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Abstract
The mechanism and selectivity of a bicyclic hydantoin formation by selenium-induced cyclization are investigated. The proposed

mechanism involves the intermediates formed by an electrophilic addition of the selenium reagent on a double bond of the starting

5-alkenylhydantoin prior the cyclization. These intermediates are readily converted into the more stable cyclic seleniranium cations.

A key step of the mechanism is an intramolecular cyclization which is realized through an anti-attack of the internal nucleophile,

the amidic nitrogen, to the seleniranium cation yielding the intermediate imidazolinium cations. Their deprotonation is followed by

the formation of the fused bicyclic reaction products. Important intermediates and key transition states are studied by using density

functional theory (DFT) methods. The pathways of the reaction are investigated in detail. There are two regioselective pathways

related to 5-exo and 6-endo products. Theoretical calculations and the monitoring of the cyclization reaction using 1H NMR spec-

troscopy are in a good agreement with the proposed mechanism and are consistent with our experimental results. The preferred

pathway for formation of 5-exo products is confirmed.
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Introduction
Hydantoins, a class of heterocyclic compounds with cyclic urea

core, are widely used as intermediates in industrial production

of α-amino acids [1]. They exhibit various biological activities

making them attractive candidates for drug discovery [2-11]. In

the most cases, the observed biological activities do not arise

from the hydantoin nucleus itself but from different substituents

that have been attached to it. During the last decades, the effect

of the structural modification on the biological activity of the
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hydantoin derivatives has been studied intensively [12]. Due to

their various biological activities polycyclic hydantoins, espe-

cially spirohydantoins [13-20] and fused [21-23] bicyclic

hydantoin derivatives, have recently attracted great interest in

both organic and medicinal chemistry.

In our previous work, we reported the experimental results on

the selenocyclization of 5-alkenylhydantoins leading to fused

bicyclic products [24]. To our best knowledge, no previous

theoretical work has reported on this reaction. In this paper,

density functional theory (DFT) [25-28] is utilized to under-

stand the mechanism and selectivity of this key step in the syn-

thesis of fused bicyclic hydantoins. 1H NMR spectroscopy

monitoring, as well as 1H NMR chemical shifts prediction [29-

34] is used as a useful tool in the search of the most probable

intermediates in the reaction. The theoretical results are

discussed and compared with our experimental observations.

Results and Discussion
We have recently reported a three-step reaction sequence to cis-

fused bicyclic hydantoins involving selenium-induced cycliza-

tion of 5-alkenylhydantoins as the key step [24]. The reaction is

chemo- and regiospecific giving only the five-membered

bicyclic hydantoins, 5-exo products, in good to excellent yields

(56–96%). The cyclization is stereoselective obtaining a sepa-

rable diastereomeric mixture, and the products with the bridge-

head substituent and the CH2SePh group in cis relationship are

formed predominately.

To gain deeper insight into the cyclization process leading to

the formation of fused bicyclic hydantoins, a computational

(DFT) study was carried out. The mechanism of the reaction of

5-alkenylhydantoins with phenylselenyl chloride was examined

using the reaction with model substrate 1. The proposed five-

step mechanism, starting with an electrophilic addition of

PhSeCl to the double bond, is presented in Scheme 1, while the

5-exo pathway with all stereoisomers is presented in Scheme 2.

The first step of the proposed mechanism producing the selen-

iranium cation, followed by anti-attack of the external nucleo-

phile (Cl−) to the double bond [35] of 5-alkenylhydantoin is

supposed to be reversible, and leads to the formation of two

theoretically possible pairs of regioisomeric intermediates, (S,R/

S,S)-INT1 (Markovnikov products) and (S,R/S,S)-INT1’ (anti-

Markovnikov products) (Scheme 1). A similar mechanism was

proposed earlier for cyclofunctionalization of olefinic urethanes

[36].

The formation of addition products as intermediates in the

second step was proposed after monitoring of the reaction by

using 1H NMR spectroscopy (Figure 1). Also, in this experi-

ment a regioselective formation of Markovnikov-type products

Scheme 1: Proposed mechanism for the selenocyclization of model
substrate 1.
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Scheme 2: 5-Exo pathway of the proposed mechanism with all possible intermediates and products.

of the addition of selenium reagent to the double bond was

noticed. To further verify the nature of these intermediates we

have computed 1H chemical shifts by means of DFT GIAO

computations.

In the first spectrum of time-dependent experiment, a signal

corresponding to the olefinic proton of starting 5-alkenylhydan-

toin, triplet of septets at 5.04 ppm (Supporting Information

File 1, Figure S1), disappeared completely, while the character-

istic signal of the C(5)H proton (see Table 1 for label assign-

ments) of the product 2, doublet of doublets at 3.83 ppm began

to appear. This observation prompts us to propose the above

mentioned mechanism which includes the product of

the addition of PhSeCl on a double bond as intermediate

in the cyclization process (Scheme 1). Formation of this

intermediate is obviously too fast for NMR time scale. The new

signal at 3.24 ppm (Figure 1) which is not corresponding

neither to substrate nor product additionally sustains the

statement about existing of such an intermediate. Theoretical

calculations of the 1H chemical shifts for intermediate

(S,R/S,S)-INT1 are in agreement with the observed values

(Table 1, Figure 1).
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Figure 1: 1H NMR monitoring of the cyclization of 5-alkenylhydantoin 1 with PhSeCl in acetonitrile-d3 solution in the presence of silica gel at ambient
temperature during 15 h.

Table 1: Calculated and experimental 1H chemical shifts of selected protons.a

(S,R)-INT1 (S,S)-INT1 INT1 (S,R)-2 (S,S)-2

Calcd Calcd Expb Calcd Exp Calcd Exp

C(5)H 3.6 3.6 3.3 3.7 3.5 4.1 3.9
C(3)H2 2.5 2.1 2.2 2.2 2.4 2.6 2.4
C(4)H2 2.0 2.2 2.3 2.0 1.9 1.9 1.9
C(1)H3 2.2 1.8 1.7 1.8 1.7 1.5 1.5
C(7)H3 1.4 1.4 1.4 1.3 1.5 1.4 1.4
C(8)H3 1.5 1.7 1.4 1.7 1.7 1.4 1.4

Mean absolute error (MAE) 0.25 0.15 0.13 0.10

δ(exp) = a + bδ(calc)
a = 0.19,
b = 0.85

a = 0.11,
b = 0.91

a = 0.26,
b = 0.88

a = 0.09,
b = 0.92

S 0.28 0.19 0.15 0.05
F 28.96 68.96 120.2 1654.62
N 6 6 6 6
R 0.940 0.970 0.980 0.999
R2 0.880 0.940 0.970 0.998

aNumeration of C-atoms given in the structures are for calculation and comparison with experimental data only. bExperimental values are given at
nearest 0.1 ppm.
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Figure 2: Optimized geometries of possible Markovnikov-type intermediates formed by the anti-stereospecific addition of PhSeCl on model substrate
1, with relative free energy values indicated in kJ/mol. The crucial bond lengths are given in pm.

Figure 3: Energy profile for the proposed mechanism of selenocyclization of model substrate 1. Relative energies are given in kJ/mol.

Starting 5-alkenylhydantoin 1 was synthesized from 6-methyl-

hepten-2-on [24] by Bucherer–Bergs reaction which is not

stereoselective and thus obtained as racemic mixture. All calcu-

lations were done for the enantiomers with S configuration at

the quaternary carbon atom of the hydantoin nucleus. The

selected 1H chemical shifts of these intermediates, calculated

and experimental, are listed in Table 1 while correlation plots

are given in Supporting Information File 1, Figure S2.

The simulated chemical shifts for the C(5)H proton of (S,R)-

INT1 and (S,S)-INT1 are both 3.6 ppm, which correspond to

the value of 3.3 ppm in the experimental spectra (Figure 1),

whereas the chemical shifts for the C(5)H proton of (S,R)-

INT1’ and (S,S)-INT1’ are notably larger (5.0 and 4.8 ppm, res-

pectively) (Supporting Information File 1, Table S1). This

finding indicates that the (S,R/S,S)-INT1 (Markovnikov aduct)

is formed as an intermediate of the examined reaction. On the

basis of the calculated 1H chemical shifts (Supporting Informa-

tion File 1, Table S1) it was possible to distinguish a configur-

ation of these isomers, because calculated 1H chemical shifts for

(S,S)-INT1 had a better correlation with the experimental

values. Moreover, calculations of relative free energies of these

intermediates showed that the S-isomer is more stable (Figure 2

and Figure 3).

In the third step, these intermediates are readily converted into

the more stable cyclic seleniranium cations (S,R)-INT2 and

(S,S)-INT2. Calculations showed that (S,S)-INT2 is signifi-

cantly more stable (by about 30 kJ/mol) than (S,R)-INT2

(Figure 3 and Figure 4). These intermediates are actually the

reactant complexes for intramolecular cyclization.

The fourth step of the proposed mechanism is a ring forming

reaction which is achieved through an anti-attack of the internal

nucleophile, amidic nitrogen N(1) at carbon C(5) or C(6)

yielding the five-membered ((S,R)-INT3 and (S,S)-INT3) or
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Figure 4: Optimized geometries for seleniranium cations and corresponding transition states for the formation of the five-membered ring (S,R)-TS-
INT3 and (S,S)-TS-INT3 and six-membered ring (S,R)-TS-INT3’ and (S,S)-TS-INT3’. The crucial bond lengths are given in pm.

Figure 5: Optimized geometries of intermediate bicyclic imidazolinium cations. The crucial bond lengths are given in pm.

six-membered ((S,R)-INT3’ and (S,S)-INT3’) intermediate

bicyclic imidazolinium cations. Energy profiles for both 5-exo

and 6-endo pathways are presented in Figure 3. The ring closure

reactions are carried out via four transition states: two for the

formation of the five-membered ring (S,R)-TS-INT3 and (S,R)-

TS-INT3, and two for the formation of the six-membered ring

(S,R)-TS-INT3’ and (S,S)-TS-INT3’ (Figure 4). In (S,R)-TS-

INT3 and (S,S)-TS-INT3 the N-C(5) bond is partially formed,

the Se-C(5) bond is partially cleaved, whereas the Se-C(6) bond

is becoming significantly shorter in comparison to (S,S)-TS-

INT3. Similarly, in (S,R)-TS-INT3’ and (S,S)-TS-INT3’ the

simultaneous cleavage of the Se-C(6) and formation of the

N-C(6) bond, and shortening of the Se-C(5) bond occur. In the

intermediates INT3 the N-C(5) and Se-C(6) bonds, whereas in

the intermediates INT3’ the N-C(6) and Se-C(5) are almost

completely formed. Optimized structures of seleniranium

cations and transition states are given in Figure 4, while those

for imidazolinium cations are given in Figure 5.
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Figure 6: Optimized geometries of possible products of the selenocyclization of 1, with relative free energy values indicated in kJ/mol. The crucial
bond lengths are given in pm.

From the charge analysis (data given in Supporting Information

File 1, Table S2) it is possible to deduce that the C(6) atom is

more electrophilic than C(5) due to the positive inductive effect

of the two methyl groups. However, on the other hand these

methyl groups hinder the approach of the nucleophilic nitrogen

N(1) to C(6). The selenium ion binds to the C(5) atom, which

becomes positively charged and susceptible to the nucleophilic

attack of N(1) atom. Subsequent ring closure is the rate-

determing step and also the step in which the cyclization mode

and distribution of the products is determined (Figure 3). This

process was followed in 1H NMR experiments by the increase

of the signal intensities of C(5)H protons of the products cis-2

and trans-2 which is commensurate with the decrease of the

signal intensities of C(5)H as well as N(1)H protons of the

intermediate INT-1 (Figure 1 and Table 1). It is well known

that oxygen could compete with nitrogen as internal nucleo-

phile leading to different heterocycles [37,38]. Disappearing of

the signal of N(1)H is a clear proof that the amidic nitrogen

from the hydantoin ring is an internal nucleophile.

The last step of the reaction mechanism is the deprotonation of

the intermediate imidazolinium cations by the Cl− anion fol-

lowed by the formation of the fused bicyclic products. The

calculated geometries and relative free energies of products are

depicted in Figure 6. It is obvious that the products 2’ are less

Table 2: Calculated free activation energies (ΔG≠) and rate constants
(k) for the formation of INT3 and INT3’ intermediates in acetonitrile.

Structure ΔG≠ (kJ/mol) K (M−1 s−1)

(S,R)-INT3 90.9 7.34 × 10−4

(S,S)-INT3 42.0 2.77 × 105

(S,R)-INT3’ 85.4 6.79 × 10−3

(S,S)-INT3’ 57.0 6.52 × 102

All parameters were calculated in acetonitrile as solvent.

stable than (S,S)-2 due to the repulsive 1,3-diaxial interactions

between the two methyl groups. The simulated chemical shifts

for C(5)H proton of (S,R)-2 and (S,S)-2 have excellent correla-

tion to the experimental values (Table 1 and Supporting Infor-

mation File 1, Figure S2).

Our investigations showed that the activation energies for the

formation of (S,R)-INT-3’ and (S,R)-INT3 (trans-diastereoiso-

mers) are mutually very similar, whereas that for the formation

of (S,S)-INT3’ and (S,S)-INT3 (cis-diastereoisomers) are

significantly lower (Table 2). But the free energy of both six-

membered imidazolinium cations INT3’ are very similar and

match higher than those for five-membered INT3. The facts

that six-membered imidazolinium cations INT3’ are very
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unstable and that the activation energies for the inverse reac-

tions are very low (about 10 kJ/mol) could be an explanation for

the regioselective formation of five-membered bicyclic prod-

ucts 2. On the basis of the calculated rate constants it is clear

that the formation of (S,S)-INT3 is most favorable.

All these findings show that the formation of (S,S)-2 is both

kinetically and thermodynamically favored, which is in agree-

ment with the experimental results that (S,S)-2 is the major

product of the reaction [24]. The formation of (S,R)-2 is ther-

modinamically controlled. A possible reason for the pronounced

instability of (S,R)-2 can be the destabilizing steric interaction

between the hydantoin ring and the SePh group. Much lower

formation of this product is in accordance with experimental

results where the diastereomeric ratio cis/trans = 81:19 is

obtained [24].

With intent to verify the above proposed mechanism, we

explored it on the other model substrate 3 with a different

alkenyl moiety (Scheme 3).

The optimized structures of all possible intermediates are

presented in Figure 7. From calculated free energies for all

intermediates it could be concluded that the formation of five-

membered products is favored again. Also, cis-diastereoiso-

mers are more stable than trans-diastereoisomers, but there is

no significant difference (Figure 8). It is in accordance with

experimental results where diastereomeric ratio cis/trans =

64:36 is obtained [24].

Conclusion
In summary, this work has provided the first theoretical study of

the selenocyclization of 5-alkenylhydantoins. By 1H NMR

monitoring of the reaction we proposed a five-step mechanism

which involves the intermediate formed by the addition

of selenium reagent on starting 5-alkenylhydantoin. The

Markovnikov-type product is favored. These intermediates are

readily converted into the more stable cyclic seleniranium

cations. The key step is a selenium-induced intramolecular

cyclization which is accomplished through an anti-attack of the

internal nucleophile, amidic nitrogen, to the seleniranium cation

yielding the intermediate imidazolinium cations. The last step

of the reaction is deprotonation followed by the formation of the

fused bicyclic hydantoins. DFT calculations support a plausible

reaction pathway where the ring closure is the rate-determining

step. The preferred 5-exo cyclization is confirmed. Elucidation

of regio- and stereoisomerism of all intermediates and products

were done on the basis of excellent correlation of experimental

and calculated 1H chemical shifts as well as relative free ener-

gies. Theoretical calculations are in good agreement with our

experimental results.

Scheme 3: Proposed mechanism for selenocyclization of model sub-
strate 3.
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Figure 7: Optimized geometries of possible intermediates of the selenocyclization of model substrate 3, with relative free energy values indicated in
kJ/mol.

Figure 8: Optimized geometries of possible products of the selenocyclization of model substrate 3, with relative free energy values indicated in
kJ/mol.
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Experimental
All commercials were used as received without further purifica-

tion. Model compounds 1 and 3 and the corresponding prod-

ucts 2 and 4, respectively, were synthesized according the

reported procedures [24] and fully characterized by spectro-

scopic methods.

1H NMR measurements
1H NMR spectra were recorded on a 200 MHz NMR spectrom-

eter in CD3CN as a solvent. Tetramethylsilane (δ = 0.0 ppm)

was used as internal reference and chemical shifts are reported

to the nearest 0.01 ppm.

1H NMR measurements of the cyclization reaction of hydan-

toin 1 (4.7 mg, 0.024 mmol, 1 equiv) with PhSeCl (5.0 mg,

0.026 mmol, 1.1 equiv) in the presence of SiO2 (7.2 mg,

0.119 mmol, 5 equiv) in acetonitrile-d3 (5 mL) were carried out

in the standard 5 mm NMR tube. All spectra were recorded at

ambient temperature over the period of 15 h.

Computational methods
All calculations were conducted using Gaussian 09 [39] with

the B3LYP functional [40,41] and the split-valence triple-zeta

basis set 6-311G [42,43]. To attain better description of the

delocalization effects that are crucial for the geometry and elec-

tronic structure of the investigated molecules, diffuse functions

were added to the heavy atoms. The p and d polarization func-

tions were also used. Full geometry optimizations, without any

symmetry constraints, and frequency calculations were

performed for all species in acetonitrile as solvent (dielectric

constant = 35.688) using the SMD solvation model [44].

SMD is a continuum solvation model based on the quantum

mechanical charge density of a solute molecule interacting with

a continuum description of the solvent. Frequency calculations

were performed to confirm that the optimized structures

are energetic minima (no imaginary frequencies). A natural

bond orbital (NBO) analysis [45-47] was performed for all

species.

Relative free energies were calculated at T = 298 K. Rate

constants were calculated using Transition state theory as

implemented in TheRate program [48] and 1 M standard state

as:

where kB, h and R stand for the Boltzman, Planck, and the gas

constant, and ΔG≠ is the free activation energy, which is calcu-

lated as the G (Gibbs free energy) difference between transition

states and reactants.

The 1H NMR spectra of the intermediates and products in

acetonitrile were simulated. The geometry of TMS in acetoni-

trile was optimized using the B3LYP/6-311+G(d,p) and SMD

models. We chose to use the B3LYP functional based on previ-

ously demonstrated good NMR performance for containing

systems like those studied here [49]. The nuclear magnetic

shielding tensors were calculated for TMS, intermediates and

products using the Gaussian GIAO (gauge independent atomic

orbital) method. The values for all hydrogen atoms in inter-

mediates and products were subtracted from the value for

hydrogen in TMS (31.91). All compounds belong to the C1

point group, and, thus, all hydrogens show different chemical

shifts. For this reason the corresponding mean values were

taken to represent the chemical shifts of the protons bonded to a

certain carbon.

Supporting Information
Supporting Information File 1
Copies of 1H NMR and 13C spectra of model substrates,

additional Figures and Tables referred to the text, as well as

Cartesian coordinates and total energies of all the stationary

points discussed in the manuscript.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-11-200-S1.pdf]

Acknowledgements
This work was supported by the Ministry of Education, Science

and Technological Development of the Republic of Serbia

(Grants 172015 and 172016).

References
1. Hoppe, B.; Martens, J. Chem. Unserer Zeit 1984, 18, 73.

doi:10.1002/ciuz.19840180302
2. Claeys, D. D.; Stevens, C. V.; Dieltiens, N. Eur. J. Org. Chem. 2008,

171. doi:10.1002/ejoc.200700836
3. Muccioli, G. G.; Martin, D.; Scriba, G. K. E.; Poppitz, W.;

Poupaert, J. H.; Wouters, J.; Lambert, D. M. J. Med. Chem. 2005, 48,
2509. doi:10.1021/jm049263k

4. Zha, C.; Brown, G. B.; Brouillett, W. J. J. Med. Chem. 2004, 47, 6519.
doi:10.1021/jm040077o

5. Jansen, M.; Potschka, H.; Brandt, C.; Löscher, W.; Dannhardt, G.
J. Med. Chem. 2003, 46, 64. doi:10.1021/jm020955n

6. Kumar, V.; Kaushik, M. P.; Mazumdar, A. Eur. J. Org. Chem. 2008,
1910. doi:10.1002/ejoc.200701025

7. Zhang, D.; Xing, X.; Cuny, G. D. J. Org. Chem. 2006, 71, 1750.
doi:10.1021/jo052474s

8. Diafi, L.; Rubat, C.; Coudert, P.; Bastide, P.; Margoum, N.; Tronche, P.
Eur. J. Med. Chem. 1991, 26, 231. doi:10.1016/0223-5234(91)90034-K

9. Karolacawojciechowska, J.; Kwiatkowski, W.; Kieckonono, K.
Pharmazie 1995, 50, 114.

10. Vázquez, J.; Royo, M.; Albericio, F. Lett. Org. Chem. 2004, 1, 224.
doi:10.2174/1570178043400992

http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-11-200-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-11-200-S1.pdf
http://dx.doi.org/10.1002%2Fciuz.19840180302
http://dx.doi.org/10.1002%2Fejoc.200700836
http://dx.doi.org/10.1021%2Fjm049263k
http://dx.doi.org/10.1021%2Fjm040077o
http://dx.doi.org/10.1021%2Fjm020955n
http://dx.doi.org/10.1002%2Fejoc.200701025
http://dx.doi.org/10.1021%2Fjo052474s
http://dx.doi.org/10.1016%2F0223-5234%2891%2990034-K
http://dx.doi.org/10.2174%2F1570178043400992


Beilstein J. Org. Chem. 2015, 11, 1865–1875.

1875

11. Meusel, M.; Ambrożak, A.; Hecker, T. K.; Gütschow, M. J. Org. Chem.
2003, 68, 4684. doi:10.1021/jo020761f

12. Jones, G. L.; Woodbury, D. M. Drug Dev. Res. 1982, 2, 333.
doi:10.1002/ddr.430020402

13. Lovely, C. J.; Du, H.; He, Y.; Dias, H. V. R. Org. Lett. 2004, 6, 735.
doi:10.1021/ol036403w

14. Alsina, J.; Scott, W. L.; O’Donnell, M. J. Tetrahedron Lett. 2005, 46,
3131. doi:10.1016/j.tetlet.2005.01.163

15. Lu, Y.; Geib, S. J.; Damodaran, K.; Sui, B.; Zhang, Z.; Curran, D. P.;
Zhang, W. Chem. Commun. 2010, 46, 7578. doi:10.1039/c0cc01967d

16. Albers, H. M. H. G.; Hendrickx, L. J. D.; van Tol, R. J. P.;
Hausmann, J.; Perrakis, A.; Ovaa, H. J. Med. Chem. 2011, 54, 4619.
doi:10.1021/jm200310q

17. Dhara, K.; Midya, G. C.; Dash, J. J. Org. Chem. 2012, 77, 8071.
doi:10.1021/jo301234r

18. Charton, J.; Delarue, S.; Vendeville, S.; Debreu-Fontaine, M.-A.;
Girault-Mizzi, S.; Sergheraert, C. Tetrahedron Lett. 2001, 42, 7559.
doi:10.1016/S0040-4039(01)01526-X

19. Ambrożak, A.; Gütschow, M. J. Heterocycl. Chem. 2006, 43, 807.
doi:10.1002/jhet.5570430346

20. Brockmeyer, F.; Kröger, D.; Stalling, T.; Ullrich, P.; Martens, J.
Helv. Chim. Acta 2012, 95, 1857. doi:10.1002/hlca.201200441

21. Dyatkin, A. B. Tetrahedron Lett. 1997, 38, 2065.
doi:10.1016/S0040-4039(97)00286-4

22. Bujisman, R. C.; Vuuren, E. V.; Sterrenburg, J. G. Org. Lett. 2001, 3,
3785. doi:10.1021/ol016769d

23. Dieltiens, N.; Claeys, D. D.; Zhdankin, V. V.; Nemykin, V. N.; Allaert, B.;
Verpoort, F.; Stevens, C. V. Eur. J. Org. Chem. 2006, 2649.
doi:10.1002/ejoc.200600051

24. Šmit, B. M.; Pavlović, R. Z. Tetrahedron 2015, 71, 1101.
doi:10.1016/j.tet.2014.12.088

25. Silva, M. A.; Pellegrinet, S. C.; Goodman, J. M. J. Org. Chem. 2003,
68, 4059. doi:10.1021/jo026821z

26. Zhang, W.-J.; Wei, D.-H.; Tang, M.-S. J. Org. Chem. 2013, 78, 11849.
doi:10.1021/jo4018809

27. Herrera, A.; Riaño, A.; Moreno, R.; Caso, B.; Pardo, Z. D.;
Fernández, I.; Sáez, E.; Molero, D.; Sánchez-Vásquez, A.;
Martínez-Alvarez, R. J. Org. Chem. 2014, 79, 7012.
doi:10.1021/jo501144v

28. Alder, R. W.; Carta, F.; Reed, C. A.; Stoyanova, I.; Willis, C. L.
Org. Biomol. Chem. 2010, 8, 1551. doi:10.1039/b921957a

29. Lodewyck, M. W.; Siebert, M. R.; Tantillo, D. J. Chem. Rev. 2012, 112,
1839. doi:10.1021/cr200106v

30. Bagno, A.; Rastelli, F.; Saielli, G. Chem. – Eur. J. 2006, 12, 5514.
doi:10.1002/chem.200501583

31. Tantillo, D. J. Nat. Prod. Rep. 2013, 30, 1079. doi:10.1039/c3np70028c
32. Smith, S. G.; Goodman, J. M. J. Am. Chem. Soc. 2010, 132, 12946.

doi:10.1021/ja105035r
33. Jain, R.; Bally, T.; Rablen, P. R. J. Org. Chem. 2009, 74, 4017.

doi:10.1021/jo900482q
34. Bally, T.; Rablen, P. R. J. Org. Chem. 2011, 76, 4818.

doi:10.1021/jo200513q
35. Soloshonok, V. A.; Nelson, D. J. Beilstein J. Org. Chem. 2011, 7, 744.

doi:10.3762/bjoc.7.85
36. Clive, D. L. J.; Farina, V.; Singh, A.; Wong, C. K.; Kiel, W. A.;

Menchen, S. M. J. Org. Chem. 1980, 45, 2120.
doi:10.1021/jo01299a019

37. Tiecco, M. Top. Curr. Chem. 2000, 208, 7.
doi:10.1007/3-540-48171-0_2

38. Robin, S.; Rousseau, G. Tetrahedron 1998, 54, 13681.
doi:10.1016/S0040-4020(98)00698-X

39. Gaussian 09, Revision C.01; Gaussian, Inc.: Wallingford, CT, 2009.
40. Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

doi:10.1103/PhysRevB.37.785
41. Becke, A. D. J. Chem. Phys. 1993, 98, 5648. doi:10.1063/1.464913
42. Wachters, A. J. H. J. Chem. Phys. 1970, 52, 1033.

doi:10.1063/1.1673095
43. Hay, P. J. J. Chem. Phys. 1977, 66, 4377. doi:10.1063/1.433731
44. Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2009,

113, 6378. doi:10.1021/jp810292n
45. Carpenter, J. E.; Weinhold, F. J. Mol. Struct. 1988, 169, 41.

doi:10.1016/0166-1280(88)80248-3
46. Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.;

Bohmann, J. A.; Morales, C. M.; Weinhold, F. NBO 5.9; Theoretical
Chemistry Institute, University of Wisconsin: Madison, 2009.

47. Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899.
doi:10.1021/cr00088a005

48. Duncan, W. T.; Bell, R. L.; Truong, T. N. J. Comput. Chem. 1998, 19,
1039.
doi:10.1002/(SICI)1096-987X(19980715)19:9<1039::AID-JCC5>3.0.C
O;2-R

49. Rastelli, F.; Bagno, A. Chem. – Eur. J. 2009, 15, 7990.
doi:10.1002/chem.200802443

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.11.200

http://dx.doi.org/10.1021%2Fjo020761f
http://dx.doi.org/10.1002%2Fddr.430020402
http://dx.doi.org/10.1021%2Fol036403w
http://dx.doi.org/10.1016%2Fj.tetlet.2005.01.163
http://dx.doi.org/10.1039%2Fc0cc01967d
http://dx.doi.org/10.1021%2Fjm200310q
http://dx.doi.org/10.1021%2Fjo301234r
http://dx.doi.org/10.1016%2FS0040-4039%2801%2901526-X
http://dx.doi.org/10.1002%2Fjhet.5570430346
http://dx.doi.org/10.1002%2Fhlca.201200441
http://dx.doi.org/10.1016%2FS0040-4039%2897%2900286-4
http://dx.doi.org/10.1021%2Fol016769d
http://dx.doi.org/10.1002%2Fejoc.200600051
http://dx.doi.org/10.1016%2Fj.tet.2014.12.088
http://dx.doi.org/10.1021%2Fjo026821z
http://dx.doi.org/10.1021%2Fjo4018809
http://dx.doi.org/10.1021%2Fjo501144v
http://dx.doi.org/10.1039%2Fb921957a
http://dx.doi.org/10.1021%2Fcr200106v
http://dx.doi.org/10.1002%2Fchem.200501583
http://dx.doi.org/10.1039%2Fc3np70028c
http://dx.doi.org/10.1021%2Fja105035r
http://dx.doi.org/10.1021%2Fjo900482q
http://dx.doi.org/10.1021%2Fjo200513q
http://dx.doi.org/10.3762%2Fbjoc.7.85
http://dx.doi.org/10.1021%2Fjo01299a019
http://dx.doi.org/10.1007%2F3-540-48171-0_2
http://dx.doi.org/10.1016%2FS0040-4020%2898%2900698-X
http://dx.doi.org/10.1103%2FPhysRevB.37.785
http://dx.doi.org/10.1063%2F1.464913
http://dx.doi.org/10.1063%2F1.1673095
http://dx.doi.org/10.1063%2F1.433731
http://dx.doi.org/10.1021%2Fjp810292n
http://dx.doi.org/10.1016%2F0166-1280%2888%2980248-3
http://dx.doi.org/10.1021%2Fcr00088a005
http://dx.doi.org/10.1002%2F%28SICI%291096-987X%2819980715%2919%3A9%3C1039%3A%3AAID-JCC5%3E3.0.CO%3B2-R
http://dx.doi.org/10.1002%2F%28SICI%291096-987X%2819980715%2919%3A9%3C1039%3A%3AAID-JCC5%3E3.0.CO%3B2-R
http://dx.doi.org/10.1002%2Fchem.200802443
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.11.200

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	1H NMR measurements
	Computational methods

	Supporting Information
	Acknowledgements
	References



