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The Diels—Alder reaction of rigid s-cis dienes with Cg, occurs by a concerted mechanism, via a symmetrical transition state.

Among the functionalizations of 45 the Diels-Alder A 10-fold molar excess of the conjugated diehel,
reactions with rigid szis dienes are particularly useful, since reacted smoothly with £ at 80°C, in a toluene solution.
they usually provide thermally stable adduttséowever, the No multiadducts were detected by HPLC, and the Diels—
mechanism of this reaction still remains unexploted. Alder adduct2-d, was remarkably stable at the reaction
Following our recent studies on the 22]°® and the ent temperature. The isolated add@etl, was stable even after
reactions of [60]fullerene, we present here a mechanistic prolonged heating in toluene, at 8C. Under these condi-
study of the [4+ 2] cycloaddition reaction of rigid sis tions not even traces of retro Dielélder products were
dienes to Go. For this purposex-secondary kinetic isotope  detected by HPLC anéH NMR spectroscopy. In théH
effects (KIEs) were used in order to determine whether the NMR spectrum of the addu@-d, at 298 K (Figure 1), the
mechanism is concerted or stepwise. 2,3-Dimethylene-7-diastereotopic methylene hydrogens, Hnd H, of the
oxabicyclo[2.2.1]heptand{dy) and its deuterated analogues cyclohexene ring absorb at 4.15 ppm and appear as a sharp
1-d, and 1-d, were chosen as the appropriate reactive AB system. In addition, the methine hydrogeng apppear
substrates. The synthesis of compouhd, 1-d,, and1-d, as a singlet absorption at 5.20 ppm and the four methylene
is shown in Scheme 1. hydrogens H and H are represented by two multiplet
absorptions at 2.06 and 1.77 ppm, respectively.
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Scheme 1. Synthesis of the Rigid sis Dienes1-dy, 1-d,, and
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COOH
system at 4.16 ppm) and the signal of the methine hydrogens
ol Hc and H- at 5.21 ppm (Figure 2). The average value of
1 TsCl. pyridine _P the intermoleculan-deuterium isotope effect was found to
LIAID 1. 18t pyndine | D
8 2. +BUO'K*, DMSO SoH be kn/kpupy = 0.61+ 0.03 [Ki/kpupy = 0.88+ 0.03 per D
HH 1-d, H atom].

The origin ofa-secondary isotope effects is due to changes
in the force constants upon going from reactants to the
the folded conformation is more stable than the extended transition state at the rate-determining step. In a concerted
one by 0.5 kcal/mol. All the computations were performed mechanism, the force constaftisr the bonds €—H(D) are
with the GAUSSIAN 94 program package. greater in the transition state than in the reactant, because

The dynamic behavior of cycloaddutd, was investi-  the out-of-plane bending vibrations increase upon conversion
gated by using variable-temperatidt¢ NMR experiments. ~ Of the reaction centers from 3po sp. Thus, the isotope
No change of the sharp AB system at 4.15 ppm was observeceffect is expected to be inverse. The large inverse value of
at different temperatures, ranging frord0 to +74.3 °C. the a-secondary isotope effect that was measured here
This indicates that the boat-to-boat inversion of the cyclo- Strongly supports a one-step mechanism (Scheme 2, case B
hexene ring connecting thes§cage to the organic addend or C) for the Diels-Alder reaction. In the case of a stepwise
has a high activation energy. The fast flipping motion of mechanism (Scheme 2, case A) thesecondary isotope
the cyclohexene ring has already been reported for othereffect should have been close to drikhese effects (inverse
organofullerenes. o-secondary isotope effects) are comparable to previously

Along with the M ion of Cy at 720, the MALDI-TOF calculated or measuretisotope effects for other Diels
MS of 2-d, gave the M— 28 ion at 814, which indicates the ~ Alder reactions, which were interpreted as supporting a
loss of a—CH,—CH,— fragment under the spectrometric concerted mechanism.
conditions. It is interesting to note here that for the [4 2]

To determine the intermolecularsecondary isotope effect ~ cycloadditions substantial differences between calculated
ka/koup), @ mixture of Go and a 10-fold excess of an isotope effects for the “inside” and “outside” hydrogens on
equimolar mixture ofl.-dy/1-d4 was dissolved in deoxygen- the diene terminal double bonds have been also repétted.
ated toluene and heated at®D. The reaction was followed  These isotope effect patterns were attributed to steric and
by HPLC equipped with a Cosmosil 5C18-MS reversed electronic interactions for the concerted Diefslder reac-
phase column. A 45% yield of the Diel#\lder monoadducts  tions and provide a sensitive probe of the transition state

was obtained after 4 h, based on the recoverggd The geometry.
fullerene cycloadduct®-d, and2-d, (Figure 2) were purified In the present study, the averaged secondary kinetic isotope
by flash column chromatography (SiQCso: hexane/Ck+ effects of the “inside” and “outside” terminal double bond

Cl, = 1/1; 2-dp, 2-d4: hexane/CHCI, = 1/3) and character-  hydrogens of the diene were measured experimentally.
ized by 'H NMR spectroscopy and MALDI-TOF mass Furthermore, by using “Thornton analysida better inside
spectrometry [2-¢¢ m/z(M — 28) 814;2-ds: m/z(M — of the transition state geometry was obtained. For example,
28) 818]. The isotope effedd/koup) is proportional to the  in the concerted Diels—Alder reaction of rigid s-cgenes
ratio of the 2-dy/2-d, adducts and was measured by the with Cg, the transition state may be either symmetrical—
integration of the signals of the methylene hydrogens (AB both bonds formed to the same extent—or unsymmetrical—
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Figure 2. Determination of the intermoleculat-secondary isotope effect in the Dieldlder reaction ofl-dy/1-d,; with Cso by 'H NMR

spectroscopy.

one bond stronger than the othd6cheme 2, cases B and
C correspondingly).

in deoxygenated toluene and heated at@0The fullerene
cycloadduct®2-d, and 2-d, were purified by flash column

The transition-state structure was subjected to the “Thorn- chromatography and characterized'byNMR spectroscopy
ton analysis”, which provides a general method to visualize and MALDI-TOF MS [2-dy: m/z(M — 28) 814;2-d,: m/z
the symmetry of the transition state. For this purpose, the (M — 28) 816]. The value of the-secondary isotope effect

magnitude of the secondary deuterium isotope ekig&bp)
betweenl-dy and1-d, with Cso was measured and compared
with that derived from the intermolecular competition
betweenl-d, vs 1-ds and Go. It should be noted thaky,
koeo), andkpupy are the rate constants for the formation of
Diels—Alder cycloadducts betweelrdy, 1-d,, 1-ds, and Go,
respectively.

As a typical procedure, a mixture ofsgand a 10-fold
excess of an equimolar mixture tfdy/1-d, was dissolved

Scheme 2. Energy versus Reaction Coordinate Diagrams for
the Concerted and Stepwise Mechanisms of the Biglder
Reaction

Case A: biradical or dipolar
intermediate in stepwise
mechanism

« =radicals or anions
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Case B: symmetrical TS  Case C: unsymmetrical TS
in concerted mechanism  in concerted mechanism

kn/kop) is proportional to the adduct ratiB-dy/2-d, and
was measured byH NMR integration of the appropriate
signals.

It is interesting to note that hydrogen atomgatd Hy as
well as H, and H, have different chemical shifts in tHéi
NMR spectrum (C8CsDs as solvent). As a result, these

protons appear as two AB quartets, separated by 0.013 ppm

(Figure 3). Apparently, the homoallylic location of the
methylene deuterium atoms in addu2id, affects the
chemical shift of H and Hy to an extent sufficient to
distinguish them from kand H.

The a-secondary isotope effect was measured by integra-
tion of the absorption of the methylene hydrogens at 4.17
ppm [4k; + 2kyep) and the absorption of the methine
hydrogens K| Hq at 5.21 ppm [2K + 2ky2p)]. The average
value of the intermolecular-deuterium isotope effect was
found to bekn/kpepy = 0.78=+ 0.03 ki/kpep) = 0.88+ 0.03
per D atom]. The results are summarized in Table 1.

The measurel/kpup) andkn/kp2p) values shown in Table

Table 1. a-Secondary Isotope Effects for the Dielalder
Cycloaddition Reaction of 2,3-Dimethylene-7-oxabicyclo[2.2.1]-
heptane with G

t convh T
(h) (%)* (°C) knlko (av)®

1-do/1-ds toluene 4 45
1-do/1-d, toluene 4 45

substr  solvent kn/kp (per D)

80 0.61+0.03 0.88+0.03
80 0.78+0.03 0.88+0.03

a0n the basis of recovereds&-? Determined by'H NMR integration
of the appropriate signals. The error was4%.
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Figure 3. Determination of thex-secondary isotope effect in the Dieldlder reaction ofl-dy/1-d, with Cgo by 'H NMR spectroscopy.

1 were in good agreement with the mechanistic predictions effect per deuterium atom and{ko.n))? should be exactly
of the “Thornton analysis”. equal tokn/kpap). The measured isotope effect values verify
In the case of a symmetrical, concerted mechanism, theeq 1 and support a symmetrical transition state.
new bondsx; and x, (Scheme 3) are formed at the same
[Ki/koeo)® = (0.78F = 0.61=ky/koupy (1)

- : In conclusion, the measured values of thesecondary
ch.erlmi b g Syc':“:hlro“é’éj.tsf Tra’f‘SF':FOTj State In the tconce”ed isotope effects are consistent with a concerted mechanism
€S fr ycloaddition ot igid 45 fnes 0 Go of the Diels—Alder reaction of rigid s-cidienes with Go.
Comparison of thé/kpup) and ku/koep)? values, applying
the “Thornton analysis”, supports a symmetrical transition
state.
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