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A b s t r a c t
The stereochemical aspects of epoxidation of norbornene and its 7-syn-substituted derivatives by performic acid were 
investigated. Geometry and thermodynamic parameters of transition states and prereactive complexes were comput-
ed at the UBHandHLYP/6-31G(d) level of theory. It is shown that the transition states have a pronounced biradical 
character and a nearly coplanar orientation of the C=C bond and the molecule of performic acid. Transition state anal-
ysis revealed that, in the case of the syn-7-hydroxy derivative, the preference for the exo-approach of the oxidant can 
be explained by the stabilization of transition state with hydrogen bonding. In contrast, a chlorine atom or a methyl 
group at the 7-syn position facilitated the formation of endo-epoxides due to steric repulsion between the substituent 
and the oxidant. 
Keywords: alkene epoxidation mechanism, peroxy acid, diradical transition state, density functional theory.

СТЕРЕОХІМІЯ ЕПОКСИДУВАННЯ БІЦИКЛО[2.2.1]ГЕПТ-2-ЄНІВ                                                       
ТА ЇХ 7-SYN-ЗАМІЩЕНИХ ПОХІДНИХ. ДОСЛІДЖЕННЯ МЕТОДОМ DFT
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А н о т а ц і я
Вивчено стереохімічні аспекти епоксидування норборнену та його 7-syn-заміщених похідних пероксимураши-
ною кислотою. Геометричні та термодинамічні параметри перехідних станів та передреакційних комплексів 
розраховано у наближенні UBHandHLYP/6-31G(d). Показано, що перехідні стани мають бірадикальний харак-
тер та близьку до копланарності орієнтацію зв’язку C=C та молекули пероксикислоти. Аналіз перехідних станів 
свидчить, що у випадку syn-7-гидрокси похідного, переважна екзо-атака окиснювача пов’язана зі стабілізацією 
перехідного стану за рахунок водневих зв’язків. Наявність у 7-syn положенні атома хлору або метильної групи, 
навпаки, призводить до утворення ендо-епоксиду внаслідок стеричного відштовхування між замісником та 
окиснювачем.
Ключові слова: механізм епоксидування алкена, пероксикислота, бірадикальний перехідний стан, теорія функціоналу 
густини.

СТЕРЕОХИМИЯ ЭПОКСИДИРОВАНИЯ БИЦИКЛО[2.2.1]ГЕПТ-2-ЕНОВ                                              
И ИХ 7-SYN-ЗАМЕЩЕННЫХ ПРОИЗВОДНИХ. ИССЛЕДОВАНИЕ МЕТОДОМ DFT
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Изучены стереохимические аспекты эпоксидирования норборнена и его 7-syn-замещенных производных 
пероксимуравьиной кислотой. Геометрические и термодинамические параметры переходных состояний и 
предреакционных комплексов рассчитаны в приближении UBHandHLYP/6-31G(d). Показано, что переходное 
состояние имеет бирадикальный характер и близкую к копланарности ориентацию связи C=C и молекулы пе-
роксикислоты. Анализ переходных состояний свидетельствует, что в случае syn-7-гидрокси производного, пре-
имущественная экзо-атака окислителя связана со стабилизацией переходного состояния за счет водородных 
связей. Наличие в 7-syn положении атома хлора или метильной группы, напротив, приводит к образованию 
эндо-эпоксида вследствие стерического отталкивания между заместителем и окислителем.
Ключевые слова: механизм эпоксидирования алкена, пероксикислота, бирадикальное переходное состояние, теория 
функционала плотности.
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Later, epoxidation of 7-syn-substituted nor-
bornenes with mCPBA was used to quantify the 
steric bulk of various groups [22; 23], as shown in 
Table 2. The observed exo/endo ratios are in line 
with the amount of the «open space» between the 
double bond and the substituent, as calculated 
by Davis and co-workers [23] using Wilcox’s ap-
proach [24]. Polarity factors did not influence the 
reaction, as shown by the comparison between the 
outcomes for epoxidation and hydroboration.

Table 2
Substituent influence on the stereochemistry of epoxida-

tion of substituted norbornenes [23]
X

O

X
mCPBA

X

+

O

X = Н Cl Me3Sn Вr Me t-Вu
exo-epoxide, % 99–99.5 62.0 55.0 45.0 6–14 0.0
exo/endo ratio 100 1.6 1.2 0.8 0.1 0.0

The influence of methyl and nitrile groups on 
the epoxidation of bicyclo[2.2.1]hept-2-en-anti-7-
ols was studied by Gassman [25]:

HX HX
O

HX

O

mCPBA
+ X = CH3, CN

For X = CH3, the ratio of exo- to endo-isomers 
was 78:22, while for X = CN this ratio was 55:45. 
This was interpreted as evidence of the less-
er steric bulk from the nitrile group. Epoxidation 
of syn-7-bromomethyl-anti-7-bromonorbornene 
gave approximately equal amounts of the two 
epoxide isomers [26].

Several cases are known when the bridge-sub-
stituted norbornenes undergo preferential exo-at-
tack. It is possible when the polar factor outweighs 
the steric one. A hydroxyl group is one of such sub-
stituents [27; 28].

Despite the significant interest to the epoxi-
dation of substituted norbornenes, the stereo-
chemistry of this process has been computation-
ally studied only by closed-shell PES scanning for 
the reactions of unsubstituted norbornene, us-
ing either a PM3 approach [11] or a spin-restrict-
ed variant of B3LYP/6-31G(d) [9; 10]. No quan-
tum-chemical investigation has been published 
so far that would deal with the substituent effects, 
steric and electronic factors. Therefore, we stud-
ied PES’s for the reactions of norbornene (1), and 
its syn-7-substituted derivatives (2–4), with per-
formic acid. Importantly, an earlier investigations 
of PES’s for the epoxidation of ethylene and cy-
clopropene by peroxyformic acid at the CASS-
CF(10,10)/6-31G(d) and UQCISD/ 6-31G(d) levels 

Introduction

Norbornene (bicyclo[2.2.1]hept-2-ene, 1) is a 
unique representative of cyclic olefins. Its high ac-
tivity in electrophilic additions, exo-stereospec-
ificity in cycloaddition reactions, and facile re-
arranging under various conditions manifested 
norbornene as an invaluable object of investiga-
tion in organic and physical chemistry [1–15].

Epoxidation of norbornene and its derivatives 
attracted significant attention, since it allows to in-
vestigate the influence of strain and steric factors 
upon reactivity [9; 11; 15], regio- and stereoselec-
tivity [10; 16; 17]. Stereochemistry of the epoxi-
dation was studied by conversion of the resulting 
epoxides into known norbornanols. Epoxynorbor-
nane was shown to contain 94% [18] or 99.5% 
[19] of the exo-isomer (1x). Brown explained this 
exo-selectivity by steric hindrance of the con-
cave (endo-) face of the substrate. Using cis-bicy-
clo[3.3.0]octene and endo-tricyclo[5.2.1.02,6]de-
ca-3-ene as the model substrates, he observed 
preferential formation of the exo-product with the 
increase in steric bulk [19].

Formation of endo-epoxides can be preferred 
when the exo-face of norbornene is shielded by 
bulky groups. Brown quantified the influence of 
methyl substituents in various positions on the 
stereochemistry of epoxidation with meta-chlo-
roperbenzoic acid (mCPBA) [20]. Table 1 shows 
that only 7-syn-substituents inhibited the exo-at-
tack. This data agrees with the earlier results for 
the epoxidation of bornylene [21].

Table 1 
Influence of the position of a methyl group on

 epoxidation of substituted norbornenes [17; 20; 21]

Starting material Total yield, % % of the exo-isomer

87 99.5

87 10.0

88 99.0

100 99.5

100 10.0
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of theory yielded highly unsymmetrical biradical 
transition states for the rate-limiting stage [29; 
30]. Thus, spin unrestricted variant of DFT theory 
at the UBHandHLYP/6-31G(d) level has been ap-
plied in the current study. 

Results and discussion

First-order saddle points, which represent-
ed the transition states (TS’s) for the formation 
of syn-7-substituted epoxynorbornanes (Fig. 1), 
as well as the corresponding reactive complexes 
were located on the calculated PES’s.

According to the calculations, the activation 

energy for the formation of exo-epoxynorbor-
nane (1x) is 13.13 kJ/mol higher than for the cor-
responding endo-isomer (1n). Steric repulsion be-
tween the performic acid and the norbornene 
core in all transition states leads to the essential-
ly coplanar  alignment of the oxidant and the C=C 
bond (H-O1-C2-C3 (α) dihedral angle, Fig. 1). The 
major destabilizing factor in the TS1n when com-
pared to TS1x is a higher deformation energy, aris-
ing from the deformation of the rigid molecular 
framework. Among the noteworthy structural al-
terations in the TS1n are the change in the H-C2-
C3-C4 dihedral angle and the more planar arrange-
ment of the six-membered ring, quantified by the 
β parameter – an angle between the planes C1C2C3 
and C2C6C5 (Fig. 1, Table 3). The β value for nor-
bornene itself is 111.9° and for TS1n – 116.5°. In 
contrast to TS1x and norbornene, the double bond 
fragment in TS1n is exo-bent, and thus the C1-H and 
C2-H bonds are more eclipsed, leading to the sig-
nificant torsional strain.

Fig. 1. Structure, bond lengths (Å), α and β angles (°) of the transition states for epoxidation of compounds (1–4) and 
the corresponding activation energies (kJ/mol)
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Attachment of a chlorine atom or a methyl 
group to the C7 leads to a significant increase in the 
energy of activation of exo-epoxidation compared 
to unsubstituted norbornene. This manifests itself 
in the reversal of stereochemistry of epoxidation 
and the predominant formation of syn-7-methyl- 
and syn-7-chloro-endo-epoxynorbornanes (2n, 3n). 
The observed selectivity can be explained by the 
steric (van der Waals) repulsion between the sub-
stituent and the hydrogen atom of the peracid.

Further analysis of the computational data 
showed that the syn-7-hydroxyl group in TS4xa and 
TS4xb participates in the hydrogen bonding with 
the attacking peracid during exo-addition. When 
the peracid is syn-oriented (TS4xa), two hydrogen 
bonds are formed, and the molecule of performic 
acid becomes non-planar (the H-O1-O2-C8 angle is 
63.8°). TS4xb is characterized by a single hydrogen 
bond and planar oxidant structure (Fig. 1).

 

Fig. 1 (continued)

Table 3
Bond angles and dihedral angles (°) in compounds 1-4 and the corresponding transition states (UBHandH-

LYP/6-31G(d))
Structure C2-C1-C7 C2-C1-C6 H-C2-C3-C4 H-C2-C1-H С1-С2-С3-С4 С1-С6-С5-С4

1 100.1 106.3 173.3 25.6 0.0 0.0
TS1x 100.7 105.7 156.5 43.2 2.7 1.0
TS1n 99.9 108.9 –160.1 –21.6 3.3 3.2
2 101.1 105.9 173.6 25.3 0.0 0.0
TS2x 102.9 104.3 150.8 47.8 0.6 0.1
3 101.1 106.2 174.4 25.7 0.1 0.0
TS3x 102.9 104.8 149.1 50.1 0.6 0.3
4 100.2 106.5 173.9 26.0 0.0 0.0
TS4xa 101.3 106.1 155.6 44.6 2.0 0.3
TS4xb 101.7 105.2 157.5 42.5 2.2 1.0



56 Vìsnik Dnìpropetrovs’kogo unìversitetu. Serìâ hìmìâ 22 (2014), 1, 52-58

// J. Org. Chem. – 2013. – Vol. 78, N 5. – P. 1778–
1783.

3. De Jong S. Methods for direct alkene diamination, 
new & old / S. De Jong, D. G. Nosal, D. J. Wardrop 
// Tetrahedron. – 2012. – Vol. 68, N 22. – P. 4067–
4105.

4. Dang T. T. Hidden Brønsted Acid Catalysis: Path-
ways of Accidental or Deliberate Generation of Tri-
flic Acid from Metal Triflates // T. T. Dang, F. Boeck, 
L. Hintermann // J. Org. Chem. – 2011. – Vol. 76, 
N 22. – P. 9353–9361.

5. Epoxidation of N-(10-camphorsulfonyl)-en-
do-5-(aminomethyl)-bicyclo[2.2.1] hept-2-ene / 
L.  I. Kas’yan, S. A. Prid’ma, A. V. Turov, A.O. Kas’yan 
// Russ. J. Org. Chem. – 2008. – Vol. 44, N 3. – P. 467–
469.

6. Gucma M.  NMR Studies on 1,3-Dipolar Cycloaddi-
tion of Nitrile Oxides to Norbornenes / M. Gucma, 
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10. Planar transition structures in the epoxidation of 
alkenes. A DFT study on the reaction of peroxyfor-
mic acid with norbornene derivatives / M. Frecce-
ro, R. Gandolfi, M. Sarzi-Amade, A. Rastelli // J. Org. 
Chem. – 2002. – Vol. 67, N 24. – P. 8519–8527.

11. Okovytyy S. I. Theoretical investigation of the strain 
and reactivity of alicyclic olefins / S. I. Okovytyy // 
Visn. Dnipropetr. Univ.: Khim. – 1998. – Vol. 8, N 3. 
– P. 99–104.

12. Shackelford S. A. A Novel Reaction of Xenon Triox-
ide: organic π-Bond Epoxidation. II. Concerning the 
Mechanism / S. A. Shackelford, G. H. Yuen // J. Org. 
Chem. – 1975. – Vol. 40, N 13. – P. 1869–1875.

13. Awasthy A. K. The Nature of the Transition State 
in the Oxidation of Olefins by Chromium(VI) / 
A. K. Awasthy, J. Rocek // J. Am. Chem. Soc. – 1969. – 
Vol. 91, N 4. – P. 991–996. 

14. Jefford C. W. The reaction of singlet oxygen with 
Norbornene / C. W. Jefford, A. F. Boschung // Helv. 
Chim. Acta. – 1974. – Vol. 57, N 7. – P. 2257–2261.

15. Epoxidation of stereoisomeric substituted nor-
bornenes. Kinetic and theoretical investigation / 
L. I. Kas’yan, S. I. Okovityi, M. F. Bomushkar’, V. G. Dri

Due to the significant stabilizing effect of the 
hydrogen bonding in transition states TS4xa/TS4xb, 
the exo-approach of the peracid is much more fa-
vored over the endo-attack.

Wavefunction analysis for the located TS’s in-
dicates the biradical nature of all of these species 
(Table 4). Interestingly, spin densities on the at-
oms C2 and C3 in the exo-transition states are sym-
batic with the calculated activation energies of the 
corresponding reactions.

Table 4
Spin density in transition states TS1–TS4                           

(BHandHLYP/6-31G(d))

TS С2 С3 О1 О2

TS1x 0.1919 −0.5067 −0.1995 0.4922
TS1n 0.1869 −0.5182 −0.1945 0.5098
TS2x 0.2156 −0.5301 −0.2171 0.5106
TS3x 0.2555 −0.5694 −0.2777 0.5676
TS4xa 0.2041 −0.5270 −0.1740 0.4747
TS4xb 0.1588 −0.4790 −0.2327 0.5271

Conclusions

In this work, we have investigated the poten-
tial energy surfaces that correspond to the birad-
ical mechanism of the interaction of norbornene, 
and its 7-syn-substituted derivatives, with perfor-
mic acid. All of the located transition states are 
characterized by the nearly coplanar alignment of 
the oxidant and the C=C bond. Stereochemistry of 
the epoxidation is determined by the balance of 
steric and electronic factors. Thus, a chlorine atom 
or a methyl group at the 7-syn position facilitate 
formation of endo-epoxides while syn-7-hydroxyl 
group significantly stabilizes exo-transition state 
due to formation of hydrogen bonds.
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