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Abstract: Density-functional theory is used to model the endo and exo transition states for
[2,3]-sigmatropic rearrangement of allylic aryl-selenoxides and -selenimides. The endo
transition state is generally preferred for selenoxides if there is no substitution at the 2
position of the allyl group. Based upon the relative energies of the endo and exo transition
states, enantioselectivity of rearrangements is expected to be greatest for molecules with
substitutions at the 1- or (E)-3- position of the allyl group. Ortho substitution of a nitro
group on the ancillary selenoxide phenyl ring reduces the activation barriers, increases the
difference between the endo and exo activation barriers and shifts the equilibrium toward
products.
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1. Introduction

[2,3]-Sigmatropic rearrangements of allylic selenoxides and selenimides (Figure la) are important
tools for the synthesis of primary, secondary and tertiary allylic alcohols and amines [1]. Examples of
applications of interest to natural products and bioorganic chemistry include the conversion of A-type
prostaglandin to J-type [2], the enantioselective total synthesis of the marine oxylipin solandelactone E
[3], as well as in the synthesis of sterols [4] and non-natural amino acids [5]. [2,3]-Sigmatropic
rearrangements of selenoxides have also been used for intrastrand cross-linking of DNA [6]. As shown
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in the synthesis of solandelactone E (Figure 1b), the rearrangement tolerates a variety of functional
groups. Enantioselective synthesis of chiral allylic alcohols and amines is possible when either the
selenoxide is produced using a chiral oxidizing agent or a chiral ancillary group including those that
stabilize the selenoxide against racemization [1,7-10].

Figure 1. (a) Recent synthetic application of the [2,3]-sigmatropic rearrangement in the
total synthesis of solandelactone E’. (b) Mechanism of [2,3]-sigmatropic rearrangements
(c) Reaction pathways through the endo and exo conformations at the transition state.
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The reaction proceeds by oxidation of an allylic selenide to the selenoxide which undergoes
rearrangement to the allylic selenenate. Hydrolysis of the selenenate yields the allylic alcohol.
Alternatively, the selenide may be converted to the selenimide by treatment with chloramine T or
N-chlorosuccinimide and protected amine [11-13]. Solvolysis and oxidation of the resulting allylic
amine may be used to synthesize amino acids [5]. Reich and coworkers reported the activation barrier
of the selenoxide rearrangement of an allylic 0-nitrophenylselenoxide as approximately 12.5 kcal/mol
(AG*), with 2 kcal/mol separating distinct transition states where the aryl group is endo or exo to the
allyl group (Figure 1c) [14]. The equilibrium favors the selenenate ester (AG = ~ -11 kcal/mol), such
that the reaction is effectively irreversible. In contrast, the analogous sulfoxide is slightly more stable
than the sulfenate ester (AG = 1.5 kcal/mol) with a larger barrier to rearrangement
[AG* = 19.8 kcal/mol (endo TS)] [14].

In this paper, the transition states for [2,3]-sigmatropic rearrangements of aryl allyl selenoxides and
selenimides are modeled using density-functional theory (DFT) and compared to Reich et al’s
experimental data, as well as previously estimated barriers for the sulfoxide rearrangement [15]. The
effect of ortho substitution of a nitro group on the activation barriers is also examined as
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computational studies of selenoxide elimination [16-17] have shown that groups capable of
intramolecular Se--*N,O interactions [ 18] substantially lower the barrier to elimination.

2. Results and Discussion

Calculations were performed on the model allylic phenylselenoxides 1-6, their o-nitrophenyl
analogues (1-5 only, i.e., 7-11) and the N-benzenesulfonimide 12 (Figure 2) using the B3PW91
exchange correlation functional. Transition states were obtained by a manual scan of the X—C (X=0,
NSO,Ph) reaction coordinate followed by full optimization to a saddle point. The rearrangement
mechanism was assumed to be concerted and both the endo- and exo- conformations of the transition
state were obtained for each model compound. Reaction pathways were examined for a single
enantiomer of the selenoxide as if generated from a chiral oxidant. Activation barriers were calculated
from the lowest conformation of the reactant selenoxide that leads to these two transition states. The
activation barriers and selected geometric parameters for the lowest energy transition states (endo or
exo) for the rearrangement of the selenoxides 1-11 and the selenimide 12 are listed in Table 1 and
shown in Figures 3 and 4. In the following discussion, relative energies are calculated from the lowest
energy conformation of the selenoxide and discussed in terms of the Gibbs free energy (AG) unless
otherwise noted. Subscripts are used to designate the selenoxide (R), transition state (TS) and
selenenate (P). Superscripts are used to label the transition states as endo (N) or exo (X).

Figure 2. Selenoxides and selenimides under examination in the present study.

X=0, R;=R,=R3=R,=Rs=H Ar = Ph (1), = 0-NO,Ph (7)
Rl RZ X=0, R1=R2=Me, R3=R4=R5=H Ar = Ph (2), = 0-N02Ph (8)
X | X=0, R,=Me, R;=R5=R,=Rs=H Ar = Ph (3), = 0-NO,Ph (9)
_Se X=0, R;=Me, R,=R3=R,=R:=H Ar = Ph (4), = 0-NO,Ph (10)
Ar 7)/\ Rs X=0, Rz=Me, R;=R,=R,=R:=H Ar = Ph (5), = 0-NO,Ph (11)
Ry, Rs X=0, R,;=Rg=Me, R;=R,=Rs=H  Ar = Ph (6)
X=NSO,Ph, R;=R,=R3=R,=Rs=H  Ar = Ph (12)

For the unsubstituted 1, the energy of the selenoxide (1gr) conformation leading to the endo
transition state is more stable than the exo conformation by 0.4 kcal/mol. Electrostatic interactions
between the hydrogen at the 2 position of the allyl group and the phenyl ring stabilizes the endo
transition state 17s" slightly (0.3 kcal/mol) relative to 1vs* (Figure 3). The five-membered transition
state 1T5N occurs when the O-C distance has shortened to ~2 A, the Se-O distance has lengthed by
0.04 A and the Se-C bond being broken has increased by 0.47 A to 2.48 A. The bond distances for the
exo transition state 1vs™ are similar with a slightly longer C-O bond distance (2.039 A). The activation
Gibbs free energy of 13.2 kcal/mol is in excellent agreement with the experimental AG* determined by
Reich et al. although the energies of the overall reaction (-7.7 kcal/mol) and the relative energies of the
endo and exo transition states (AAG*y.x) were lower due to truncation of the model compound. For
comparison, activation barriers for the sulfoxide analogue of 1 (1(S)) were calculated. As for 1, the
endo conformation of the sulfoxide and the transition state are slightly favored (0.4 kcal/mol). The
structures of 1(S)7s" and 1(S)rs* and the corresponding activation barriers (16.4 and 16.8 kcal/mol,
respectively) are consistent with previous computational results reported by Freeman et al. [15] using
the B3LYP exchange-correlation functional in conjunction with Pople and correlation-consistent basis
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sets for allyl sulfoxide models with H, Me, CF; or CCl; instead of an aryl group. Replacement of the
selenoxide by a selenimide (12) increases the activation barrier for rearrangement slightly to
13.4 kcal/mol, with the exo transition state favored by 0.6 kcal/mol. The AG for the overall reaction is
more negative such that the equilibrium is strongly shifted toward products. The bond distances at the
transition state indicate that the transition state is earlier on the reaction pathway with the Se-C bond
distance increased by only 0.34 A and the C-N distance at 2.28 A.

Figure 3. Optimized structures for the selenoxide, endo and exo transition states and
product selenenate for 1.

Ortho substitution of Lewis basic groups such as nitro would be expected to reduce the barrier to
[2,3]-sigmatropic shift as a result of the intramolecular Se---O interaction. Donation of electron density
from the nitro group to the selenoxide increases the hypervalency of the selenium center favoring
single Se-O bond character and increasing the basicity of the selenoxide oxygen [18]. In our
examination of selenoxide elimination reactions of Se-substituted selenocysteines [16], the computed
activation barrier for Se-o-nitrophenylselenocysteine selenoxide was ~3 kcal/mol lower than the para-
substituted analogue. For the selenoxide 7r, the Se-O interaction is ~2.75 A, with little change in the
Se=0 bond distance relative to 1g (1.66 A) or the partial charge of the selenoxide oxygen. The 0-nitro
group reduces the energy difference between the conformation of the reactant selenoxide leading to the
exo conformation relative to that of the endo conformation (AAGn.x < 0.2 kcal/mol), but increases the
relative free energies of the activation barriers (AAG*x.x) by 0.4 kcal/mol (Table 1) for 7 versus 1. The
transition state 7ts" is slightly lower than the unsubstituted selenoxide due to stabilization of the
emerging selenenate by the nitro group. The greater exothermicity of the overall rearrangement
(AH = -15.1 kcal/mol versus -7.7 kcal/mol for 1) results from a stronger donor-acceptor interaction for
the nitro-selenenate pair in comparison to the nitro-selenoxide. The AG* value for the endo
rearrangement is in good agreement with Reich et al’s experimental value. However, for the sulfur
analogue 7(S), the calculated barrier and reaction energy is substantially lower than the experimental
values (AGi = 14.2 versus 19.8 kcal/mol and AG = -7.3 versus 1.5 kcal/mol). This difference may be
attributed to truncation of the model or an underestimation in the DFT method. Freeman et al. [15]
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showed that MP2 barriers are consistently higher than values calculated using B3LYP in the same
basis set.

Figure 4. Optimized structures of the endo and exo transition states for 2 through 6, 7 and 12.

Methyl substitutions on the allyl group vary the activation barriers and the preferred conformation
at the transition state. For the overall structures at the transition state (Table 1 and Figure 4), methyl
substitution does not affect the Se-O distance, but generally increases the values of the Se-C and C-O
distances. Unlike all other compounds in this study, the preferred reactant conformation of the 3,3-
dimethylallyl selenoxide 2r and the (Z)-3-methyl substituted 3r are those leading to the exo transition
state due to favorable electrostatic interactions between the selenoxide and the methyl group.
However, for each of these species, the endo transition states 21s" and 37s" are lower in energy by
1.2—1.4 kcal/mol due to steric interactions between the cis-methyl group and the phenyl ring in the exo
transition states 275~ and 37s”. For the (E)-3-methylallyl selenoxide 4, the positioning of the methyl
group does not have similar steric interactions and the endo conformation is favored by less than
0.1 kcal/mol. Davis and Reddy report that oxidation of (E)- and (Z)-phenylcinnamyl selenide 9 with
chiral oxidizing agents provide some stereoselectivity (40-60% ee) due to the relative activation
barriers of the endo and exo transition states [7]. The computed AAG*\x value (1.4 kcal/mol) for the
cis 3-methyl substituted 3 is consistent with both the stercoselectivity and the endo transition state.
However, Davis and Reddy report that (E)-9 favors the exo transition state with a slightly lower
enantiomeric purity (25-40% ee) [7]. The small AAG*\x difference for the (E)-3-methylallyl transition
state 41s (0.1 kcal/mol) favoring the endo conformation may indicate that the steric requirements of
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different groups at the (E)-3 position may be sufficient to reverse the energy ordering of the transition
states. Methyl substitution at the 2-position of the allyl group (5) increases the activation barrier and
reverses the order of the endo and exo transition states (AAGIN_X = -1.0 kcal/mol) due to the steric
interactions between the methyl group and the phenyl group in the endo conformation. For 6, steric
interactions between one of the methyl groups and the phenyl ring are present in both conformations of
the transition state, however, 61" is preferred by 1.3 kcal/mol because the methyl group in 61s* in
closer contact with the phenyl ring (see Figure 4). Substitution of a nitro group on the ancillary phenyl
group (7-11) tends to increase AAG*\.x by 0.4-0.7 kcal/mol, potentially leading to greater selectivities
in these molecules.

Table 1. Selected geometric parameters and activation barriers for the [2,3]-sigmatropic
rearrangement of selenoxides 1 — 5.

Type d(Se/S-O,N), d(Se/S-C), d(C-O,N), AG*,  AAG*\x, AG,

a A A A kcal/mol  kcal/mol  kcal/mol
1 N 1.699 2.481 2.006 13.2 0.3 7.7
1S N 1.566 2.463 1.994 16.4 0.4 1.8
2 NP 1.697 2.567 2.077 12.7 1.3 -6.2
3 NP 1.696 2.513 2.060 13.5 1.4 7.4
4 N 1.699 2.521 2.026 12.0 0.1 7.8
5 X 1.696 2.513 2.049 14.4 -1.0 7.7
6 N 1.693 2,616 2.122 11.1 1.3 7.4
7 N 1.695 2.477 2.075 11.2 0.7 -15.1
7S) N 1.562 2.462 2.050 14.2 0.9 7.3
8 NP 1.693 2.561 2.157 10.4 1.7 -12.9
9 NP 1.692 2.510 2.134 11.4 2.1 -14.1
10 N 1.696 2.517 2.099 9.9 0.4 -14.9
11 X 1.694 2.508 2.102 12.4 -0.9 -15.9
12 X 1.775 2.441 2.276 13.4 0.6 -19.0

* Conformation of the lowest transition state; ® The lowest reactant conformation of the
selenoxide is that leading to the exo TS.

3. Theoretical Section

Geometries were optimized with the DFT(B3PWO91) exchange-correlation functional using PQS
version 3.3 [19]. The Dunning split-valence triple-{ plus polarization function basis set (TZVP) [20]
was used for nitrogen and oxygen. Selenium was represented by the Hurley et al. [21] relativistic
effective core potential (RECP) double-C basis set augmented with a set of even-tempered s, p, and d
diffuse functions. Diffuse s- and p-functions were also added to the Wadt-Hay RECP basis set for
sulfur [22] and the nitrogen and oxygen atoms. Double-{ basis sets with polarization functions added
to the carbon atoms were used for hydrocarbon fragments [23]. This selection of basis sets has been
shown to be effective in our previous studies of organoselenium compounds [16,18,24]. Transition
states were determined by manual scan of the reaction pathway followed by full optimization of the
preliminary structure. Each of the reported transition state structures was found to have one imaginary
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mode corresponding to the motion along reaction coordinate. The reported energies include zero-point
energy (ZPE), thermal and entropy corrections.

4. Conclusions

The above modeling of selenoxide rearrangements generally confirm the experimental results
obtained by Reich et al. [14]. Additionally, we have shown that ortho-substitution of a nitro group (a)
lowers the activation barrier, (b) reduces the relative energy between the conformations of the
selenoxide leading to the endo and exo transition states, (c) increases the difference between the endo
and exo transition states AAGy.x, and (d) shifts the equilibrium further toward products. Methyl
substitutions at the 1- and (E)-3-positions of the allyl group are expected to provide the greatest
enantioselectivity. Substitutions at the 2 position of allyl group reverse the ordering of the transition
states due to steric interactions between the substituent and the ancillary phenyl group which favor the
€X0 transition state.

Acknowledgements
The authors are grateful for funding from the National Science Foundation (CHE-0750413).
References

1. Nishibatashi, Y.; Uemura, S. Sigmatropic rearrangements of organoselenium compounds. In
Organoselenium Chemistry. A Practical Approach; Back, T.G, Ed.; Oxford University Press:
Oxford, UK, 1999; pp. 207-221.

2. Zanoni, G.; Castronovo, F.; Perani, E.; Vidari, G. A — J prostaglandin swap: A new tactic for
cyclopentenone prostaglandin synthesis. J. Org. Chem. 2003, 68, 6803-6805.

3. Davoren, J.E.; Harcken, C.; Martin, S.F. Enantioselective synthesis and structure revision of
solandelactone E. J. Org. Chem. 2008, 73, 391-402.

4. Back, T.G.; McPhee, D.J. A caveat concerning the use of N-(phenylseleno)phthalimide and tri-n-
butylphosphine for the conversion of alcohols to selenides. Formation of 3-phthalimido
derivatives from an allylic 3-sterol. J. Org. Chem. 1984, 49, 3842-3843.

5. Shea, R.G.; Fitzner, J.N.; Fankhauser, J.E.; Spaltenstein, A.; Carpino, P.A.; Peevey, R.M.; Pratt,
D.V.; Tenge, B.J.; Hopkins, P.B. Allylic selenides in organic synthesis: New methods for the
synthesis of allylic amines. J. Org. Chem. 1986, 51, 5243-5252.

6. Peng, X.; Hong, .S.; Li, H.; Seidman, M.M.; Greenberg, M.M. Intrastrand cross-link formation in
duplex and triplex DNA by modified pyrimidines. J. Am. Chem. Soc. 2008, 130, 10299-10306.

7. Davis, F.A.; Reddy, R.T. Asymmetric oxidation of simple selenides to selenoxides in high
enantiopurity. Stereochemical aspects of the allylic selenoxide/allyl selenenate rearrangement. J.
Org. Chem. 1992, 57, 2599-2606.

8. Nishibayashi, Y.; Singh, J.D.; Fukuzawa, S.; Uemura, S. Synthesis of [R,S;R,S]- and [S,R,S,R]-
bis[2-[1-(dimethylamino)ethyl]ferrocenyl] diselenides and their application to asymmetric
selenoxide elimination and [2,3]sigmatropic rearrangement. J. Org. Chem. 1995, 60, 4114-4120.

9. Reich, HJ.; Yelm, K.E. Asymmetric induction in the oxidation of [2.2]paracyclophane-
substituted selenides. Application of chirality transfer in the selenoxide [2,3] sigmatropic
rearrangement. J. Org. Chem. 1991, 56, 5672-5679.



Molecules 2009, 14 3236

10.

11.

12.

13

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

Soma, T.; Shimizu, T.; Hirabayashi, K.; Kamigata, N. Stabilizing effect of intramolecular Lewis
base toward racemization of optically active selenoxides. Heteroatom Chem. 2007, 18, 301-311.
Fankhauser, J.E.; Peevey, R.M.; Hopkins, P.B. Synthesis of protected allylic amines from allylic
phenyl selenides: Improved conditions for the chloramine T oxidation of allylic phenyl selenides.
Tetrahedron Lett. 1984, 25, 15-18.

Shea, R.G.; Fitzner, J.N.; Fankhauser, J.E.; Hopkins, P.B. Direct conversion of allylic selenides to
protected allylic amines. J. Org. Chem. 1984, 49, 3647-3650.

. Shea, R.G.; Fitzner, J.N.; Fankhauser, J.E.; Spaltenstein, A.; Carpino, P.A.; Peevey, R.M.; Pratt,

D.V.; Tenge, B.J.; Hopkins, P.B. Allylic selenides in organic synthesis: New methods for the
synthesis of allylic amines. J. Org. Chem. 1986, 51, 5243-5252.

Reich, H.J.; Yelm, K.E.; Wollowitz, S. Kinetics, thermodynamics, and stereochemistry of the allyl
sulfoxide-sulfenate and selenoxide-selenenate [2,3] sigmatropic rearrangements. J. Am. Chem.
Soc. 1983, 105, 2503-2504.

Freeman, F.; Bathala, R.M.; Cavillo, J.E.; Huang, A.C.; Jackson, T.K.; Lopez-Mercado, A.Z.;
Phung, S.; Suh, J.; Valencia, D.O. [2,3]-sigmatropic rearrangements of hydrogen and alkyl 3-
propenyl sulfoxides: A computational study. Intern. J. Quant. Chem. 2006, 106, 2390-2397.
Bayse, C.A.; Allison, B.D. Activation energies of selenoxide elimination from Se-substituted
selenocysteine. J. Mol. Model. 2007, 13, 47-53.

Macdougall, P.E.; Smith, N.A.; Schiesser, C.H. Substituent effects in selenoxide elimination
chemistry. Tetrahedron 2008, 64, 2824-2831.

Bayse, C.A.; Baker, R.A.; Ortwine, K.N. Relative strengths of Se--*N,O interactions: Implications
for glutathione peroxidase activity. Inorg. Chim. Acta 2005, 358, 3849-3854.

PQS Version 3.3. Parallel Quantum Solutions: Fayetteville, AR, USA.

Dunning, T.H. Gaussian basis functions for use in molecular calculations. III. Contraction of
(10s6p) atomic basis sets for the first row atoms. J. Chem. Phys. 1971, 55, 716-723.

Hurley, M.M.; Pacios, L.F.; Christiansen, P.A.; Ross, R.B.; Ermler, W.C. Ab initio relativistic
effective core potentials with spin-orbit operators. II. K through Kr. J. Chem. Phys. 1986, 84,
6840-6853.

Wadt, W.R.; Hay, P.J. Ab initio effective core potentials for molecular calculations. Potentials for
main group elements Na to Bi. J. Chem. Phys. 1985, 82, 284-298.

Dunning, T.H. Gaussian basis functions for use in molecular calculations. I. Contraction of (9s5p)
atomic basis sets for the first-row atoms. J. Chem. Phys. 1970, 53, 2823-2833.

Bayse, C.A.; Antony, S. Molecular modeling of bioactive selenium compounds. Main Group
Chem. 2007, 6, 185-200.

Sample Availability: Not available.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article is an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



