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Cycloadditions ob-thioquinones ¢-TQs) with 1,3-dienes could proceed via either a{2] or a [4+ 2]
mechanism. Under kinetic control and with acyclic dienes the reaction affords the spiro cycloagducts
deriving from the [2+ 4] path as the main products. Under thermodynamic control, or with cyclic dienes,
the 0-TQs behave as heterodienes to give the benzoxathiin derivatiiesmost cases with complete
regioselectivity. In the present computational study, DFT calculations were performed in order to achieve
a deep understanding of both424] and [4+ 2] paths. The reactions of threeT Qs with six 1,3-dienes

were thoroughly investigated at the B3LYP/TZVP//B3LYP6-31G* level, and the two reaction mechanisms
were then compared, evidencing thatif2}] cycloadditions are kinetically favored, strongly asynchronous,

or even unconcerted, while # 2] reactions are thermodynamically favored, quite asynchronous, but
undoubtedly concerted. Moreover, the observed regioselectivity was rationalized by mean of the FMO
theory and by comparison of the activation energies for different pathways.

Introduction SCHEME 1
o-Thioquinones¢-TQs) are short-lived reactive species that -~ -OH pyridine GO =/E3DG O~ -EDG
can be generated in situ under mild conditions and reacted withR{\/[ CHCl,, 60° G R{IS — R S]/
electron-rich alkenes, including glycals and styrenes, in inverse , N 2 4
electron-demand DielsAlder reactions leading to the benz- ° °
oxathiin cycloadductd (Scheme 1}.3 H
:Lcjo_rrequn(;iin% amr&qrd‘Te'll'*390250314480' Fax:-390250314476. It was also reported that the carbesulfur double bond of
=u2!§§§§!§3d§86 opact ol Mrano. the 0-TQ 2a, generated from the corresponding phthalimido
(1) Capozzi, G.; Falciani, C.; Menichetti, S.; Nativi, I.. Org. Chem. derivativela, could be trapped as a dienophile in the presence
1997, 62, 2611-2615. of 2,3-dimethyl-1,3-butadien8a, leading to the formation of

ch(ez%cgﬂ(r)zfiigga f%'gf”l“%s%; Menichetti, S.; Nativi, C.; Raffaelli, B.  the spiro derivativésaa, as depicted in Scheme?2.

(3) Capozzi, G.; Lo Nostro, P.; Menichetti, S.; Nativi, C.; SarriCRem. However, Nair and co-workers recently published a series
Commun2001, 551-552. of articles describing the reaction ofTQs 2, generated from
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thiophthalimidesl with a slightly modified procedure with

Contini et al.

whether and when the [2 4] and the [4+ 2] cycloadditions
herein described follow a concerted synchronous or asynchro-
nous reaction mechanism could be considered of general interest.
Furthermore, we recently reported a synthetic route involving
the [4+ 2] cycloaddition ofo-TQs leading to several polyhy-
droxylated 4-thiaflavan®’ Such compounds are able to behave
in vitro as very potent antioxidants, mimicking the action of
flavonoids and/or tocopherols, and those encouraging results
provided more impetus to our research, leading to the theoretical
study here reported.

Computational Methods

Reactants, transition states (TSs), and products were completely
optimized in the gas-phase using the B3LYP functional and the
6-31G(d) basis sét 23 Whenever a structure presented one or more
degrees of freedom, several conformations were optimized, but only
the most favored ones were further considered. Vibrational frequen-
cies were computed at the same level of theory in order to define
optimized geometries as either minima (no imaginary frequencies)
or transition states (one imaginary frequency corresponding to the
vibrational stretching of the forming bonds) and to calculate ZPVE
corrections to electronic energies and thermochemical corrections
to enthalpies and Gibbs free energies (unscaled, 298.15 K, 1 atm).

acyclic and cyclic 1,3-dienes to assess the formation of the g greater accuracy and to quantify the dependence of the energetic

oxathiin derivatives4 as the only cycloaddition products

results from the employed basis set, single point energies were

obtained via the participation of the oxothione moiety as a computed for all the stationary points at the B3LYP/TZVP Ie¥fel.

heterodiené=1° Nevertheless, the possibility foo-TQs to

The triple split valence TZVP basis set was chosen because in our

participate as either heterodienes or dienophiles in cycloadditionprevious works it provided very good accuracy at a reasonable
reactions with 1,3-dienes, according to Scheme 3, was recenﬂycomputatlonal cos® Total energies of the reactants derive from

demonstrated for three differeoiTQs generated under milder

conditions (i.e. using EN as a base in CHglat room

temperature) and reacted with a series of both cyclic and acyclic

1,3-dienes, as represented in Figuré 1.

the sum of the isolated reactants energies, acyclic digsmes were
considered in the more stab$trans conformation. To verify if

the gas-phase model was reliable enough to correctly describe the
behavior of both the [4- 2] and [2+ 4] cycloadditions, reactants
2aand3c, productstacand5ag transition state$S-4ag TS-5ag

The analysis of the available experimental results led to the and TS2-5a¢ and the intermediaté-5ac were reoptimized in

hypothesis that the [2 4] path, leading to the formation of

the spiro derivatives$, was kinetically favored, but [4 2]

solution by adopting the PCM model for CHCAt the B3LYP/
6-31G(d) leveP8 while single point energies were computed using

products were thermodynamically more stable. However, somethe TZVP basis set. Results were then compared with those obtained
questions remained unsolved; indeed, it was not clear why then the gas phase, and only slightly different activation and reaction

spiro derivatives where never obtained with cyclic diedés

f. Moreover, [4+ 2] products deriving from the reaction of
0-TQs2a,b with dienes3a,b were not isolated in the adopted

reaction conditions, even though a very small amourdtud
was detected byH NMR when the spiro derivativéba was

heated for 70 h at 60C in CDCk, while 5aawas stable under

the same conditions for more than 240'hFurthermore,

energies were observed, while no relevant differences were obtained
upon the optimized geometries and reaction mechanism features,
confirming the gas-phase model as accurate enough for our pur-
poses. It was argued that the adequate description of the geometry

(12) Dewar, M. J.; Olivella, S.; Stewart, J.J.Am. Chem. S0d.986
108 5771-5779.

(13) Tran huu Da, M. E.; Flament, J.-P.; Lefour, J.-M.; Riche, C.;
Grierson, D. S.Tetrahedron Lett1992 33, 2343-2346.

theoretical questions arose from the strong regioselectivity (14) Coxon. 3. M.. McDonald. D, Cletrahedron Lettl992 33, 3673-
observed for [4+ 2] reactions when compared with the absence 3457¢ B T '

of regioselectivity of [2+ 4] cycloadditions; thus, the need of (15) Houk, K. N.; Gonza, W. J.; Li, YAcc. Chem. Red.995 28, 81—
an exhaustive theoretical investigation on the reactivity of o-TQs 90. 16) Domi L R Arfio M. Andrés. J.J. Org. Chem.1999 64
toward 1,3-dienes was demonstrated. Indeed, the Bidider (16) Domingo, L. R.; Amo M.; Andrés, J.J. Org. Chem.1999 64,

) . ) 5867-5875.
and hetero DielsAlder reaction mechanism has been the  (17) Manoharan, M.; Proft, F. D.; Geerlings, P Org. Chem200Q 65,
subject of debate since its discovéfyl® and the question of ~ 7971-7976.
(18) Wang, H.; Wang, Y.; Han, K.; Peng, ¥. Org. Chem2005 70,
4910-4917.

(4) Capozzi, G.; Dios, A.; Franck, R. W.; Geer, A.; Marzabaldi, C.;
Menichetti, S.; Nativi, C.; Tamarez, Mingew. Chem., Int. Ed. Endl996
35, 777-779.

(5) Reaction conditions: pyridine, CHg Isealed tube, 70C.

(6) Nair, V.; Mathew, B.; Radharkrishnan, K. V.; Rath, N. ®ynlett
200Q 61-62.

(7) Nair, V.; Mathew, B.Tetrahedron Lett200Q 41, 6919-6921.

(19) Paddon-Row: M. N.; Moran, D.; Jones, G. A.; Sherburn, MJ.S.
Org. Chem.2005 70, 10841-10853.

(20) Menichetti, S.; Aversa, M. C.; Cimino, F.; Contini, A.; Viglianisi,
C.; Tomaino, A.Org. Biomol. Chem2005 3, 3066-3072.

(21) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B 1988 37, 785-789.

(22) Becke, A. D.,J. Chem. Phys1993 98, 5648-5652.

(23) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Physl984 80,

(8) Nair, V.; Mathew, B.; Thomas, S.; Vairamani, M.; Prabhakar].S. 3265-3269.
Chem. Soc., Perkin Trans.2001, 3020-3024. (24) Scher, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100
(9) Nair, V.; Mathew, B.; Rath, N. P.; Vairamani, M.; Prabhakar, S. 5829-5835.

Tetrahedron2001, 57, 8349-8356. (25) Contini, A.; Nava, D.; Trimarco, B. Org. Chem200§ 71, 159~
(10) Nair, V.; Mathew, B.; Menon, R. S.; Mathew, S.; Vairamani, M.;  166.

Prabhakar, STetrahedron2002 58, 3235-3241. (26) Cammi, R.; Mennucci, B.; Tomasi, J. Phys. Chem. £200Q 104,
(11) Menichetti, S.; Viglianisi, CTetrahedron2003 59, 5523-5530. 5631-5637.
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FIGURE 1. Reactants and experimentally observed products fror 2} and [2+ 4] reaction paths.

and electronic properties of sulfur-containing compounds would age? Cartesian coordinates and energies for the obtained stationary
require the inclusion of supplementary d functions in the basis points are supplied as Supporting Information.

set?”28 The model reactions d2a and 3c were then thoroughly ) )

reanalyzed by using the 6-31G(d,p) basis set with additional 2df Results and Discussion

functions on the S atom, but comparable results were obtained, The discussion hereafter reported is based upon the optimiza-
and thus our choice for geometry optimizations remains the simpler tion of nine reactantsofTQs 2a—c and 1,3-diene8a—d), 62
6-31G(d) (additional details in the Supporting Information). To
exclude a competing biradicalic pathway for{24] cycloadditions, (29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
the RHF—UHF stability of the wave function was checked fif8- M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K.
5ac and TS2-5ac but both RB3LYP and UB3LYP methods N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
provided the same energy, and no instabilities were observed. IRCMennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;

Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
analyses were performed at the B3LYP/6-31G(d) level f(_)r both Ishida, ,JI Nakajima, T.; Honda, Y.; K>iltao, 0. Nakai, H.: KIene,?\/l.; Li,
the endo and exo approaches of theH{2] and [2+ 4] reaction X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
paths for the cycloadditions 06-TQ 2a with 1,3-diene 3c, Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
requesting in each case a step size of 0.1'&ohr. All theoretical Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;
calculations were performed with the Gaussian 03 program pack- Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;

(27) Juaristi, E.; Notario, R.; Roux, M. \Chem. Soc. Re 2005 34, Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
347-354. P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;

(28) Roux, M. V.; Temprado, M.; Jirmez, P.; Dgalos, J. Z.; Notario, Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
R.; Marfin-Valcael G.; Garrido, L.; GuzmaMejia R.; Juaristi, EJ. Org. B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03,
Chem 2004 69, 5454-5459. Revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.
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TABLE 1. Activation and Reaction Enthalpies and Gibbs Free
Energies AH*¥, AG" and AH, AG, kcal/mol) for [4 + 2] and [2 + 4]
Reactions ofo-TQs 2a-c with 1,3-Dienes 3afab

[4+2] [2+ 4]
entry AH* AG* AH AG entry AHF AG* AH AG

4ag#*® 9.2 23.0 —248 —9.0 5aa 50 187 —185 —-3.5
4ab* 9.3 23.0 —240 -84 b5ab 50 186 —18.9 —4.0
4ac 82 214 —-249 -92 5ad 35 17.0 —143 16
4ad 54 196 —236 —-7.9 bad® 43 197 —3.0 1238
4ae 6.3 209 —222 —6.3 5a¢ 86 245 —-0.7 157
Aaf 6.8 211 —-26.8 —-11.6 5af 6.6 219 —-9.1 6.8
4bad 7.4 206 —27.8 —125 5ba 3.3 156 —21.0 —6.6
4bb¢ 7.6 205 —-27.1 —12.2 5bb 3.2 16.0 —20.8 —6.2
4bc 6.4 18.8 —28.0 —12.9 5bc9 h —-17.1 -1.9
4bd 36 172 —27.0 —-12.0 5bac 3.3 18.2 —-10.0 53
4be 39 17.7 —25.7 —104 5be¢ 8.0 231 —3.8 118
4bf 5.6 18.8 —29.8 —15.2 5bfc 55 20.1 —11.7 3.1

4cé¢ 69 198 —311 -17.0 5cd 3.7 161 —186 —4.3 FIGURE 2. Products5aa (left) and 5ad (right) from the [2+ 4]
4cb 7.0 194 -313 -169 5¢cb 3.6 161 —185 —3.9 cycloadditions ob-TQ 2awith dienes3cand3d, respectively. Selected
4cc 59 181 -314 -17.0 5c¢9 h —-148 05 geometrical parameters (A, deg) feaaand, in parentheses, féad:
ded 32 165 -302 —156 S 38 188 ~7.6 74 d1 = 1.84 (1.89), d2= 1.88 (1.92), d3= 1.57 (1.59),®, = 111.9
4ce 35 16.9 —28.8 —14.1 5ce 8.6 238 —1.8 137 (102.3),®, = 9.1 (18.3).

Acf 48 17.7 —34.0 —18.3 5¢cf° 56 20.1 —94 56 ’

aCalculated as the sum of B3LYP/TZVP energy and the thermal than Ith‘? CorrrleSPﬁndm.g 5 4].prquCts’ 'I[hus leading t(.) the
correction to enthalpy or Gibbs free energy obtained from thermochemical conclusion that the spiro derivativéscould not be obtained

calculations (298.15 K, 1 atm) at the B3LYP/6-31G(d) level. Activation from cyclic dienes. Such results fit perfectly with the reported

barriers are calculated as the energy difference between TSs and the sunexperimental outcome of [4 2] and [2+ 4] cycloadditions of
of the isolated reactants energies, while reaction energies correspond tog_T(Qg1!

the energy differences between products and the sum of the isolated reactants . .
energies” R1 regioisomers were considered for botht{2] and [2+ 4] As shown in Figure 2, the reason for the observed thermo-

reactions® Those products were never experimentally obser¢@itoduct d_ynamic instability of [2+ 4] products deriVi_ng_from cyclic
4bawas never isolated; however, very small amountétmzfwere detected dienes3d—f can be due to the structural strain induced by the

by 'H NMR when5bawas heated for 70 h at 6 in CDCk. Under the spiro bicyc]ica] moiety’ as deduced from the |0nger—$:Q,

same conditionshaawas stable for more than 240 hContrarily to what S1-C6, and C5-C6 distances (d1, d2 and d3, respectively, in
generally observed for [4 2] reactions, in those cases the exo TS results ' ! ' ’

were slightly favored! Those products were never isolated; however, they Figure 2), the unfavorable SIC6-C5 si angle, and the
where detected bH NMR. 9 TS-5bcand TS-5ccdid not converge? Not considerable distortion of the carbonyl respect to the ring plane

converged. (P41 and @y, respectively, in Figure 2), if compared with the
thermodynamically stable spiro derivatives obtained from acyclic
products, and 86 different transition structures, corresponding dienes. Such observation is confirmed by the relatively more
to the approaches @-TQs 2a—c to 1,3-dienes8a—f for both favorable energies obtained for the less strained spiro com-
the [4+ 2] and [2+ 4] reaction paths, including TSs leading pounds deriving from cycloesadieBg if compared with those
to allowed but not experimentally observed products and/or deriving from cyclopentadiene8d and 3e (see Table 1).
regioisomers, together with endo- and €8s that, due to the  Interestingly, the analysis of activation energies reported in Table
symmetric nature of dienea,b,d—f, would lead to the same 1 show that the reactivity ob-TQs 2a—c toward [4+ 2]
product. Thus, in the following sections, we will discuss the cycloadditions decrease in the ordzr > 2b > 2a, as AH*
reasons concerning the {42] or [2 + 4] selectivity, provide values were from 3.2 to 7.0 kcal/mol for the former, from 3.6
details on both reaction mechanism, and discuss the observedo 7.6 kcal/mol for the second, and from 5.4 to 9.3 for the latter.
regioselectivity. All the stationary points geometries and the In each case, the cyclopentadi&tbwas the most reactive 1,3-
corresponding energies are available as Supporting Information.diene, while the 2-methylbutadier3® was the least reactive.
[4+ 2] vs [2+ 4]: Activation Barriers and Reaction On the other hand, concerning {24] cycloadditions, the
Energies.Concerning the cycloadditions ofTQs 2a—c with reactivity order is less marked, withH* values ranging from
acyclic dienega—c, activation barriers reported in Table 1 show 3.2 to 8.0 kcal/mol for-TQ 2b, from 3.5 to 8.6 kcal/mol for
that the [2+ 4] reaction path is kinetically favored. Indeed, the 2a, and from 3.6 to 8.6 kcal/mol fo2c. The 2-methylpenta-
activation enthalpiesAH* were from 3.2 2c + 3a) to 4.7 1,3-diene3c was the most reactive with-TQ 2a, but unfor-
(2a + 3¢) lower than those observed for the corresponding tunately, transition state$S-5bc and TS-5cc did not fully
[4 + 2] paths. Instead, [4 2] reactions were decidedly favored converge, neither in gas phase nor in solvent, probably because
from the thermodynamic point of view as, in terms of reaction of the marked flatness of the PES in the region whEge5bc
enthalpiesAH, oxathiin derivativegl are from 5.1 4ab) to 16.6 andTS-5ccshould lie. However, due to the good comparability
kcal/mol (@cd more stable than the corresponding spiro of the AH* and AG* values observed among all the other
derivatives5. Cyclic dienes3d—e, on the other hand, show a reactions ob-TQs2a—c with dienes3a—f, we could reasonably
marked preference for [4 2] reactions. Indeed, activation deduce that the dieng& was in each case the most reactive,
enthalpies of [2+ 4]s are lower than those calculated for while, for the above-discussed reasons, cyclopentadienas
[4 + 2]s only for reactions 0b-TQs2a,bwith dienes3d,f (from the least reactive toward [2 4] cycloadditions. Finally, it
0.1 to 1.1 kcal/mol for2b + 3f and2a + 3d, respectively), should also be noted that cycloadditionsaT Qs 2a,b with
while [4 + 2] cycloadditions were kinetically favored in the dienes3a,b, conduced at room temperature, did not afford the
other cases. Moreover, reaction enthalpies show théet 24 [4 + 2] products4, while o-TQ 3c provided the oxathiined
products are from 17.@pd) to 27.0 @be) kcal/mol more stable with all the reacted dienéd.Indeed, results reported in Table

5510 J. Org. Chem.Vol. 71, No. 15, 2006
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FIGURE 4. Transition states and intermediate for the reactiorizaof
0 —+—Eg endo and 3c. Displacement vectors for each TS imaginary frequency are
= " -—Eg exo shown as blue arrows, and distances are reported in angstroms.
E
g oo )1-\ TABLE 2. Selected Distances (A), Synchronicity Degreesdrsp,
e and Imaginary Frequencies (cnt?) of the exo [2+ 4] TSs for the
w 10 Reaction of 0-TQs 2a—c with Dienes 3a-c
/- endo entry St-C2 C5-C6 Adrg/P? IF
20 TS-5aa 2.34 312 0.75 ~133.823
a-‘:'mmo -1.7 keal/mol TS-5ab 2.31 3.17 0.80 —144.987
=20 Reaction Coordinates » TS-5ac 2.41 3.21 0.74 —108.734
eaction Coordina TS-5ba 2.49 3.20 0.72 —61.0878
FIGURE 3. B3LYP/6-31G* IRC analyses of the endo and exo TS-5bb 243 322 0.77 :91'2803
hes for the [4 2 d 24 4 ioadditi 5-TO 2awith TS-5ca 2.53 3.27 0.75 54.9273
g{)e;;]rggg es for the [4 2] and [2+ 4] cycloadditions oD-TQ 2awit TS-5¢ch 246 3.29 0.80 —86.0762

a Products distances are provided in Table S4 (Supporting Information).

1 show that theAAG,4-s values are relatively low foaa, ab,
ba, andbb (—5.5,—4.4,—5.9, and—6.0 kcal/mol, respectively)  Supporting Information) and the visual inspection of the motion
if compared with those calculated for productsandcb (—12.7 associated with imaginary frequencies show that ah-[2]
and —13.0 kcal/mol, respectively), in concordance with the cycloadditions take place along quite asynchronous transition
observed outcome of the reaction and thus providing a further states.
validation to the adopted theoretical model. Indeed, as depicted in Figure 4 for the reactat 3c, the
Details of the Reaction MechanismThe energetic values  magnitude of the displacement vector associated with the
obtained for all the endo- and exo-TSs for{24] and [4+ 2] forming C—S bond is larger than the one of the forming- O
reactions (see Supporting Information), together with the IRC bond and results are clear that the £bond formation foregoes
analyses reported in Figure 3 show that fort{£] cycloaddi- the C-0O. TheAdrspvalues range from 0.5TS-4aaandTS-
tions the endo approach is generally favored, unless differently 4ab) to 0.62 (TS-4adandTS-4bc), and the meadrsp value
specified, while for all [2+ 4] reactions the exo approach is is a minimum (higher synchronicity) for [4 2] cycloadditions
decidedly preferred. For those reasons the following discussionof o-TQ 2a while a maximum (lower synchronicity) fa-TQ
will refer to the endo [4+ 2] and exo [2+ 4] TSs. 2b, probably due to the mesomeric electron-donating effect of
In terms of reaction mechanism, a quite evident diversity that the methoxyl group, which increases the negative charge over
can be observed between 42] and [2+ 4] TSs concern the quinonic oxygen-0.234e,—0.250e,—0.230e foro-TQs
synchronicity. In a recent article, Peng et al. defined the 2a, 2b and 2c, respectively, from Mulliken charges). Despite
synchronicity degree as the difference between the distances ofkeveral attempts, only one TS was located for eactr P}
the bonds that are being form&dHowever, as the difference  reaction, suggesting that the mechanism is fully concerted. On
between the lengths of the fully formed-S and C-O bonds the other hand, the analysis of the geometrical parameters for
is quite considerable (about 1.8 and 1.4 A, respectively), we [2 + 4] TSs (see Table 2) show that the reactiondfQs2a—c
considered the synchronicity as the difference between the ratioswith dienes3a—c takes place in a strongly asynchronous or
of the forming bond distances in the TS and the corresponding even unconcerted manner, wiltlrs/p values ranging from 0.72
bond distances in the product, i.Adrsp = [(C3—S4)s/ (TS-5ba) to 0.80 T'S-5abandTS-5ch). Moreover, two separate
(C3—S4), - (O1-C2)rd/(01-C2),| for [4 + 2] reactions and TSs, one for the formation of the-€S bond S-5a¢ IF =
Adrsp = |(S1-C2)rd/(S1-C2), — (C5—C6)rg/(C5—C6),| for —108.734 cm?) and the other for the formation of the~©
[2 + 4]s. Evidently, in the case of a totally synchronous reaction bond TS2-5a¢ IF = —123.688 cm?), and the stable interme-
the Adrg/p value is 0. Taking into account the above observa- diatel-5ac were located for the reaction ofTQ 2awith diene
tions, the analysis of the geometrical parameters reported in3c, thus supporting a stepwise mechanism for this example
Table S3 of the Supporting Information (selected distances for reaction (see Figure 4). To exclude any solvent influence on
the cycloaddition products are reported in Table S4 of the such a two-step mechanism, we reoptimiZz&t5ag TS2-5ac
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FIGURE 5. IRC analysis of the [4+ 2] and [2+ 4] reactions 0b-TQ
2a with diene3c.

and the intermediaté-5ac at the B3LYP/6-31G* level by
including the solvent contribution (CHg by means of the PCM

Contini et al.
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FIGURE 6. HOMO and LUMO foro-TQ 2aand diene3c; the favored

model, but analogue stationary points were located over the PESand symmetry-allowed interaction is LUMGq—HOMO: 3-giene

as also confirmed by the vibrational analysis conduced at the
same level of theory (see Figure S1 and Table S1, Supporting

Information).

A further proof supporting the stepwise mechanism was found _€tY

by performing extensive IRC analyses starting from bb83

TABLE 3. HOMO and LUMO Energies (eV) for o-TQs 2a—c and
1,3-Dienes 3af

2a 2b 2c 3a 3b 3c 3d 3e 3f
—3.95 -4.00 —4.10 —0.99 —1.03 —0.79 —0.74 —0.80 —0.93

LUMO

andTS2-5ac in the first case the reactants and the intermediate HOMO —6.46 —6.49 —6.44 —6.44 —6.49 —6.19 —6.13 —5.92 —5.93

I-5ac were obtained in the reverse and forward directions,
respectively, while produ&ac (forward) and intermediate5ac
(reverse) were obtained starting frar82-5ac An IRC analysis
was also performed for the # 2] cycloaddition of2a + 3c
starting fromTS-4ag confirming, in this case, a totally concerted
reaction path as only reactants and prodiaxt were found as
minima over the PES. The comparison ofH42] and [2+ 4]
IRCs is depicted in Figure 5, which graphically summarize the

IRC job failure could be due to the relevant change in the
followed normal mode (IF= —133.823 and-144.987 cm?

for TS-5aaandTS-5ab, IF = —167.426 and-156.155 cm?

for the nonconverge@S2-5aaandTS2-5ah respectively), thus
enhancing the probability for two TSs to exist along the PES.
It should be noted that such a change in the followed normal
mode was not observed for “normal” concerted asynchronous

above statements. Moreover, it is worth noting that the energeticreactions, such as the {4 2] cycloadditions described above.
values and the geometrical parameters of TSs reported in TablesHowever, it should be also considered that even if the PES
1 and 2, S3, respectively, together with the IRC analyses presents two TSs, as observed for theH2] reaction of2a +
depicted in Figure 5 show that, according to the Hammond’s 3c, the AH* for the second step is quite negligible (0.2 kcal/

postulate, the [4- 2] TSs are “late” (higher activation barrier,
shorter lengths for the forming bonds) while the-§ [2 + 4]
TSs occur at an “early” stage along the PES.

mol for TS2-5a9 and thus the two reaction steps should occur
within a decidedly narrow time range. For the above-mentioned
reasons, we would prefer to consider th€Qs [2+ 4] reaction

Unfortunately, despite the repeated trials, no intermediates mechanism as a borderline concerted asynchronous rather than

nor TSs relative to the €C bond formation were successfully
located for the other [Z 4] cycloadditions herein considered;
thus, we cannot guarantee that alHf24] reactions follow an

unconcerted.
Regioselectivity.The frontier molecular orbitals depicted in
Figure 6 foro-TQ 2a and diene3c, together with HOMO and

unconcerted or a strongly asynchronous but concerted pathway LUMO energies reported in Table 3, show that both the-[2]

Indeed, as one can see from Figure 52art+ 3c, the PES for
the [2+ 4] cycloaddition was particularly flat in the region
where the intermediatdsand transition structurebS2 should

lie, making the localization of such stationary points extremely
difficult for the current optimization algorithms. Moreover,
repeated trials to perform IRC analyses starting ffb8t5aa
andTS-5ab provided the reactants in the reverse direction but
failed in the forward direction at a point over the PES (after 64
and 63 steps of 0.1 ari& bohr from TS-5aa and TS-5ab,
respectively) corresponding to geometries showing a fully
formed C-S bond (1.92 A for both structures) and a forming
C—C bond (2.51 and 2.56 A fofS2-5aa and TS2-5ah

and [2+ 4] cycloadditions ob-TQs2a—c with 1,3-diene8a—f

are controlled by the interaction of the LUMO of tleeTQs
with the HOMO of the 1,3-diene. Thus, the $42] cycload-
ditions follow an inverse electron-demand pathway, as previ-
ously reported by Nair et af.,while the [2+ 4] reactions
formally follow a direct electron-demand pathway, asd®REQ
acts as the dienophile in [2 4] cycloadditions.

As depicted in Figure 7, the shape and the sign of the frontier
molecular orbitals involved in the reaction show that both
[4 + 2] and [2+ 4] cycloadditions could virtually provide two
symmetry-allowed regioisomers, namely R1 and R2. Unless
differently stated, the [4- 2] R1 and R2 isomers derive from

respectively). Further optimizations did not fully converge either the energetically favored (and symmetry allowed) endo- and
in the gas phase or in solution; however, vibrational analyses exoTSs, respectively, while the exo-TSs were decidedly favored
conduced on the last obtained IRC geometries revealed onlyfor both [2+ 4] R1 and R2 isomers (see Supporting Information
one imaginary frequency corresponding to the stretching of the for total energies). Concerning the 42] reaction ofo-TQs
C—C forming bonc?® The above observations suggest that the 2a—c with 1,3-diene3c, the R1 regioisomer is both kinetically
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AN
\
2a+3c [2+4] /<\ \
r\ 5cc R1

FIGURE 8. 5ccregiosimers. Distancedy...; (in A) for productssa—c
R2 isomers are 3.0754b), 3.08 6ac), 3.12 6bb), 3.13 6hc), 3.12
(5¢cb), 3.13 6c0).

the case of R1, the -8C interaction occurs with the less
substituted carbon while the opposite is observed for the least
stable R2 regioisomer. On the other hand, reaction enthalpies
AH show that the R2 regioisomer is always thermodynamically

exo R1 exo R2 favored, asAAHRr,-g;1 values resulted from-1.2 Gbb) to —4.1
_ kcal/mol (Gacg
FIGURE 7. Symmetry-allowed LUMQ@-1q—HOMO 3-giene interac- The major thermodynamic stability of the R2 isomers could

tions for [4+ 2] and [2+ 4] paths. be ascribed to a favorable G+D interaction between the G

and thermodynamically favored (see Table S5, Supporting @nd the G=C 3§dH'"O = 253 A, C-H-O = 111.2 for
Information), and thus, in perfect concordance with experimental €ompoundscq).>: However, a Cht-O interaction, involving the
resultsi! R1 is the only expected regioisomer. A different C4—H and the G=C could also be observed for Rél{..0 =
behavior was found for the reactions @fTQs 2a—c with the 2.35A, C-H—0=105.3) and thus the lower R2 energy could
2-methylbutadiengb; indeed, in this case, R1 was kinetically be due to a dispersive interaction between the carbonyl oxygen
favored by 0.4, 0.2, and 0.1 kcal/mol while R2 was thermody- and the C3-C4 double bond?i.e., an G-+ interaction that is
namically favored withAAHg»_r; values of—1.6, —1.6, and not present in the R1 isomers, as represented in Figure 8. It is
—0.8 kcal/mol fordab, 4bb, and4cb, respectively. It should ~ Known that an ®©-x interaction between a phenyl group and
be noted that, as reported in our previous article, the reactionsth€ 0xygen atom of an amidic carbony! plays an important role
of 2a—c with 3b conduced under kinetic control did not afford I the target recognition of anhydrase Il inhibitéfsand it is
productstab and4bb, while traces of oxathiidcbwere actually thus reasonable to think that @z interactions could stabilize
observed by NMR! The spectroscopic analysis of the raw cgrtain conformations of or-gani.c compounds. Indeed, the
reaction mixture, conduced on a 300 MHz instrument, led to distances between the €&4 midpoint and the carbonyl oxygen
the assignment of the R2 structure to compodod Surpris- (do...,_, in Figure 8) are comparable to those reported by literature
ingly, our theoretical results disagreed with the experimental for similar O+ interactions and, more generally, for non-

findings previously reported, and such a discrepancy induced bonding attractive interactions involvingsystems#3It should
us to reconsider the reaction of thioquinaewith diene3b be noted that the major R2 stabilization observed for compounds

by adopting thermodynamic conditions in order to enhance the deriving from diene3c can be due to the unfavorable steric
formation of productdcb with respect to the spiro derivative ~INteraction between the carbocyclic ring and the C-5 linked
5ch (see Supporting Information for experimental details). The Methyl group, not present in dieBb derivatives. In conclusion,

IH NMR analysis performed with a 400 MHz spectrometer @0 ; P ——————
H s H € convergence parameters obtaine -oaa -oap are
showed the formation of both regioisomers of prodiadt with as follows: maximum force= 0.009772 (0.012569), rms foree0.001951

a ratio .Rl:RZ of 3:1, in goqd concordance With the predi_Cted (0.002374), maximum displacement0.112238 (0.123450), rms displace-
theoretical results. Concerning the{24] reactions, the avail- ment= 0.027598 (0.030548), predicted change in energy2.411426x

able experimental results show that the spiro derivatbiesre 1073 (—2.638542x 1073). Restarting the optimization procedure did not

. . S produce relevant changes in geometry nor in energy.
obtained as a mixture of R1 and R2 regioisomers whenever the™ 31y pegiraju, G. RChem. Commur2005 2995-3001.

asymmetric 1,3-diene8b,c were employed! Activation en- (32) Dispersive interactions are long-range attractive forces, also known
thalpies reported in Table S5 show that the R1 isomer is as London forces, due to instantaneous dipoles that arise during fluctuations

A : : : in the electron clouds. Leach, A. Rlolecular Modelling, Principle and
kinetically favored for all the examples herein described, with Application Longman: Edinburg Gate, Harlow, 1996.

AAH*r,_g1 values ranging from 0.6@b, 5cb) to 2.1 kcal/mol (33) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, C.JJ.Chem.
(5a0. For those compounds deriving from the 1,3-dimethyl- Soc., Perkin Trans. 2001 651-669.

butadiene3c, the more ConsistemAH*Rz_Rl values could be 2083;4)1P2<§r28ig§b15'.; Tanaka, H.; Tadashi E.; Takashi, Eluorine Chem.
reasonably ascribed to the different steric hindrance on the diene "~ (35) meyer, E. A; Castellano, R. K.: Diederich, Angew. Chem., Int.

carbon atom involved in the-SC bond formation. Indeed, in Ed. 2003 42, 1210-1250.

J. Org. ChemVol. 71, No. 15, 2006 5513



]OCAT’tiCle Contini et al.

bearing in mind that spiro derivativés are obtained mainly ~ chronous mechanism for [# 2] cycloadditions and a heavily
under kinetic conditions, the competitive kinetic and thermo- asynchronous or even unconcerted mechanism fot 42
dynamic pathways calculated for the spiro derivativesiggest cycloadditions. Finally, the strong regioselectivity of §42]
that [2+ 4] reactions o-TQs with asymmetric dienes would  reactions as well as the lack of regioselectivity observed for
lead to mixtures of regioisomers, in concordance with the [2 4 4]s has been analyzed and explained.

qualitative predictions based on the FMO theory (see Figure 7)
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