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Abstract- Thermal cycloaddition of a-(3-pyridyl)-N-phenylnitrone to a w-bond in
norbornadiene not only activates the other double bond towards 1,3-dipolar
cycloaddition, it also regulates the regiochemistry of addition leading to regio-
and exo-rni-facial selective formation of novel 2:1 cycloadducts. A DFT analysis in
terms of the global and local reactivity indices affords a rationalization of the

obtained results.

INTRODUCTION

Cognizant of the well established potential of the nitrone 1,3-dipolar cycloadditions in affording
precursors/scaffolds for the synthesis of a variety of molecular frameworks,* the chemists are showing
increasing interest in synthetic,”> mechanistic and theoretical® investigations of 1,3-dipolar cycloadditions,
involving variedly substituted nitrones. Traditionally, the reactivity and selectivities in cycloaddition
processes, including 1,3-dipolar cycloadditions, have been rationalized by frontier molecular orbital

%5 methods have

(FMO) approach,” however, recently applications of density functional theory (DFT)
provided an alternative reliable paradigm for understanding reactivity and selectivities in these processes.

Particularly, the introduction of global electrophilicity index () by Parr et al.® as a useful descriptor of
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reactivity that allows a quantitative classification of global electrophilic character of a molecule and its
extension to obtain local/regional electrophilicity indices has provided quantitative understanding of
reactivity and regioselectivity in cycloadditions.® As a part of our continuing interest in the nitrone
chemistry,” we have presently investigated the 1,3-dipolar cycloadditions of o-(3-pyridyl)-N-
phenylnitrone® (1) with norbornadiene. The investigations were taken up because cycloadditions of the
nitrone (1) with norbornadiene were to furnish novel polycyclic isoxazolidine analogs of nicotine (2) and
epibatidine (3). Design and development of newer ligands for nicotinic-acetylcholine-receptors (NAChRs)
is drawing considerable attention due to their potential applications in treatment of a variety of conditions®
including Alzheimer’s disease, as cognition enhancers®*9and for the treatment of addiction to smoking.*"
After isolation of epibatidine™ (3), having useful non-opiod antinociceptive activity, there is increasing
interest in the synthesis of related bicyclic-bridged system possessing useful pharmacological
properties.’® Though, a variety of heterocyclic systems have been reported to possess affinity for
nicotinic receptors, there are very few examples where N-methylpyrrolidine moiety of nicotine has been
replaced with other heterocyclic systems. Very recently isoxazolylmethylidene-quinuclidines (4) have
been synthesized and shown to possess broad range of affinities for nicotinic and central muscarinc
receptors.’> Molecular modeling (MOPAC) of nicotine (2) and corresponding isoxazolidine analogs
revealed that isoxazolidine moiety has nearly identical stereochemical features with a similar disposition
of pyridyl moiety. However, the isoxazolidine analogues shall possess additional spatial (steric) and

binding (electronic) components, and are, anticipated to possess useful pharmacological properties.
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Though addition of nitrones to norbornadiene has been examined, and the formation of 2:1 adducts in the
reactions of C-phenyl-N-methyl/phenylnitrones with norbornadiene has been reported, however, no

discussion of the observed regio-chemical outcome has been recorded.™

RESULTS AND DISCUSSION

Initially, reaction of nitrone® (1), obtained by treating 3-formypyridine with N-phenylhydroxylamine,
with norbornadiene (1.0 molar equivalent) was carried out by refluxing their dry-toluene solution for 30 h.
Resolution of the complex mixture by column chromatography afforded a 1:2 cycloadduct (5, 12 %) as a

pure component along with unreacted norbornadiene, and many other mixture fractions. Monitoring of the
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various other fractions revealed that 2:1 adducts were the predominant components; these 2:1 addition
products could be easily identified through the absence of olefinic proton resonances anticipated in the *H
NMR spectra for possible 1:1 adducts. Subsequently, reaction of norbornadiene was carried out with two
molar equivalents of nitrone (1) under similar conditions, when column chromatographic resolutions
afforded adduct (5, 25 %) along with two more 2:1 cycloadducts (6, 32 %) and (7, 24 %) (Scheme 1). The
assigned structures are based on detailed spectroscopic analysis, particularly, the NMR spectral data and
comparison of the data with that of related norbornane derivatives and isoxazolidines’® “**!*; that these
compounds are 2:1 cycloadducts of nitrone (1) with norbornadiene was corroborated by their mass

spectral (ESI) and microanalytical data.

—N
AN
ﬁH PhNHOH [j/ Ph —————
dry benzene 4,30h

Scheme 1 S - Py = 3-Pyridyl

The easy characterization and beauty of compounds (5) and (6) lies in their highly symmetrical structure.
In the *H NMR spectrum these compounds displayed, besides protons of the pyridine and phenyl moieties,
only five resonances in the upfield part of their *H and **C NMR spectra. For instance, *H NMR spectrum
of 5 displayed a doublet at & 4.27(2 H, J = 6.5 Hz), which is attributed to C10-H & C10’-H and another
doublet at 6 3.90 (2H, J = 6.6 Hz) is assigned to C2-H and C5-H. C1-H and C4-H appeared as a broad
singlet (2H) at 6 2.67. The lack of any observable vicinal coupling of C1-H with C2-H or C6-H, and of
C4-H with C3-H or C5-H was indicative of the endo-orientation'* of C2-H, C6-H, C3-H, C5-H, or of exo-
mode of addition of dipole as far as bicyclic norbornadiene system is concerned. In the case of 5, C3-H
and C6-H were present as an apparent triplet (2H, J ~ 6.7 Hz) at 6 2.39. C7-Hs in the case of 5, were
located as a 2H broad resonance at & 2.06 and the downfield shifted position of C7-Hs as compared to the
reported™® chemical shift values for C7-Hs in a number of norbornane derivatives, was quite informative.
Molecular modeling (MOPAC) revealed that in the energy minimized structure of 5, the N-phenyl groups
in the lowest energy invertomer are pushed upward, away from the pyridyl moieties, and are also tilted in
a way so as to anisotropically deshield the C7-Hs. In the case of the stable invertomer of 6, wherein the N-
phenyl moieties are pushed downward, the C7-Hs resonance appeared at & 1.28. The influence of these

stereochemical changes is also reflected in the **C NMR spectra. In the case of 6, the N-phenyl ring
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is better oriented for resonance interaction with lone pair of nitrogen, consequently, in its *C NMR
spectrum the ortho-carbons of N-phenyl moiety appear at & 115.07 as compared to 6 118.70 in case of 5.
The stereochemistry at C10 and C10’ is based on J310 and Js 10’ - a low value of 6.5 Hz in case of 5 as
compared to 9.2 Hz in case of 6 alludes to a trans- relationship between C3-H — C10-H, and C6-H — C10'-
H in case of 5, and cis-relationship in case of 6; these conclusions are based on the premise that cis-vicinal
coupling are always higher than trans-vicinal couplings in the case of isoxazolidines and related five
membered-heterocycles.”® Structure of the third 2:1 adduct (7) has been similarly assigned by detailed
spectroscopic analysis. The stereochemistry as cis around C3-C10 and as trans around C6-C10’ is again
based on respective vicinal coupling constants Js10 = 9.2 Hz and Js10- = 6.5 Hz; herein the C7-Hs

appeared as an AB - quartet with 3A 1.60 and 8B 1.46 with Jag = 15.4 Hz.

Mechanistically, the adduct (5) may be derived from addition of nitrone in its E-form to the exo-face of
the norbornadiene r-bonds and compound (6) on the other hand is derived from addition of the Z (major)
from of the nitrone to both z~bonds, whereas, 7 is derived from addition of one nitrone molecule in Z-form
and other in E-form. Such equilibration of Z and E forms of nitrone and addition of minor isomer (E) is

well known,’¢416

and in the present case it is probably dictated by the steric constraints. Alternatively, it
may be that only the Z-form of nitrone is involved and different stereochemical outcomes result from
endo-/exo-modes of nitrone addition to the exo-n face of the norbornadiene-r-bonds. The involvement of
both E and Z forms of the nitrone, or exo-/endo-additions of nitrone in its Z-form, is corroborated by the
fact that on refluxing the isolated pure products for prolonged periods (> 10 h) only some deterioration
occurred and no inter-conversion of adducts was observed as monitored by *H NMR, therefore, there is no
isomerization of the adducts after initial addition. However, the important aspects of the present
investigations, which deserved special attention were the enhancement of the reactivity of the remaining
n-bond of norbornadiene after addition of one molecule of nitrone i.e., the preferred formation of 2:1
cycloadducts even when the reaction is carried out employing one molar equivalent of addends, the
complete control of the regiochemistry of the second nitrone addition and complete exo-r-facial

selectivity of additions.

For rationalizing these observations a recourse was made to DFT analysis because of the recent
resounding success of this approach in rationalizing the outcome of cycloaddition processes, including
1,3-dipolar cycloadditions.***'" According to DFT formalism addends in a cycloaddition process can be
identified as nucleophilic or electrophilic components depending on their global electrophilic index (o)
value, leading to classification of the cycloaddition reactions as normal or inverse-electron-demand as has

been done by FMO approach. According to this approach, the mechanism of cycloadditions changes
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progressively from concerted synchronous to polar asynchronous process and ultimately to polar stepwise
as Ao (= oa - o, 0a & og are electrophilic indices of addends A and B) increases.***'"*® The
regioselectivity is predicted by this approach in terms of regioisomeric pathways corresponding to the
bond-formation between electrophilic and nucleophilic (less electrophilic) sites of the unsymmetrical
reagents. The site with maximum f" is treated as site amenable to nucleophilic attack, whereas the one
with maximum f," is considered as site amenable to electrophilic attack®®® *"*8: the Fukui functions,” fk*
and fi, are thus calculated and utilized to predict the regioselectivites in case of cycloaddition processes.
The results of DFT calculations™® on nitrone, norbornadiene, norbornene and a possible 1:1 adduct (8) are
incorporated in Table 1.

@Py//,H
D
© cl
(8)
Table 1. Energy of the highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital

(LUMO), chemical hardness (n), chemical potential (), static global elctrophilicity (®) and

static local indexes (", fi') values calculated at B3LYP/ 6-31G* level

Molecule ® Eromo ELumo n m Site fi" fic
(Hartrees) (Hartrees) (eV) (eV)
Nitrone (1) 2 3.82  -0.2116 -0.0701 192 -383 N 0.059 0.046
o 0.095 0.184
C 0.083  0.106

Nitrone (1) E  3.65 -0.2088 -0.0669 193 -3.75 -- -- --
Norbornadiene 1.47 -0.2170 0.0002 295 -295 °?C-olefinic 0.119 0.132
Norbornene 1.12 -0.2309 0.0256 3.49 -2.79 PC-olefinic 0.200 0.195
1:1 adduct (8) 1.85 -0.1898 -0.0233 227 -29 °cC1 0.023 0.016
‘c2 0.016 0.019

a : All olefinic carbons in norbornadiene are equivalent
b: Both olefinic carbons in norbornene are equivalent.
c: Cl and C2 are indicated in structure (8).

The results indicate, that global electrophilic index (w) value is higher for nitrone as compared to
dipolarophiles, including 8, indicating that nitrone is the electrophilic component and mono-adduct (8)
shall be the nucleophilic component. It follows that the more reactive site in 8, which is to act as
nucleophile, is the atom C2 (highest fi” value) and the most reactive site in nitrone, as an electrophile, is
the atom O (highest fi" value). It may be noted that a reversal i.e., treating nitrone as nucleophile and 8 as

electrophile would have reversed the regiochemistry of addition. It may be mentioned here that a



1414 HETEROCYCLES, Vol. 68, No. 7, 2006

consideration of the opposite molecular dipolar alignments of the addends during addition also leads to the
observed regioselectivity. The higher reactivity of 8 is also supported by higher value of w as well as by
other static parameters. Though, o incorporates both u and n, the former gives information about the flow
of electrons where as relative reactivity is reflected in global chemical hardness (n). The data in Table-1
indicates that the possible 1:1 adduct (8) has lowest value of n among various dipolarophiles, signifying
its lowest hardness or higher softness, hence higher nucleophilicity or reactivity. Interestingly, the adduct
(8) also has a raised HOMO for the n-bond. The polarized and weakened nature of the remaining double
bond in adduct (8) is also reflected in its increased length, which come to be 0.005 A at B3LYP/6-31 G*
level, and decreased bond order; as per calculations after addition of one nitrone molecule the bond order

in the remaining olefinic bond is reduced from 1.9332 to 1.9151.%°

Exo-n-facial selectivity in case of addition of phenyl azide to bicyclic olefins having bicyclo[2.2.1]-
skeleton had led to enunciation of “exo rule’ by Alder and Stein.** However, subsequent investigations had
led to the observance of the violation of this rule.**** During present investigation formation of any endo-
adduct has been ruled out by careful NMR scanning of various column fractions. Therefore, to rationalize
the complete exo-n-facial selectivity, energies of the various transitions states for addition to exo-n-face of
norbornadiene and possible 1:1 adducts (8) leading to adducts (5) - (7), as well as corresponding additions
to endo-n-face were calculated (Table-2).?> The results reveal that all exo-facial-transition states lie
substantially below the endo-facial-transition states, in consonance with the observed exo-zfacial
selectivity. For above conclusion regarding lower energy of transition states for the observed modes of
addition vis-a-vis the alternative regiochemistry and the =-facial selectivity geometries of all-plausible

transitions state were optimized and energies were calculated at AM1 level, and compared.

Table 2. Relative energies of transition states for Exo- and Endo-rn-facial addition of nitrone (1) to

norbornadiene and a possible 1:1 adduct (8)

Sr. NojExo-n-facial T. States| Endo-r-facial T. States | Relative stability of exo-r-
(Relative energies.) | (Relative energies) facial T. States over endo-n-
facial T. States (K. cal.)
1 A (0.2918922) A' (0.3043281) 7.8
2 B (0.3793704) B' (0.3847864) 3.4
3 C (0.3745989) C' (0.3888009) 8.9
4 D (0.3738406) D' (0.3896186) 9.9

Application of DFT theory thus provides a valuable rationalization of the complete control of
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regiochemistry of second nitrone addition in such bicyclic systems. The theoretical calculation have also
provided a rationalization for the observed exo-n-facial selectivity in accordance with the Alder - Stein
“exo rule” for addition to such bicyclic systems. The lack of interconversions of isolated adducts on
refluxing under the reaction conditions confirmed that the adducts are derived either from isomerization of
nitrone under the reaction conditions and addition of both E- and Z-forms of nitrone or endo-/exo-modes
of addition of the more stable Z-form of nitrone. Besides, the investigation have afforded novel polycyclic
systems, including fascinating highly symmetrical (C, symmetric) molecules (5, 6), which are anticipated

to display interesting pharmacological properties

EXPERIMENTAL

General Information

Bruker AC-200FT (200 MHz) and JEOL AL-300FT (300 MHz) spectrometers were used to record *H
NMR and **C NMR (50 & 75 MHz) spectra. Chemical shifts (8) are reported as downfield displacements
from TMS used as internal standard and coupling constants (J) are reported in Hz. IR spectra were
recorded with Shimadzu DR-2001 FT-IR spectrophotometer on KBr pellets. Mass spectra, El and ESI-
methods, were recorded on Shimadzu GCMS-QP-2000A and Bruker Daltonics Esquire 300 mass
spectrometers, respectively. Elemental Analyses were carried out on a Perkin-Elmer 240C elemental
analyzer and are reported in percent atomic abundance. All melting points are uncorrected and measured
in open glass-capillaries on a Veego (make) MP-D digital melting point apparatus. All the calculations
were performed using Gaussian 98 package. The molecules have been optimized at B3LYP/6-31G* level.
All of them were found to be minimum on the potential energy surface with zero imaginary frequency.
Global reactivity indexes were calculated using the working equations available in the literature. Local
reactivity indices, Fukui functions, have been calculated using the DMOL program implemented in Cerius
2 package employing Hershfeld populations scheme.

Reaction of 1.0 molar equivalent of nitrone (1) with norbornadiene

To a solution of nitrone®® (1, 300 mg) in dry toluene (60 mL) was added norbornadiene (140 mg, 1.0
molar equiv.) and the solution was refluxed with stirring. After the completion of reaction, (30 h, TLC) the
solvent was removed under reduced pressure. Column chromatographic resolution (SiO, 60-120 mesh, 20
g, column packed in hexane, hexane: AcOEt gradient as eluent) of the product mixture afforded adduct (5,
hexane - AcOEt, 7:3) as a light yellow solid (90 mg), mp 189-191°C (ether). IR 1259, 1317, 1471, 1489,
1542, 1595, 2924, 3057 cm™; 'H NMR & 2.06(br d, 1H, J = 2.8 Hz, C7-Hs), 2.39(unresolved dd, 2H, J ~
6.7 Hz, C3-H & C6-H), 2.67(bs, 2H, C1-H & C4-H), 3.90(d, 2H, J = 6.6 Hz, C2-H & C5-H), 4.27(d, 2H,
J = 6.5 Hz, C10-H & C10’-H), 6.80(d, 4H, J = 7.5 Hz, arom-Hs), 7.00(t, 2H, J = 7.1 Hz, arom-Hs),
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7.17 (unresolved dd, 4H, J ~ 7.5 Hz, arom.-Hs), 7.34(td, 2H, J = 6.9 Hz & 4.8 Hz, 2 x C5-H of Py),
7.80(bd, 2H, J = 6.9 Hz, 2 x C4-H of Py), 8.65-8.58(m, 4H, 2 x C2-H and 2 x C6-H of Py); *C NMR
027.39, 42.26, 58.33, 71.90, 81.67, 118.70, 123.90, 124.05, 128.50, 134.60, 136.99, 148.72, 149.46,
148.75; MS (ESI) m/z: 489(M + H)". Anal. Calcd for Cs;H2sN4O,: C, 76.21; H, 5.78; N, 11.47. Found C,
76.29; H, 5.83; N 11.39.

Reaction of 2.0 molar equivalents of nitrone (1) with norbornadiene

Norbornadiene (140 mg, 1.52 mmol) was added to a solution of nitrone (1, 600 mg, 2.0 molar equiv.) in
dry toluene (100 mL) and the contents were refluxed with stirring. After the completion of reaction, (30h,
TLC) the solvent was removed with traces removed under reduced pressure. Column chromatographic
(SiO, 60-120 mesh, 20g, column packed in hexane, hexane: AcOEt gradient eluent) resolution of the
product mixture afforded adduct (6, 225 mg, hexane: AcOEt 9:1) as light yellow solid, mp 110-112°C
(ether). IR 1217, 1255, 1287, 1312, 1352, 1421, 1452, 1488, 1574, 1595, 2942, 2988, 3030, cm™: H
NMR & 1.30 (s, 2H, C7-Hs), 2.03(s, 2H, C1-H & C4-H), 2.70(dd, 2H, J = 9.2 and 6.5 Hz, C3-H & C6-H),
4.30(d, 2H, J = 6.5 Hz, C2-H & C5-H), 4.96(d, 2H, J = 9.2 Hz, C10-H & C10’-H), 7.00-6.85(m, 6H,
arom-Hs), 7.30-7.12(m, 6H, arom-Hs and 2 x C5-H of Py), 7.76(d, 2H, J = 7.8 Hz, 2 X C4-H of Py),
8.54(dd, 1H, J = 6.26 and 4.38 Hz, 2 x C6-H of Py), 8.63(s, 2H, 2 x C2-H of Py); *C NMR & 28.30,
40.08, 52.66, 69.02, 84.42, 115.07, 122.35, 123.27, 128.94, 134.25, 135.10, 148.63, 148.84, 150.28, MS
(ESI) m/z: 489(M + H)". Anal. Calcd for Cg;HN4O,: C, 76.21; H, 5.78; N 11.47. Found C, 76.19; H,
5.73; N 11.35.

Further elution with hexane: ethyl acetate (8:2) afforded adduct (7) (170 mg) as yellow solid, mp 148-
150°C (ether). IR 1217, 1234, 1260, 1320, 1341, 1371, 1431, 1444, 1461, 1478, 1491, 1542, 1564, 1581,
1602, 2983, 2938, 3042, cm™;'H NMR & 1.64 -1.42 (AB quartet, A = 1.60 & 8B = 1.46, Jag = 15.4 Hz,
C7- Hs), 2.07(bs, 1H, C4-H), 2.39(unresolved dd, 1H, J ~ 6.7 Hz, C6-H), 2.63(br, 1H, C1-H), 2.69(dd, 1H,
J =9.2and 6.9 Hz C3-H), 3.77(d, 1H, J = 6.9 Hz, C2-H), 4.24(d, 1H, J = 6.5 Hz, C10'-H), 4.32(d, 1H, J
= 6.4 Hz, C5-H), 5.05(d, 1H, J = 9.2 Hz, C10-H), 7.00-6.80(m, 6H, arom.-Hs), 7.37-7.08(m, 6H, arom-Hs
and 2 x C5-H of Py), 7.76(d, 1H, J = 7.8 Hz, C4-H of Py), 7.86(d, 1H, J = 7.1 Hz, C4-H of Py), 8.58(d,
2H, J = 4.9 Hz, 2 x C6-H of Py), 8.71 (broad, 2H, 2 x C2-H of Py); *C NMR & 27.76, 41.63, 41.06, 51.81,
59.06, 69.16, 71.80, 82.21, 84.40, 114.97, 118.83, 122.34, 124.01, 123.23, 124.24, 128.56, 128.97, 134.86,
134.29, 135.90, 135.80, 148.12, 148.67, 150.26, 149.50, 148.97, 148.79; MS (ESI) m/z: 489(M + H)".
Anal. Calcd for C3;HsN40,:C, 76.21; H, 5.78; N 11.47. Found C, 76.15; H, 5.70; N, 11.33.

Further elution with hexane — AcOEt (7:3) afforded adduct (5) (178 mg).
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