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Algemene Chemie, Faculteit Wetenschappen, Vrije UniVersiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium,
Chemistry Department, Faculty of Science and Letters, Istanbul Technical UniVersity, 34469 Maslak, Istanbul, Turkey,
Research Computing Center, UniVersity of North Carolina, 211 Manning DriVe, Chapel Hill,
North Carolina 27599-3420, Department of Chemistry, McMaster UniVersity, Hamilton, Ontario,
Canada L8S 4M1

ReceiVed: April 12, 2009

The regioselectivity in the cyclopolymerization of diallyl monomers is investigated using DFT-based reactivity
indices. In the first part, the experimentally observed mode of cyclization (exo versus endo) of 11 selected
radicals involved in this process is reproduced by the computation of activation energies, entropies, enthalpies,
and Gibb’s free energies for the 5- and 6-membered cyclization reactions. The application of a recently proposed
energy partitioning of the activation barriers shows that the regioselectivity cannot be explained by the steric
effect alone. Next, a number of relevant DFT-based reactivity indices, such as non-spin-polarized and spin-
polarized Fukui functions, spin densities, and dual descriptors, were applied to probe the role of the polar and
stereoelectronic effects in this reaction. The dual descriptor has been found to reproduce best the experimental
trends, confirming the important role of the stereoelectronic effects.

1. Introduction

Allyl monomers are known as poor monomers to yield high
molecular weight polymers via polymerization reactions.1 The
abstraction of the reactive allylic hydrogen of the monomer
causes chain transfer reactions, which yield decreased molecular
weight polymers.2 Although allyl compounds are not good
monomers for polymerization, their difunctional analogues can
be polymerized through cyclopolymerization (Scheme 1).
Butler’s discovery of polymerizations of diallyl compounds, later
named “cyclopolymerizations”, made it possible to synthesize
high molecular weight water-soluble polymers from diallyl
monomers.3-5 Because of their properties, these cyclopolymers
are suitable for a wide range of industrial applications.

The cyclopolymerization reaction of the diallyl monomers
starts with the initiation of the diallyl molecule, creating a radical
center, which is followed by the cyclization reaction which is
the focus of this contribution. The intramolecular cyclization
reactions give two possible products with two possible repeating
units. The repeating cyclization units can be 5-membered-exo-
or 6-membered-endo-cyclic structures, depending on the regi-
oselectivity of the radical addition to the double bond (Scheme
1). Next, the cyclized radical reacts with another monomer, and
the polymerization proceeds; this is called intermolecular
propagation as depicted in Scheme 1.

In this study, the regioselectivity in this first radical cyclization
step of the cyclopolymerization reactions of the diallyl com-
pounds, yielding 5- or 6-membered cyclic monomers, will be
investigated using DFT reactivity indices (Scheme 2). Monomers

M1-M8, (M1 ) N-methyl-N,N-diallylammonium, M2 ) N,N-
diallylamine, M3 ) N,N-dimethyl-N,N-diallylammonium, M4
) N-methyl-N,N-diallylamine, M5 ) N,N-dimethyl-N,N-dial-
lylammonium, M6 ) N-methyl-N-allyl-2-(methoxycarbonyl)-
allylamine, M7 ) diallyl ether, M8 ) methyl R-(allyloxymeth-
yl)acrylate) are known to cyclopolymerize to yield polymers
with 5-membered ring units. M9, M10, and M11 (M9 )
N-methyl-N-methallyl-2-(methoxycarbonyl)allylamine, M10 )
methyl R-hydroxymethlacrylate, M11 ) R-(2-phenylallyloxy)-
methylstyrene) are known to cyclopolymerize to yield polymers
with 6-membered ring units. In our earlier studies, the exo vs
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SCHEME 1: Cyclopolymerization Reactions of Diallyl
Monomers Considered in This Studya

a X ) N, O; R ) H, CH3, lone pair; I ) initiator.
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endo preferences of the models were rationalized on the basis
of steric, stereoelectronic, polar, and entropic effects.6-9 The
calculated thermochemical parameters such as activation en-
tropies, enthalpies, and free energies for the cyclization reactions
have been found to be in agreement with experiment.6-9 An
NBO analysis on diallyl ether and methyl R-[(allyloxy)meth-
yl]acrylate has indicated that the regioselectivity may be
sensitive to hyperconjugative interactions.7

In the present contribution, various descriptors, defined within
the framework of density functional theory (DFT), are used to
explain the regioselectivity of the radical cyclizations preceding
the intermolecular propagation step in the cyclopolymerization

reactions. The transition states and the activation barriers for
both the exo and the endo modes of the cyclization for a number
of diallyl radicals, depicted in Scheme 3, are determined. An
alternative and recently introduced energy decomposition of the
activation barriers is used to investigate the steric effect in the
cyclizations. Next, the non-spin-polarized and spin-polarized
Fukui functions for a radical attack on the radical conformer
minima close to the transition state are computed, in analogy
with an earlier study of De Proft et al.10,11 The reactive
conformations of the radicals (designated as the reactive
rotamers, not the structures corresponding to the global minima)
are used for the calculation of the reactivity indices.12 The 3D
structures corresponding to the reactive rotamers of monomers
M1-M11 can be found in Scheme 3. To gain a more detailed
insight into the polar factors controlling the exo vs endo mode
of cyclization, the Fukui functions were investigated along the
reaction path in the case of two prototypical cyclization reactions
for R4 and R10. Finally, the spin-polarized dual descriptor of
the radicals is computed and plotted to investigate stereoelec-
tronic effects on the regioselectivity.

2. Theory and Computational Details

Different effects influencing the regioselectivity of the
cyclization of the radicals derived from diallyl radicals will be
investigated using concepts introduced in DFT based reactivity
theory (“conceptual DFT”).13 A central quantity often used in
studies of regioselectivity is the Fukui function f(r_) introduced
by Parr and Yang and defined as the initial response of the
electron density due to an infinitesimal perturbation in the total
number of electrons N, at constant external potential V(r)14,15

Due to the discontinuity of the electron density with respect
to the number of electrons,16,17 three different Fukui functions
can be introduced, representing the case of a nucleophilic attack,
f+(r_); an electrophilic attack, f-(r_); or a neutral (radical) attack,
f 0(r_). For a system of N electrons, these can be computed as

SCHEME 2: Structures of the Different Diallyl
Monomers Investigated in the Present Work

SCHEME 3: Structures of the Radicals of the Selected Diallyl Monomers Investigated in the Present Work

f(r_) ) (∂F(r_)
∂N )V (1)
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and

that is, the average of the Fukui functions for an electrophilic
and a nucleophilic attack. In these equations, FN+1(r_), FN(r_), and
FN-1(r_) represent the electron densities of the N + 1, N, and N
- 1 electron system computed at the geometry of the N electron
system. High values of these quantities imply high probabilities
of a nucleophilic, electrophilic, or radical attack, respectively.
The derivative of the Fukui function with respect to the number
of electrons is the so-called dual descriptor of chemical
reactivity, f (2)(r_).18

Among other things, the dual descriptor is useful for casting
the famous Woodward-Hoffmann rules for pericyclic reactions
in conceptual DFT.19 f (2)(r_) will be positive in regions of a
molecule that are better at accepting electrons than they are at
donating electrons, whereas f (2)(r_) will be negative in regions
that are better at donating electrons than they are at accepting
electrons. It is then stated that favorable chemical reactions occur
when regions that are good electron acceptors (f (2)(r_) > 0) are
aligned with regions that are good electron donors (f (2)(r_) <
0).18,19

To gain insight into the global electrophilic nature, we have also
computed the global electrophilicity index of these radicals, a
quantity that was introduced by Parr et al.20,21 as

where µ is the electronic chemical potential22 and η is the chemical
hardness.23-25 This quantity was computed using a finite difference
approximation for µ and η20 as

where I and A are the vertical ionization energy and electron
affinity, respectively.

All of these chemical concepts can be generalized in the
framework of the so-called spin-polarized conceptual DFT;26

in this representation, changes from one ground state to another
are written in terms of the changes of N, V, and Ns, the spin
number which is the difference between the number of R- and
�-spin electrons. (An equivalent representation uses NR, N�, and
V26b,c,27). In this framework, the Fukui function, fNN, can be
written as26,27

which can be proven to be equal to27

The Fukui functions in the {NR, N�, V} representation are
defined as follows:

where FR (F�) is the density of the R (�)-electrons. The Fukui
function for a radical attack is the average of the Fukui functions
for a nucleophilic and an electrophilic attack:

In addition, spin-polarized versions of the dual descriptor have been
put forward recently.26b,28

To gain insight into the influence of the steric effect on the
barriers of the exo- and endo-cyclization, we have performed
an analysis along the lines introduced by one of us, writing the
energy as29

where Es, Ee and Eq are the steric, electrostatic and quantum
contributions to the energy.41 This expression can then be compared
with the energy expression from density functional theory,

where Ts[F], Vne[F], J[F], Vnn[F], and Exc[F] represent the nonin-
teracting kinetic, nucleus-electron attraction, classical electron-
electron repulsion, nucleus-nucleus repulsion and exchange-
correlation energies, respectively. Terms 2, 3, and 4 of this
expression are electrostatic in nature, so one can write that

The quantum contribution to the energy is due to the exchange-
correlation energy and a contribution to the kinetic energy, which
is defined as the difference of Ts[F] and TW[F], the Weizsäcker
kinetic energy, given as follows:

Combining both equations yields the following definition of the
steric energy:

f+(r_) ) FN+1(r_) - FN(r_) (2)

f-(r_) ) FN(r_) - FN-1(r_) (3)

f0(r_) ) f+(r_) + f-(r_)
2

(4)

f (2)(r_) ) (∂f(r_)
∂N )V ≈ f+(r_) - f-(r_) (5)

ω ) µ2

2η
(6)

ω ≈ (I + A)2

8(I - A)
(7)

fNN(r_) ) (∂F(r_)
∂N )Ns,V

(8)

fNN(r_) ) 1
2[fRR(r_) + fR�(r_) + f�R(r_) + f��(r_)] (9)

fRR(r_) ) (∂FR(r_)

∂NR
)

N�,V
fR�(r_) ) (∂FR(r_)

∂N�
)

NR,V

f�R(r_) ) (∂F�(r_)

∂NR
)

N�,V
and f��(r_) ) (∂F�(r_)

∂N�
)

NR,V

(16)

fNN
0 (r_) )

fNN
+ (r_) + fNN

- (r_)

2
(10)

E ≡ Es + Ee + Eq (11)

E[F] ) Ts[F] + Vne[F] + J[F] + Vnn[F] + Exc[F]
(12)

Ee ) Vne[F] + J[F] + Vnn[F] (13)

TW[F] ) 1
8 ∫ |∇F(r_)|2

F(r_)
dr_ (14)

Es ≡ TW[F] (15)
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The definition of the steric energy in eq 15 has proved effective
for understanding internal rotation and transition state barriers;30 it
also makes contact with recent work on understanding chemical
reactivity using the principles of information theory.30

All calculations (ground state structure optimizations, transi-
tion state optimizations, IRC calculations, and electronic proper-
ties) were performed at the B3LYP31/6-311++G(d,p)32 level
of theory using the Gaussian 03 program.33 The energy
partitioning presented above was carried out at the same level
of theory. Atomic electron populations and spin densities were
obtained within the NPA scheme.34 The effect of a polar
environment on the reaction path has been taken into account
by use of the self-consistent reaction field theory. Single-point
energies in DMSO making use of the integral equation formal-
ism-polarizable continuum model35-38 at the B3LYP/6-311
++G(d,p) level of theory have been performed.

3. Results and Discussions

a. Energetics and the Entropic Effect. Experimental
polymerization studies carried out on compounds R1-R11 have
shown that the radicals R1-R8 form exclusively five-membered
rings in their polymer backbones, whereas radicals R9-R11
form six-membered ring structures.11,39,40

When the energetics of activation of the cyclopolymerization
reaction are considered (Table 1), for the radicals that undergo
exo-cyclization (R1-R8), the exo mode of cyclization has a
lower activation barrier than the endo mode. For the radicals
that undergo endo-cyclization (R9-R11), the trend reverses.
The enthalpy and free energy of activation follow the same trend
(Table 1). Note that zero-point energies are included in all the
values. This trend survives when the solvent is included in the

calculations via the use of a continuum model. In this study,
because all model monomers and their polymers are water-
soluble, dimethylsulfoxide (DMSO) is chosen as a polar solvent
with a dielectric constant ε ) 48. It is also one of the solvents
that have been used for the cyclopolymerization reactions of
diacrylamide,41 methacrylic anhydride,42 diallylamine hydro-
chloride with sulfur dioxide,43 DADMAC with sulfur dioxide,44

and some diallylamine derivatives.45 As seen in Table 1, the
energy barriers are consistent with the experimental observations.

The contribution of entropy to the regioselectivity has also
been investigated because the unexpected exo preference of
hexenyl systems has been attributed to a favorable activation
entropy in the literature.46 The entropies of activation of the
exo- vs endo-cyclizations considered in this work are listed in
Table 2. Indeed, the entropy of activation for the cyclization of
R1-R8 is lower in the exo mode than in the endo mode. This
trend is reversed for R9 and R10, but not for R11. Except for
the R11, all the radicals entropically favor the experimental
pathway. Although the trend is consistent with the experimental
ring size preference, the ∆∆S* values are less than 1.15 (cal/
(mol K)) which is far too small to be the dominant factor for
the regioselectivity.

b. Energy Partitioning of the Activation Barriers: Steric
Effect. In Table 3, we list the differences of the three
contributions, Es, Ee, and Eq for the transition structures of the
exo and endo modes of cyclization.

From the data in Table 3, it can be concluded that the barrier
heights of these reactions do not appear to be governed by the
steric effect, in the sense that it was defined above, since no

TABLE 1: Energetics for Cyclization of the Radicals (kcal/mol)a

∆E* (gas) ∆E* (DMSO) ∆H* ∆G*

radical ∆E* (exo) ∆E* (endo) ∆E* (exo) ∆E* (endo) ∆H* (exo) ∆H* (endo) ∆G* (exo) ∆G* (endo)

R1 6.8 10.8 6.9 10.7 5.8 9.7 8.9 12.9
R2 6.6 9.8 5.1 9.2 5.6 8.7 8.6 11.9
R3 4.5 8.8 4.0 8.6 3.6 7.9 6.0 10.4
R4 4.7 10.3 4.8 10.1 3.8 9.3 6.4 12.1
R5 5.2 9.1 3.8 8.9 4.3 8.2 7.0 11.0
R6 8.9 12.5 9.0 12.6 8.0 11.5 10.9 14.6
R7 5.7 10.8 5.7 11.0 4.7 9.7 8.0 13.5
R8 10.0 12.9 9.8 12.9 9.1 11.9 12.1 15.3
R9 13.8 11.0 14.0 10.6 12.9 10.1 16.0 12.9
R10 13.9 8.7 16.2 8.7 13.0 7.8 17.4 11.7
R11 15.2 8.7 15.7 8.6 14.5 7.8 18.0 11.5

a B3LYP/6-311++G(d,p), T ) 298.15 K for ∆G* and ∆H*.

TABLE 2: Activation Entropies for Cyclization Reactions
(cal/mol K)a

∆S* ∆∆S*

radical ∆S* (exo) ∆S* (endo) ∆S* (exo) - ∆S* (endo)

R1 -10.11 -10.64 0.52
R2 -10.08 -10.73 0.64
R3 -7.88 -8.51 0.62
R4 -8.78 -9.3 0.52
R5 -8.79 -9.34 0.55
R6 -9.6 -10.48 0.88
R7 -11.29 -12.77 1.47
R8 -10.19 -11.34 1.15
R9 -10.43 -9.3 -1.13
R10 -14.83 -13.28 -1.54
R11 -11.81 -12.42 0.61

a B3LYP/6-311++G(d,p).

TABLE 3: Differences of the Steric ∆Es, Electrostatic ∆Ee,
and Quantum ∆Eq Energy Contributions to the Transition
Structures of the Exo and Endo Modes of Cyclization for the
Different Radicalsa

radical ∆Es ∆Ee ∆Eq

R1 -9.2 -4.6 9.9
R2 -10.2 -2.5 9.5
R3 -3.5 -5.0 4.2
R4 -4.5 -6.6 5.6
R5 -11.1 -2.9 10.1
R6 20.5 -5.5 -18.1
R7 3.0 -7.1 -0.9
R8 16.9 -3.5 -16.0
R9 17.6 4.2 -18.8
R10 -39.5 13.9 31.3
R11 -2.9 11.6 -1.5

a These values are obtained as the differences of these quantities
of the exo and endo transition structures. All values were obtained
at the B3LYP/6-311++G(d,p) level of theory and are in kcal/mol.
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correlation exists between these differences and the reaction
barrier differences. However, there appears to be a good linear
relationship between the barrier differences and the electrostatic
contribution, as can be seen from the plot given in Figure 1. In
the next section, we will thus attempt to gain insight into the
observed regioselectivities using a number of local reactivity
indices.

c. Polar and Stereoelectronic Effects: Reactivity Indices.
We will now investigate the regioselectivity of the cyclizations
of the diallylmonomers central in this work using reactivity
indices emerging from density functional theory. In the first part,
the polar and stereoelectronic effects and their role in explaining
the observed regioselectivity will be examined. The global
electrophilicities of the radicals, the Fukui functions for radical
attack (both non-spin- and spin-polarized), and the spin densities
on the relevant atoms in the cyclization process were calculated
for all radicals. For each radical, the indices are tabulated for
three atoms: for the carbon bearing the radical center, the exo
carbon (the carbon atom on the double bond that will form a
5-membered ring upon cyclization), and the endo carbon (the
carbon atom on the double bond that will form a 6-membered
ring upon cyclization). The global electrophilicity values for
all radicals indicate that these can be classified as being
nucleophilic to neutral,47 except for high values associated with
the radical cations R2, R3, and R5 (Table 4). These electro-
philicity values thus point to an interaction between the SOMO
of the nucleophilic radical and the LUMO of the relevant carbon
with the double bond.45

For all cases considered in this work, the Fukui functions
are highest on the radical center, which is the most reactive
carbon. The second highest Fukui function values are on the
endocarbon atoms for all radicals, and the lowest values are on
the exocarbon atoms. Although the numerical values of these
two quantities differ, this is the case for both the non-spin-
polarized (f 0) and the spin-polarized (fNN

0 ) Fukui functions. This
fact shows that the Fukui functions favor the thermodynamic
product, that is, the formation of the six-membered ring.

Close inspection of the spin density shows that the radical
center and the endo carbon have an excess of alpha spin and
the exo carbon has an excess of beta spin. If spin-coupling
between centers of opposite spin controlled the reactivity, then
all radicals would undergo cyclization in the exo mode.

Insight into the observations made for the Fukui functions is
obtained when considering the evolution of this quantity along
the reaction path; we plot in Figure 2 the evolution of fNN

0 along
the reaction profile for the endo-cyclization mode for radical
R10 (a compound with a preferred endo regioselectivity of
cyclization) and the exo-cyclization mode for radical R4 (a
compound with a preferred exo regioselectivity of cyclization).
For the endo mode (IRC calculations starting from endo
transition state) of the radicals (Figure 2a), we observe that the
Fukui function is initially always the highest on the radical
center; the second highest value initially occurs on the endo
carbon, whereas the exo carbon initially has the lowest value.
During the reaction, the radical atom loses its reactivity, and
the exo carbon gains the reactivity. At the end of the reaction,
the exo carbon is the one with the highest reactivity, which is
meaningful, since it is the new radical center for an endo-
cyclization path. When an exo-cyclization is considered (Figure
2b), at the beginning of the reaction, the radical center again
has the highest value. The second highest value of the Fukui
function is on the endo carbon, and the exo carbon has the lowest
value. Since it is an exo pathway, the second reactive carbon
atom is supposed to be the exo carbon at the beginning of the
reaction. So we can say that we do not have the correct
information about the regioselectivity at the beginning of the
reaction for the exo pathway. However, during the reaction,
the reactivity of the endo carbon increases, and at the end of
the reaction, the endo carbon becomes the highest reactive
carbon atom, which is again meaningful, since the endo carbon
is the new radical center for the exo case. Furthermore, for the
endo case (Figure 2a), the Fukui function on the exo carbon
becomes larger than the endo carbon, only very close to the
transition state. This points to the fact that this transition state
occurs much later than the exo transition state.41 This is
supported by the distance between the radical carbon and the
exo carbon of the exo transition state geometry and the distance

Figure 1. Correlation of the difference of the activation barrier of the
exo and the endo mode, ∆∆E* ≡ ∆Eexo

* - ∆Eendo
* , of cyclization with

the electrostatic contribution difference ∆Ee of the transition state
energies.

TABLE 4: Reactivity Indices: Global Electrophilicity (GE), Fukui Function (f 0), Spin-Polarized Fukui Function (fNN
0 ), Spin

Density (Gs) (B3LYP/6-311++G(d,p))

f 0 fNN
0 Fs

radicals GE exo C endo C radical C exo C endo C radical C exo C endo C radical C

R1 0.801 -0.012 0.108 0.439 -0.007 0.094 0.222 -0.019 0.037 0.916
R2 4.663 -0.023 0.112 0.430 0.080 0.158 0.221 -0.021 0.044 0.888
R3 4.331 -0.019 0.123 0.461 0.086 0.158 0.235 -0.030 0.062 0.881
R4 0.812 -0.009 0.150 0.453 -0.015 0.103 0.228 -0.035 0.072 0.905
R5 4.155 -0.021 0.121 0.445 0.100 0.183 0.227 -0.026 0.053 0.892
R6 1.438 -0.014 0.083 0.398 -0.020 0.064 0.200 -0.019 0.042 0.730
R7 0.896 -0.010 0.132 0.464 0.021 0.120 0.237 -0.023 0.047 0.912
R8 1.552 -0.015 0.075 0.400 0.009 0.075 0.209 -0.013 0.029 0.735
R9 1.408 0.007 0.056 0.387 0.000 0.052 0.194 -0.009 0.030 0.732
R10 1.616 0.002 0.042 0.399 0.016 0.093 0.206 -0.007 0.019 0.736
R11 1.840 0.009 0.027 0.349 0.020 0.076 0.178 -0.007 0.019 0.727
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between the radical carbon and the endo carbon of the endo
transition state geometry. In the “exo TS for R4” the distance
between the radical carbon and the exo carbon is 2.244 Å; in
the “endo TS for R4”, the distance between the radical carbon
and the endo carbon is 2.320 Å. In the “reactive rotamer for
R4 (R10)” the distance between the radical carbon and the exo
carbon is 2.924 Å (3.251 Å), and the distance between the
radical carbon and the endo carbon is 3.604 Å (3.481 Å). Thus,
in both cases, during the cyclization, starting from the reactive
rotamer, it is easier to reach the exo transition state than the
endo transition state. We have observed the same trend for the
other radicals, as well.

Finally, we investigate whether the dual descriptor can specify
the regioselectivity for the radical cyclization. Since the present
cyclization corresponds to the transfer of an R electron from
the R HOMO (mainly located on the radical center) to the R

LUMO, the dual descriptor can be approximated by the
difference of the densities of the R LUMO and HOMO densities.

In Figure 3, we plotted the dual descriptors for all of the
model radicals (isosurface value is 0.0005). For the radicals with
a large number of heavy atoms (R8, R10, R11), the isosurface
value 0.0005 is not large enough to visualize the differences
between endo and exo carbons, so the dual descriptors of these
radicals R8, R10, and R11 are replotted with the isosurface
value 0.004 in Figure 4.

Figure 2. Evolution of the spin-polarized Fukui function for a radical attack fNN
0 on the radical center, exo and endo carbon atoms along the (a)

endo-cyclization mode for radical R10 and (b) exo-cyclization mode of radical R4.

Figure 3. Spin-polarized dual descriptor fRRR(2) (r_), as defined in eq 16, for all the radicals considered in this work (isosurface value ) 0.0005).

fRRR
(2) (r_) ) (∂fRR(r_)

∂NR
)
V

≈ |ψLUMO
R (r_)|2 - |ψHOMO

R (r_)|2

(14a)
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For the four prototypical radicals considered in this work,
both the radicals R1 and R4 show an exo regioselectivity in
the cyclization, and R10 and R11 prefer the endo pathway. For
R1 in Figure 3a, the region of the dual descriptor is larger around
the exo carbon than around the endo one. In addition, there is
a favorable alignment between the quantity on the radical center
(green) and the exo carbon (red). For the R4 case in Figure 3d,
the lobe on the exo carbon cannot be visualized with these iso
values; however, the repulsive interaction between the radical
and the endo carbon can be seen. When the iso values are
decreased, a small, red region can be seen on the exo carbon.
These results show that according to the dual descriptors, these
two radicals undergo exo-cyclization, which is consistent with
the experimental results. The same conclusions are reached
for the other radicals, R2, R3, R5, R6, R7, and R8, that are
experimentally observed to undergo exo-cyclization.

For R10 and R11, in Figure 3j (or Figure 4b) and 3k (or
Figure 4c), the dual descriptor region around the endo carbon
is larger than the one around the exo carbon. There is a favorable
interaction between the orbital on the radical center (green) and
the endo carbon (red). These results show that R10 and R11
undergo endo-cyclization, which is again consistent with the
experimental findings. It can thus be concluded that the spin-
polarized dual descriptor, introduced in eq 14, captures the
stereoelectronic effects determining the regioselectivity in these
radical cyclizations. The only exception is R9 in Figure 3i,
which displays the endo reaction pathway and where the dual
descriptor points to the exo carbon as the preferred carbon for
cyclization. In this case, the observed regioselectivity is probably
due to the combination of two effects: the large entropic
favorability for the exo position (Table 1) and the large
electrostatic contribution (Table 3).

4. Conclusions

Eleven representative radicals, R1-R11, were scrutinized to
explore the regioselectivity in the cyclopolymerization reactions
of diallyl monomers. The calculated activation barriers, activa-
tion enthalpies, and Gibb’s free energies support the experi-
mental trend that shows that R1-R8 form five-membered ring
structures and R9-R11 form six-membered ring structures. The
same observation holds for the entropies of activation, except
for R11. The energy partitioning of the activation barriers shows
that for the systems investigated, the regioselectivity cannot be
explained by the steric effect, but that, instead, a nice linear
relationship between the barrier differences and the electrostatic
contributions can be established. The non-spin-polarized (f 0)
and spin-polarized Fukui function (fNN

0 ) values of the reactive
rotamers, used as descriptors of the polar effect in these

cyclizations, do not reproduce the experimental regioselectivity,
since both favor the formation of the six-membered ring in all
cases. Conversely, the spin densities, Fs, favor the five-membered
ring structure. Examining the spin-polarized Fukui function
along the reaction path has allowed us to observe the reactivities
of the carbon atoms for the model radicals R4 and R10. In both
cases, the Fukui indices along the whole reaction pathway depict
the regioselectivities. Finally, the dual descriptor f (2)(r) measur-
ing stereoelectronic effects and computed in the framework of
spin-polarized conceptual DFT has been found to explain the
regioselectivity. The positive overlap between the radical center
and the exo carbon for the radicals R1-R8 and the positive
overlap between the radical center and the endo carbon for the
radicals R10-R11 confirm the experimental findings. Radical
R9 is the only exception to the predicted reactivity based on
dual descriptor analysis.
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