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Abstract: The present paper reports a systematic computational analysis study
of the two possible pathways, fused and bridged, for an intramolecular hetero
Diels-Alder (IMHDA) and an intramolecular 1,3-dipolar cycloaddition (IMDCA)
of 2-(vinyloxy)benzaldehyde derivatives. The potential energy surface analyses
for both resctions are in agreement with the experimental observations. The
activation energies associated with the two regioisomeric channels in the
IMHDA reaction showed that the bridged product is favored, although in the
IMDCA, the most stable transition state results in the fused product. The global
electronic properties of the fragments within each molecule were studied to
discuss the reactivity patterns and charge transfer direction in the intra-
molecular processes. The asynchronicity of the bond formation and aromaticity
of the optimized TSs in the Diels-Alder reaction as well as cycloaddition
reaction were evaluated. Finaly, the TH-NMR chemical shifts of the possible
regioisomers were calculated using the GIAO method, the values of which for
the most stable products were in agreement with the experimental data for both
reactions.

Keywords: intramolecular hetero Diels-Alder; intramolecular 1,3-dipolar cyc-
loaddition; charge transfer; DFT calculation; fragment electrophicity analysis.

INTRODUCTION

Pericyclic reactions are of particular interest because of their broad prepar-
ative significance in the chemistry of drugs and natural products.1-6 Intra-
molecular hetero Diels-Alder reactions appeared to be a versatile strategy for the
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formation of novel polycyclic systems, which were successfully employed in the
design of skeletons for some natural products and potent anti-tumor agents.’—10
1,3-Dipolar cycloaddition reactions (DCA) also provide an efficient approach for
the synthesis of five-membered heterocyclic units in a highly regio- and stereo-
selective manner.1! Five-membered heterocycles are an important class of com-
pounds, not only because of their natural abundance, but also for their chemical
and biological importance.12

Steric and electronic effects are two major factors that could influence the
selectivity of these reactions. Domingo et al.13 proposed that the global electro-
philicity index introduced by Parrl4 could be used as a reliable quantity to clas-
sify the electrophilicity of a series of dienes/dipoles (D) and dienophiles/dipol-
arophiles (Dp) involved in intermolecular Diels-Alder and 1,3-dipolar cyclo-
addition reactions within a unique relative scale. Useful information about the
polarity at the transition state (TS) for a given reaction could be obtained from
the difference in global electrophilicity Aw of the D/Dp interacting pair. Thus,
small electrophilicity differences are related to non-polar mechanisms, while
large electrophilicity differences are associated with polar mechanisms.13 Soto-
Delgado and coworkers established that these rules could be transferred to an
intramolecular a Diels-Alder process by introducing electrophilicity and nucleo-
philicity indices of the fragment.1516 These analyses indicated that electronic
effects, such as charge transfer (CT) aong the reaction coordinate are invariant in
both inter- and intra-molecular processes.16

The global electrophilicity index, «, which measures the stabilization energy
when the system acquires an additional electronic charge, AN, from the environ-
ment, is given by the following simple expression:14

2
o=2" (1)

21
where 1 is the electronic chemical potential and # is the chemical hardness at the
ground state of the molecules. This index was used to classify the dienes/dipoles
and dienophiles/dipolarophiles used in Diels-Alder and 1,3-dipolar cycloaddition
reactions within a unique scale of electrophilicity.13 Furthermore, both the elec-
tronic chemical potential and chemical hardness may be approached in terms of
the one electron energies of the frontier molecular orbitals HOMO and LUMO,

ey and g, using the expressions:

_ (é‘H +€|_)

> 2

and
n=¢&L—é&H (3)
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On the other hand, the nucleophilicity index, N, for agiven system is defined
as.
N =£HOMO — EHOMO(TCE) (4)
where eqomo is the HOMO energy of the nucleophile and eqomo(TcE) corres-
ponds to the HOMO energy of tetracyanoethylene (TCE), taken as reference.l’

The fragment electrophilicity and nucleophilicity indices are given as fol-
lows:

fragment) = WF = @ > fk+ )
keF
and
N(fragment) = NF = @ 2 fk_ (6)
keF

where F = D or Dp.1516 The regional Fukui functions at the atomic center k for
electrophilic ( f7) and nucleophilic ( f, ) attacks can be obtained from single
point calculations at the optimized structures of the ground state of the mole-
cules.18 The direction of the electronic flux within an IMHDA and IMDCA
reagent may be determined by introducing the following dual indices:

El= wpp+ Np @)
and
E2= wp + Npp )

Accordingly, the charge transfer (CT) can be estimated from the relative
values of E1 and E2. The process will be characterized by a Dp to D electronic
flux if E1 < E2, whereas the electronic flux occurs from D to Dp if EL > E2. The
charge transfer along the reaction coordinates can be elucidated by the regional
electrophilicity:17

2
= Ho (9)
2110

where Q isA or B.

In the past decades, in addition to the selectivity behavior, the understanding
of the underlying principles in pericyclic reactions has grown from afruitful inter-
play between theory and experiment and continues to present a real challenge.19
Recently, Kim et al. reported the synthesis of benzo-fused 2,8-dioxabicyclo-
[3.3.1]nonane (3) utilizing a domino Knoevenagel condensation hetero Diels-
—Alder reaction of 2-(vinyloxy)benzaldehyde (1).20 Then, it was expected that
the 1,3-dipole (5), generated from 1 with sarcosine, would react with the neigh-
boring double bond to give a structurally novel bicyclo[3.2.1]octane ring system
(6b), Scheme 1.21 However, contrary to anticipation, a linearly fused tricyclic
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compound 7f was obtained as the mgor product instead (Scheme 1). In the
present work, as a part of an ongoing theoretical and experimental research prog-
ram on 1,3-dipolar cycloaddition reactions,?? a theoretical study on the observed
difference in regioselectivity of the above reactions was performed, in order to
achieve a deeper insight to IMHDA and IMDCA.

— |
O
o )
d ICD:ME
o CH,
1 Ts-6b B
ST O Me
CO-Md o
fﬁfCH_ 0
L] 6h
g o CH, _
N_ co-H - :
o 2 &
H 5 o N
Ts-7f B
— L CO-Me
o oo

i

Scheme 1. Possible reaction channels for the IMHDA and the IMDCA reactions of
2-(vinyloxy)benzal dehyde derivatives.

COMPUTATIONAL DETAILS

All calculations were performed using Gaussian09% suite of programs. The full geo-
metrical optimization of al structures and transition states (TSs) was realized with the Density
Functional Theory (DFT) using non-local B3LY P hybrid functional and the 6-31G(d,p) basis
set. The nature of stationary geometries was characterized by calculating the frequencies in
order to verify that the transition states have only one imaginary frequency with the
corresponding eigenvector involving the formation of the newly created C—C bonds.

RESULT AND DISCUSSION
Energies of transition state structures

The intramolecular hetero Diels-Alder and intramolecular 1,3-dipolar cyclo-
addition reactions are kinetically controlled reactions with early transition
states.24 Theoretical calculations are the only way to study these TSs. For each of
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the IMHDA and IMDCA reactions, two regiochemical channels, namely, the
fused (TS) and the bridged (T S-b) modes, were studied. The optimized trans-
ition structures are shown in Figs. 1 and 2. The activation energies, enthalpies
and Gibbs free energies as well as energies, enthalpies, Gibbs free energies of the

reactions are reported in Table.
2 2

e

o9

? )
Ts-df Ts-3b

Fig. 1. Optimized structures of the transition states for the IMHDA reaction at B3lyp/6-
31G(d,p) level. The lengths of the bonds directly involved in the reactions are given in
angstroms.

9

\

! !ll =
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Fig. 2. Optimized structures of transition states for the IMDCA reaction at B3lyp/6-31G(d,p)
level. The lengths of the bond directly involved in the reactions are given in angstroms.

TABLE I. Caculated electronic activation energies E,, reaction Gibbs free energies AG,
reaction enthal pies AH, reaction energies AE,,,,, activation Gibbs free energies AG*, activation
enthalpies AH# (all energies are in kcal molL; 1 kcal = 4.184 kJ), charge transfers CT and
nucleus-independent chemical shifts NICS

Structure Ea AG*L  AH*1  AEy, AG AH cT NICS 1
au. ppm mol
Ts3b 20.33 1.03 084 2039 -21.84 -1694 0.08 -11.79
Ts4f 31.61 151 1.32 -12.11 -1349 891 032>  -10.10
Ts7f 2.87 0.19 010 4838 -49.95 4600 0.03* -13.94
Ts-6b 5.06 0.27 0.17 4261 4417 4016 0.16% 1217

arom D to Dp; Pfrom Dp to D
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The computed activation energies associated with the two regiocisomeric
channels for the IMHDA reaction of 2 are 31.61 (T S-4f) and 20.33 (T S-3b) kcal
mol~1. Therefore, the bridge mode 3b is favored over the fused one by 11.28 kcal
mol—1. The activation barriers associated with the IMDCA reaction of 5 are 2.87
(TS-7f) and 5.06 (Ts-6b) kcal mol—L1. Accordingly, it could be predicted that the
regioisomer 7f would be formed preferentially. These results are in agreement
with the experimental findings that for the IMHDA reaction of compound 2, the
bridged product 3b is the major product20 but for the IMDCA reaction of 5, the
fused product 7f is favored.2l

In order to calculate the charge transfer and reactivity indices for an intra-
molecular reaction, it is necessary to consider a molecule as two fragments: diene
(D) and dienophile (Dp) for IMHDA and dipole (D) and dipolarophile (Dp) for
IMDCA. The embedded fragments in 2 and 5 are shown in Fig. 3. For the
IMHDA reaction, the calculated CTs present diene—dieneophile fragments elec-
tron flux in TS-3b, while a reversed flux was predicted for TS-4f. However, the
calculated CTsin both TS of IMDCA are from dipole to dipolarophile fragments.

The extent of the asynchronicity of the bond formation in a Diels-Alder or
cycloaddition reaction can be measured through the difference between the
lengths of the two ¢ bonds that are being formed in the reaction. The computed
ARs are 0.368, 0.227, 0.832 and 0.748 A for TS-3b, TS4f, TS-7f and TS-6b,
respectively. This data indicates that the TSs associated with the more favorable
sterecisomeric channels (TS-3b and TS-7f) have more asynchronous character
than those associated with the other channels.

In order to evaluate the aromaticity of the optimized TSs, the nucleus-inde-
pendent chemical shifts (NICS)25 at the center of the forming ring were com-
puted using the gauge invariant atomic orbital (GIAQ)26 approach at the B3LY P/
/6-31G(d,p) level. The calculated NICSvalues are presented in Table |. All of the
transition structures in Table | have large negative NICS values, which indicate
the aromatic characters of TSs due to the six electrons undergoing bond change.

Reactivity indices analysis for the IMHDA and IMDCA reactions

The computed electronic chemica potentials x, chemical hardness #, global
eectrophilicities w and nucleophilicities N of 2 and 5 are given in Table II. The
global electrophilicity indices of 2 and 5 are 2.49 and 0.97 eV and their nucleo-
philicities are 2.72 and 4.86 eV, respectively. Compound 2 is classified as a
strong electrophile and two compounds are described as excellent nucleophiles.

Frontier molecular orbital (FMO) analysis cannot be applied for IMHDA and
IMDCA reactions when the HOMO and LUMO orbitals of the D and Dp frag-
ments belong to a molecule. Thus, the eectrophilicity and nucleophilicity indices
of fragments were employed to analyze the polar interactions in the IMHDA and
IMDCA reactions. The two considered fragmentsin compounds 2 and 5 are shown
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in Fig. 3 and their computed electrophilicity and nucleophilicity indices are given
in Table I11. For compounds 2, E1 = 2.99 and E2 = 2.84 (Egs. (7) and (8)) and for
5, E1 =5.13 and E2 = 1.28. The larger E1 for both compounds indicates that CT
will occur from D to Dp (Table I). The analysis of the fragment electrophilicity
and nucleophilicity indices is in agreement with the estimated CTs for both TSs
(TS-7f and TS-6b) of the IMDCA reaction (D to Dp). However for the IMHDA
reaction, the analysis of fragment indices only agree with the direction of
estimated charge transfer for the most stable TS (TS-3b) (Tablel).

TABLE II. Global properties of 2 and 5

Structure ulau nlau wl eV N/eVv
2 -0.1641 0.1423 249 272
5 —0.0941 0.1246 0.97 4.86
2
: 7y + M
F-'l:;'t"‘-a\ T ___—_l. I'. o = |
§ \ ! e \.
[ o ._-_'.'_-:h-\____// E I’ CHa
Mrf. Fragment A (1)) wf,f;? o Fragment A (I
O S, COgMe o= my _COMe
Fragment B (Dp) 5 Fragment B (Dp)
3 .

Figure 3.The diene (D)/dienophile (Dp) and dipole (D)/dipolarophile (Dp) fragments
in compounds 2 and 5.

For compounds 2 and 5, the values of the wg index of the D fragments are
2.95 and 1.08 eV, and the values of the Dp fragments are 0.27 and 0.25 eV,
respectively. The fragment electrophilicity difference Awq = |wg—wa| was used
to estimate the CT at the TSs associated with the IMHDA/IMDCA reactions. The
IMHDA processes involving 2 are expected to follow a polar mechanism with
significant CT at the TS, Awgq > 1.50, while the IMDCA reaction in compound 5
is predicted to undergo a polar mechanism with marginal CT at the TS, 0.5 < Aw
< 1.50.

TABLE I11. Local electronic properties (in €V) of the embedded fragments of 2 and 5

Structure wp ND pr NDp w(Q:A) C()(Q:B) ACUQ = |wB—wA|
2 2.81 2.90 0.10 0.03 2.95 0.27 2.85
5 113 5.01 0.12 0.15 1.08 0.25 0.83

NMR chemical shifts

Owing to similar splitting pattern for the two regioisomers of these reactions,
evaluation between the experimental data and calculated chemical shifts of pos-
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sible regioisomers could be useful. Thus, the TH-NMR chemical shifts of regio-
isomers were calculated using the GIAO method and the results (values in ppm)
are summarized in Table IV. The theoretica values of H-1, H-2 and H-3 of
compound 3 for IMHDA reaction and compound 7 for IMDCA reaction are
closer to the experimental values, as can be seen in Table 1V. Therefore, the esti-
mated chemical shift values of the more stable regioisomers 3 and 7 correspond
well with the experimental data.

TABLE V. Comparison of the theoretical IH-NMR chemical shifts data (6 / ppm) of H-1,
H-2 and H-3 of each pair of regioisomers with those obtained from the experimental
spectroscopy

Atom number IMHDA IMDCA
3 4 Experimental 20 6 7 Experimental 21
H-1 4.7 4.3 454 4.0 49 4.59
H-2 2.8 21 312 2.9 3.0 3.52
H-3 6.4 5.6 6.30 51 6.0 5.67
CONCLUSIONS

A systematic theoretical study on the regioselectivity in the intramolecular
hetero Diels-Alder (IMHDA) and intramolecular 1,3-dipolar cycloaddition reac-
tions (IMDCA) of 2-(vinyloxy)benzaldehyde derivatives using DFT method was
conducted. A potential energy surface analysisin the IMHDA and IMDCA reac-
tions demonstrated that the preferred products would be bridged and fused, res-
pectively, in agreement with experimental observations. The charge transfer
direction in these intramolecular processes was studied in terms of the global
electronic properties of fragments within each molecule.

Acknowledgment. The authors acknowledge the University of Jouybar for financial
support of this research.
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TEOPHUJCKO UCITUTUBAILE PETUOCEJTIEKTHBHOCTH HHTPAMOJIEKYJICKE
DIELS-ALDER U 1,3-TUIIOJIAPHE HUKJIOAOUITUIE TEPUBATA
2-(BUHWJIOKCH)BEH3AJIDEXUIA
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H3BplIeHa je cucTeMaTcka KOMIjyTepcka aHajau3a JBajy MOryhux peakLHOHHX MyTeBa
uHTpamorexyscke xerepo Diels—Alder (IMHDA) u unTpamosnekysncke 1,3-guronapHe UKIO-
apuuuje (IMDCA) mepuBata 2-(BuHUIOKCH)OeH3annexuaa. AHanin3a MOBpIUIMHE MTOTeHLHjamTHe
eHepryje 3a ode peakuyje je y carjiacjy ¢ eKCliepuMeHTalIHUM onakawuMa. EHepruje aktu-
Balldje 3a IBa IOCMaTpaHa MexaHU3Ma Mokasyjy ma je y IMHDA peaxuuju daBopr3oBaH
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npemoirthenu nponykr, nok y IMDCA je To koHIeH30BaHHU NMponyKT. [IpoydeHe cy riobamHe
eJIeKTPOHCKe 0CcodHHe (pparMeHara, ¥ AUCKYyTOBaHA PEAKTUBHOCT U IpaBall NIPeHOoca Haeslek-
TpUCama Yy UHTPaMOoJIeKyJICKUM npouecuma. OgpeheHu cy acMHXpOHUUHMTET rpahema Besa U
apOMaTUYHOCT y ONTHMMH30BAaHUM IpENasHUM CTalkMMa HCTpakKMBaHMX peakuuja. Vspauy-
Hata cy 'H-NMR xemujcka nmomepama HacTalux PETMOM30Mepa M HaheHa [a cy y ckiafy ca
€KCIIEPUMEHTAIHUM NOJJaluMa.
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