimum of 6. In, the N, N-
' dimethyt,N-N—diallylammonium (3), these interactions .are- 223.35» kcal/mol and 224.17
kcal/mol' respectively. 6 has more donOr-acccptor interactions in its reactive rotamer than

1n its global mrmmum Whereas, in 3, the reactive rotamer has even less’ donor-acccptor‘

’ 1nteract10ns hence a sterlcally unfavored ring-like conformer isata higher level. These’ , o

.. findings suggest that the ring strain is overcome by the more favorable conformation for
bhyperconjugattve 1nteract10ns Hence, the relatlve energy of the ring-like structure w1th-

respect to the: global minimum is higher i in cases where thls type of 1nteract10ns are absent



| Later we w111 demonstrate that the hyperconjugatlon is also 1mportant in the facrhtatlon of ‘
o transrtlon state as well. '

A semi- empmcal search w1th PM3 has also been conducted on the drmer geometry '
The structure corresponding to the global minimum for the drmer has a 3.35 A of C--C-
N bondmg distance in cychzatron Another conformer which is only 0.15 kcal/mol thher‘
~“than the global minimurh has a C--C bonding distance of 3, 24 A, These results show that |

the presence of the oxygen in drallyl compounds allows ring-like conformers to be at a

relatively lower energy level facrhtatmg the cychzatlon '

6.2.1.1. The Transition Structures for 10". In our earlier reports, the conformations of the

: transrtlon states rather than the stability of products were demonstrated to be the key pomts

in determmlng the regroselectrvrty of the cycllzatlon Thus, the conformatlons of transmon -

states as well as the exo vs endo closure preference. of the monomers 10’ and 11" have,

been discussed. They have been reterred to as chair and boat.

" 10' has shown exo - preference (Table 6. ’7) As mentloned earher 6-membered
products are expected to form in general due to higher rmg strarn in S-membered rings.
'Furthermore in cyclopolymerization, the secondary radical, that forms by endo cychzatlon -
" can also be expected to be more stable than the pnmary radical that forms by €X0. nno ‘
closure Addltlonally, the radicals prefer to add to the least substrtuted carbon of. the |
- double-bond [101]. However, 10' undergo exo ring closure desplte the factors favoring

~ endo nng formatlon

~ The difference between the activation energies of the exo and the endo transition
' states of 10' 1s 4 92 kcal/mol, demonstratlng the experlmental exclusive exo preference
- (Table 6.2). The exo preference of the diallyl monomers in cyclization was 1nterpreted to

be kmetrcally controlled [6].
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‘Table 6.2 Theenergetics of cyclization for model comp_ounds 10' and 11" in kéal/iﬂol -

| T YO
-| Global Minimum (GM) T 0 : B — ) 0 -

: ReactiveRotamer(RR) ,. 0.88 o o 0.68’

[ TSue o sm o e
| TSendo R . 1025 1208
Product-exo . S <1351 - 216
Productfendo' R .. C 2007 , . -849

The transmon structure of exo ring closure, TSlO‘e;Q (Figure 6. 3) is an early
~ transition structure which is typrcal in " cyclization reactions. Along the reactlon :
coordinate, the C=C double bond has lengthened by 0.036 A in TS10'., and the coc
“angle decreases from 113.9°in GM_ 10" to 108.9° in TS10',,,. The ring in TS10'e5, has a
- chair-like geometry C1 behaves as an equatonal substituent on a cyclohexane nng The |
btransmon state with axial Cl is only 0.28 kcal/mol higher in energy than TS10'e,. The
destablllzatlon by axial subst1tut1on is small because in the axial orientation, the methyl
.v'vgroup is' not exposed to- sterrc interactions. In the real polymerrzatron process the long
polymer chaln can cause much more steric hindrance than the methyl group in the model
and the axial substitution may be more destab1llzed w1th respect to equatorlal substltutlon |
The transition structure for endo ring closure (TSlO'e.,do) has also a chair-like geometry It _

| is 4 92 kcal/mol hlgher in energy than TS10'exo

The exo selectlvrty of diallyl compounds has been shown to depend on the backbone
| Lstructure and on the nature of subst1tuents on the C=C double-bond [67]. In our prevrous ﬁ
sect1ons on diallyl amrne and drallyl ammonium monomers, it has been shown that 5-

| 1 membered ring formatlon is facrhtated due to the favorable overlap efﬁmency and the.

v.regloselectrvrty is mostly governed by steric factors rather than the electronic factors. The

| regloselectlvrty of cyclization i 1n 10' is typical for radical cycl1zat10n of simple systems. In
. the ex0 transmon structure the p- orbltal on the radical center is colinear w1th n—orbltal of

the the C—C bond prov1dmg a very efficient overlap geometry Thrs colmeanty in overlap_
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is considered to have the largest effect in regloselectmty Electrostatlc effects also d1rect s
the exo attack of the growing radical. The radical prefers to attack the more electrophlhc_
site of the double-bond (-0.28 vs. ~0.08). In this system, in addition to the electrostatic

-effects, there are hyperconjugatlve interactions in the transition states whwh can be tracedA ]

by the NBO stablhzatlon energles In the rmg—hke structure of the transmon states there -

are stabilizing hyperconjugatwe 1nteract10ns as in the reactive rotamer (Table 6. 3)

jl‘able 6.3. ‘The NBO stabilization energies (kcal/mol) of the vtransitiyon-states‘ of 10" -

Doner-Acceptor' v -~ TS10',, - -TSIQ'endo |
LP; (0) > BD*C,; G _ - 150 | o
LP; (0) > BD*C-C5 - 479 139
LP, (O) > BD*Cs-Cq | 185 | 087
[LP;(0) > BD*Cs-Ce T 511 ~6.02
LP; (O) > BD*C;-H, B 086 | 204
LP, (0) > BD*C, H, 667 | 428
LP,(0) > BD*CyHy 136 | 135
LP, (0) > BD*CrHy T
P, (0> BD'CsH, | 0% | 140
TP, (0) > BD*Cs-H, T 712 | »
LP; (0) > BD*Cs s T 139 151
I,(0) > BD'CoH, . | - T 455
LPC,>BD*C:H, | o3l
[TPC, > BD'CoH, T 29 | 33l
IPC,>BDC:0, | 437 | 210
[BD; Co=C; > BD* 0+-Cs o | -
[ BD,Ce=C; > BD*0,Cs 449 | 7168
LPC, - BD* CoCr oo 22 19.56
BD CoCy S 1P G, T 2644 | 21s2
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The three dlmens1onal geometnes of TSlO'm and TS10' g0 allow dlfferent",,

hyperconjugative interactions to take place. The total donor-acceptor interactions are v. N

267. 57 kcal/mol and 238, 38 kcal/mol in the exo and endo transition states, respectlvely

- The NBO energles show that in addition to the overlap efﬁCICncy of the exo transmon' o
~ state, it is also stabilized more by the hyperconjugative lnteractlons allowed by the exo
geometry One of the most mgmt’ icant contnbutlon to this energy difference is from the
interactions at the reacting centers: LP C2->a* (C6=C7) and & (C6=C7) > LP* C2. The' ‘
effects that lower the strain energy of RR 10’ are also present in TSIO'W, and stablhzmg L O
interactions from the lone pairs of oxygen to the ant1bond1ng orbitals of C3-H and C5- C6»
_ bonds are more s1gn1ﬁcant Thus, the hyperconjugatlve effects Whlch may be expressed as
 a facilitation of the transition state may decrease the bamer for cychzatlon Furthermore,

 the regioselectivity may also be affected to a great extent by the hyperconjugative effects.

In diallylamine (1), the barrier for cyclization has been calculated to be 7.3 kcal/mol..
: Comparison of this barrier with that of 10" shows that the presence of oxygen enhances the

cyclization, because the ring-like geometry in ether analogs allows more hyperconjugation. -

6.2.1.2. Stereoseleetivitv in Cvclization.‘ The ring closure of the model compound 10' has

- been reported to favor cis product and the rates of cis product formation over trans,

Keis/Kicans, have been found to be experimentally 2.3 at t=65 °C [107]. Our calculations have

) reproduced the cis preference in cyclization. The cis-trans -energy difference is 0.28.

kcal/mol. This ratio IS calculated to be 2.2 at =25 °C with the B3LYP energies. The cis

preference in cychzatlon can be explained on the basis of chair-like transmon states. C1
behaves as a subst1tuent on a cyclohexane ring, preferrring the stencally less hindered

equatorial position. The cis-trans energy dxfference is quite small because the ring has no

'substituent s0 as to cause strong steric repulsion of the axial substituent.

| '6 2.1.3.  Comparison of Cychzahon Rate Constant w1th the Expenments The actlvatlon v

' ‘energy for cychzatmn of the model compound, 10" has been determmed as 4.1 kcal/mol by, "
s'expenments [108] “This bamer has been determmed to be 5.33 kcal/mol with B3LYP/6-
31G* calculatlons The PMP2 optlrmzatlons of B3LYP geometrles of the global mlmmum



of -Teactant and the exo transition state 'decreases the ‘barrier to 3.82 kcal/mol The N

expenmental pre-exponential factor is 9.64 and the calculated value is 10.92, in good

agreement with the experiment, The calculatlons refined by PMP2 optlmrzatrons of the

B3LYP geometnes with the 6

activation energy

6.2.2 Methyl a-(allyloxymethyl)acrylate (11‘) .

. The site of initiation produces either a tertiary radical if the intiation takes place -

from the methacrylate site or a secondary radical if it proceeds from the allyl s1de In the

study on amine analogues of 11, namely N-methyl-N-allyl-2- (methoxycarbonyl)allylamme) '

(8),itis shown that untratron starts from the ester side. In the diallyl ether compounds the

_mrtlatlon is assumed to take place from the methacrylate side, based on experimental

'observatlons and calculatrons [18 19].

Monomer 11 methyl a-(allyloxymethyl)acrylate - has ‘_ surprisingly hrgh |
polymerrzatlon efficiency even in bulk. It has been stated by Thompson et al. that the |
' prefened-conformatmns of the ether 11nkage may play an 1mportant role in this system o N
~ [19]. Many attempts have been made to 1dent1fy group preassoc1atron and/or o '

conformational preferences favonng cyclopolymenzanon [19] however the results have”

been 1nconclusrve [6].

' The three-dimensional structure for model of 11 has been determined for its global
' minimum and the reactive rotamer has been located. The conformational preferences of

- the monomer and the effect of oxygen in attalmng the stralned cyohc~11ke structure prior to - ‘

cychzatlon w111 be dlscussed

In the global minimum, GM_lll (Figure 6.4) the allylic side is in a ring-like

- geometry as in GM 10'. The C6-C5-04-C3 dihedral of 71° was preferred over 180°, not

. satisfying the expectatrons of the anti bemg more stable than the gauche. Thrs geometry

allows gauche onentatlon of the lone pairs on ether oxygen ‘with the C5-C6 and CS-H :

-31G* basrs set are successful to reproduce the expenmental -



| .bonds On the other hand, one of the lone-pairs of ether oxygen is antlpenplanar to CS-H ‘

and C5-C6 bonds, respectlvely The donor-

are 7 66 kcal/mol from the lone

mteractlons are l 16, 7 24 and 6 62 kcal/mol, in the anti onentatlon of the C6- CS O4-C3 -
d1hedral respectively. The energy of this conformer is only 0.42 kcal/mol higher than o

GM_ 11 because in this § geometry the lone

prov1d1ng a very efﬁ01ent geometry for delocahzatron of the radical center and the ester

group The C2-C3 bond i is in anti orientation with the 04-C5 bond, with antiperiplanar

lone-pairs with the C3-H bond. The total donor-acceptor interactions assoclated to these

bonds are in the order of 7.31 and 721 keal/mol. (Table 6. 4) Gauche onentatlon of the C2-

c3 and 04-C5 bonds would generate a ring-like geometry with steric interactions. The

sum of all the donor-acceptor interactions in the global minimum is 706.77 kcal/mol.}

The energy of the reactive rotamer, RR_ 11', is only 0.68 kcal/mol hlgher than GM :

11’ although steric hmdrance is introduced in the system by the ring-like geometry and the
ester group (Table 6.2). The steric effects of the rlng-hke geometry are reheved to a certain n
extent by the hyperconjugatlve effects in the molecule The allyl side of RR_ 11' has -

- .almost the same geometry and the same kind of hyperconjugative mteracttons as in |
- GML_11". On the methacrylate side, the lone-pairs on oxygen are almost antlpenplanar to
the C3-H and C2-C3 bonds with donor-acceptor interactions of 5 31 and 7.80 kcal/mol, .
respectlvely (Table 6.4). The methacrylate side allowed more-donor acceptor interactions -
betyveen the lone-pairs of 'oxygen and antiperiplanar bonds. The sum of all donor—acceptor A .

interactions' is 702.95 kcal/mol in RR_ 11", which is almost equivalent to the interaCtions'

inGM_11".

acceptor interactions allowed by this geometry R
-palr of oxygen to the antlbondlng C5 C6, 6. 39 kcal/mol to _ : v
the antlpenplanar C5-H bond and 1.53 kcallmol to the other C5-H bond (Table 6. 4). These . |

-pairs on oxygen are antlpenplanar to the C5-H _
‘bonds, thus, the interaction with the C5-C6 antibond is diminished and cOmpensated bythe .

C5-H 1nteract10n The methacrylate side of the molecule is in an extended conformation,



. . 971

Py | ‘ P11',,,d.,_' ,

Flgure 6 4. The global mmlmum, reactive rotamer transmon structures and products for

' endo and exo cyclization for the model compound 11'
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Table 6.4. The NBO stablhza’uon energies (kcal/mol) of the reactive rotamer (RR_11' ) and
the global mmlmum (GM 117)

Donor-Acceptor - - | 1 . RR‘ 11’ _ T GM 11' »
LP, (0) > BD*C,C; 026 | 1.25}
LP, (0) > BD*C,.C; _ ‘ L7 —
LP; (0) > BD*Cs-Cs 085 | 0091
LP,(0) 2 BD*Cs-Cs | 703 T 675
LP,(0)>BD*CG:H, | 222 | 12
LP,(0) >BD*C;H, | 308 | 6ol
LP, (0) = BD*CyH, T 12 [ 10
LP,(0) > BD*CG;H, | o7 611
[P (0) S BDCH, BT T 163
LP,(0) > BD*CsH, 453 T 496
[P, (0) > BD*C;H, | 47 153
[Th,©)>BD*C:H, S |
[PC,>BD*GoH, | - | 31
TPC, > BD*CoH, | 315 | 305
|tpc, >BD* G0, | 4m™ | -
BD, Ce=C; > BD* 0;-C; T 027 T -
| BD, Ce=C; > BD* 0,-C; 535 T 5.17
IPC,>IP*C, | 1839 13416

]The thrée-diinensional structures Voyf RR_ 11' _and. GM_ 11’ allbw _diffevrentu
stabilizing interactions (Tablé 6.4). vFor exafnple, tk}ere is an interaction of 7.54 betWeén
the 1§ne pair on ring oxygen and C2-C3 bond (LP, (O) > BD* (C,-Cy)) in RR_ 11"
Whéreas such an'inte.ractidn does not exist in GM_ 11'. The interaction from the lone pair-
.o‘h radicai center tb the antibonding C3-04 bond (LP (C,) - BD* (C3-O4)) has also
diminished in GM_ 11' whereas it is 4.79 kcal/mol in RR_ 11'. On the other hand, the
3.11 kcal/mol of 1nteract10n LP (Cz) —) BD* (C;-Ha) of GM_ 11' is not present in RR
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o

the ester group in GM_ 11" allowing a greater stabilization. These 1nteract10ns show that
the extended structure of the GM 11

w1th respect to the sterically stramed cychc-hke structure of the RR 11"

6. 2 2. 1' The Transition Structures for 11'

11 has shown exo preference over the endo in
both calculatlons and expenment (Table 6.2). The endo preference has been expected due
o several reasons mentroned earlier. Additionally,
ratio of 44: 56 for ethyl ester substltuted 5-hexeny!, which has a structure similar to. 11 [67].

, It has also been reported that the substrtuents that lead to stablhzatron in the radrcal center
result in endo preference [109]

_ The overlap efficiency of the eX0 geometry over the endo is still effectlve in exo

: preference of 11 In general the endo barrrers calculated in prev10us sections are w1th1n a

range of 10-12 kcal/mol. The energy of the endo transition structure of 11" is also w1thm S

this range (Table 6. 2). As in N-methyl-N-allyl-2- (methoxycarbonyl)allylamme) monomer,

drscussed in Sectron 5, the ester substrtuent destabilizes the exo transition structure much

more than the endo The srx—membered ring is able to host the ester substltuent wrthout a -

srgmﬁcant rncrease in 1ts barrier herght for cychzatlon reactlon Flve-membered nngs

" being generally more stramed than the srx-membered nngs cannot host the ester group as ’

_ easﬂy as the endo transition state. However, the border-hne between the steric effect of

: substltuents and the €x0 overlap efﬁmency has not been overcome yet It has been shown

prevrously that the ‘electrostatic effects do not have dominance in regloselectrvrty In 11' o

the charges on C6 and C7 are -0.25 and -0.26, respectively. Thus the charges on double

bonds show no preference over the other for a radicalic attack.

In the ﬁve-membered transition state, TS11'm, the charr-hke geometry of the ring is

, preserved (Frgure 6. 4) The ester substrtuent isin pseudoequatorlal position, as the bullder _

group prefers the equatonal substltutlon on the cyclohexane-like ring geometries. TSll'exo -

" is an early transition state as it is typical in the cyclization’ reactions. TS11' g, also has a

The most striking difference is in the interaction of the radlcal center wrth the C—O of '

has only 0. 5 percent hlgher stablhzlng mteractlon o

Beckwith et al. has shown an endo: exo ‘
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chair-like geometry, with pseudo-equatorial orientatién of the -_buiky é.étef group .(Figure‘ |

o - Table 65T he NBO stabilization_ energies (kcal__/mol)‘ of the transition states of 11'

Donor—Acqeptor | TSI11';, - .’.I‘Sll'e.,do
LP (0) > BD*C,C, | 139 037
LP, (0) - BD*C,-C; T s | XTI
LP,(0) > BD*CsCs 7 R E Y-
| TP, (0) > BD*Csc, E RS T E—T
LP; (0) 2 BD*Cy-H, A' o ~ 0.88 ;_ 2.15
PO r - — 601 394
LP; (O) > BD*Cy-Hy, | 132 | 14
IP,(0)> BD'CiH, R -
iP,(0)>BD'C;H, sl | 13
LP, (0) > BD*CsH, | X T R
LP,(0)>BD*C;H, | 13 | 166
IP,(0)> BD'C;H, D Y
[FC,>BD'GH, S BN ) O
IP C; > BD*Ci 1, 3 o217 | 251
LPC, > BD*C;:0, 429 1.69
BD,CoC, > BD*O4C; | 04 | -
[BD,Ce=C, > BD*0,Cs 71 | 726 .
IPC, > BD*CeC; 279 | 2657
BDCoC, S1P° G, | NENN 39.23
LPC,> BD* Cg=0y o 30.09 3614
[P0, 3 BD*CrOp T 3506 3472
LPOp>BD*Cg-0y 53.53 5240
- |LPCs>LP*C, | ooz s
LPCs>LP*C, 121.04 R
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| The sum of all the stabilizing interactions 2 are 803, 01 kcal/mol whereas in the endo -
.:transmon state it is only 566.94 kcal/mol, The most - 51gmﬁcant dlfference is in the,:__‘
efﬁcrency of C6 C7 bond to participate in the bonding process with an. efﬁcrent '
delocalization: extendmg from C7 to C6 and C2 (Table 6. 5) Furthermore in cychzatlon i

' reactlon the sum of all the donor-acceptor interactions increase in the exo transmon state, - |
facﬂrtatrng cychzatlon A :

6.2.2.2. Stereoselectivity in Cyclization. The *C NMR analysis of the polymers'obtaine’(.lt

from monomer 11 have shown shght dominance of trans forms of the repeating cyclic o

_umts [19] Our. calculatlons have also shown trans orientation of the monomer. The trans
-preference can be 1nterpreted with a more stable equatonal substitution on cyclohexane-

like structure. The calculated energy dlﬂerence between trans and cis transition structures
is 1. 23 kcal/mol.

16.3. Comparison of Polymerizabilities.

| The dlallyl ether monomer 10 has been reported to be a poor monomer for
polymerlzatlon In our calcu]atrons the cyclization step has been shown to be facile, thus .
the reactions that compete with the standard cyclopolymenzatlon reactlon should be more
‘veffectlve and cause poor cyclopolymenzatlon of the d1a11yl ether monomer 10. To see the“
effect of the competing reactions, the model reactions for H-abstraction from the allylic
“carbon (Table 6.6) and the homopolymerlzatlon reactions (Figure 6.5) have been analyzed.
."In the models, the monofunct10nal counterparts or the monomer itself are: consrdered In
' the H-abstractlon study, the reactlon of H-abstraction by a methyl radrcal from the allyhc

carbon 1s studred
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- Table 6.6. Energetlc data on H-abstractlon reactwn by the CH; radical from the

' allyhc carbon

B s
H 545 - 1250
So | 1
Socm 6.05 1321
. oy ‘ o '
H;CO0C™ (g ‘ 6.07 © 13.78
Stk B
N = . o
i J/ 182 1408
o~ : v
H3cooci- J/ 0 178 (allylside) 1448
O 628 (esterside) 13.72
H;COOC N'CH& - 629 (ester side)
CONT
_CHa

To verify the vahdlty of our model systems, polymerlzatlon of allylalcohol was

| modeled It is known that allylalcohol can not be polymerxzed efficiently [21] Thls has .~
| been attnbuted to the degradatlve chain . transfer by H-abstractlon The

homopolymerlzatlon of allylalcohol has a free energy of activation of 18.49 kcal/mol

© [Figure 6. 5], whereas, the barrier for H-abstraction reaction is 12.50 kcal/mol (Table 6.6).

Thé chain transfer reaction dominates over the homopolymerization, thus decreases the

 polymerizability of allyl alcohol



R - R2 co
, a + 0 0
- orRb OR!

H;

1 _ -
R . K  EG=) . AG”
H . H 487 . 18.49
C, H | 389 - 16.87
CH; ' COOCH; - 4.63 1991

Figure 6.5. Energetic data on homopolymerization of model systems )

Havrng obtained reasonable Tresults wrth our model calculatlons the model ‘

compounds shown in Figure 6. 5 and Table 6.6 have been mvestrgated After 1mt1atron, the

monomer can either undergo cychzatlon or homopolymerization. In the gas phase the
activation energies for cychzatlon and homopolymenzatron reactron of the model system -
of 10' are 5.33 kcal/mol and 3. 89 kcal/mol respectlvely Although the barners 1nd1cate a

’more favorable activation energy for homopolymenzatron cyclrzatron 1s favored‘ '

entroprcally (AS™=:9. 77 cal/mol K for cyclization . and AS*—-40 18 cal/mol K for

homopolymenzatron) and the free energy of activation is lower for cychzatlon However 3

. H—abstractron reaction 1s found to be more facile than homopolymenzatlon and thrs -

explalns the low polymerlzablhty of' the monomer

" Monomer 11 has been reported to undergo cyclopolymerization very efficiently,

i even in bulk The barrier for cychzatlon has been calculated to be 9. 87 kcal/mol The free

’energy of activation is only 12 64 kcal/mol. The monofunctronal counterpart of | monomer

11 has been modeled as model for homopolymenzatlon as in d1a11y1 ether (Frgure 6.5).

The barrier- for homopolymenzatlon (4. 63 kcal/mol) is lower than cychzatron However o
‘ entropy has a srgmﬁcant contribution (AS™= -46.95 cal/mol K) and free energy of

| actrvatlon for homopolymenzatron reaction is 19 91 kcal/mol (Flgure 6 5). The entroplc :

o108
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contribution is calculated to be small in cychzatron (AS*

cyclopolymerization: although its monofunctional counterpart has hrgh polymenzabﬂlty

' Although homopolymerlzatlon of the monotunctronal counterpart is hlgh cychzatlon 1s- |

still  favorable over homopolymenzatlon due to more favorable entropy, .thus,

cyclopolymerlzatlon 1S dommated over homopolymenzatron by the more favorable entropy |

in cychzatron

6.4, Convcluding, Remarks

In th1s SCCthl’l the retuoselectmty and the stereoselectrwty for cychzatron reaction in -

. d1allyl ether (10) and methyl cc-(allyloxrymethyl)acrylate (11) have been determined -and

compared with the experimental ﬁndmgs The quantrtatlve and qualitative trend have been

reproduced The NBO analysrs on model reactions has- shown the hyperconjugatlve' -

interactions to be effective on the molecules of interest.

In monomer 10, the reactive rotamer of the model compound dlsplayed stablllzlng

» mteractrons thus facilitated the cyclization of the compound such that 1" has an activation

energy of 7.2 kcal/mol whereas 10 has an act1vat10n barrier of 5.3 kcal/mol. The cis: trans' .

- ratlo has also been reproduced. Although cyclization reactlon has been shown to be facile’

(AG™=12.50), poor cyclopolymerrzatlon of the monomer has been- demonstrated by

~~ modeling the competing reactions. H-abstract10n reactlon has been shown to compete very

‘ efﬁc1ently with polymenzatron reactions.

- The calculations for monomer 11 have shown s1gmﬁcant hyperconjugatlve effects to

be present in both GM_11' and RR_11'. Although the reactive rotamer is very close in

. energy to the global minimum and has a high percent of population, the bamer for_‘

- cyclization is not low as compared to its diallyl analogues without the ester group. One of -

the causes can be the steric effect of the ester. Besides steric, electromc effects may also be
'actlng The rad1cal center may resist pyramldallzatlon due to the effective conjugatlon of

| the radical center with the ester group when it undergoes cyclization reaction and increase

ll 53 cal/mol K), whereas m". -
intermolecular reaction, it is much larger. Thus this explams why monomer 11 undergoes .
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the barrier for the cychzatron reaction. The transition state for cychzatlon reactron of 11' ‘
~ has chair-like geometry with equatorial ester substituent on the r1ng The trans dominance

in three-dlmensrona] geometry of transition structure is in accordance with the
* - experiments. ' ‘ ' SR :

' Suppressing intermolecular homopolymerization reaction by use of monofunctional

counterparts that.do not homopolymerize has been reported to be an. efﬁcrent way of

' cyclopolymenzatlon In that respect high cyclopolymenzablhty of monomer 11 although

its monofunctlonal counterpart homopolymenzed well was surprising. In our model, it has -

been shown that although the activation barrier for homopolymerlzatl_on is lower,

_ cyclization dominates due to more favorable entropy difference. This explains the high

cyclopolymerization vs homopolymerization of monomer 11. Thus, the main factor of

enhanced cyclopolymenzatlon is the relative rate of homopolymenzatlon w1th respect to '

, cychzatlon rather than the homopolymerlzabrhty of the monomer itself.

The high cyclization and high polymerizationefﬁciency of 11 have been related to-
the conformattonal effects favormg cychzatlon The energy of the reactrve rotamer has
l' been shown to be at a relatlvely low level due hyperconjugatlve effects, however these

_ effects did not lower the barrier for cyclization. The experimental explanation of enhanced .

- polymenzabrhty due to conformatlonal effects favonng cyclization is questronable because -

our calculations on three-dlmensmnal structures did not show significant conformatlonal

effects favoring cychzatron. Furthermore, the cychzatron barrier is slightly hlgher for

" monomer 11 than its amine analogue 8, consistent with its slightly lovver degree of -

- cyclization [19 102] Although cyclization is more facile with monomer 8, the conversion

~ percent of 11 is shghtly higher. H-abstractlon bamers from the monofunct10na1 -

| counterparts of 8 and 11 including the ester group have shown almost the same values.

This indicates that in both monomers allylic C-H bonds have the same strength. Thus the
hlgh cyclopolymenzabrhty of 11 may be attributed to intermolecular reactrons of the ) ‘
‘monomer rather than to the efﬁmency of cyclization. Furthermore, the macrostructure of -~

: the’ polymer may facilitate h1gh conversion of the monomer due to enhanced H-bonding in - ’

the propagating polymer chain with the unreacted monomer.
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7. A MECHANISTIC STUDY ON THE CYCLOPOLYMERIZATION |

OF DIALLYL MONOMERS

Control over regroselectrvrty stereoselectmty and the degree of cychzatlon is of"

~ fundamental interest in cyclopolymerrzatron This can only be - done by a clear "

'understandmg of the factors that govern each step of the cyclopolymerization - in

connectlon with the p0551b1e reactions that may lead monomers to drﬁ'erent pathways other

" than cyclopolymenzatlon In previous sections, the main concern was to understand the

rcychzatlon process. In this: section, the cychzatron and mterrnolecular propagatlon steps in

the’ cyclopolymenzatron mechamsm are analyzed, based on kmetlc and thennodynamrc_

approaches In addmon to cyclization and intermolecular propagation reactions;’ the.

competmg reactlons and therr ability to overcome the efﬁcrency of cychzatlon and

intermolecular propagatron have also been modeled and will be discussed. Two
representatrve monomers N-diallylamine (1) and N,N-dimethyl-N, N-dlallylamomum 3)
(Figure 1. 2) are chosen for this study This choice i is based on the fact that the monomers: .

are relatlvely small molecules and 3 1s mdustnally used in a variety of areas [20].

| Addltronally, 1 has very low polymerlzablhty while 3 has good polymerization efﬁcrency

[21]. In general cationic monomers polymenze better than neutrals and this has been

attributed to high chain transfer efficiency of neutral monomers [5]. In compound 3, the -

- effect of the positively charged allylic substituent has also been discussed in cOrnparison to »

 the neutral compound 1
7.1 Methodology _

Conformer searches have been performed and structures corresponding to the global

. mlmmum on the energy hypersurface have been located for each compound studied. The v “
'B3LYP functlonal [31] and the 6-31G* basis set in Gaussian 98 [61] have been used for
calculatlons. All the structures of interest were fully optimized in the gas phase with the ,

same methodology. In prerous sections on the cyclization of diallyl monomers, Densify

- Functional Theory ’[26] with the B3LYP functional has been successfull to understand the
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' _regloselectmty and Stereoselect1V1ty of cyClopolymenzatlon and reproduce the',

expenmental data. Thus the same methodology has been used in this study

Smgle—pomt calculatlons in water were performed with the PCM methodology [41]
on the stationary structures in vacuum. Furthermore, single point solvent calculatlons were_

carried out on structures obtained from the IRC [63, 64] calculatrons in the gas phase 1n'7 .

: " order to sketch the potentlal energy surface in solutron

Model compounds have been used to study the react10ns 1nvolved in .
- cyclopolymerlzatlon In the cycllzatlon reaction, the long propagatmg polymer chain was
: 31mp11ﬁed and replaced with a H atom, as in our prev1ous sections on dlallyl monomers

(Figure 3.2). ’l_"hls model has successfully reproduced the experimental regioselectivity and

~ stereoselectivity in the cyclopolymerization reaction of diallyl monomers.. To model the
homopolymerization and intermolecular reactions, the long polymer chain was also

replaced by H and the monomer 1s srmplrﬁed by reducing 1t to a monofunctional monomer.

- These models have been referred to as M1' and M3' for radicalic specres and M1 and M3

for the monomers 1 and 3 respectlvely (F igure 7.1 and Flgure 7. 2)

N Y

| 1) (ML1)
i ; ST ->. . /CH}
ey = (M1)

 Figure 7.1. The model compounds for diallylamine monomer (1)



: : . R * '
) ﬁ' ’ Zﬁ/CH3

H3_C‘ CH; - HCCH
@) - (M3') |
Vo Y.
. : v. ,ﬁ\ . . e - ) /CH3
() T M3

Figure 7.2. The model compounds for N,N-dimethyl-N, N-diallylamonium' (3)‘

Four different reactions corresponding to the H abstraction from the allylic C have

been considered. These are depicted 1n Figure 7.7, Figure 7.9, Figure 7.11 and Figure 7.15.

In Figure 7.7, the H-abstraction from a series of compounds including the monofunctional

‘counterpart of monomers 1 and 3 by the CH; Iradicaldi_s analyzed to aceount for the allylic

C-H bond Strength The effect of allylic substituents on chain transfer reactions Willi be

drscussed by utrhzlng these compounds In Figure 7.9, the intramolecular H—abstractlon
" reactions ‘of monomers 1 and 3 ‘have been considered. " The model dlsplays the :
| flntramolecular H-abstractlon by the propagatmg polymer chain prior to cychzatlon In.

e Flgure 7.11, .another alternatlve for the H-abstraction by the uncyclized propagatlng

polymer chaln has been shown To model this reaction, the monofunctional counterparts of

the monomers are consxdered In Figure 7.15, the propagatmg cychzed rmg radical

'abstracts the H of the 1ncom1ng monomer. This reaction has been modeled by the attack of -

the 5-membered ring to the monofunctional counterpart of the diallyl monomer In

’ prev10us sectlons for 1 and 3 it has been shown that 5S-membered rmgs form in cychzatlon _
_reactlons in agreement w1th experiments. Thus in intermolecular propagation reactions by B
‘the cychzed ring, the attack by 6-membered rings (endo) is not con51dered The statlonary -

Structures of the 5.membered rings have been obtained by the IRC calculatlons on the -

transmon stdtes for cychzatlon Along the intermolecular propagatlon reactlon by the

cyclized ring, the cychzed radical attacks another monomer (Flgure 7.13). In this model,

N
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the 5

- monomer is considered as monofunctronal (Frgure 7. 13)
7.2. Results and Discussion

‘The cyCIOpolymerrzablhty of a monomer can be enhanced by suppressmg the
reactions that compéte ~with the standard cyclopolymerization ~ steps, i.e.
'homopolymenzatron and degradative chain transfer In the discussion that follows
cycllzatron and 1ntermolecular propagation reactions of the cyclopolymerrzauon w111 be

7 discussed and compared wrth their competing reactions. The statlonary geometries in the

~ gas phase have been considered for single point energy calculations i in solution. The energy

~ barriers discussed in the text refer to the energetics in water (s=80) unless otherwise stated. -

7.2.1. Cyclization

The cycl1zat1on step (Fi 1gure 1.1)actsasa dr1v1ng force for polymenzatlon such that

the thher rate of - cychzatron as compared ' to homopolymerrzatron facrhtates_ '
'cyclopolymerrzatron [5]. There are different " factors that determme the cycllzatron v
efficiency of a monomer, 1e the competing steps such as homopolymenzatlon and*

degradatrve chain - transfer Us1ng drfunctronal monomers whose monofunctronal ,

counterparts do not have homopolymenzatron tendency facrhtates cyclization over

' mtermolecular homopolymerlzatron The monoﬁmctlonal counterparts of 1 and 3 do not -

have homopolymerlzatlon tendencies [17]. For example allyltnmethylammomum catlon

‘(CHZCHCHZN(CHQ;’) could not be polymenzed even in conditions of complex mecha
where allylamine could be polymer1zed 0 a certain extent [5]. However 3, the
difunctional analogue of allyltnmethylammonlum monomer, could be polymerrzed to hrgh} .

molecular weights with success [20]. Thus, cychzat1on acts as the driving force for the |

polymerization of these monomers.

- In the previous sectrons on the cychzatron reactions of drallyl monomers, several ‘

K compounds :have been considered. In these studres the regroselectrvrty and

: stereoselectwrty of cyclrzatlon reactions have been successfully reproduced and explamed -

-membered r1ng (CXO) 18 ConSIdered as the propagatrng radrcal and the drfunctronal .
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in terms of electrostatrc polar and sterlc effects, using molecular orbital calculatrons In 1 - _
the exo cychzatlon was favored over the endo by 3.7 kcal/mol and by 4.1 kcal/mol in 3 -

_(Frgure 7.3). These results are consrstent w1th the exclusive exo preference of these

~“monomers [20, 21].

-~ The energy. barners for cyclization show that cychzatlon is fac1le in both 1 and 3 in

the gas phase and in solutlon (Frgure 7. 3) It is also 1mportant to note that 3 has a lower :

 barrier for cyclization than 1, which is also consrstent with the very good polymerlzatlon of -

3 with respect to the very low polymerlzatlon of 1.

Cyclization Reaction
N F -
. & : 3
PN N
Model Reaction

AN

Y=Y

exo "« endo

.Monomer | Baewo (1) Eq ento (8=1) -E;_g;o (e=80)
1| 73 09 63
3 | 62 103 38

' Flgure 7.3. Schematrc representatlon of cyclization reaction and B3LYP/6-3 1G* results (m

kcal/mol) from calculations on the model reaction

7.2.1.1. Cyclization - vs. “Homobolvmerizat'ion To account for the higher

' ‘cyclopolymerrzatlon of monomer 3 as compared to 1, the energetics for cychzatron (Fi igure

7.3) and homopolymenzatwn (Flgure 7.4) reactions as well as the ones for the competmg
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Teactions have been con51dered The 3 dlmensmnal structures for modeI"

homopolymenzatlon reactlons are shown in Figure 7 Sand Flgure 7.6.
' o Homopolymerization Reaction S ‘_
A O - RO

. S Model Reaction
H,C /—\\ HC

Lol —
+7 F s

+
N N
Monomer E, (e=1) -~ E, (¢=80)
1 , 39 . -89
3 52.6 o101

A Flgure 7. 4 Schematlc representation of homopolymenzatlon reactlon and B3LYP/6-3 IG*

results (in kcal/mol) from calculations on the model reactlon '

' Since the }gas phase barriefs for bimolecular reactions are high the stabilizing effect_ _

- of the polar medlum should be con51dered especially for the reactions of the charged

: spec1es Single pomt calculatlons in solution have been performed to discuss the energetics '

of the processes investigated. In companng the activation energies for homopolymerization

and bimolecular propagation, the entropy factor has not been taken into accouht.' With

monomer 3, the difference in the energy barriers of homopolymerization and cyclization is - -

6.3 kcal/mol in favor of cycliiation;' Entropy is expected to increase the free ehelfgy'

. barriers for both homopolymerization and cyclization reactions. However, the increase will

be more sigm'ﬁcant in the case of the bimolecular react.iovn.-'In the gas phase, the entropy of
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activation, AS*, for 'm'()norne'r3 is

‘homopolymenzatlon ‘This 1nd1cates that there 1s greater contnbutlon of entropy in

-~ bimolecular homopolymenzatlon than in cyclization, so the entropy will only increase the

difference in energy between the homopolymenzatlon and cychzatlon reactions.

In the case of 1, the energy dlfference between homopolymenzatlon (Figure 7. 4) and

- cyclization (Figure 7.3) i 1s 2.1 kcal/mol in favor of cyclization. This dlfference in barriers

shows that in the neutral monomer, homopolymenzatlon is much more facile than itisin - |

- the cationic monomer.

Our calculations on model reactions for homopolymerization show that for both 1

and 3, homopolymeri_zation'(F igure 7.4) has appfoximately the same barriers. Additionally,

cyclization reaction is faster than homopolymerization In the ESR studies on a set of - '

diallyl monomers including 3, only cyclized radlcals have been observed which 1ndlcates

the hlgher rate of cychzatlon as compared to 1ntennolecular attack [1 10]

0.0

Figure 7.5 The 3-dimensional structure of modet homopolymerization reaction for 1

8.9 cal/mol K for cychzatlon and -40 3 cal/mol K for '
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Figure 7.6. The 3-dimensional structure of model horhopo'lymerization reaction for 3

7212 Cyclization vs. H-abstraction (or Chain Transfer). -The ehai’n transfer réaetion by

| _ H-abétracpion from.'v the'allylie_ position was known to be the main cause of the peor’
V 'polyﬁlerizability of allyl monomers [5]. In the chain transfer react‘ioh.;' the propagating
| - radical chain abstracts the allylic H of fhe incoming kmenomer and a resonance stabilized
species, which has a lower reactivity and re—im'tiatioﬁ capacity is obtained. In a study on
‘allyl acetate, the allylic'poeition was deuterium substituted and this resulted in 3 .tim'es
faster polymerization of the monomer [111]. Thus, H-abstraction reaction acts as'a

 termination reaction, and is called degradatlve chain transfer reactlon (Fi 1gure 1. 1)

 The high polymenzatlon of monomer 3 is attributed to its Iow cham transfer';- -

efﬁmency In general cationic monomers are known to have low cham tra.nsfer reactlon»

than neutral ones [5]. To understand the effect of the structure. of the monomer on the |
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B allylic: C?H bond strength ‘H-

" dlfferent monomers (Figure 7.7).

Cham Tra.nsfer Reactlon
Y i f o,
Model Reactxon

.mﬁlv Y
S N

CH,

'E.,a (g:l) . Ea (8=80)

GO g ,
H .
+,CH3 8.3 » ) 12-6
6.8 .

i | 6.7
CHy
N

,CH3 71

| Flgure 7. 7 Models for H-abstractlon reactions and B3LYP/6-3 1G* results (in kcal/mol)

from calculat1ons on the model reactions

abstraction reactlons w1th methyl radlcal are modeled for i
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F1gure 7.8 The 3- dimensional trans1t1on state structures forH abstractron react1on from M1 |

and M3 by CH,3 radlcal

In the models M1-M6 the steric effects of the approaching species are reheved toa

great extent. The bamers for models M1 and M3 show that both in gas phase and in .
solution, 3 has hlgher bamer for abstraction (8 3 kecal/mol in the gas phase and 12. 6-?,

kcal/mol in solvent) than 1 (4.5 kcal/mol in the gas phase and 6.8 in solvent) (Flgure 7. 7)

: The allyllc H in 3 is adjacent to a hlghly positive center which 1nduct1vely mcreases the = | -
strength of the C-H bond, thus the barrier i is increased. The -CN group on mtrogen in M6 "
* increases the barrier from 4.5 kcal/mol to 7.1 keal/mol-due to the inductive effect of the— =

CN group which does not dlsplay any steric effect. This barrier for H-abstraction is almost’

the same as the one in N-methyl-allylanunonium monomerb 4), wh1ch is the_ smallest

~cationic monomer among compounds M1-M6. Compound MS has a slightly lower barrier

than M6. The inductive effect of the —~CN group is slightly more eﬁ'ective than the steric_ .
'effect of the CH;_ group. In compound MZ replacmg one of’ the hydrogen groups on
mtrogen of compound M4 with the methyl group causes a small increase in the barner due -
,to the sterrc effect of methyl group. In the N—tnmethylallylammomum (M3) case the‘ o
barrier is higher smce the allylic H is sterically shielded by methyl groups and also the C-H
bond is strengthened due to the positively charged nitrogen. Thus H-abstraction is affected‘ .' ) -
to a great extent by the posltrvely charged allylic substituent as well _as the bulky

 substituents in the vicinity of allylic C-H bond.



One of the H-abstractlon reactlons that competes wlth cychzatlon is the

abstractlon prior to cychzatlon (Figure 7. 9) The three-dnnensmnal . R

: structures of the transmon states are shown in Flgure 7.10. The activation energles for thls ’

intramolecular H~

- reaction in both media are much higher than the ones for cyclization of compounds 1and3 _v ,
(Figure 7. 3). This indicates that the 1ntramolecular H-abstraction prior to cychzatlon has no_ -

effect so as to decrease the cyclopolymerlzatlon efﬁ01ency

o Intramolecular H—Abstraction . .
N e - .
+ e ~

~Model Reaction

~ Monomer E, (e=1) E, (=80)
1 | 116 196
3 134 25

'Figure 7.9. Schematic representation of intramolecular H-abstraction reaction by the . -
| propagatlng polymer chain and B3LYP/6-31G* results (m kcal/mol) from calculatlons on :

the model reactlons
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Figure 7.10 The transition state structures for intramolecular H-abstraction reactions for 1'

and 3'

Another competlng reaction with cycllzatlon is the 1ntermolecular H-abstractlon by B

the propagatmg uncyclized radlcal (Figure 7.11). The 3 dlmenswnal structures for. (
| transmon states for thlS reactlon are shown in Flgure 7.12. For the neutral monomer 1,
| ,although the gas phase activation energy of intermolecular H—abstractlon by the polymer
chain is lower than that of cyclization, this trend i is reversed in solutlon ‘For monomer 3, _
cyclization dominates greatly over the 1ntermolecular H-abstractlon as these barners 1nv

both med1a are much higher than the ones requlred for cyclization. In the 1ntermolecu1ar |

B H-abstraction, the barners reflect the steric effects of the approachlng monomer chalns as

! well. In Figure 7.7, H-abstraction reaction by the methyl group isa good 1ndlcator of allylic
C-H bond strength, since the reaction is relieved from the steric effects of the attackmg -

compound In the model reaction of H-abstractlon by the uncychzed propagatmg radlcal_




o compared to their H-
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: (Flgure 7. 11) the steric effect of allyl group in the attacklng radical can be observed as 3 o

| well. The steric effects i increase the barrier by 17.2 kcal/mol in3 and 74 kcal/mol inlas

abstractlons by the methyl radxcal The catlomc monomer reSISts H-

, abstractlon by the presence of stronger C-H bonds and higher steric effects to approach the B

- abstraction site,

H-Abstraction by Propagating Polymer Chain
NS T Ny e
. , : ' ItI s + T +
+7 ’ ~ . /ﬁ\ .
' Model Reaction

x ‘ R
: - ' ' H,C N
H;C /\ﬁl/ e o i
s e

Monomer E, (e=1) E, (e =80)
1 6.4 14.2
3| M1 29.8

F igﬁre 7.11. Schematic representation of H—abstracﬁon by the propagating polymer ehain

" and B3LYP/6-31G* results (in kcal/mol) from caICul_ationS on the model reactions o




M3

| - Figure 7.12. The transition state stuructures for H-abstraction reaction by the propagating
polymer chain of model systems M1 and M3

‘The .comparisbn of activation energies for cyclizatiori versus competing reactions
_indicates that in 3, the competing reactions cannot have significant effect in decreasing
the cyclizéitiOn efficiency. In the case of neutral monomer, the ‘most plauéible reaction

besides cydopol'ymeriza’cioh- is homopolymerization. The barriers for allylic H-abstractiOn




reactlons indicate that the chain transfer reaction is res1sted more in cationic monomer due o

to steric and electrostatlc reasons and can be more facﬂe in neutral monomers.

B 7.2:2. Intermolecular Chain Propaghtion

72.2.1. Intermolecular Vs, Homopolymerization. - Compounds. 1 and 3 do not .

homopolymerlze however the intermolecular attack of the cychzed propagatmg polymer o

- chain to the incoming monomer is known to occur (Figure 7. 13) especially i in the case of

compound 3 in cyclopolymerization [20] The 3- dlmensmnal structures corresponding to

 transition states for intermolecular propagatlon by the cychzed chain is shown in Flgure :

7.14.

Intermolecular Propagation Reaction by the Cyclized Ring

Resfh A gilie 5 en i e

Model Reactlon

Tfhl/ Y

 Monomer E, (e=1) ‘E, (=80) | :
1 , 5,6 7.5
3 49 7.1

| thure 7.13. Schematic representatlon of mtermolecular propagatmg reactton by the
cyclized ring and B3LYP/6 31G* results (in kcal/mol) from calculatlons on the model

. reaction
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Both h°m°P°1ymeH2atlon and mtennolecular propagatlon by the cyclized rad1ca1 are

blmolecular reactions and are smllar in nature. Nevertheless the propagation of the

Cyclized radlcal should ‘normally be more facile than the homopolymenzatlon because of

the absence of stenc hmdrance in the former reaction.

Fi 1gure 7.14. The transltlon state structures of intermolecular propagatlon reactlon by the R
| cychzed ring for M1 and M3 ’
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'In the case of 3, the activation energy for honiopolymerization is 10.1 keal/mOIH .

- whereas, the barrier decreases to 7.1 keal/mol in the intermolecular 'propagatiou by the

»cyclized ring. In the case of 1, these barriers are 8.9 and 7.5 keal/mol, resvpec'tively' This '
ylndlcates that cyclization facﬂltates the propagatlon of the catlomc monomer 3 more than' o
it does for the neutral 1. Intermolecular propagatlon by the cyclized polymer cham radlcalﬂ-

: vdoes not have a 51gn1ﬁcant efficiency with respect to homopolymenzatlon in compound 1 |

7.2.2.2. Intermolecular Propagation vs. H-Abstraction. The competing reaction with the

intermolecular propagatmn is H-abstraction by the propagating cyclized nng This reaction |

has been modeled as shown in Figure 7.15 and the transition state structures for this

reaction are shown in Figure 7.16.

' H-Abstraction by the Propagating Cyclized Ring

S
B =TT W

< ~
. ‘ , ‘Model Reaction IR .
‘ | | : N N

MonOmer | Ea (e=1) - E; (e=80)
1| 74 142
3 | 603 ' 223

Figure 7. 15. Schematic re';)re‘sentation of ’H-abstraction by the propagating cycliied ring

~ and B3LYP/6-31G* feéults (in kcal/mol) from calculations on the model reaction
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Figure 7.16. The transition structures for H-abstraction by the propagating cyclized radical -

from the model compounds of 1 and 3

~ In monomer 1 H-abstraction by the ring has 6.7 kcal/mol higher barrier than the

mtermolecular propaga’uon reaction by the cyclized ring. In 3, this dlfference is 152 .

A kcal/mol These barriers mdlcate that propagatlon by the cychzed rmg is more probable

than H-abstraction by the ring. Furthermore the energy barrier to H-abstraction by the. ,
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propagatmg CYChZCd I‘mg is 22 3 kcal/mol in3 whlle this barner is 14 2 kcal/mol in 1.

- These results show that H—abstractlon 1s more plausrble in the neutral monomer 1 than 1t ls

“in catlomc form 3, since the later has a much hrgher energy barrier.
7.3. Concluding Remarks )

In thls study theé reactions takmg place along the cyclopolymenzatlon of compounds -
‘land3 are modeled and dlscussed 1n details. | |

-Single point calculatlons in solutron show that in monomer 1 homopolymenzanon
~ . and cyclization have almost the same activation barriers, thus, cychzatron is not faster than
homopolymenzatron to facilitate cyclopolymenzatron For 1, mtermolecular propagatlon

_ by the cychzed nng 1s not favored over homopolymenzatron -

In monomer 3, cyclization is much more facile than homopolymenzatlon and th1s :
can Justlfy the higher cyclopolymenza‘non efﬁcrency of 3. Cychzatron decreases the barner' ,
for 1ntermolecular attack with respect to homopolymenzatron Our calculatrons have also '

shown that H—abstractron reactrons are less effectrve in the case of monomer 3

- The allyhc hydrogen can be more easﬂy abstracted in the neutral than in its catlomc

) analogue The substrtuents on nitrogen do not exhrblt significant steric shreldlng to 1nh1b1t :

H-abstraction. Without the stenc effect of the attackmg compound, monomer 3 has shown o

-a much higher barrier for H-abstractron than 1, emphasizing the strength of the allyhc CH
bond The high barrier- for H-abstraction is mainly due to the lnductlve effect of the:’ )

o posrtlvely charged nelghbonng mtrogen H-abstractjon reactlons by the cychzedf -

propagatmg ring or by the propagatmg polymer chain take into account the steric effect of R

the attackrng molecule, In these cases, H-abstractlon is even less efficient.

. Overall, the competing reactions are more facile for monorner 1 than for monomer 3 -

andmonomer 1 does not show strong preference for cyclization over homopolymerization. -
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8. CONCLUSION

- The mam objective of this study was to understand the relatronshrp between the.. ’

structure of the monomers and thelr radical cyclopolymerlzatlon efﬁclency

Descnptors extracted from the “welghted averages” obtamed by spanmng various -
- conformations of the monomers have been derived from quantum meéchanical calculations.
The descrrptors such as the C,--C¢- bond orders, local soﬂness values of C¢- and HOMO-‘ o
LUMO gaps could be successfully used to reproduce the cyclopolymenzabrhty of. varrous ’
diallylamine monomers. The *C- NMR chemical shifts of the diallylamine monomers have .
been correlated to their polymerizabilities. A mathematrcal model that predicts the *C

NMR chemical shifts of the vinylic carbons based on electrostatrc charges derived from -

quantum mechanical calculations (PM3), has been established. The va11d1ty of the model

has been tested with the parameters of the various MONOMETS.

Control over regiosetectivity and stereoselectivity‘ in cyclopolymerization has been

~ discussed thoroughly by understandmg all the factors affecting cyclization. Con51deratlon g

~of the cyc11zat10n reactron in details has allowed us to draw general conclusions on radlcal_; .

cyclizations in general This last issue is of 1mportance since cychzatlons are of great

interest i in organic synthe51s

In the lrterature the exo preference in radical cychzatrons has been explamed in
various ways. A prediction based upon "the more favorable actlvatlon entropy” for the ¢ €x0

preference has been found to be 1ns1gmﬁcant The AS™ values, although in agreement w1th

the expected exo0 preference were found to be too small to be taken into consrderatlon T

Another qualitative explanation of the exo cychzatlon was based upon the unfavorable
non-bonded interactions between the syn H’s i in the endo cyclization. The drstance between
the H atoms was found to be too large to cause a srgmﬁcant destabrlrzatron through non-

'."bonded intéractions. ' The endo-cyclic structures “have been located as ‘the

: thermodyna'mically controlled products along the cyclization reaction. However, exo-’ T

cyclic structures have been: observed experimentally confirming the preference of a -

kinetically controlled cyclization reaction. Endo n'ng_dosure ‘of monomer 9‘_h‘as ‘been ; '

~




© plamed by ﬂlennodynamlc control over the reaction and stab1hzat1on of radical center by

the ester group [15], but calculations have shown that -6-membered ring fonnatlonVOf'thlS
: monomer is also kinetically controlled. B

In C}’ChZatIOH the more electrophilic site of the C=C bond was the preferred site of - -

attack in the case of monomers without substrtuents on the backbone However ester

subsntuted monomers, did not follow the same trend. Thus, the explanatlons based on =

- electrostatlc effects have been 1nsufﬁc1ent in explaining the. regmselectmty The steric

effects seem to dommate all other factors in regroselectwrty The three-dimensional - :

~ geometries of the exo and endo transition states are the key features in deterrmnmg the’
-regioselectivity of cychzatron In most of the cases, the strain in the 5-membered ring and

the thermodynamic stability of the 6-membered ring is overcome by the more efﬁcrent»"

overlap of the bondmg sites in the exo structure Thus, the more efficient p-n interaction in. o |

the exo structure governs the fonnatlon of S-membered rings. Furthermore, the subst1tuents' N |
on the backbone have been found to destabilize the exo transition state, whereas they do )
not alter the activation barrier for the endo cychzatlon This is due to the fact that 6-
membered rings are able to host substituents more easily than 5-membered rmgs "
Conclusively, the regroselectwrty 1s mainly due to the steric factors that destabilize the exo -

ring. -

S The stereoselectivity in the '_cycliiation of -the monomers _considered has tbeen_ o
reproduced successfully 1n all cases. The B3LYP/6-3le calculations have confirmed the -
. "preference for the experimentally more dominant isvomer'. The stereoselectivity is goVerned o
3 by the bulkier substituents favoring the more stable equatorial position in c)‘icloheXane-like "

'nng The expenmental cis:trans ratio of the model compound for monomer 10, is perfectly =

' -reproduced in the calculatlons

The substituents ori the backbone have been'found to affect cycli‘zatiOnr.bMonornethyl
substitution on nitrogen is shown to have more effect than two methyl substitution contrary
to 11terature ﬁndmgs of the gem-dialkyl effects in 51mllar systems. The “equatorial methyl” .

effect -0r. SO called facmtated transition state- has been found to account for the.

acceleratron by a methyl group substitution on nitrogen.




The barrlers for cychzatlon showed that the ester substituent on the double bond' _

decreased the rate of cyclization. The- mam reasons may be the sterlc ‘effect of the ester e

group in cyclization or the extended conjugation of the radical center with the ester group - o

resisting pyramidalization. The methyl group on the double bond i in monomer 9 further .

decreases the rate of cyclization consistent with a'decrease in the degree of cycllzatlon of L

themonomer[lS] . S R

Butler had mdrcated that cyclopolymerlzatlon might be facrhtated by -7 mteractlon ‘V
of the two double bonds in 1,6- drenes However, the reported spectroscoprc ev1dence has,'
been inconclusive [6, 65]. The conformational study on model compounds has shown.:

. extended structures with no 51gmﬁcant -7 1nteractrons between the double bonds in their =

global minima.

‘The change of heteroatom  from mtrogen to oxygen has shown an 1ncrease in

'cycllzatlon rate (1 vs 10), which was attnbuted to hyperconjugatlve effects facﬂrtatmg
cyclization. ' ‘ '

. The very efficient polymerizability of monomer 11 has been analyzed by modeling.'
Compound 11 is known to cyclize easily inspite of the fact‘ that its ‘monofunctional
counterpart undergoes efficient homopolymenzatlon Cychzatlon has' been found to
overcome homopolymerization because of the change in entropy which is favored durmg(
: .cychzatlon Thus, the main factor controlhng cyclopolymerization has been identified as -
the relative rate of homopolymenzatlon with respect to cyclization rather than the absolute :
value of the hornopolymenzablhty itself. On the other hand, conformatronal preferences do B

not facﬂrtate the cychzatlon of monomer 11. It maybe that intermolecular propagation or

" the macrostructure of the polymer corresponding to monomer 1. are. respon51ble for the R

hlgh polymenzatlon efficiency of this monomer.

To | understand  the factors that govern cyclopolymerization intermolecular_
propagatlon reactions and their ability to overcome the efficiency of cychzatlon have also
: been modeled. The model reactrons for monomer 1 have shown that homopolymerrzatlon .

and cychzatlon have almost the same activation barriers, thus, cychzatlon is not faster than

homopolymenzatlon Furthermore, intermolecular propagation by the cychzed ring'is not - -
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. favored over homopolymenzatmn In monomer 3, cychzatlon was found to be more facile
than homopolymerlzatron and this Justifies the higher cyclopolymerlzatron efﬁcrency of 3 -
| Cha1n transfer reactlons of the monomers have also been consrdered since they can
compete wrth standard cyclopolymenzauon reactions. It has been shown that the catromc
monomer 3 has a stronger allyiic C-H bond because of the inductive effect of the catlon_ »
. and the steric effects further decrease the H-abstraction  efficiency. Competlng reactlons are :'

found to be much more effective in the case of neutral monomer than the cationic.

Generally, the models. and the B3LYP/6-31G* methodoloay used in our calculatlons_ .

~ have been successful to reproduce the expenmental polymenzablhtles
The following issues can be suggested for further work:

¢ Geometry optimizations i 1n solution will allow the consideration of the entropy factor '

- insolution as well. - ‘ ' v

o The model established in Sectron 3 can be tested with a larger number of monomers -

in order to confirm its llabrllty v _

A e Molecular dynamlc studies on polymer of 11 can. provrde mfonnatlon on 1ts -
- macroscopic propemes _ v

e Monomers, whose monfunctlonal counterparts undergo homopolymerlzatlon ‘can

“be modeled in their cychzatlon and intermolecular reactrons It is desirable to -

‘generahze the pnncrples deduced from this study regardlng the relatlve rates of

cycl1zat10n Versus homopolymenzauon
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