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a b s t r a c t

G3(MP2)-RAD calculations provide activation energies for intramolecular homolytic substitution in the
4-(alkylselenoxo)butyl and 4-(alkylselendioxo)butyl radicals ranging from 21e39 kJ mol�1, and
143e170 kJ mol�1 for the selenoxide and selenone, respectively. Arrhenius data translate into rate
constants for ring-closure of 1.5�105�2.5�108 s�1 (80�) for the selenoxides, and 5.4�10�14�5.1�10�11 s
�1 (80�) for the corresponding selenones. NBO analyses show alkyl radicals are electrophilic during ho-
molytic substitution at selenoxide selenium. The dominant orbital interaction in the transition state is
worth 2413 kJ mol�1 and involves the SOMO and the lone-pair of electrons on selenium. The corre-
sponding selenones are calculated to ring-close through transition states in which alkyl radicals are
nucleophilic, but involve weak (SOMO–> s* and SOMO–> p*) interactions. Consequently, this chemistry
is not viable for selenones because of the lack of lone-pairs of electrons on the chalcogen.

Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Free radical methods in synthesis abound.1 The modern practi-
tioner has access to reliable methods for the formation of a variety
of rings through intramolecular homolytic addition chemistry,2,3

and to higher heterocycles through the application of intra-
molecular homolytic substitution (SHi) chemistry at silicon, ger-
manium, tin, sulfur, selenium and tellurium.4,5

We have been involved in the design and application of ho-
molytic substitution chemistry involving selenium and have re-
ported the synthesis of several important selenium-containing
heterocycles utilizing this chemistry.6e9 An example of the use of
this chemistry (in tandem with homolytic addition) for the prep-
aration of a selenium-containing antihypertensive is depicted in
Scheme 1.10

As part of this work, we have also explored the mechanism of
free radical attack at the chalcogens, and determined important
kinetic data for these transformations.5,11e15 It had been generally
accepted that free radical attack at higher heteroatoms occured
either through a ‘smooth’ transition state such as 1 or 2, or through
a hypervalent intermediate such as 3, which can undergo pseu-
dorotation prior to dissociation.16 In the case of silicon, germanium
and tin, it has been shown that substitution can occur either by
frontside (1) or backside (2) attack,17 while reactions involving

chalcogen appear to occur only via the backside pathway or (for
tellurium) through an intermediate (3) that is too shortlived to play
an important mechanistic role.18 In each mechanism it has been
assumed that the carbon-centered radical is nucleophilic in its
substitution chemistry,1,19 an assumption that could not adequately
explain the lack of SH2 chemistry at sulfone sulfur,20 the system that
should react most efficiently with a nucleophilic carbon-centered
radical (Scheme 2). z NBO analyses have been used previously by
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us to understand the N-philicity of acyl radicals. It should be noted
that the calculated energies contain electronic (orbital interaction)
terms only and should not be confused with bond energies because
they do not include the nuclear repulsion term required for de-
termining bond strengths.

We recently reported that homolytic substitution at sulfone
sulfur (devoid of lone pairs) is too slow to be competitivewith other
processes, in turn providing an explanation for the lack of homo-
lytic substitution chemistry involving sulfones.13 Indeed, NBO
analyses showed that the dominant orbital interactions in the SH2
transition states at sulfur involve at least one lone pair and this
observation required a reassessment of the prevailing mechanism
for SH2 chemistry (Scheme 3).13

Recently, we reported the results of experimental and compu-
tational work aimed at determining important kinetic data for the
ring-closures of 4-(alkylseleno)butyl and 5-(alkylseleno)pentyl
radicals (examples: Scheme 4) and showed that high-level
(G3(MP2)-RAD) calculations routinely provide rate constants for
these homolytic substitution processes that are within error of the
experimentally-determined values.

Given that no experimental examples of homolytic substitution
at selenoxides and selenones have been reported to date, pre-
sumably because of the intrinsic reactivity of these functional
groups through alternative competing pathways,21 we turned to

computational methods to explore the effect of lone pairs and
leaving groups on the cyclization of the oxides 4 to afford the tet-
rahydroselenophene oxides 5. Similar to their sulfur-containing
counterparts, high-level calculations reveal that SHi chemistry at
selenides and selenoxides proceed well, while reactions at sele-
nones have prohibitively high energy barriers. G3(MP2)-RAD cal-
culations predict rate constants of 4.1�108 and 5.4�10�14 s�1 for
the cyclization of the benzyl-substituted radicals 6 (R¼Bn) at 80�

(Scheme 5). This is to be compared to the value of 3.0�108 s�1 for
the ring-closure of the 4-(benzylseleno)butyl radical at 80�.15

2. Computational methods

Ab initio and DFT calculations were carried out using Gaussian
09.22 B3LYP/6-31G(d) optimisations were performed on starting
materials 6, transition states 7 and cyclization products as part of
the G3(MP2)-RAD composite method (vide infra). BH and HLYP/6-
311G(d,p) optimisations and NBO analyses were performed on
transition states 9. Geometry optimizations were performed uti-
lizing standard gradient techniques.23 Values of <s2> never
exceeded 0.81 before annihilation of the first spin contaminant.
After annihilation of quartet contamination <s2> ranged from 0.75
to 0.77. All ground and transition state structures were verified by
vibrational frequency analysis. Optimized geometries and energies
for all transition structures in this study are available in the
Supplementary data. Kinetic parameters were determined using
the Eyring equation and energies obtained using the G3(MP2)-RAD
method. G3(MP2)-RAD is a high-level composite method that has
been shown to perform within chemical accuracy for analogous
radical reaction, hence it was selected for our study.24

3. Results and discussion

In order to provide insight into the intramolecular homolytic
substitution process at the selenium oxides 6, we began this study
by locating the transition states 7 for the cyclization of radicals 6 at
the B3LYP/6-31G(d) level of theory required for the G3(MP2)-RAD
calculation.24 Previous benchmarking studies have established
that this level of theory provides reliable thermodynamic and ki-
netic data for free radical reactions that include homolytic sub-
stitution and addition.14,15,25

Vibrational frequency analysis verified structures 7 corresponds
to the transition states for the homolytic substitution process.
Optimized transitions states 7 are depicted in Figs. 1 and 2 with full
geometric details available in the Supplementary data. Two (syn/
anti)y stereoisomeric transition structures were located for the
ring-closures of the selenoxides 7 (n¼1) (Fig. 1) while only a single
structure 7 (n¼2) was located for each of the selenones.

Inspection of Fig. 1 reveals that the syn transition states 7 (n¼1)
have similar transition state separations to those reported pre-
viously for the cyclization of selenides 6 (n¼0).15 For example, for
the benzyl-substituted system (R¼Bn), B3LYP/6-31G(d) transition
states separations of 2.357 and 2.157 �A are reported for the syn
transition state 7 (n¼1), with the corresponding separations in the
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y syn Corresponds to a structure with the methylene group a to the bond forming
carbon and the carbonyl oxygen of the same face of the molecule. anti Denotes
a structure with them on opposite faces.
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