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Abstract: Recently, it was reported that both dienylfurans and dienylisobenzofurans could react with dimethyl
acetylenedicarboxylate (DMAD) to give [8+2] cycloadducts. Understanding these [8+2] reactions will aid
the design of additional [8+2] reactions, which have the potential for the synthesis of 10-membered and
larger carbocycles. The present Article is aimed to understand the detailed mechanisms of the originally
reported [8+2] cycloaddition reaction between dienylisobenzofurans and alkynes at the molecular level
through the joint forces of computation and experiment. Density functional theory calculations at the (U)-
B3LYP/6-31+G(d) level suggest that the concerted [8+2] pathway between dienylisobenzofurans and
alkynes is not favored. A stepwise reaction pathway involving formation of a zwitterionic intermediate for
the [8+2] reactions between dienylisobenzofurans that contain electron-donating methoxy groups present
in their diene moieties and DMAD has been predicted computationally. This pathway is in competition with
a Diels—Alder [4+2] reaction between the furan moieties of dienylisobenzofurans and DMAD. When there
is no electron-donating group present in the diene moieties of dienylisobenzofurans, the [8+2] reaction
occurs through an alternative mechanism involving a [4+2] reaction between the furan moiety of the tetraene
and DMAD, followed by a [1,5]-vinyl shift. This computationally predicted novel mechanism was supported
experimentally.

1. Introduction 2,4-diene and tetraenophiles such as tetracyanoethylene and

. . dimethyl azodicarboxylafé (Scheme 1, reaction c). Develop-
Orbital-symmetry allowed [82] cycloadditions between — ent of new [8-2] cycloadditions between geometrically
tetraenes and tetraenophiles can in theory provide a straight-e,ip|e tetraenes and tetraenophiles can result in new and highly

forward approach for the synthesis of 10-membered ring .qnyergent synthetic approaches to 10-membered ring com-
compounds Before the year 2003, however, all of the pounds®

reported [8-2] cycloadditions were limited to geometrically In 2003, it was reported that dienylisobenzofurans can react

_codnsl_trf_;uned _tetri(_anhefh sutch as lheptgfulvenefl, ttropcines, atna/ith dimethyl acetylenedicarboxylate (DMAD) to furnish{&]
INdONZINES, 1 which the terminal carbons or Eteroatoms at g ctg possessing the 11-oxabicyclo[6.2.1]Jundecane ring sys-

position_s 1 and 8 are rigidly held in close pr_oxin_ﬂty (Sghem_e tem as the major products (Scheme 2, reactioft k)was later
1, reactions a and b). Consequently, only bicyclic or tricyclic noted that dienylfurans could also participate in the-28
compounds instead of 10-membered ring compounds were

obtained in these [82] cycloadditions. The only reported{&]
cycloaddition employing geometrically flexible tetraenes in the
last century is the reaction between 1,6-dimethylene cyclohepta-

(4) For other selected {82] cycloadditions, see: (a) Liu, C. Y.; Mareda, J.;
Houk, K. N.; Fronczek, F. Rl. Am. Chem. S0d.983 105, 6714. (b) Liu,
C.Y.; Ding, S. T.J. Org. Chem1992 57, 4539. (c) Liu, C. Y.; Houk, K.
N. Tetrahedron Lett1987 28, 1371. (d) Daub, J.; Hirmer, G.; Kakob, L.;
Maas, G.; Pickl, W.; Pirzer, E.; Rapp, K. Mthem. Ber1985 118 1836.
(e) Baimler, A.; Daub, J.; Pickl, W.; Rieger, WChem. Ber1985 118

T Peking University.
*New Mexico State University.

(1) The first reported [82] cycloaddition: Doering, W. v. E.; Wiley, D. W.
Tetrahedron196Q 11, 183.

(2) (a) Woodward, R. B.; Hoffmann, Rthe Conseration of Orbital Symmetry
Verlag Chemie/Academic Press: Weinheim, 1971. (b) Woodward, R. B.;
Hoffmann, R.Angew. Chem., Int. Ed. Endl969 8, 781.

(3) For areview of [&2] cycloaddition, see: Nair, V.; Anilkumar, Gynlett
199§ 950.

10.1021/ja072203u CCC: $37.00 © 2007 American Chemical Society

1857. (f) Hayakawa, K.; Nishiyama, H.; Kanematsu,JKOrg. Chem1985
50, 512. (g) Kumar, K.; Kapur, A.; Ishar, M. P. 8rg. Lett.200Q 2, 787.
(h) Farrant, G. C.; Feldmann, Retrahedron Lett197Q 11, 4979. (i)
Komatsu, K.; Fujimori, M.; Okamoto, KTetrahedronl977, 33, 2791. (j)
Pham, W.; Weissleder, R.; Tung, C. Fetrahetron Lett2002 43, 19. (k)
Nair, V.; Anikumar, G.; Nandakumar, M. V.; Mathew, B.; Rath, N. P.
Tetrahedron Lett1997 38, 6441. (I) Babaev, E. V.; Simonyan, V. V,;
Pasichnichenko, K. Y.; Nosova, V. M,; Kisin, A. V.; Jug, K.Org. Chem.
1999 64, 9057.
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Scheme 1. [8+2] Reactions of Tetraenes with Tetraenophiles mechanisms of DielsAlder reactions, which occur via either
X R (8+2] X_ R a concerted or a stepwise pathway. addition to pathways A
+ !l @I (@) and B, we propose a novel pathway C for the-Pg cycload-
© & X=0, CH, R dition (Scheme 3). Pathway C begins with &[] cycloaddition
of DMAD and the furan moiety of the tetraene to give &[]
R cycloadduct, which then isomerizes via a [1,5]-vinyl shift to
/@? ol [8+2] X ) furnish the final [8+2] cycloadduct:1°If [8+2] cycloadditions
XN Y - occur via pathway C and this could be verified experimentally,
R R R it is likely that any bicyclo[2.2.1]heptene system, easily obtained
through Diels-Alder chemistry, could be transformed to a 10-
N’ x n-R membered ring system after installation of the exocyclic diene
£ (8+21 S We envisioned that such a ring-enl t strat
N N group. We envisioned that such a ring-enlargement strategy
R R could also be applied to the construction of other large ring

Scheme 2. [8+2] Reactions Reported by Herndon and
Co-workers
E
+ | | [8+2] (@)
E
E = CO,Me
Ri R,
R; .
sl [8+2) @ )
R
Re Rs ‘
Re R7

cycloadditions with DMAD (Scheme 2, reaction #)These
[8+2] cycloadditions provide a direct approach for the synthesis
of ring skeletons of eleutherobin, briarellins, and other natural
products that have anticancer activityAs compared to [§2]

compounds.

With the above-mentioned mechanistic objectives in mfd,
especially to test whether pathway C is feasible or not, a
theoretical and experimental study of theH& cycloadditions
of dienylisobenzofurans and DMAD has been performed. These
results show that pathway A is not favored intrinsically (see
discussions below). Pathways B and C are possible, and their
preference varies, depending on the substituents present in the
tetraene substrates. When there is no electron-donating group
(such as methoxy group) in the dienyl moiety of dienylisoben-
zofurans, the favored pathway for thet8] reaction is pathway
C via the [4+-2]/[1,5]-vinyl shift mechanism. When an electron-
donating group such as the methoxy group is present in the
dienyl moiety of dienylisobenzofurans, pathway C is still favored
in gas phase but pathway B is very competitive in solution
because the methoxy group can stabilize the zwitterionic
transition states and intermediates involved in pathway B more
significantly than those stationary points in pathway C. In this

cycloadditions using geometrically constrained tetraenes, theArticle, detailed theoretical and experimental studies that explore

[8+2] cycloaddition reactions highlighted in Scheme 2 employ
flexible tetraenes in which the terminal C1 and C8 are not held
in close proximity. More importantly, 10-membered ring
compounds with an oxygen bridge can be readily synthesized
through these [82] cycloadditions. Understanding the mech-
anisms of these [82] cycloadditions will not only enhance
knowledge of [8-2] cycloaddition reactions and the chemistry
of pericyclic reactions, but also provide insights and guides for
the future design of new {B2] and other higher ordenftn]
cycloadditions that have the potential application in the synthesis
of 10-membered or larger ring compounds.

Likely mechanisms for the formation of {&] cycloadducts
between dienylisobenzofuran and DMAD are depicted in
Scheme 3. These pathways include a concerte@]8ycload-
dition (pathway A) or a stepwise pathway B involving the
formation of a zwitterionic (or diradical) intermediate. These
two pathways can be easily proposed if one considers the

(5) For areview of 10-membered ring natural compounds, see: (a) Bernardelli,
P.; Paquette, LHeterocycle4998 49, 531. The most important compound
in this class is the potential anticancer agent eleutherobin, see: (b) Lindel,
T.; Jensen, P. R.; Fenical, W.; Long, B. H.; Casazza, A. M.; Carboni, J.;
Fairchild, C. R.J. Am. Chem. S0d997 119, 8744. (c) Lindel, TAngew.
Chem., Int. EdA1998 37, 774.
The synthesis of 10-membered ring compounds could also be achieved
via [6+4] cycloadditions, see: (a) Houk, K. N.; Woodward, R.BAm.
Chem. Soc197Q 92, 4143. (b) Houk, K. N.; Woodward, R. Bl. Am.
Chem. Soc197Q 92, 4145. (c) Bhacca, N. S.; Luskus, L. J.; Houk, K. N.
Chem. Communl971, 109. (d) For a recent theoretical study oft{4]
cycloaddition, see: Leach, A. G.; Goldstein, E.; Houk, KINAm. Chem.
Soc.2003 125, 8330.
(7) (a) Luo, Y.; Herndon, J. W.; Cervantes-Lee, JF Am. Chem. So2003
125 12720. (b) Zhang, L.; Wang, Y.; Buckingham, C.; Herndon, J. W.
Org. Lett.2005 7, 1665.
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the whole scenario of mechanistic twists of{8 cycloadditions
between dienylisobenzofurans and DMAD are presented.

2. Computational Methodologies

All of the calculations were performed with the Gaussian 03
program*! The hybrid B3LYP functiondf in conjunction with the
6-31+G(d) basis sét was applied for the optimization of all of the
stationary points in gas pha¥el’ A basis set that includes diffuse
functions for heavy atoms better describes the zwitterionic species in
these reactions. Singlet diradical transition states and intermediates were

(8) For studies of the mechanisms of Dielslder reactions, see: (a) Houk,

K. N.; Gonzalez, J.; Li, YAcc. Chem. Re4995 28, 81. (b) Houk, K. N.;

Li, Y.; Evanseck, J. DAngew. Chem., Int. Ed. Engl992 31, 682. (c)

Goldstein, E.; Beno, B.; Houk, K. Nl. Am. Chem. S0d.996 118 6036.

(d) Barriault, L.; Thomas, J. D. O.; Clement, R.Org. Chem2003 68,

2317. (e) Rodriguez, D.; Navarro-Vazquez, A.; Castedo, L.; Dominguez,

D.; Saa, CJ. Am. Chem. So€001, 123 9178. (f) Sakai, SJ. Phys. Chem.

A 200Q 104, 922. (g) Valley, N. A.; Wiest, OJ. Org. Chem?2007, 72,

559. (h) Kong, S.; Evanseck, J. D. Am. Chem. So@00Q 122, 10418.

For theoretical studies of [1,5]-vinyl shift, see: (a) Kéa, F.-G.; Ehrhardt,

R.; Bandmann, H.; Boese, R.; Blar, D.; Houk, K. N.; Beno, B. RChem.-

Eur. J.1999 5, 2119. (b) Alder, R. W.; Grimme, WTetrahedron1981,

37, 1809. For reactions involving [1,5]-vinyl shift, see: (c) Semmelhack,

M. F.; Weller, H. N.; Foos, J. SJ. Am. Chem. Sod.977, 99, 292. (d)

Semmelhack, M. F.; Weller, H. N.; Clardy, J. Org. Chem.1978 43,

3791. (e) Freer, G.; Miler, U. Helv. Chim. Actal988 71, 808.

There is another possible pathway D, which starts froff2]4&ycloaddition

of alkyne to the dienyl moiety of isobenzofuran, followed by [1,5]-vinyl

shift. Such pathway was proved to be very difficult because the computed

[1,5]-vinyl shift step requires an activation energy more than 73 kcal/mol.

See the Supporting Information for details.

(11) Frisch, M. J.; et alGaussian O3revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004.

(12) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. Re. B 1988 37, 785.

(13) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, AAlnitio Molecular
Orbital Theory Wiley: New York, 1986.
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Scheme 3. Three Possible Pathways for Dienylisobenzofuran-Alkyne [8+2] Cycloaddition

concerted [8+2]
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transition state
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Rs

R

R
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located with UB3LYP/6-3+G(d). Frequency calculations were per-
formed to confirm that each stationary point is either a minimum or a

twists caused by substituents in the dienyl moieties of dienyl-
isobenzofurans, model reactionslV shown in Scheme 4 have

transition structure. In cases where transition structures are not easilyheen studied computationally. Experiments that test the theoreti-

confirmed by animation of their negative vibrations, iRR€alculations
were used to confirm the connection between the reactant, product,
and transition state, which are given in the Supporting Information.
The wavefunctions of several key diradical and zwitterionic stationary
points in model reactions | and Il have been computationally tested as
stable ones. The reported relative energies are free enery®s (
enthalpies AH, given in the Supporting Information), and zero-point
energy (ZPE)-corrected electronic energig&() in gas phase. Solvent
effects in benzene were computed by the CPCM nmiddeling the
gas-phase optimized structures (using keyword: RADIAHF). The
computed activation free energies in solution, referred th@s,, were

cal predictions have also been conducted. First, the theoretical
study of the [8-2] reaction between dienylisobenzofuran and
acetylene will be presented to understand the inherent reaction
preferences of [82] over [41+2] in this parent system (section
3.1). In section 3.2, a theoretical study of model reaction Il will
be presented to show the preference using tetraenophiles of
appropriate reactivities. After presenting this theoretical predic-
tion, we will then provide experimental evidence to support our
prediction. Furthermore, in this part, we have also obtained the
kinetic data to corroborate experimental and computational

calculated by adding the solvation energies to the computed gas-phaseyctivation parameters, showing that B3LYP/6+33(d) is very

relative free energies. The molecular orbital energies were computed
at the HF/6-31G(d) level based on the B3LYP/6+%3(d) geometries

in gas phase. The spin density distribution of all of the diradical
stationary points is provided in the Supporting Information. Unless
otherwise specified, all discussed relative energies refer to the gas-
phase calculations.

3. Results and Discussion

To fully understand the mechanisms of thet[g reactions
between dienylisobenzofurans and DMAD and the mechanistic

(14) Spin contamination is well known for the calculations of singlet diradical
species. We have also computed the spin contamination for all singlet
diradical stationary points using the YamagueHiouk spin projection
method®2 (see the Supporting Information for details). It was found that
the computed activation energy without YamagudHbuk correction for
the vinyl shift step of19 to 21 is close to the experimentally measured
one, whereas the computed activation energy after Yamagtizhik
correction is lower by about 4 kcal/mol than the experimentally measured
one. Due to this, the reported energies in this Article for all singlet diradical
stationary points have not been corrected using the Yamagtichik spin
projection method3®

(15) (a) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K.Ghem. Phys. Lett.
1988 149 537. (b) For comments on the spin projection method, see:
Wittbrodt, J. M.; Schlegel, H. BJ. Chem. Phys1996 105 6574.

(16) We found that the UMP2 method is not suitable for the investigation of
[1,5]-vinyl shift reaction. This is because the UHF wavefunction for the
vinyl shift transition state is not stable; consequently, the UMP2 energy
based on this wavefunction is questionable.

(17) Carsky, P.; Hubak, ETheor. Chim. Actd 991, 80, 407.

(18) (a) Fukui, K.J. Phys. Chem197Q 74, 4161. (b) Gonzalez, C.; Schlegel,
H. B. J. Chem. Physl1989 90, 2154. (c) Gonzalez, C.; Schlegel, H. B.
Phys. Chem199Q 94, 5523.

suitable for the mechanistic investigation of the presetZB
cycloadditiong%-22 In section 3.3, we will present theoretical
studies of model reactions Il and IV, demonstrating that the
presence of a methoxy group makes the stepwise zwitterionic
pathway B competitive with pathway C. This mechanism in
model reactions Il and IV has also been tested and supported
experimentally.

3.1. Theoretical Study of Model Reaction | of Dienyl-
isobenzofuran and Acetylene.Figure 1 shows the DFT
computed energy surfaces for pathways B and C of model

(19) (a) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. (b) Takano, Y.;
Houk, K. N.J. Chem. Theory Compu2005 1, 70.
(20) For discussions of DFT calculations on pericyclic reactions, see: (a) Guner,
V. A,; Khuong, K. S.; Houk, K. N.; Chuma, A.; Pulay, B. Phys. Chem.
A 2004 108 2959. (b) Guner, V.; Khuong, K. S.; Leach, A. G.; Lee, P.
S.; Bartberger, M. D.; Houk, K. NJ. Phys. Chem. 2003 107, 11445.
(21) For recent applications of DFT calculations on mechanistic studies of
organic and organometallic reactions, see: (a) Niu, S.; Hall, MClgem.
Rev. 200Q 100, 353. (b) O'Neil, L. L.; Wiest, OJ. Org. Chem2006 71,
8926. (c) Zhong, G.; Chan, B.; Radom, L. Am. Chem. So2007, 129
924. (d) Gutta, P.; Tantillo, D. J. Am. Chem. So006 128 6172. (e)
Nova, A.; Ujaque, G.; Maseras, F.; Lledos, A.; EspinetJ PAm. Chem.
Soc 2006 128 14571.
For recent applications of DFT to study diradical species, see: (a) Yu,
Z.-X.; Caramella, P.; Houk, K. NJ. Am. Chem. SoQ003 125, 15420.
(b) Jabbari, A.; Houk, K. NOrg. Lett.2006 8, 5975. (c) Bethke, S.; Hrovat,
D. A.; Borden, W. T.; Gleiter, RJ. Org. Chem.2004 69, 3294. (d)
Hoenigman, R. L.; Kato, S.; Bierbaum, V. M.; Borden, W.JTAm. Chem.
Soc.2005 127, 17772. (e) Nummela, J. A.; Carpenter, B.XAm. Chem.
So0c.2002 124, 8512.

(22

~
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Figure 1. Computed energy surfaces of pathways B and C of model reaction | between tetraedecetylene at the (U)B3LYP/6-35G(d) level.

Scheme 4. The Four Model Reactions Studied by DFT Calculations
Model reaction I:

Model reaction Il:

NF
=N\ o
> MeOZCTCOzMe COZMe +
-7 gt
CO,Me

Model reaction III:

OMe

Me0Q,C—=—CO0,Me

I\
© N\
\
-
So7
g 3¢
5 5
+
/&\
N8
5

Model reaction IV:

OMe
OMe OMe
= Q. "
Me0,C—=—CO,Me + O
=
M
o O‘a COzMe COMe
COMe CoMe

reaction |I. The DFT optimized transition states involved in both level of theory and at the Hartre€-ock theory with various
pathways are given in Figure 2 (the discussed atom numberingbasis sets (see Supporting Information for this concerteé@]8
is also given in this Figure). TS). However, at the B3LYP/6-31G(d) level, such a concerted
The parent tetraene of dienylisobenzofurdnhas two [8+2] transition state could not be located. Using other DFT
conformers,1-t and 1-c (t and ¢ denote the s-trans and s-cis methods (such as BP86 and MPW1K) and the MP2 method,
configurations of the butadienyl moiety ih). Calculations such a concerted {82] transition structure could not be obtained
indicate thatl-t is the ground-state conformer and is more stable either. The failure of locating a concerted{8] cycloaddition
than 1-c by 5.4 kcal/mol in terms of free energy. However, at the B3LYP/6-3%G(d) level and others could be due to the
conformerl-c, in which the terminal carbons C1 and C8 are possibility that such a concerted process is energetically
geometrically close with a distance of 4.25 A, is expected to disfavored as compared to the stepwise diradical pathway B.
be the reacting conformer for a concerted-lg cycloaddition Calculations indicated that the concerted+[g transition
through pathway A. We can locate a concertettZBtransition structure at the B3LYP/6-3#G(d)//B3LYP/6-31G(d) level is
structure betweerd-c and acetylene at the B3LYP/6-31G(d) higher in energy than diradical-C bond formation transition

10776 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007
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’ \ 7 . . cataloged as a normal-electron demand Didlkler cycload-
Y- /@—6:\.—( \_’I_ o 4 dition because the energy gap of HOME@.UMO acelyiene iS
__l /A /7N / N N smaller than the energy gap of HOM@yiensLUMO; (see
NI - I } 1 Figure 3)2324In addition, the charge transfer frahto acetylene
{ A \._;_."‘?“' - in TS6is 0.014 electrons in terms of Mulliken charge, further
"!f ! f"\,.___,,{' demonstrating the character of normal electron demandBiels
f s Alder reaction forTS6. The FMO of1-cis also given in Figure
3. We can understand why a concerted-23 is not favored in
CLCY = 1.940 C1-C9=1538 view of the fact that the orbital coefficient of C8 is smaller
o C10=3017 than both C1 and C4 in the HOMO dfc, suggesting that C8
Ts2 TS4 is not reactive in cycloaddition as compared to C1 and CH in
. This is also consistent with the high reactivity of the furan
M,‘;Lj},g._ N ! moieties in isobenzofurarts.
X '\'_",-\\' : I} -5"""\ The parent [8-2] reaction of pathway C could stop at the
,-_'..._3/*‘ N SN ,"""' Diels—Alder reaction if the ensuing [1,5]-vinyl shift is difficult.
J— \ \ / ’{'_\ ! “\m-.-—‘-‘q\ Calculations show that the [1,5]-vinyl shift in pathway C starts
o A }l-"“‘,h._ 7 from an s-trans to s-cis interconversion step, transforngig
7 A 7 to 7-c, which is the reacting conformer for [1,5]-vinyl shift. The
' energy required to undergo cis/trans isomerization is negligible
C1.C9 = 2.085 C4C10 = 1.914 when compared to those required for the-} and the [1,5]-
C4-C10=2.422 C8-C10 = 1.567 Vinyl Shift_26
TS6 TS8 We could locate a concerted, closed-shell singlet [1,5]-vinyl
Figure 2. Computed geometries of transition states involved in pathways  shift transition structure using the restricted B3LYP/6+&-
B and C of model reaction |. Distances are in angstroms. (d) method. However, it was found that a concerted open-shell

bel ‘ h b keal/mol singlet diradical transition structufeS8 located at the UB3LYP/
.strlljctu'reTSZ (see below) o Pat,Way B by ,7'8 cal/mol, 6-31+G(d) level is more stable by 3.5 kcal/mol than the closed-
indicating that concerted (8] is inherently d|sfa\{c_)red as  shell singlet vinyl shift transition structu?&!? The diradical
compared to pathway B of the parentt{2] cycloaddition. TS8 with a computed®Jof 0.51 has a long breaking bond

The first step in pathway B_is the _forr’r_1ation ofa_l_singIeC (1.91 A) and a short forming €C bond (1.57 A). This is a
bond between C1 and C9 via a diradical transition structure very late transition state because the forming bond is almost

TS2, in which the forming G-C bond distance is 1.94 A. The formed. The overall process fromit — 7-c — 5 requires an
alkyne moiety in this transition structure is pointing away from iy ation free energy of 30.5 kcal/mol.
the benzofuran ring with the dihedral angle of CXD9—C1— The rate-determining step in pathway C is the+®

c2 9f 1128. Th_e c_omputed}sszor TSZ s 0.33. This step cycloaddition, indicating that the activation free energy required

requires an activation free energy of 32.7 kcal/mol and an ¢q, yathway C is 32.8 kcal/mol. Comparing this to the activation

activation energy of 24.5 kcal/mol. The formed diradical foq energy of 34.1 kcal/mol required for pathway B, we can

intermediate8 with a computedSLof 1.05 is higher inenergy ¢y de pathway B is disfavored by 1.3 kcal/mol in terms of

than the reactants by 22.2 kcal/mol. The second step is a one-, i ation free energy.

step ring-cl_osu_re re_action V-'E_S4' which is higher in free energy The above theoretical analysis revealed that model reaction
than the diradical mtermedla@ by 11.9 kcal/mol and has a | parweeni-t and acetylene has two competitive pathways, B

.computed[.$2Dof 0.81. Formation of the [82] cycloadduct and C. The stepwise diradical pathway B can lead to the
is exergonic by 24.Q kcal/mol. AlthougFS2 andTS4 are close formation of a [8-2] cycloadduct, whereas stepwiseHa)/

in terms of electronic energy (24.5 vs 24.2 kcal/mol), the latter [1,5]-vinyl shift pathway C can lead to the formation of aH2]

is higher than the former by 1.4 kcal/mol in terms of free energy, cycloadduct, which can then isomerize to the-f cycloadduct.
suggesting that in gas phase, the rate-determining transition state

in the stepwise diradical pathway B is the ring-clostig4 and (23) FMO theory: (a) Fleming, IFrontier Orbitals and Organic Chemical
vati ; Reactions Wiley & Sons: New York, 1996. (b) Dewar, M. J. She
the overall activation free energy of pathway B is 34.1 kcall Molecular Orbital Theory for Organic ChemistnMcGraw-Hill: New
I
mol. York, 1969. (c) Zimmerman, H. EAcc. Chem. Resl971 4, 272. (d)
Pathway C of model reaction | starts from a Diefsider g_ui{g‘gag‘vc; g,e;:ﬁ“ﬁﬂ;"gge%ﬁgfgﬁ 21712184(8) %‘%’J‘gm‘aﬁ, Sonubert,
reaction betweef-t and acetylene vi&S6. Transition structure ?hr;p'[i Cfller:glﬁgl 4/8. 5635(9) ngé’g %Ng»gcz-o ggem. Red975 8, 361.
ouk, K. N.J. Am. em. So X .
TS6has almost the_ same free energy as that of pathway (24) For recent reviews and researches on normal and inverse electron-demanded
B. The [4+2] transition structurel'S6 is concerted but asyn- (E:)IﬁIS*AIIdtter E%acgonlsl,gsé%erl éa%%f 23d. Y(b) ;agl(er, DJ.; SUStm?/vmm%Wb
. . em., Int. . ENn . (C =X.; Dan o D,
chronous with the two forming €C bonds of 2.09 (CC9) J. Org. Chem2001, gee, 6029. (d) Yu,(Z).—XLf; Dang, Q.; \?\}u?\}__nﬁl_’olrg_
and 2.42 A (C4-C10), respectively. IRC calculations indicate Chem 2005 70, 998. (e) Dai, M.; Sarlah, D.; Yu, M.; Danishefsky, S. J;
k . . Jones, G. O.; Houk, K. NJ. Am. Chem. So007, 129, 645. (f) Gomez-
that TS6 leads to formation of7 without involvement of a Bengoa, E.; Helm, M. D.; Plant, A.; Harrity, J. P. &. Am. Chem. Soc.
ittarionic i i 2007, 129, 2691.
Zwitterionic Intermedlate', The {42] cycloadduct? also .has two (25) For references of isobenzofurans, see: (a) Wiersum, U. E.; Mijs, W. J.
conformersy-cand7-t, with the former being higher in energy Chem. Sog Chem. Commuril972 347. (b) Berson, J. AJ. Am. Chem.
than the latter by 4.3 kcal/mol. The§2] step in pathway C Soc. 1953 75 1240. (c) Rio, G.; Scholl, M.-JJ. Chem. Sac Chem.

X . i . X Commun1975 474. (d) Faragher, R.; Gilchrist, T. 1. Chem. Sa¢Perkin
requires an activation free energy and an activation energy of Trans 1 1976 336. (e) Tobia, D.; Rickborn, Bl. Org. Chem1987, 52,
; ; ; 2611.
32.8 and 23.9 kcal/mol, reSp_e_Ctlvely’ a_nd IS exergonic by 5.9 (26) For a study of the cistrans interconversion of butadiene, see: Squillacote,
kcal/mol. The [4+2] cycloaddition step in pathway C can be M. E.; Liang, F.J. Org. Chem2005 70, 6564.
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locate a concerted 82] transition structure only led to locating

reaction | is pathway C because it is preferred over pathway B a [4+2] cycloaddition transition structure, further demonstrating
by 1.3 kcal/mol in terms of activation free energy in gas that a direct concerted 8] cycloaddition is disfavored as

phase.
It is interesting to point out that the formation of theH8]

compared to a [42] cycloaddition.
In contrast to model reaction I, where pathway B is a stepwise

cycloadduct is thermodynamically preferred over the formation diradical pathway, pathway B here is through a stepwise

of the [4+2] cycloadduct because thetf2] cycloadduct is more
stable than the [#2] cycloadduct by 18.1 kcal/mol. This
thermodynamic preference off&] cycloadduct is the driving
force for the [1,5]-vinyl shift. The lower energy of 48]
cycloadduct as compared to the+2] cycloadduct can be
attributed to less ring strain and more conjugation in thedB
cycloadduct relative to the {42] cycloadduct.

zwitterionic route. The first step of pathway B is the formation
of a zwitterionic intermediat&0 via transition structurd S9,
which has the forming bond distance of €9 of 2.06 A. In
TS9, the C9 atom must point away from the furan ring with
the dihedral angle of CtoC9—C1—-C4 of 179.%, otherwise,
only concerted [42] transition structurd S13 of pathway C,
where both C9 and C10 are above the furan moiet{, afan

As compared to the gas-phase energy surfaces of modelbe located. The formation ofO requires an activation free
reaction I, in solution, the stepwise diradical pathway B and energy of 33.5 kcal/mol and an activation energy of 21.4 kcal/
the [4+2] step of pathway C are disfavored by 2.2 and 1.7 kcal/ mol in gas phase. The following ring-closure step to form the
mol, respectively (see Figure 1). In contrast, the vinyl shift step [8+2] cycloadduct is very easy and occurs with an activation
in solution is easier by 2.0 kcal/mol with respect to that free energy of 2.9 kcal/mol. All attempts to locate a ring-closure
rearrangement in gas phase (28.5 vs 30.5 kcal/mol). Neverthe-transition structure for the formation of af2] cycloadduct
less, in solution, pathway C is still favored over pathway B for 14-t from intermediatelO (instead of a [8-2] cycloadductl2)
model reaction I. were unsuccessful, suggestitg-t is formed only through a

3.2. Theoretical Study of Model Reaction Il and the
Experimental Test of the Theoretical Prediction. We now
turn our attention to model reaction Il betwegmnd DMAD

Diels—Alder reaction (see discussions below). As compared to
model reaction |, pathway B of model reaction Il has the-C1
C9 bond formation as the rate-determining step with an

to investigate its reaction mechanism and energetic differencesactivation free energy of 33.5 kcal/mol, which is 0.6 kcal/mol
with respect to those in model reaction I. Figure 4 shows the lower than the stepwise diradical pathway B of model reaction
computed energy surfaces of pathways B and C. The optimizedl. However, pathway B of model reaction Il is still disfavored
geometries of the transition states involved are given in Figure as compared to pathway C, which has an activation free energy
5. Calculations show that pathway A is not feasible, similar to of 30.5 kcal/mol (see below). This suggests that if the 28
model reaction I. All attempts to use other DFT functionals in cycloadduct could be obtained in model reaction Il, the reaction
conjunction with either 6-31G(d) or 6-3¥5(d) basis set to  would take place through pathway C.
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Figure 5. Computed geometries of transition states involved in pathway
C of model reaction Il. Distances are in angstroms.

Pathway C of model reaction Il starts from an exergonic (by
7.5 kcal/mol) [4+-2] cycloaddition with an activation free energy
of 26.9 kcal/mol and an activation energy of 13.8 kcal/mol via
TS13 As compared to the DietsAlder reaction step in pathway
C of model reaction I, the activation free energy of the-$}
step in model reaction Il is lower by 5.9 kcal/mol. This can be
well rationalized by FMO theory because the LUMO of DMAD
is lower than that of acetylene by 3.32 eV (Figure 3)TB13
the charge transfer fror-t to DMAD is 0.217 electrons in
terms of Mulliken charge. Transition structuf&s13is more
asynchronous because the formingCbond is 2.06 A while
the other forming €&C bond is hardly formed at all with a
distance of 2.94 A. This [42] process can be regarded as a

two-stage process because the formation of one bond is more

advanced than the other without involvement of a zwitterionic
intermediate’’

Subsequent s-trans to s-cis interconversion fi@rt to 14-c
and a vinyl shift process takes place with an activation free
energy of 30.4 kcal/mol vid@S15 This isomerization step is
exergonic by 9.2 kcal/mol. The vinyl shift transition structure
in model reaction Il is also a very late transition structure with
distances of 1.99 and 1.57 A for the breaking and forming bonds,
respectively.

In solution, pathway B has an activation free energy of 36.6
kcal/mol, 3.1 kcal/mol higher than that in gas phase. In solution,
the [4+2] step of pathway C also becomes more difficult by
3.4 kcal/mol in terms of activation free energy. Similar to model
reaction |, the [1,5]-vinyl shift in solution is easier by 1.4 kcal/
mol as compared to that in gas phase. Figure 3 shows that even
in solution, pathway C is preferred over pathway B.

If model reaction Il could occur via pathway C, the [1,5]-
vinyl shift would be the rate-determining step. This is due to
the fact that the activation free energy of the [1,5]-vinyl shift is
higher by 3.5 kcal/mol than that of the{£2] cycloaddition (30.4
vs 26.9 kcal/mol) in gas phase. In solution, the vinyl shift
requires an activation free energy of 29.0 kcal/mol, 1.3 kcal/
mol lower than the [4-2] step with an activation energy of 30.3
kcal/mol. It is well known that computationally calculated
activation free energies for bi- or trimolecular reactions in
solution are overestimated by a few kcal/rdbIn this regard,
in solution, the [1,5]-vinyl shift is still more difficult than the
bimolecular [4+2] process. Because the formation oft{Z]
cycloadduct is exergonic and the following [1,5]-vinyl shift
requires higher activation free energy, we hypothesized that
model reaction Il could stop at the formation of thet{]
cycloadduct, if the reaction temperature is decreased or the
reaction time is shortened. If we could obtain thet}

27) (a) Dewar, M. J. S.; Olivella, S.; Stewart, J. JJPAm. Chem. S0d.986

108 5771-5779. (b) Domingo, L. R.; Picher, M. T.; Arroyo, P.;&a J.

A. J. Org. Chem2006 71, 9319.
(28) For discussions of entropy overestimation in bimolecular reactions in
aqueous solution, see: (a) Strajbl, M.; Sham, Y. Y.; Villa, J.; Chu, Z.-T;
Warshel, A.J. Phys. Chem. BR00Q 104, 4578. (b) Hermans, J.; Wang, L.
J. Am. Chem. S0d.997, 119, 2707. (c) Amzel, L. M.Proteins1997, 28,
144. (d) Yu, Z.-X.; Houk, K. NJ. Am. Chem. So2003 125, 13825. (e)
Xia, Y.; Liang, Y.; Chen, Y.; Wang, M.; Jiao, L.; Huang, F.; Liu, S.; Li,
Y.; Yu, Z.-X. J. Am. Chem. SoQ007, 129 3470.
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Scheme 5. Experiments To Isolate [4+2] Cycloadduct and Test [4+2] Cycloadduct’s Isomerization
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gy + DMAD ‘H,  (Previous observation)
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Scheme 6. Crossover Experiment
(™
7\
Hy H, D3CO,C—=—=—CO0,CD;
CO,CHj3
CeDs, 85 °C
CO,CH3
Ph
17 18 18’
(not observed)

cycloadduct, we then would be able to monitor the [1,5]-vinyl Isomerization ofl7 in the presence of 10 equiv of DMAD-
shift process experimentally to support our computational ds (CD3O,C—C=C—CQO,CDs) at 85°C in deuterated benzene
prediction. was examined (Scheme 6). After this reaction system was heated

To test our hypothesis, we focused on the reaction betweenfor 8 h, only the non-deuterateiB was observed without any
16 and DMAD shown in Scheme 5. In the previous reg8rt,  incorporation of deuterated DMAD. This assignment was based

the reaction was conducted in toluene at°&for 3.5 h and on the ratio of hydrogens on ester groupl8fas compared to
only [8+2] cycloadductl8 was obtained. We speculated that the other hydrogens df8 according to the signals in thigd

by running the [8-2] reaction betweei6 and DMAD at lower NMR spectrum. Experimental observation of no formation of

temperature or heating this reaction in a shorter time, we could anv crossover orodudi clearly demonstrated that the isomer-
isolate the [4-2] cycloadductl?7. Monitoring the isomerization y P y

of 17 to 18 would then give direct evidence to either support

or disprove our theoretical prediction in Figure 4. Therefore, [8+2] H1 [4+2] H2- H3 [8+2] H3
we followed the previous procedure to synthesize substite

and then ran the reaction betweB®and DMAD in toluene at l l l

85 °C. To our excitement, after a 50-min reaction period, a

Figure 6 shows howl7 gradually isomerized td.8 upon oh
heating at 8C°C in deuterated benzene B NMR spectros-
copy. Formation ofil8 became obvious after 30 min of heating
17, when the ratio oi&17 was 1:5. The ratio 01817 increased 0.5h ol
after further heating. After about 3.5 h, the major substance in
the NMR tube wasl8 with the ratio of 1&17 of 10:1. This
experiment suggests thel can be transformed t8, but cannot 1.5h Il
guarantee that this transformation occurs via an intramolecular
[1,5]-vinyl shift. This is due to the possibility that the generation
of 18 from 17 could arguably take place through a two-step 2.5h _,..ﬂ
process, starting from the retro-Dielélder reaction ofl7 to
generate dienylisobenzofurd® and DMAD, which then react
with one another through a concerted or stepwise-2B .__.J'\ A
cycloaddition process to give thef2] cycloadductl8. To rule 3h —m———————b————+
out this possibility, it is necessary to prove that the isomerization 3 5 4

of 17 to 18 is an intramolecular process instead of an ggyre 6. Monitoring the vinyl shift of17to 18 by 'H NMR in CeD. The
intermolecular process. atom labeling is given in Scheme 5.

mixture of [4+2] and [8+2] cycloadductsl7 and18in a ratio
of 3.3:1 was obtained with a total yield of 59% (Scheme 5). M u
UL

M
M
M
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304 Arrhenius Plot pathway C, a simple experimental test can determine whether
compound24a—d were formed via [1,5]-vinyl shift isomer-
a5 = y=-11.642x + 27.545 izatigns from compound&3a—d. Therefore, we synthesized
J - R?=0.990 and isolated four [4-2] cycloadduct23a—d according to the
ol . previous procedure$. To our surprise, heating these+{2]

cycloadducts23a—d in dioxane at 85°C did not lead to
formation of 24a—d. Heating compound®3a—d longer or

x “e . under higher temperatures (in toluene at @) only resulted
= 5ol in decomposition. These experiments demonstrated that [1,5]-
vinyl shifts are difficult for23a—d, and the formation o24a—d
55 is not through pathway C.
' Why is there a mechanistic difference for the-f reactions
604 _ of 22a—d versus16 toward DMAD? After comparing the

structural differences betwe@2a—d and16, we hypothesized
285 270 275 280 285 200 that the different mechanisms for the formation of+[§
M0 K cycloadducts might be attributed to the methoxy groupda—
) . . . d. In model reaction Il, pathway B is disfavored with respect
Fi 7. Arrhenius plot for the [1,5]-vinyl shift ofL7 to 18. ’ .
oure P [L.5}-viny to pathway C. However, we reasoned that in the cas@af

ization of 17 to 18 takes place in an intramolecular fashion and ¢ the methoxy group in the diene moiety could stabilize the
occurs via a [1,5]-vinyl shift process. zwitterionic transition structures in pathway B to a greater extent

The above theoretical and experimental evidence strongly than th? _trans!tion structures of pa_thway C,_making_pathway B
supports that the formation of 8] cycloadduct in this case competitive with pathway C. In_thls scenario, the finat#
is through a stepwise mechanism viaH2J/[1,5]-vinyl shift _cycloadduct_s could_ re_sult_ from either pathway B or C. However,
process. The discovery of this newly proposed mechanism 'f the [1,5]-vinyl shift is difficult and pathway C would stop at
suggests that 10-membered ring compounds could be synthe!n€ [4+2] step, the final products would consist of boti#3)
sized via such a ring enlargement strafetgycomplement the cycloadducts (via pathway B) and+2] cycloadducts (via the
one-pot [8+2] strategy highlighted in Scheme 2. Diels—Alder reaction of pathway C). To better explain the

Finally, we wanted to test the accuracy of the DFT method experimental results in Scheme 7, we studied model reactions
used in t,his study. The best way to do this is to compare the Il and IV to investigate the influence of the methoxy group on

DFT computed activation barrier with the experimentally the reaction Qutcome. We will first disguss mo_del reaction IlI
measured one for the isomerizationlafto 18. The kinetics of and the reaction cﬂZaand.DMAD. We will then discuss model
this isomerization process has been quantitatively studied by reaction IV and the reacpons ﬁﬂb_,d and DMAD to explore
means offH NMR through heating the 2] product17 in whether Fhe cyc!|c ring in the terminal allkene of the Fetraenes
toluenee (details are given in the Supporting Information). The Nas additional influence on the reaction mechanism. The
kinetics of the [1,5]-vinyl shift process were investigated at four cOMPuted energy surfaces for pathways B and C of model
different temperatures, 75.0, 85.0, 95.0, and 10&0respec- reaction Il are given in Figure 9.

tively. Activation parameter& = 9.2 x 10! exp(~23.0RT) Pathways B and C of model reaction Il are similar to those
min—! were obtained from the Arrhenius p|0t (Figure 7) From of model reaction 11, and the geometries of the Stationary points
the Arrhenius plot, the activation energy of the [1,5]-vinyl shift in these pathways will not be discussed in detail. One major
is estimated to be 23.8 2.3 kcal/mol. The measuredG¥, difference of pathway B in model reactions Il and Ill is the
AH*, and AS values of this isomerization are 24.2 kcal/mol, activation free energies of the first<C bond formation step,
22.3 kcal/mol, and-6.2 cal/(molK), respectively. With this which is 33.5 kcal/mol for model reaction Il and 25.1 kcal/mol
experimentally measured activation energy in hand, we com- for model reaction i, confirming our hypothesis about the
puted the [1,5]-vinyl shift process fror9 to 21 depicted in ~ stabilizing influence of the methoxy group. Formation of
Figure 8. This system is similar to the experimental atizt¢ intermediate26 in model reaction Il is less endergonic than
18) except the phenyl group it7 is substituted by a hydrogen  the formation ofLl0in model reaction Il by 6.6 kcal/mol, further
atom. To our delight, the computed activation free energy from confirming that the methoxy group is very effective at stabilizing
19to 21in benzene is 24.0 kcal/mol, which is in great agreement the zwitterionic species. The ring closure step for model reaction
with the experimental activation energy, suggesting that DFT Il is also more facile vial' S27 with an activation free energy

is quite good in predicting the activation parameters for the Of 3.2 kcal/mol.

present [8-2] reaction (Figure 8). The computetH* (21.8 In pathway C, the [42] cycloaddition between the furan

kcal/mol) andAS’ (—11.7 cal/(moiK)) values in gas phase are  moiety of 1-OMe and DMAD is easier than the corresponding

also close to those measured experimentally in toluene. cycloaddition between furan moiety @fand DMAD (22.8 vs
3.3. Model Reactions lll and IV: Methoxy Group Is 26.9 kcal/mol in terms of activation free energy). The higher

Critical To Switch Pathway C to Pathway B. In the original [4+2] reactivity of 1-OMe as compared ti is due to the higher
report of the [8-2] cycloaddition reaction& it was observed HOMO energy of the methoxy-containing tetraene$ .39 vs

that the reactions d?2a—d with DMAD can give both [4+2] —6.46 eV) based on FMO theory. The activation free energy
cycloadduct®23a—d and [8+2] cycloadduct®4a—d, and the of the [1,5]-vinyl shift of 30-t to 28 in model reaction Il is
ratio of 23a—d/24a—d depends on the substituentsa@a—d lower by 3.0 kcal/mol than that of the vinyl shift converting

(Scheme 7). To test whether theset[q reactions occur via  14-t to 12 in model reaction 1l (27.4 vs 30.4 kcal/mol). The
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Figure 8. Relative energies for the isomerization 1 to 21 computed at the (U)B3LYP/6-31G(d) level.

Scheme 7. Previously Reported [8+2] Reactions
OMe

OMe OMe
B
u - Bu z Bu Me
DMAD Me
= _— +
\ oMe Dioxane, 85 °C O‘g CO,Me O
CO,Me CO,Me
Q O CO,Me
22a 23a 24a
23a:24a=19:56
R, OMe
DMAD
— .—0>
- O Dioxane, 85 °C
Rz
22b-d 23b-d 24b-d
22b  Ry=Bu, Ry=Ph 23b:24b=3:76
22¢  R=TMS, R,=Ph 23c:24¢=62:5
22d R1=Bu, Ry=benzofuryl 23d:24d=30:45
easier [1,5]-vinyl shift of30-t to 28 is due to additional [l in solution is still about 1.4 kcal/mol higher than that of the

stabilization of the diradical isomerization transition state by isomerization ofl7 to 18, which is experimentally observed

the methoxy group because radical species are usually stabilizechnd has a measured activation energy of 24.2 kcal/mol. The

by heteroatom$? Pathway C of model reaction Ill would stop  model isomerization 0f30-t to 28 is very similar to the

at the [4+2] cycloaddition because the rate-determining step is jsomerization of23ato 24a suggesting that the isomerization

the [1,5]-vinyl shift. of 23ato 24aalso requires an activation energy close to 25.6
In solution, pathway B has an activation free energy of 28.4 ycal/mol. Therefore, the activation free energy2®ato 24a

kcal/mol, 3.3 kcal/mol higher than that in gas phase. In solution, i sojution is estimated to be about 1.4 kcal/mol higher than

the [4+2] step of pathway C becomes also difficult by 4.2 kcall ¢ of the isomerization of7 to 18. The isomerization 017

mol in terms of activation free energy. Similar to model reactions ;, 1a can finish at 85C in 3.5 h: however, the isomerization

I and Il, the [1,5]-vinyl shift in solution is easier by 1.8 kcal/ of 23a to 24a should take longer or at higher temperature.
r]—|eating 23ato a higher temperature causes decomposition,
which may occur through pathways with activation energies
lower than [1,5]-vinyl shift, to become competitive with

rationalized? Even though the methoxy group can reduce theisomerization. This is the reason why [1,5]-vinyl shift does not
activation free energy of the [1,5]-vinyl shift by 3 kcal/mol both happen for23a

in gas phase (27.4 vs 30.4 kcal/mol) and in solution (25.6 vs ~ Now let us focus on explaining why the reactions between
29.0 kcal/mol), this isomerization 80-tto 28 of model reaction ~ 22a and DMAD gave both [42] and [8+2] cycloadducts.
Model reaction Il shows that pathway B can give an-i§

(29) For discussions of stabilization of radicals and diradicals, see: (a) Baldwin, cycloadduct and pathway C can give & cycloadduct, which

J. E.Chem. Re. 2003 103 1197. (b) Togo, HAdvanced Free Radical . . X
Reactions for Organic SynthesElsevier Press: Amsterdam, 2004. does not isomerize to the{&] cycloadduct. The ratio of [82]/

in solution, pathway C is preferred over pathway B.
How can the experimental observation that a reaction similar
to model reaction Il stops at the 2] cycloaddition step be

10782 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007



[8+2] Cycloadditions of Dienylisobenzofurans ARTICLES

AG
(AEg)
[AGsoI]
keal/mol

1-OMe + DMAD

30-t OMe
OMe =N

7\ z = 28
OMe O‘a CO,Me CO,Me = OMe
‘a 1-OMe

@ CO,Me CO,Me @
g Z~CO,Me g CO,Me

Pathway C Pathway B
CO,Me - —_—— CO,Me

Figure 9. Potential energy surface of pathways B and C of model reaction |l betd«@ke and DMAD computed at the (U)B3LYP/6-315(d) level.
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Figure 10. Potential energy surface of pathways B and C of the model reaction IV betiv€#ie—C and DMAD computed at the (U)B3LYP/6-315(d)
level.

[4+2] would be determined by the relative activation free cycloadducts in a ratio ranging from 10:1 to 6:1 can be obtained.
energies of pathways B and C. In gas phase, the formed productsThis computationally predicted ratio for model reaction Il in
would be dominated by the §42] cycloadduct because pathway solution is reasonably comparable to the experimental measured
B to give [8+2] cycloadduct requires an activation free energy ratio of 1:3 for the reaction o22a with DMAD (Scheme 7).

that is about 2.3 kcal/mol higher than theH2] transition Because the experimental systems contain a phenyl substituent
structureTS29 However, in solution, the percentage oft{2] at the furan moiety that is not present in the computational
cycloadduct will increase because the zwitterioR825 and models, the DFT computed {&]/[4+2] ratio will be slightly
intermediate26 will be stabilized more significantly by the different from the experimentally measured one.

solvent interaction as compared to thetp] transition state. Most of the [8+-2] reactions reported previously have a cyclic
TS25 has a dipole moment of 6.12 debye, whil&29 has a structure in the terminal alkenes of the tetraenes g&ie-
dipole moment of 5.40 debye. Calculations show the preferenced).’2 To investigate the influence of its presence on theJB

of pathway C over pathway B is decreased to about-1.8 reactions, model reaction IV has also been computed. The
kcal/mol in benzene and other solvents such as dioxane, etherenergy surfaces of pathways B and C are given in Figure 10,
THF, and methanol (see Supporting Information for details). and the computed geometries of stationary points involved are
These computed results suggest that bothZland [8+2] given in the Supporting Information.
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Figure 10 shows that the mechanisnile®DMe—C is similar favored. The stepwise pathway B via formation of either a
to that of model reaction Ill. Let us first discuss why [1,5]- diradical or a zwitterionic intermediate followed by ring closure
vinyl shifts for 23b—d occur with difficulty. The computed  can occur for the [82] cycloadditions. However, this pathway
isomerization 0f37 to 35in solution requires an activation free  is not favored as compared to pathway C, which starts from a
energy of 27.8 kcal/mol, 2.2 kcal/mol higher than the isomer- concerted, asynchronous+2] reaction and a diradical [1,5]-
ization of 30-t to 28 in model reaction Ill. This suggests that vinyl shift. Experiments have been performed to confirm that
isomerization of37 to 35 is even more difficult than other  one previously reported {82] cycloaddition occurs through
competitive pathways of the 42] cycloadducts. Consequently, pathway C. When an electron-donating group is present in the
we could not observe a [1,5]-vinyl shift f@&3b—d, which has dienyl moieties of tetraenes, pathway B is still not favored in
estimated activation free energies for isomerization of about 28.9 gas phase but can compete in solution because the zwitterionic
kcal/mol in gas phase and 27.8 kcal/mol in solution, similar to transition state in pathway B can be stabilized much more
the rearrangement &7 to 35in Figure 10. significantly than the transition structures in pathway C. These

Therefore, model reaction IV will give both 442] cycload- two pathways can compete with one another to furnish both
duct37 and [8+2] cycloadduct35. In gas phase, pathway Cis  [8+2] and [4+2] cycloadducts. In several cases, the [1,5]-vinyl
favored by 2.9 kcal/mol, suggesting that the dominant product shifts are difficult for the [4-2] cycloadducts shown in Scheme
of model reaction 1V is [4-2] cycloadducB7 and that the [8-2] 7. The confirmation of pathway C in this study suggests a new
cycloadduct is almost negligible. However, the computed strategy could be used to synthesize 10-membered or larger ring
preference o087 over35is reduced by around 1.5 kcal/mol in  compounds. The unveiling of the stepwise mechanism for the
various solvents such as dioxane, benzene, methanol, ether, angdresent [&2] cycloaddition implies that, even though many
THF. This predicts that th87:35 ratio should be around 10:1. [8+2] and other high ordernf+n] cycloadditions for the
Although the predicted values do not indicate that theJB synthesis of large ring systems follow the Woodwaktbff-
cycloadduct should be major as was observed experimentally,mann orbital symmetry rules, these reactions could also adopt
the calculations do suggest that the formation8dfand 35 stepwise mechanisms because the long distance between the
are competitive processes. Because the calculations wergerminal atoms of the reactants does not allow a concerted
conducted on systems wheré &d R = H, it is reasonable mechanism. Further study of other#&] cycloadditions and
that subtle structural changes could alter th€28[4+2] ratio, application of vinyl shift for ring-enlargement reactiSrere
as was observed experimentally. For example, it is likely that underway.
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