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ABSTRACT

In this work, the mechanism and selectivity of 1t#cycloaddition ob-trans-himachalene with dibromocarbene
are studied using the DFT method at the B3LYP/623dlp) computational level. We have shown txatans-
himachalene behaves as a nucleophile, while diboamiiene behaves as an electrophile. Analysis ofliieal and
local electrophilicity and nucleophilicity indicedlows an explanation about the regio- and chenexgality of this
cycloaddition. The asynchronous concerted mechanofsthis reaction is analyzed by the potential eiyesurface.
The product (1R, 2S, 4R, 7S)-3,3-dibromo-8-metleyten2,12-trimethyl-tricyclo [5.5.0°d] dodecane is more
favored by stoichiometric reaction between dibroarbene andx-trans-himachalene, resulting from the attack of
the most substituted double bond at éhside (referred to here as;()), while the product (1R, 2S, 4R, 7S, 8R)-
3,3,13,13-tetrachloro-4,12,12-trimethyl-tricyclo .860.G+] -spiro[2°] tetradecane is preferred by the reaction
between two equivalents of dibromocarbene withans-himachalene, resulting from the attack of #xocyclic
double bond at thef side of a-trans-himachalene (referred to here as(/). The stationary points were
characterized by frequency calculations in ordewéuify that the transition states had one and amg imaginary
frequency. These results are in good agreementexiderimental outcomes.

Keywords: 1,2-cycloaddition, nucleophilicity, electrophiligjta-trans-himachalene, reactivity index, DFT.

INTRODUCTION

This work follows on from our study of the reactyvdf the essential oil of the Atlas Ced&edrus atlantica[1]
which is used in perfumery and cosmetics. A nundfestudies have investigated the isolation andtifleation of
this oil, and the reactivity of its constituentsgR

The essential oil of the Atlas Cedar is principaltymposed (75%) of three bicylic sesquiterpenicrbgdrbons,
namelya-cis-himachaleng}-himachalene ang-cis-himachalene. When these are treated with ltydinoic acid in
acetic acid, followed by dehydrogenation in a basivironment,a-trans-himachalene is formed [7-9]. The
reactivity of these sesquiterpenes has been st{iied?]. Studies have also been carried out omahetivity of the
himachalenes (hemisynthesis) in order to obtain cewpounds with olfactory properties of interesthte perfume
industry [13-15]. In our study we looked at thei@ctof two different quantities of dibromocarbene @trans-
himachalene, and analysed the chemo-, regio aneostgectivity of these reactions. A stoichiometri@antity of
dibromocarbene led to an attackoaside of the most substituted double bond, whilexeess of dibromocarbene
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led to an attack ap side of the exocyclic double bond @ftrans-himachalene. This shows that the endocyclic
double bond of the-cis- anda-trans-himachalene behaves in the same way asdlegdaic double bond [1].

By carrying out theoretical calculations regarditiee behaviour ofa-trans-himachalene in the presence of
dibromocarbene we have been able to predict chdembséty using frontier orbital theory, and to dyse regio-
and stereoselectivity using reactivity indices antivation energies of the transition states. Expents have shown
that the action of a stoichiometric quantity of rdilmocarbene om-trans-himachalene produces a majority of the
regioisomero, referred to here as (@), and a minority of the regioisompy referred to as ). Reaction between
a-trans-himachalene and an excess of dibromocarkests to the formation a majority of the regioisorfie
referred to as fB), and a minority of the regioisompyreferred to as4) (Figure 1).
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Fig. 1 Reaction between dibromocarbene and-trans-himachalene

2. Method of calculation

We studied the mechanism and equilibrium geometoésthe reaction betweem-trans-himachalene and
dibromocarbene, together with the transition stat#sesponding to the two approaches atotleendf sides, using
DFT/B3LYP/6-311G(d, p) [16-17]. We identified thansition states and confirmed their existencehleypresence
of a single imaginary frequency in the Hessian matWe calculated and plotted the intrinsic reactamordinate
(IRC) [18] in order to show that the transitiontstés indeed linked to the two minima (reactantd product). We
analysed the electronic structures of the statippaints and the bond orders (Wiberg indices) [d€hg natural
bond order method (NBO) [20-21]. We calculated ttadues of enthalpies, entropies and free energsiisgu
standard statistical thermodynamics. All calculagiavere carried out using the DFT/B3LYP/6-311G(dmethod
in Gaussian 09 [22].

In order to demonstrate the nucleophilic/ electitiphature of the reactants, we calculated thetedaic chemical
potentialx and the global hardnegs These two values can be calculated from the &e®ef the HOMO and
LUMO frontier molecular orbitals, with=(ExomotELumo)/2 andy=(E umo-Enowmo) [23]. The global electrophilicity
indexw=(u%2y) [24] is also defined as the energy stabilisatios to charge transfer [25]. The nucleophilicitgén
N is expressed as a function of the HOMO energytodidganoethylene (TCE) &&E,omonuEnomocrer [26].

Reactivity indices were calculated from the HOMQ@ atJMO energies in the fundamental state of theemales
using DFT/B3LYP/6-311G(d, p). The static local @&ephilicity w [27] and nucleophilicity indicedl, [24] are
reliable predictors of the most favoured electrighicleophile interaction for the formation of hemical bond
between two atoms. The expressiomg = w.P,” and N.=N.P, [28] correspond respectively to the local
electrophilicity indexw, and the local nucleophilicity inded. P,” andP,” are obtained by analysing the Mulliken
spin density of the anion and the cation [28].

3. Analysis of results

3.1 Analysis of the reactivity indices of the reaeints in the base state

3.1.1 Predicting the Normal Electron Demand (NED) Inverse Electron Demand (IED)characteristics of the
reaction

We used frontier molecular orbital theory to prédichether the reaction betweentrans-himachalene and
dibromocarbene can be characterised as NED (NoEtedtron Demand) or IED (Inverse Electron Demand).
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Global and local indices as defined by conceptual [R9] are effective tools for studying the rewuityi of polar
interactions.

Chemical electron potential chemical hardnesg global electrophilicityw and global nucleophilicityN are the
global properties ofi-trans-himachalene and dibromocarbene which allewiouanalyse the reactivity at various
sites on these reactants. The energy gap betweenH@®MO of o-trans-himachalene and the LUMO of
dibromocarbene is 2.4498 eV, while the energy gavéen the HOMO of dibromocarbene and the LUM@-of
trans-himachalene is 7.6233 eV (Table 1). Thislteshows thata-trans-himachalene behaves as a nucleophile,
while dibromocarbene is an electrophile. The l@zdlon of the HOMO and LUMO af-trans-himachalene and
dibromocarbene are shown in Figure 2.

Table 1 Energy gap between HOMO and LUMO in the reation of a-trans-himachalene with dibromocarbene (eV)

HOMO LOMO TE ™ -E OINELE T -E Gl
HOMO LUMO LUMO HOMO
a-trans-himachalene (A) -6.2801  0.4057
Dibromocarbene (B) _ 7.2176 _-3.8303 21498 7.6233
0.4057 ev .

-3.8303 ev

AE=7.6233 ev
AE=2.4498 ev

-6.2801 ev

-7.2176 ev

Fig. 2 Interaction between the orbital borders HOMOand LUMO of the e-trans-himachalene and dibromocarbene calculated by
DFT/B3LYP/6-311G(d,p)

Table 2 shows that the electronic chemical potentiaof o-trans-himachalene is greater than that of
dibromocarbene, while the global electrophilicitydéx o of dibromocarbene is greater than thatosfrans-
himachalene. These results confirm thatrans-himachalene is a nucleophile and that dibarbene is an
electrophile, which implies that charge transfeketa place fromo-trans-himachalene to dibromocarbene. The
significant difference in electrophilicithA( = 3.8590 eV) betweedr-trans-himachalene and dibromocarbene shows
a high NED polarity for this reaction.

Table 2 Electronic chemical potential, hardnessn, global electrophilicity @ and global nucleophilicity N of a-trans-himachalene and
dibromocarbene (eV)

H n o N
a-trans-himachalene -2.9372 6,6858 0,6452 3,0885
Dibromocarbene -5,5239 3,3873 14,5042 2,1511

3.1.2 Using electrophilicity and nucleophilicity irdices to predict the regio- and stereoselectivity fothe
reaction

According to the polar model proposed by Chatt§d&), the local philicity indices «x and N,) are reliable
indicators for predicting the most favoured intéi@t between two polar centers. The most favorgibigomer is
that which is associated with the highest locattetghilicity index wy of the electrophile and the highest local
nucleophilicity indexNy of the nucleophile. We determind{ for a-trans-himachalene ano for dibromocarbene

in order to predict the most likely electrophile¢teophile interaction throughout the reaction patiyin order to
elucidate the chemo- and stereoselectivity of tetion. The carbon of dibromocarbene is the miestrephilic
active site ¢c=2.1064 eV). The £and G carbon atoms of the endocyclic double bond-tfans-himachalene are
more nucleophilic and more active than those ofGhand Gs; atoms of the exocyclic double bond. Furthermore,
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the G carbon atom is the most nucleophilic site of dhgans-himachaleneNgs=0.8429 eV). Figure 3 shows the
most active sites af-trans-himachalene and dibromocarbene.

2.1064

Fig. 3 Local nucleophilicity Nk (eV) of a-trans-himachalene and local electrophilicitywy (eV) of dibromocarbene.

We can therefore deduce that the most favoredaiction will take place between the; @tom of a-trans-
himachalene and the C carbon atom of dibromocarkfeliewed by closure of the cycle with the fornmatiof the
second C-¢ bond. The interaction between the nucleophildrans-himachalene and the electrophile
dibromocarbene is therefore competitive.

The major products obtained from this reaction Brdeed linked to the two active C=C sites wtrans-

himachalene. Figure 4 shows that the attack leadset formation of two chemoisomers, each of witichsists of
two regioisomers. andp.

Regioisomer 1

Pi(a)
Chemoisomer 1
1eqCHBr3
NaOH Pl(B)
Regioisomer 2
—>
2 eq CHBrs Regioisomer 3 P,(a)
NaOH
a-trans-himachalene
Chemoisomer 2
P2(B)

Regioisomer 4

Fig. 4 Reaction ofa-trans-himachalene with dibromocarbene showing cheoselectivity

3.2 Study of the mechanism of the reaction betweentrans-himachalene and dibromocarbene

3.2.1 Analysis of the potential energy surface anmgrediction of the reaction mechanism

The activation energy of transition state; {8orresponding to the side) is 4.7461 kcal/mol, i.e. 6.5269 kcal/mol
below TS (corresponding to thg side) showing that the regioisomer is kinetically preferred to tReegioisomer
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in the stoichiometric reaction. An excess of dibomarbene results in two transition states; {¢®rresponding to
the a side) with an activation energy of 8.1474 kcal/ma 6.3107 kcal/mol below T,Scorresponding to thg
side), indicating that the regioisomer correspogdmthep side is kinetically preferred to theregioisomer.

3.2.2 Analysis of the IRC of the reaction betweea-trans-himachalene and dibromocarbene

The cycloaddition reaction may have one of two maiechanisms, concerted or stepwise. The concerted
mechanism involves a single step with asynchrorfousation of two bonds, or a single step with twoapes,
characterized by the formation of the first bandbllowed by the closure of the cycle without tlerhation of a
stable intermediary reactant, while the two-stepclmaism involves an intermediary reactant. We stlidhe
molecular system as it develops during the reacti@ween a-trans-himachalene and dibromocarbene by
calculating IRC in order to show that the TS isged linked to the two minima (reactants and pragjuct

The plotsE=f(IRC) corresponding to all possible pathways are showfigiure 5. IRC calculation shows that this
reaction follows a concerted mechanism in a sistg@ but in two phases [31]: chemoisomer 1 cormedpdo the
formation of the C-gbond, followed by closure of the cycle with theOgbond, while chemoisomer 2 corresponds
to the formation of the C+g bond, followed by closure of the cycle with theGz-bond. Analysis of the IRC
calculated using DFT/B3LYP/6-311G(d, p) shows thdiatever quantity of dibromocarbene is used in the
interaction witha-trans-himachalene, the transition states are sshehithout going through a stable intermediary
stage.

-5772,4494 |- ——T53
——T51
-10958,8299 -
— —TS2 _ —— T4
[T L
g 7724514 $ 109588399 -
i i
S S
T-5772,4534 £ -10958,8499 -
& & -10958,8599 -
S S
0-5772,4554 | @
i & 109588699 -
Tg ©
©-5772,4574 | S -10958,8799 -
[ [
-10 958,8899 —_—
-5772,4594

4 3 2 41 0 1 2 3 4
2 2 4 0o 1 2 3

Intrinsic Reaction Coordinate Intrinsic Reacion Coordinate

Fig. 5 IRC of the reaction betweeru-trans-himachalene and dibromocarbene calculated ursg B3LYP/6-311G (d, p)

Tables 3 and 4 show that after making thermal ctioes for the thermodynamic energies, the freévaiidon
enthalpies of TSand TS increase by 17.5169 kcal/mol and 21.2368 kcalfespectively, while the free activation
enthalpies of TSand TS increase by 21.4997 kcal/mol and 19.8557 kcaltmgpectively. These high values are a
result of the unfavorable activation entropies aisged with the process.

Table 3 Thermodynamic energies of the reaction be®ena-trans-himachalene and one equivalent of dibromocdrene calculated using
DFT/6-311G (d, p)

Les réactifs

a-trans-himachalene _ Dibromocarbene | ot TS P(0) Pi(p)
E (u.a) -586,1680 -5186,2921 -5772,4526 -5772,449%8772,5494 -5772,5397
AE (Kcal/mol) - - 4,7462 6,5270 -56,0140 -49,9013
H (u.a) -585,7965 -5186,2843 -5772,0733 -5772,0688772,1648 -5772,1549
AH (Kcal/mol) - - 4,6455 7,5615 -52,7823 -46,5637
S (cal/mol.K) 119,1160 69,0900 145,0350 142,3370 9,4(RL0 140,9990
AS (cal/mol.K) - - -43,1710 -45,8690 -48,8050 -4720
G (u.a) -585,8531 -5186,3171 -5772,1422 -5772,1368772,2311 -5772,2219
AG (Kcal/mol) - - 17,5169 21,2368 -38,2316 -32,4893
1] (cm'l) - - -317,3498 -248,8933 - -

The products Fo) and R(B) obtained for a stoichiometric quantity of the ataats are strongly exothermic, by -
56.0140 kcal/mol and -49.9013 kcal/mol respectivElgnsequently, #u) is thermodynamically preferred tq(B).

In the second reaction (excess of dibromocarbgrefucts Ra) and B(B) are also exothermic, by -51.2683
kcal/mol and -47.8241 kcal/mol respectively, indicg that B(a) is thermodynamically preferred ta(B).
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Table 4 Thermodynamic energies of the reaction be®ena-trans-himachalene and two equivalents of dibromoa®ene calculated using
DFT/6-311G (d, p)

Les réactifs
Py(a) Dibromocarbene TS TS P(0) P(B)
E (u.a) -5772,5494 -5186,2921 -10958,8285 -1093%,83-10958,9232 -10958,9177
AE (Kcal/mol) - - 8,1474 6,3107 -51,2683 -47,8241
H (u.a) -5772,1648 -5186,2842 -10958,4346  -10958343 -10958,5259 -10958,5206
AH (Kcal/mol) - - 9,0757 7,2289 -48,2090 -44,8393
S (cal/mol.K) 139,401 69,09 166,8210 166,1420 146808 160,7890
AS (cal/mol.K) - - -41,6700 -42,3490 -47,6480 -42@d0
G (u.a) -5772,2311 -5186,3171 -10958,5139 -109%%,51-10958,6023 -10958,5969
AG (Kcal/mol) - - 21,4997 19,8557 -34,0029 -30,6162
v (cm-1) - - -407,6035 -433,0462 - -

3.2.3 Structural analysis of the transition statesf the reaction

Analysis of the geometries of the transition stassociated with the reaction betweetrans-himachalene and
dibromocarbene (Figure 6) shows that the lengthth@bonds formed by chemoisomer 1 are 2.2019 di(6:C,)
and 2.1482 A at4C-C3) for TS, and 2.1329A at,§C-C2) and 2.1832 A at,(C-C;) for TS,, while those formed
by chemoisomer 2 are 2.1608 A a{@ C,) and 2.1289 A at iC-C,5) for TS;, and 2.1208A at {C-C,5) and
2.0882 A at dC- C) for TS,

The asynchronicity of bond formation in this reantcan be measured as the difference between théehgths of

the twos bonds formed, nameld=d;-d,. Asynchronicity of chemoisomer 14g1=0.0537 A at TSandAd=0.0503

A at TS, while asynchronicity of chemoisomer 24d=0.0319 A at TSandAd=0.0326 A at T$ We can conclude
that the transition states associated with the ¢clvemoisomeric pathways show that the favored regioers are
more asynchronous than the others.

Fig. 6 Bond lengths (&) of the transition states ahe reaction betweeru-trans-himachalene and dibromocarbene.

CONCLUSION

The chemo-, regio- and stereoselectivity of thectiea betweeno-trans-himachalene and dibromocarbene was
studied using DFT/B3LYP/6-311G(d, p). Analysis bétglobal electrophilicity and nucleophilicity irgis showed
that a-trans-himachalene behaves as a nucleophile, wdilleomocarbene behaves as an electrophile. The
regioselectivity found experimentally was confirmeygl local indices of electrophilicity and nucleolitity «, and

N
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Calculation of activation energies, analysis of gwential energy surface and IRC calculation shtived this
reaction follows a concerned asynchronous mechaarmnthat whatever quantity of dibromocarbene edushe
favored electrophile-nucleophile reaction takescelat thea side of the double bond af-trans-himachalene,
leading to the formation of a dibromate product (S, 4R, 7S)-3,3-dibromo-8-methylene-4,12,12-tthyk
tricyclo [5.5.0.6Y] dodecane when the reaction is stoichiometrid, ametrabromate product (1R, 2S, 4R, 7S, 8R)-
3,3,13,13-tetrachloro-4,12,12-trimethyl-tricyclo .3%.G] -spiro[Z] tetradecane when there is an excess of
dibromocarbene.
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