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A computational examination (B3LYP/6-31+G*//HF/6-31+G* + ZPVE) of an intramolecular 4 + 3 cycloaddition reaction suggests a stepwise
process and the likelihood of reversibility in at least one of the pathways examined.

The intramolecular 4+ 3 cycloaddition of allylic cations One of the first examples of an intramolecular+4 3
and dienes is a powerful reaction for the construction of cycloaddition reaction reported by the Harmata group is
polycyclic systems containing seven-membered and largershown in Scheme 4.This reaction showed complete
ring systems.The Harmata group has had an interest in this

reaction for some tinfeand has been interested in establish- _

ing a mechanistic basis for the stereochemical outcomes o S
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intramolecular 4+ 3 cycloaddition reactions. In this paper,

we report theoretical results relating to the intramolecular o Tois0, Tt [ CH, e

0

cycloaddition of alkoxyallylic cations with furan dienés. Ticl Et CCH
CHj 4—“ < 3
o CHyCly, -78 °C .@
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imaginary frequencies, NIMAG= 0) and transition structures
Scheme 2 (NIMAG = 1) and to derive zero-point vibrational energies
(ZPVESs). Final relative energies were evaluated at the density

OEt
Et CHg Ticl B g SHe functional theory level utilizing Becke’s three-parameter
= —d . i CHs . .. . . .
& 802PTol 'CH,Cly, -78 °C gradient-corrected exchange functidrialconjunction with
: 58% the Lee—Yang—Parr nonlocal correlation functich@le.,
I 0, (4 2 B3LYP). Our final energy comparisons therefore refer to the
g B B3LYP/6-31+G*//HF/6-31:+G* + ZPVE level, unless noted

otherwise. This level seems appropriate for purely qualitative
considerations as it offers a reasonable compromise between
We wanted to examine whether this result arose from two computational effort and accuracy. For computational fea-
configurationally intact cations reacting to afford the same Sibility, we used a methyl instead of an ethyl group in the
product or if they rapidly interconverted and then went on Structure of the cation resulting from Lewis acid attack
to product. To that end we synthesized three substrates with(modeled by protonation of the oxygen) @nThe resulting
a stereogenic center in the tether joining the furan and structures are numbered accordingdy-(L3, Figures 1 and
alkoxyallylic sulfone® The “best” result is shown in Scheme

3. In this case, the two isomeric substrates did not give an ||| GTGTGTcTcTGTGTGNGNG
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equal distribution of isomeric cycloadducts, suggesting that
the intermediates generated from them did not interconvert
faster than the cycloaddition process. This implies that the
barriers for these types of transformations must be relatively
low, as is also clear from the quick reaction-at8 °C. The
evidence does not preclude stereochemical leakage, however

We still have questions about how these kinds of cycload-
ditions might be working with respect to simple diastereo-
control. From the very simple perspective of molecular model _ y HES . imized
analysis, there seems to be no overwhelming reason a producgt'?uugﬁj i ;'an%3é‘:§g?£1;?he ';'gagi)lrgoﬁ ZPVE optimize
like 3 should not be formed.

To elucidate this point further, we performed ab initio

computations at the Hartre¢ock (HF) level of theory 2y 5| energies are summarized in Table 1: the geometries

utilizing a 6-3+G* basis set employing Gaussian9all are available in Supplementary Information. The structures
fully optimized stationary structures were characterized by j, Figure 1 correspond to the formation 2{with the ethyl

harmonic frequency analysis to identify minima (number of group changed to a methyl group) in Scheme 3. Likewise,

those in Figure 2 correspond to the formatior8dfvith the
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Table 1. Absolute Energies (ir-au) for all Computed
Species; ZPVEs in kcal mol

species  HF/6-31+G* ZPVE [NIMAG] B3LYP/6-31+G*2

8 652.79155 197.8 [0] 656.97977

TSg-oP 652.78941 197.7 [1] 656.98061

9 652.80705 199.9 [0] 656.98718

TSo-10 652.77963 200.7 [1] 656.97754

10 652.82214 201.9 [0] 656.99173

11 652.79092 197.8 [0] 656.98031

k TS1-12°  652.79376 197.8 [1] 656.98431
TS11.12, 0.0 12 652.80108 200.3 [0] 656.98489
= -oi i TS12-13 652.77204 200.7 [1] 656.97155

: 13 652.80895 202.2 [0] 656.98089

aEnergy single point on the HF/6-31+G* optimized structufeNote
that the energies of these transition structures are below those of the
preceding minima, in particular when ZPVEs are taken in to account. This
is a typical situation when a reaction is barrierless and takes place at an
overall very flat potential energy hypersurface.

but probably reverts to the-complex or open cation faster
than undergoing cycloaddition. The reaction is additionally
Figure 2. B3LYP/6-31+G*//HF/6-31G* + ZPVE optimized driven by the 7.3 kcal mot greater thermodynamic stability
structure and energies of the reactionldf of 10 vs 13. Hence, fast quenching df0 would also
efficiently move the overall equilibrium in the experimentally
observed direction.

barrierless transition structurd $s—9 and TS;1-19) to an In conclusion, our computations suggests that the simple
intermediater-complex @ and12). Intermediate® is 1.8 kcal diastereoselectivity observed in certaifr-43 cycloaddition
mol~! more stable thari2; as the barriers are low (vide reactions is the result of a stepwise process which for one
supra), the formation of this structure is important for the stereochemical family of products is reversible. The results
course of the reaction d2 is far more likely to revert back  suggests that generating an intermediate liRand testing
(barrier < 0.5 for 12 vs 3.5 kcal mot* for 9) to the  the acid stability of the ketone correspondingl®(e.g.,3)
m-complexes and subsequently to the open catibrinthe  should be explored. We intend to pursue these leads to

other direction along this part of the potential energy yalidate these theoretical results. Our progress will be
hypersurface, the intermediates proceed to transition struc-reported in due course.

tures that represent the final carberarbon bond forming
event in the cycloaddition process. The barriers to ring
closure are significantly different (5.7 and 8.8 kcal niol
for 9 and 12, respectively) and agree nicely with the
experimental findings.

The product formed in the reaction il is significantly
higher in energy (8.8 kcal mol, 13) than intermediat&2,
indicating that the reaction not only is reversible but would
lead all the way back to the starting materials. The formation
of the product from8, however, is approximately thermo-
neutral, which emphasizes the important role of a discernible
o-complex intermediate. The formation of the final product

would hence be dependent on the rate of dealkylation vis- Supporting Information Available: Coordinates for all
a-vis the rate of reversion to form tleecomplexes9 and pp 9 '

12 computed species. This material is available free of charge
. via the Internet at http:/pubs.acs.org.
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The conclusion that one can draw from these data is that
theo-complex12 can indeed be formed from an open cation 0OL016611T
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