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Abstract
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.

CTEPEOXIMIA ENIOKCUAYBAHHA BINUKJ/IO[2.2.1]TEIIT-2-EHIB
TA IX 7-SYN-3AMIIIEHUX IOXIAHUX. JOCJALPKEHHA METOIOM DFT

Cepriii I. OkoBuTui, " Osiekcanp A. )KypakoBCbKHIA?
! Tuinponempogcukuill HayioHabHUll yHisepcumem imeni Onecst Tonuapa, npocn. lazapina, 72,
/lHinponemposcok, 49010, Ykpaina

“Tapsapdcbkull yHisepcumem, 8y/. Okcghopdcovka, 12, Kembpudac, Maccavycemc, 02138, CLIA
AHoTanisa
BuBY€eHO cTepeoxiMidyHi acCIeKTH eNOKCUAYBAaHHS HOPGOPHEHY Ta HOro 7-syn-3aMillleHUX NOXiAHUX NepOKCUMYypalu-
HOI0 KHUC/I0TOW. [eoMeTpuUYHi Ta TepMOJMHAMiYyHi MapaMeTpu NepexiAHUX CTaHIB Ta NnepeApeakniiHUX KOMILIEKCIB
po3paxoBaHo y Ha6mmkeHHi UBHandHLYP/6-31G(d). [Toka3aHo, 10 nepexifgHi cTaHU MalOTh GipaJuKaJbHUHA XapaK-
Tep Ta 6JIM3bKY A0 KOIJIAHAPHOCTI opieHTanjio 3B’13Ky C=C Ta MOJIeKY/IU NePOKCUKHCJIOTH. AHaJTi3 nepexiAHUX cTaHiB
CBU/JYUTB, 110 y BUNAJKY Syn-7-ruApoKCcH NOXiZAHOTo, NepeBakHa eK30-aTaKa OKMCHIOBAa4Ya NOB’A3aHa 3i cTab6iizaniero
nepexiJHOro CTaHy 3a paxXyHOK BOJHeBHX 3B’A3KiB. HagBHicTb y 7-syn noJioxkeHHi aToMa X/J10py a60 MeTU/IbHOI IpynH,
HaBNAaKH, NPU3BOJHUTb A0 YTBOPEHHA €H/J0-eNOKCUAY BHACAiJOK CTEPUYHOro BiAIITOBXyBaHHA MK 3aMiCHUKOM Ta
OKHCHIOBa4eM.
Karouosi cnosa: MexaHi3M enoOKCU/yBaHHS aJIKeHa, IEPOKCUKUCI0TA, 6ipa/juKalbHUH epexifHUM cTaH, Teopis pyHKUioHaTY
TYCTHUHU.

CTEPEOXUMMUA 3NIOKCUAUPOBAHNA BULIUKJ/IO[2.2.1]TENIT-2-EHOB
N UX 7-SYN-3AMEIIEHHBIX ITPON3BOAHUX. UCCIEAOBAHHUE METO/1OM DFT
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H3y4eHbl cTepeoXHMHYeCKHe acNeKThl 3MOKCHJUPOBAHUA HOPGOpPHEHa U ero 7-syn-saMelleHHbIX NPOM3BOAHBIX
NepOKCUMYpPaBbUHON KHC/JI0TOU. [eoMeTpuyeckue U TepMoJMHaAMHYecKHe MapaMeTphbl NMepPeXoJHbIX COCTOSIHUM U
npejpeaknMOHHbIX KOMIJIEKCOB paccuuTaHbl B npu6amkennu UBHandHLYP/6-31G(d). [lokasaHo, 4To nepexojHoe
COCTOsIHME UMeeT GUpaJUuKaJIbHbIH XapaKTep U G6JIM3KYI0 K KOIJIAHAPHOCTH OpUEeHTAIUI0 cBA3H C=C 1 MOJIEKY/IbI Ne-
POKCHUKMC/IOTBI. AHA/IU3 NIEPEXOAHBIX COCTOAHUI CBUAETE/ILCTBYET, YTO B CJIy4ae syn-7-ruipoKcyu Npou3BOAHOro, Ipe-
HMYyLeCTBEHHas 3K30-aTaKa OKHMC/IUTEIA CB3aHa CO CTaGu/IM3anMel nepexoAHOro COCTOSIHUSA 3a c4eT BOJAOPOAHBIX
cBsAseil. Hanuume B 7-syn nos10)keHUM aToMa XJ10pa MJIM MeTHU/IbHOM Ipynibl, HANPOTUB, NPUBOAUT K 06pa30BaHUIO
3H/0-3M0KCHU/AA BC/IeACTBHE CTEPUYECKOT0 OTTAJIKMBAHUA MeX/y 3aMeCTUTe/IeM U OKUC/IUTeIeM.
Karouesvle cn08a: MexaHU3M 3MOKCHANPOBAHUS aJIKEHA, TEPOKCUKHUCIOTA, GUpaZuKaIbHOE IIePeX0JHOe COCTOSIHUE, TEOPUS
$yHKIMOHAJIA JIOTHOCTH.
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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 (1 ). 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[5.2.1.0%¢]de-
ca-3-ene as the model substrates, he observed
preferential formation of the exo-product with the
increase in steric bulk [19].

5 o, ;%

99505 87:13 99.9:0.1

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]

Total yield, %

Starting material % of the exo-isomer

ﬁb 87 99.5
87 10.0

ya
£5 88 99.0
ﬂb 100 99.5
100 10.0

74

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
;b mCPBA 0 i
X= H Cl Me.,Sn  Br Me t-Bu
exo-epoxide, % 99-99.5 62.0 55.0 45.0 6-14 0.0

exo/endoratio 100 1.6 1.2 08 0.1 0.0

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

X__H
% % X = CHs, CN

mCPBA

A7

For X = CH,, 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
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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.

X __H X __H X __H
% O& A\B
o
X=H (1) (1% (1n)
CH3 (2) (2x) (2n)
Cl (3 (3x) (3n)
OH (4) (4%) (4n)

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
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energy for the formation of exo-epoxynorbor-
nane (1 ) is 13.13 kJ/mol higher than for the cor-
responding endo-isomer (1 ). 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-0!-C?-C?® (a) dihedral angle, Fig. 1). The
major destabilizing factor in the TS1 when com-
pared to TS1 is a higher deformation energy, aris-
ing from the deformation of the rigid molecular
framework. Among the noteworthy structural al-
terations in the TS1 are the change in the H-C*-
C3-C* dihedral angle and the more planar arrange-
ment of the six-membered ring, quantified by the
B parameter - an angle between the planes C'C2C?
and C2C°C® (Fig. 1, Table 3). The {8 value for nor-
bornene itself is 111.9° and for TS1 - 116.5° In
contrast to TS1 and norbornene, the double bond
fragmentin TS1 isexo-bent, and thus the C'-H and
C?-H bonds are more eclipsed, leading to the sig-
nificant torsional strain.

\ \

a=14.9
p=116.5
AG,=114.46

TS82,

TS3,

Fig. 1. Structure, bond lengths (A), a and B angles (°) of the transition states for epoxidation of compounds (1-4) and
the corresponding activation energies (kJ/mol)
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Fig. 1 (continued)

Attachment of a chlorine atom or a methyl
group to the C’ 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 (2 , 3 ).
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 TS4 _ and
TS4 , participates in the hydrogen bonding with
the attacking peracid during exo-addition. When
the peracid is syn-oriented (TS4, ), two hydrogen
bonds are formed, and the molecule of performic
acid becomes non-planar (the H-0-0%-C? angle is
63.8°). TS4 , is characterized by a single hydrogen
bond and planar oxidant structure (Fig. 1).

Table 3

Bond angles and dihedral angles (°) in compounds 1-4 and the corresponding transition states (UBHandH-
LYP/6-31G(d))

Structure c2-c-c’ c2-Ccl-ce H-C2-C*-C* H-C2-C!-H cil-cxci-ct  Ccrce-c-ct
1 100.1 106.3 173.3 25.6 0.0 0.0
TS1, 100.7 105.7 156.5 43.2 2.7 1.0
TS1, 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
TS2, 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
TS3, 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
TS4 101.3 106.1 155.6 44.6 2.0 0.3
TS4 101.7 105.2 157.5 42.5 2.2 1.0

xb
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Due to the significant stabilizing effect of the
hydrogen bonding in transition states TS4 /TS4 ,
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 C? and C3 in the exo-transition states are sym-
batic with the calculated activation energies of the
corresponding reactions.

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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Table 4
Spin density in transition states TS1-TS4 (BHandH-
LYP/6-31G(d))

TS Cc? Cc3 (OF 0?2

TS1,  0.1919 -0.5067  -0.1995  0.4922
TS1, 0.1869 -0.5182 -0.1945 0.5098
TS2, 02156 -0.5301  -0.2171  0.5106
TS3, 0.2555 -0.5694 -0.2777 0.5676
TS4, 0.2041 -0.5270  -0.1740  0.4747
TS4 0.1588 -0.4790 -0.2327 0.5271
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