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Ab initio and density functional theory (DFT) calculations predict that intramolecular homolytic substitution by alkyl radicals at the selenium atom in seleninates proceeds through smooth transition states
in which the attacking and leaving radicals adopt a near collinear arrangement. When forming a ﬁvemembered ring and the leaving radical is methyl, G3(MP2)-RAD calculations predict that this reaction
proceeds with an activation energy (DEz1) of 30.4 kJ mol1. ROBHandHLYP/6-311þþG(d,p) calculations
suggest that the formation of ﬁve-membered rings through similar intramolecular homolytic substitution by aryl radicals, with expulsion of phenyl radicals, proceeds with the involvement of a hypervalent intermediate. This intermediate further dissociates to the observed products, with overall energy
barriers of about 40 kJ mol1. Homolytic addition to the phenyl group was found not to be competitive
with substitution, with a calculated barrier of 57.6 kJ mol1. This computational study provides insight
into homolytic substitution chemistry involving seleninates.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Intramolecular homolytic substitution chemistry provides an
effective method for the preparation of sulfur-containing heterocycles.1e4 While examples can be found of alkyl, aryl, and acyl
radicals undergoing this chemistry at the sulfur atom in sulﬁdes,2e4
sulfoxides,5e9 sulﬁnates,10,11 and sulﬁnamides,10,11 to the best of our
knowledge there are no examples reported for this chemistry involving sulfones.7e9 The examples depicted in Scheme 1 illustrate
the versatility of this chemistry; radicals derived from acylselenides
(e.g., 1), aryl and alkyl bromides (e.g. 2, 3) afford thiolactones,12
cyclic sulfoxides,5 and sultines10,11 in good yield.
While the majority of intramolecular radical substitution
chemistry has involved attack at sulfur, there are also numerous
examples of the formation of selenium and tellurium containing
rings using these reactions, some of which are displayed in Scheme
2. Diazonium salts, such as 4 are effectively converted into the
corresponding aryl radical that undergoes sequential addition to
ethyl propiolate followed by intramolecular substitution at selenium to afford the benzoselenophene,13 while epoxide 5 reacts
with sodium butyltelluroate to give the dihydrobenzotellurophene
in a process involving aryl radical attack at tellurium.14,15
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Scheme 1.

It is interesting to note that there appear to be no examples of
ring formation reactions involving homolytic substitution at oxidized selenium or tellurium.
Recently, we showed that cyclic sulﬁnates and sulfonamides
could be prepared utilizing this chemistry,10,11 and more recently
that computational chemistry provided valuable insight into the
intimate mechanistic details of the key bond-forming and bondbreaking steps.16
With an inherent interest in homolytic substitution reactions
involving selenium and their further development,17 we chose
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on selected structures as detailed in Table 1 through single-point
(ROMP2, QCISD, CCSD(T)) calculations, and using G3(MP2)-RAD,26
a high-level composite method that approximates (U)RCCSD(T)
calculations with a large triple-z basis set via additivity corrections
at the ROMP2 level of theory. G3(MP2)-RAD has been shown to
reproduce a large test set of experimental data to within chemical
accuracy.26 Zero-point vibrational energy (ZPE) corrections have
been applied to all optimized structures.
Optimized geometries and energies for structures 7, 9e13
(Gaussian Archive entries) are available as Electronic
Supplementary data.

Scheme 2.

3. Results and discussion

to explore the analogous intramolecular homolytic chemistry involving seleninates. We now report that intramolecular homolytic
substitution by alkyl and aryl radicals at the selenium atom in
seleninates with the expulsion of alkyl radicals proceeds through
a transition state in which the attacking and leaving radicals adopt
a near collinear arrangement. Similar chemistry involving aryl
radicals with a phenyl leaving group is calculated to take place with
the involvement of a hypervalent intermediate.

3.1. Ring closure of radical 6 (R[Me)
We began this work by examining the potential energy surface
for the cyclization of the ‘parent’ reaction (R¼Me) depicted in
Scheme 3. This study aimed to provide a comparison with the
analogous ‘parent’ sulﬁnate system,16 while at the same time
affording valuable benchmarking data and conﬁdence in the computational methods used.

2. Computational methods
Ab initio and density functional theory (DFT) calculations were
carried using the Gaussian 09 program.18 Geometry optimizations
were performed with standard gradient techniques at HF, MP2,
BHandHLYP, M05-2X and M06-2X levels of theory, using restricted
methods for closed-shell systems.19 Many DFT methods, including
B3LYP, perform poorly for radical systems,20 and this is often associated with an inadequate treatment of exchange terms.21 Zipse
showed some time ago that, as a DFT method, BHandHLYP provides
a good compromise,22 and we reported that this method often
provides data that reﬂect those obtained using higher correlation
methods, such as QCISD or CCSD(T).23e25
All ground and transition states in this study were veriﬁed by
vibrational frequency analysis. As was apparent in our earlier study
involving sulﬁnates,16 spin contamination proved to be a signiﬁcant
problem for some open-shell systems, especially for transition
states and hypervalent intermediates, with UHF, UMP2 and
UBHandHLYP methods providing values of hs2i often in excess of 2
before annihilation of quartet contamination; UQCISD and
UCCSD(T) were much better behaved. As a result, all optimizations
of open-shell molecules were carried out using restricted openshell methods (ROHF, ROBHandHLYP). Standard basis sets available
in Gaussian 09 were used. Improved energies were then obtained

Scheme 3.

Searching of the C4H9O2Se potential energy surface located
structures 6 and 7 (R¼Me) as well as the cyclized seleninate and
methyl radical. Structure 6 (R¼Me) proved to correspond to an
energy minimum as veriﬁed by vibrational frequency analysis,
while 7 (R¼Me) proved to be a transition state; structure 7 is displayed in Fig. 1, while important geometrical features of 7 at each
optimized level of theory are listed in Table 1 together with pertinent energy data.
Inspection of Fig. 1 reveals that transition state 7 (R¼Me), with
BHandHLYP/6-311þþG(d,p) calculated key distances of 2.066 and
2.212 
A, like its sulfur counterpart,16 is ‘late’ in the direction of reaction depicted in Scheme 3. Similar data are provided at the other
levels of theory employed in this study (Table 1); indeed there
appears to be little variation in r1 and r2 with theoretical level.

Table 1
Calculated activation energies (DEz1, DEz2) for the cyclization of radical 6 (R¼Me, Scheme 3), and key data for transition structure 7 (R¼Me)
Level of theory

DE1z a

DE1z þZPEa

DE2z

DE2z þZPEa

r1b

r1b

vTSc

ROHF/6-31G(d)
ROHF/6-311G(d,p)
ROBHandHLYP/6-311G(d,p)
ROBHandHLYP/6-311þþG(d,p)
ROBHandHLYP/cc-pVDZ
ROBHandHLYP/aug-cc-pVDZ
M05-2X/6-311þþG(d,p)
M06-2X/6-311þþG(d,p)
ROMP2/6-311þþG(d,p)//ROBHandHLYP/6-311þþG(d,p)
QCISD/6-311þþG(d,p)//ROBHandHLYP/6-311þþG(d,p)
QCISD/cc-pVTZ//ROBHandHLYP/6-311þþG(d,p)
CCSD(T)/6-311þþG(d,p)//ROBHandHLYP/6–311þþG(d,p)
G3(MP2)-RAD

109.7
122.1
57.7
58.3
60.5
57.5
28.4
35.2
28.0
45.6
42.1
36.1
30.4

115.7
128.2
62.8
63.4
65.2
62.3
33.1
39.4

85.1
103.6
33.9
37.1
33.1
36.7
4.0
8.6
17.3
30.2
24.2
21.9
22.2

100.5
120.2
46.1
49.2
45.2
48.2
14.8
19.9

2.067
2.064
2.069
2.066
2.076
2.070
2.076
2.048

2.118
2.122
2.210
2.212
2.205
2.207
2.265
2.326

499i
502i
341i
341i
345i
340i
262i
285i

a
b
c

Energies in kJ mol1.
Key transition structure separations in 
A (see Fig. 1).
Transition state vector (imaginary) frequency.
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Unfortunately, QCISD, CCSD(T) and G3(MP2)-RAD methods are
not suitable for the remaining systems of interest in this study
because of resource limitations. Despite this, and with the knowledge that BHandHLYP methods are likely to overestimate the energy barriers (DEz1 and DEz2) by 20e30 kJ mol1, we chose to
continue this study using the above-mentioned DFT method because of the useful qualitative insight that these calculations will
provide for a hitherto unknown reaction, namely homolytic substitution at seleninates.
3.2. Effect of leaving group in radical 6 (R[Et, i-Pr, t-Bu)

Fig. 1. ROBHandHLYP/6-311þþG(d,p) optimized structure of transition state 7 (R¼Me).
Data at other levels of theory are listed in Table 1.

It is instructive to compare these data with those calculated for
other homolytic substitution reactions involving selenium; CeSe
transition state separations of 2.0e2.3 
A (depending on level of
theory) have been calculated for both inter- and intramolecular
reactions involving alkyl radicals at unoxidized selenium.23,27e29 It
is interesting to note that the ‘attack angle’ in 7 is calculated to be
164 at this level of theory, slightly larger than the ‘ideal angle’ of
about 154 calculated using MP2/DZP for the degenerate reaction of
methyl radical with methaneselenol.28
The geometrical ‘lateness’ of transition state 7 (R¼Me) is consistent with the energy data provided in Table 1; at all levels of
theory the ring closure of radical 6 is calculated to be endothermic.
In addition, inclusion of electron correlation also appears to be
important in arriving at satisfactory energy barriers. For example,
ROHF/6-311G(d,p) calculations provide a value of DEz1 of
122.1 kJ mol1, while the barrier for the reverse reaction (DEz2) is
calculated to be 114.6 kJ mol1; both barriers increase slightly upon
inclusion of zero-point vibrational energy (ZPE) correction. Both
energy barriers are dramatically lower using DFT, with
ROBHandHLYP/6-311þþG(d,p) providing values of 58.3 and
41.9 kJ mol1 for DEz1 and DEz2, respectively. It is interesting to note
that both QCISD methods employed provide values of DEz1 in the
mid-forties (kJ mol1), while the CCSD(T)/6-311þþG(d,p) singlepoint calculation provides values of 36.1 and 22.0 kJ mol1 for the
forward and reverse barriers.
It is also interesting to note the while the M05-2X and M06-2X
methods provide values for the ‘forward’ energy barrier, DEz1, of 33.1
and 39.4 kJ mol1 that resemble those from the QCISD and CCSD(T)
calculations, these methods appear to signiﬁcantly underestimate
DEz2, providing values of 4.0 and 8.6 kJ mol1, respectively.
It is clear from the data in Table 1 that the energy barriers at the
various levels of theory employed in this study appear to converge
to the G3(MP2)-RAD values of about 30 and 22 kJ mol1, with
ROMP2/6-311þþG(d,p), on this occasion, giving values close to
those provided by the highest level of theory (28.0, 17.4 kJ mol1). It
has been suggested previously that ROMP2 calculations are capable
of providing reliable data for a variety of radical reactions,30 however, this was not generally observed in our previous work involving sulﬁnates.16
It is important to compare the energy data in Table 1 with those
of the analogous reaction involving sulfur in which G3(MP2)-RAD
calculations provided values of DEz1 and DEz2 of 43.2 and
24.4 kJ mol1.16 Clearly, as has been observed in other systems,
intramolecular homolytic substitution at the selenium atom in
a seleninate is predicted to be more facile (by about 13 kJ mol1 for
6, R¼Me) over the analogous reaction at the sulfur atom in
a sulﬁnate.

We next turned our attention to the effect of the leaving group
on the chemistry depicted in Scheme 3. Ground and transition
states (6, 7) as well as products were located on the respective
potential energy surface for reactions involving primary, secondary
and tertiary leaving groups exempliﬁed by R¼Et, i-Pr and t-Bu, and
these structures veriﬁed as corresponding to the appropriate stationary point by vibrational frequency analysis. Fig. 2 depicts the
BHandHLYP/6-311þþG(d,p) calculated transition structures 7,
while Table 2 lists calculated energy and geometry data using this
level of theory; data obtained at other levels of theory can be found
in the Supplementary data.
Inspection of Fig. 2 reveals transition state separations consistent with those calculated for other reactions at selenium (vide

Fig. 2. ROBHandHLYP/6-311þþG(d,p) optimized structures of transition states 7
(R¼Et, i-Pr, t-Bu). Data at other levels of theory can be found as Supplementary data.
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Table 2
ROBHandHLYP/6-311þþG(d,p) calculated activation energies (DEz1, DEz2) for the cyclization of radicals 6 (R¼Et, i-Pr, t-Bu, Scheme 3), and associated transition state
vector (imaginary) frequency for transition states 7
Leaving radical (R)

DEz1a

DEz1þZPEa

DEz2a

DEz2þZPEa

vTSb

Ethyl (Et)
iso-Propyl (i-Pr)
tert-Butyl (t-Bu)

51.6
44.6
42.0

57.8
50.6
47.6

38.6
46.6
54.7

49.1
55.9
60.9

271i
314i
384i

a
b

Energies in kJ mol1.
Transition state vector (imaginary) frequency.

supra) and show that as the leaving group is ‘improved’ in moving
from methyl (Fig. 1) to ethyl, iso-propyl and tert-butyl, that the
reaction becomes ‘earlier’ in the direction indicated in Scheme 3.
This observation is consistent with expectation and with the energy
data provided in Table 2 that show progressively lower values for
DEz1 (54.1e42.0 kJ mol1) in moving through this series. Importantly, this reaction is calculated to be exothermic by about
12 kJ mol1 when tert-butyl is used as the leaving radical.
3.3. Ring closure of aryl radicals 8
The substitution chemistry involving aryl radicals 8 was next
examined and the reaction proﬁle proved to be highly dependent
on the nature of the leaving group (Scheme 4). With alkyl leaving
groups (R¼Me, t-Bu) the reaction proﬁle resembled those of the
other reactions studied so far and transition states 9 that connected
the starting radicals 8 directly to the products were located. However, when the leaving group was replaced with the phenyl radical,
an intermediate (11) was located on the C13H11O2Se potential energy surface, in a similar manner to that previously observed for the
corresponding sulﬁnate.16
Fig. 3 depicts the ROBHandHLYP/6-311þþG(d,p) calculated
transition states 9 (R¼Me, t-Bu) and reveals that these structures,
with calculated values of 2.293 
A (Me) and 2.358 
A (t-Bu) for r1, are
‘earlier’ than the analogous structures 7 located for alkyl radical
attack. This is consistent with the intrinsic reactivity of the aryl
radical in comparison with primary alkyl and is also reﬂected in the
energy data shown in Scheme 4; at this level of theory DEz1 is calculated to be 8e13 kJ mol1 lower than that for the analogous reactions involving 6 (R¼Me, t-Bu). Data at other levels of theory are
provided in the Supplementary data.
Fig. 4 displays the ROBHandHLYP/6-311þþG(d,p) calculated
structures 10e13 predicted to be involved in the radical chemistry of 8 (R¼Ph), as well as the associated energy data. As was
predicted for the analogous sulﬁnate,16 intramolecular homolytic
substitution involving 8 (R¼Ph) is predicted to proceed with the

Fig. 3. ROBHandHLYP/6-311þþG(d,p) optimized structures of transition states 9
(R¼Me, t-Bu). Data at other levels of theory can be found as Supplementary data.

involvement of intermediate 11, which is calculated to lie at some
35.6 kJ mol1 above the starting radical 8 on the potential energy
surface. This intermediate lies in a shallow well, with barriers
(DEz2, DEz3) of about 4 kJ mol1 for dissociation to the starting
material, or to the product. At some levels of theory this well
effectively disappears when ZPE correction is applied (Table S3;
Supplementary data). This activation energy is to be compared
with the value of 46.3 kJ mol1 obtained for the corresponding
sulﬁnate.16 Consequently we predict that the cyclization of 8
(R¼Ph) should be more facile than cyclization of the corresponding sulﬁnate. In competition is intramolecular addition to
the aryl ‘leaving group’ to afford adduct radical 14 via transition
state 13. This process is calculated to require 57.6 kJ mol1 and
should not be competitive with the homolytic substitution
channel, unlike the corresponding sulﬁnate.16

Scheme 4.
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Fig. 4. ROBHandHLYP/6-311þþG(d,p) optimized structures of transition states 10e13. Data at other levels of theory can be found as Supplementary data.
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Ab initio and density functional theory (DFT) calculations predict
that intramolecular homolytic substitution by alkyl radicals at the
selenium atom in seleninates proceeds through a smooth transition
state in which the attacking and leaving radicals adopt a near collinear
arrangement. When forming a ﬁve-membered ring and when the
leaving radical is methyl, G3(MP2)-RAD/calculations predict that this
reaction proceeds with an activation energy (DEz1) of 30.4 kJ mol1, up
to 30 kJ mol1 lower than that calculated using ROBHandHLYP
methods. Despite this, ROBHandHLYP/6-311þþG(d,p) is able to satisfactorily reproduce the qualitative features observed at the higher
levels (G3, CCSD(T)) of theory and has been used to explore the
chemistry of the larger systems in this study.
ROBHandHLYP/6-311þþG(d,p) calculations suggest that the
formation of ﬁve-membered rings through intramolecular homolytic substitution by aryl radicals at the selenium atom in seleninates, with expulsion of phenyl radicals, proceeds with the
involvement of a hypervalent intermediate. This intermediate further dissociate to the observed products, with an overall energy
barrier of about 40 kJ mol1. This computational study provides
insight into the synthetic potential of seleninates in homolytic
substitution chemistry.
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