
The calculated effects of substitution on intramolecular
cyclization of 2,5-hexadienyl radicals

Ching-Wen Wu, Hui-Lung Chen, Jia-Jen Ho *

Department of Chemistry, National Taiwan Normal University, 88, Section 4, Tingchow Road, Taipei 116, Taiwan

Received 13 February 2007; received in revised form 12 March 2007; accepted 13 March 2007
Available online 21 March 2007

Abstract

The effects of substituents on the rate of intramolecular cyclization of the 2,5-hexadienyl radicals have been investigated computation-
ally with DFT theory, using the UB3LYP functional. Various substituents – CN, NO2, CH3, NH2, and t-butyl – at various positions –
C1, C5 and C6 – were considered in the calculations. An electron-donating substituent on the C1 position raises the radical SOMO
energies to increase the interaction with the alkene LUMO, whereas an electron-withdrawing counterpart lowers the SOMO and
increases the interaction with the alkene HOMO. Both interactions decrease the activation energies, by 0.9–10.2 kcal/mol, and increase
the rate of reaction rate, from 3 to 2.7 · 107 times. Similar results were obtained for the substituents at the C6 position, and the activation
energies for the intramolecular cyclization were decreased by 0.2–4.8 kcal/mol and the reaction rate increased from 2 to 2.8 · 103 times.
The substituent at the C5 position favors the formation of a 6-endo product because of a steric effect. The effects of disubstituents at both
C1 and C6 positions were also investigated; the results showed that the electron-withdrawing groups decrease most effectively the
activation energies. The so-called captodative effect was also investigated.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A synthetic technique to obtain both a high reactivity
and a high selectivity in the cyclization of many organic
and bioorganic compounds via the formation of n-mem-
bered rings is still challenging [1–9]. Great interest persists
in intramolecular additions of radicals to produce five- or
six-membered rings [4,10]. It is well known that, as shown
in Scheme 1, the 5-hexenyl radical, 1, undergoes ring clo-
sure in forming the 5-exo cyclopentylcarbinyl radical (pri-
mary) preferentially (98:2) over the 6-endo cyclohexyl
radical (secondary).

Nevertheless, to improve the reaction especially for the
formation of a six-membered ring, several studies have
been devoted to the reactivity of various substituted radi-
cals [11–15]. For instance, the ring closure of 5-methyl-5-

hexenyl radical 4, yields a 2:3 ratio of the 5-exo/6-endo

products 5/6, a result ascribed to the presence of an unfa-
vorable steric effect in forming the 5-exo cyclization.
Methyl substituents at other positions, however, reinforce
the preference for 5-exo cyclization [10d]. For the evalua-
tion of these factors and an effective comprehension of
the mechanism of the radical additions, the availability of
reliable data from quantum-chemical calculations is essen-
tial, but only the intermolecular addition of carbon-cen-
tered radicals to multiple bonds has received much
attention. Theoretical approaches to intramolecular addi-
tion to double bonds seem scarce. Backwith focused atten-
tion on the importance of steric and stereoelectronic effects
in determining the regio-selectivity and stereo-selectivity of
radical reactions [16]. Houk and Spellmeyer reported a
transition structure involved in the cyclization of the
5-hexenyl radicals [10d]. Baker and Dolbier applied
density-functional theory (DFT) to study the cyclization
of fluorinated 4-pentenyl radicals [17]. Della et al. found
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that the cyclization of a-sulfenyl-, a-sulfinyl-, and a-sulfo-
nyl-5-methyl-5-hexenyl radicals revealed a high regioselec-
tivity of the a-sulfonyl-5-methyl-5-hexenyl radical in
forming 6-endo product [18]. Radicals can be stabilized
by substituents that act as either electron donors or
acceptors, and when both are present in the same system
the so-called mero-stabilization, push–pull stabilization,
or capto-dative stabilization is observable [19,20]. A
stabilization of this type is believed to result from mutual
reinforcement of the two substituent effects [21].

Upon this background, we report an application of den-
sity functional theory to investigate the intramolecular
cyclization of 2,5-hexadienyl radicals substituted with sev-
eral functional groups – CN, NH2 etc. – at the C1, C5

and C6 positions in producing 5-exo and 6-endo products
with various regioselectivities. We employed also the Mar-
cus theory to analyze the weight of contributions from the
intrinsic barrier and thermodynamic factors in various sub-
stituents and positions in relation to the variation of activa-
tion energies of the reaction. By means of disubstitution at
the C1 and C6 positions, we investigated the capto-dative
effect, in which the activation energy of the reaction was
expected to be further decreased [22].

2. Computational method

The geometries of all reactants, products and transition
structures that involve radical cyclization were optimized
using density-functional theory [23–26] with the hybrid
UB3LYP [27–29] functional in conjunction with the 6-
31G(d) basis set in the Gaussian 03 package [30]. Each sta-
tionary point as an energy minimum or a saddle point was
verified by calculation of the harmonic vibrational wave-
numbers. Zero-point energies were included in the evalua-
tion of activation energies and heats of reactions.
Calculations of intrinsic reaction coordinate (IRC) were
performed on all transition structures to confirm the
connection between the reactants and products [31].
Single-point calculations at two levels – UB3LYP/6-
311++G(d,p)//UB3LPY/6-31G(d) and CCSD(T)/cc-pVDZ
//UB3LPY/ 6-31G(d) – were performed. To calculate the
energies of all structures, we applied the G3-MP2 method
with the UB3LYP/6-31G(d) geometries [32]. We investi-
gated substituent effects on the rates of radical cyclization
using transition-state theory with Wigner tunneling correc-
tions [33]. With calculations of natural bond orbitals
(NBO) (NBO 4.0 implemented in Gaussian software), we

analyzed a possible orbital interaction between the substi-
tuent and the radical center [34–40].

Murdoch proposed use of the Marcus theory to separate
thermodynamic and intrinsic contributions to activation
energies [41]. For this separation the Marcus equation is

DEz ¼ DEz0 þ 1=2DErxn þ ðDErxnÞ2=16ðDEz0Þ ð1Þ

Here the activation energy, DE�, of a nondegenerate reac-
tion is the sum of the intrinsic barrier, DEz0, and the ther-
modynamic contribution, no matter whether the reaction,
with DErxn, is exothermic or endothermic. The intrinsic
barrier is an hypothetical thermoneutral process, e.g., a
degenerate transformation. The thermodynamic contribu-
tion is an estimate of the variation in activation energy
caused by the substituent due to an alteration of the heat
of reaction, based on an assumption that the hypersurface
of potential energy behaves like two overlapping parabolas
representing reactant and product energies, illustrated in
Fig. 1. The term ðDErxnÞ2=16ðDEz0Þ is a correction for
non-additivity of the intrinsic and thermodynamic effects.
The equation is practically equivalent to the assumption
that half the reaction energy DErxn contributes to the acti-
vation energy DE�. An equivalent expression to solve the
resulting quadratic equation for the intrinsic barrier, DEz0,
is

DEz0 ¼
DEz � ð1=2ÞDErxn þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DEz2 � DEzDErxn

p
2

ð2Þ

After obtaining the activation energy and the energy for
the reaction, we used this Marcus formula to calculate
the intrinsic and thermodynamic contributions.

Employing the transition-state theory (TST), we calcu-
lated the rate coefficients at 298 K for radical cyclization
of mono- and di-substituents in C1, and C6 positions of
2,5-hexadienyl radicals. We take the calculated G3MP2B3
energies and the following equation for the calculation.

kd ¼ kWr
kBT

h
QTS

QReact:

exp �ETS � EReact:

RT

� �
ð3Þ

Fig. 1. Diagrams of potential energy to describe the Marcus model for
degenerate and exothermic or endothermic reactions: (A) the intrinsic
barrier of a thermoneutral reaction; (B) the activation energy of an
exothermic (left graph) or endothermic (right graph) reactions; and (C) the
reaction energy.
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Scheme 1. Cyclization of the 5-Hexenyl Radical.
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