FULL PAPER

Understanding Diastereofacial Selection in Carbohydrate-Based Domino
Cycloadditions: Semiempirical and DFT Calculations

Martin Avalos, Reyes Babiano, José L. Bravo, Pedro Cintas,* José L. Jiménez,
Juan C. Palacios, and Maria A. Silval®

Abstract: The sequential cycloaddition
of nitroalkenes with methyl vinyl ether
was investigated by semiempirical
(PM3) and density functional methods
(B3LYP/6-31G*). The asymmetric ver-
sion was also examined with a threo-
configured carbohydrate auxiliary. This
produces a larger, more flexible system
that complicates the calculation. Most
transition structures were then fully
optimized at the PM3 level and further
refinement was done at ab initio levels.
This study represents a model case that

facial selectivity observed in carbohy-
drate-based nitrone- and nitronate-al-
kene cycloadditions. The selective endo
orientation of the [44-2] pathway results
from Coulombic attraction and secon-
dary orbital interactions in the transition
state. The stereochemical outcome is
largely influenced by a combination of
steric shielding from the bulky chiral
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substituent at C4 and the anomeric
effect that places the nitronate C6-
alkoxy group in a pseudoaxial arrange-
ment. The resulting conformation favors
the subsequent exo approach of methyl
vinyl ether to the less hindered re face of
the nitronate. It is also remarkable to
note that solvation energies stabilize
significantly a particular transition struc-
ture, thereby explaining the marked
stereoselection observed in a polar me-
dium.

enables the rationalization of the high

Introduction

Numerous syntheses of naturally occurring substances and
complex skeletons use a series of reactions in sequence to
arrive at an overall transformation. These elegant processes
called domino or tandem reactions constitute a powerful
methodology in the laboratory.l'! However, the combination
of simple steps to effect a complex change in the substrate
may result in a continuous decrease in the stereoselectivity. As
in the case of many other reactions employed in synthesis,
interest in the use of carbohydrate substrates as a means to
obtain optically active organic targets has been fine-tuned
most impressively and has a longstanding tradition. It is not,
therefore, surprising that carbohydrates were examined as
substrates, either as stereodifferentiators or auxiliaries, for
cycloadditions that provide rapid access to a variety of ring
systems.P! Our research group has been involved in different
heterodiene and heterodienophile systems, with a recent focus
on sugar nitroalkenes that serve as the diastereodifferentia-
tors.[l Sequential reactions based on nitroalkenes have been
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employed in the stereocontrolled construction of amino
alcohols,”! isoxazolines,* ! elongated carbohydrates,*l or
alkaloid nucleil! after selective cleavage of a highly function-
alized polycyclic system.

In our initial work, we observed that a carbohydrate
heterodiene bearing an acyclic chain of p-galacto configura-
tion reacted with ethyl vinyl ether (EVE) in a sequence of two
mild reactions: the first involves a [4+2]-Diels — Alder cyclo-
addition followed by a second 1,3-dipolar cycloaddition
between the resulting nitronate and EVE (Scheme 1).1*l
These two processes could be condensed into a one-pot
three-component coupling reaction, which, if we start from
the nitroalkene, EVE, and an electron-deficient alkene, gives
rise to a complex cyclic structure by a domino reaction.“¢l In
contrast to what we had expected, the effect of ethanol as

O +.0 o)
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- W N—O_H
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4
N 25°C OEt
OAC OAc
AcO AcO
AcO AcO
OAC OAc
CH,0AC CH,0Ac CH,0Ac

Scheme 1. Diastereoselective carbohydrate-based domino [4+2]/[342]
cycloaddition.
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solvent was critical to achieve both high yield and high
selectivity.

The problem of diastereofacial preference of carbohydrate-
based cycloadditions is a current challenge.>”1 The most
predictable face selectivity has been observed in cyclic
partners in which the facial-differentiating elements are
relatively fixed in the carbon or heteroatom framework,
whereas less predictability is encountered in acyclic sugars for
which the accurate geometry of the transition structure (TS)
for the cycloaddition can only be determined by computation.
Therefore, we have undertaken the study of the molecular
mechanism for this relevant domino reaction. The results give
us an insight into the concept of diastereodifferentiation in the
acyclic series and can be used to assess the predictive power of
schemes grounded in molecular orbital (MO) theory.

Computational Methods

All gas-phase calculations were carried out with the Gaussian 94 package
of programs.®l A detailed characterization of the potential energy surface
was carried out at the PM3 levell! to ensure that all stationary points were
located and properly characterized, and with complete optimization of
bond lengths, bond angles, and dihedral angles. The stationary points were
characterized by frequency calculations in order to verify that the TSs have
one and only one imaginary frequency. Likewise, the PM3 geometries were
used as a starting point in the search of the B3LYP/6-31G* structures, by
means of ab initiol' and DFT calculations that use the B3LYP hybrid
functional.l']

The solvent effects were considered by B3LYP/6-31G* single-point
calculations by using a self-consistent reaction field (SCRF)!" method,
based on the Onsager model" in which the solvation energy was

Abstract in Spanish: Se han investigado las cicloadiciones
secuenciales de nitroalquenos con metil vinil éter mediante
cdlculos semiempiricos (PM3) y funcionales de densidad
(B3LYP/6-31G*). Se ha considerado también la version
asimétrica de este proceso con un fragmento de carbohidrato
de configuracion treo. Esto complica el cdlculo debido al
incremento del tamario molecular y la flexibilidad conforma-
cional inducida por este grupo. Por ello, la mayoria de las
estructuras de transicion fueron optimizadas a nivel PM3 y
luego refinadas a nivel ab initio. Este estudio permite
racionalizar la alta selectividad facial observada en numerosas
cicloadiciones de nitronas y nitronatos a alquenos usando
auxiliares quirales derivados de carbohidratos. La orientacion
selectiva endo de la etapa [4+2] resulta de atraccion Culom-
bica e interacciones orbitdlicas secundarias en el estado de
transicion. El curso estereoquimico estd influenciado en gran
medida por una combinacion del apantallamiento estérico
producido por el voluminoso sustituyente quiral en la posicion
C4, y el efecto anémerico que situa al grupo alcoxi de la
posicion C6 del nitronato con una orientacion pseudoaxial. La
conformacion resultante favorece el posterior ataque exo del
metil vinil éter por la cara re menos impedida del nitronato.
Conviene serialar que las energias de solvatacion contribuyen a
estabilizar una determinada estructura de transicion, explican-
do de esta forma la observacion experimental de una elevada
estereoselectividad en un disolvente polar.
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calculated from the electrostatic energy between the solute, modeled as a
dielectric sphere of radius a,, and the solvent, ethanol in the present study,
described as a continuum of dielectric constant ¢ =24.3.

Results and Discussion

Regiochemistry: Theoretical calculations of the energies of
the frontier orbitals and TSs were performed at a semi-
empirical level, which we were constrained to employ because
of the complexity of the system under study (Scheme 1).
Model compounds 1 and 2 reproduce the structural character-
istics of the partners in this archetypal domino cycloaddition.

_ 1
SN H_L1 OCHs
S |
H)\/Z H 2 H

H
1 2

The frontier-orbital calculations (FMO) predict the
tendency of substrates to react in an inverse LUMO .-
controlled Diels— Alder reaction because the energy gap
HOMOgiepophite = LUMOie,pe (AE=8.65 €V) is lower than the
energy of the interaction HOMO;. — LUMO gienopnite (AE =
13.28 eV). Table 1 depicts energies and the coefficients (c¢; and
¢,) of the frontier orbitals, either at PM3 or ab initio levels,
which justify the regiochemistry of the [4+2]-cycloaddition

Table 1. HOMO/LUMO energies [eV] and coefficients calculated by
semiempirical and ab initio methods for compounds 1 and 2.

MO PM3 o o HF/631G* ¢ &
1 HOMO -—1203 073 —044 —11.84 015 —035
LUMO  —097 030 0.74 1.80 0.24 027
2 HOMO  —962 045 065  —9.06 0.30 0.38
LUMO 125 081 —075 5.50 038 —031

step observed in the experimental work. Likewise, there is a
secondary orbital interaction between the nitrogen atom on
the nitroalkene and the vinyl ether oxygen, thereby account-
ing for an endo orientation (Figure 1).

0.74

Figure 1. Secondary orbital interaction observed for the endo orientation
of the [4+2] cycloaddition.

With regard to the regiochemistry of the [3+2] cyclo-
addition, model compounds 2 and 3 have been equally
utilized. Table 2 collects the energies and coefficients of their
frontier orbitals at PM3 level. Again, an inspection of the two
possible energy gaps reveal that the reactivity is controlled by
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OCH; LUMOipore ~ HOMO gipojarophite interaction;

10Oy this is in agreement with a type-III 1,3-
y 2| dipolar cycloaddition.**]

Such an interaction is enough to force
the reaction into the observed orientation.

Table 2. HOMO/LUMO energies [eV] and coefficients estimated by PM3
calculations for compounds 2 and 3.

MO PM3 ¢ c

2 HOMO —9.62 0.45 0.65
LUMO 1.25 0.81 —0.75
3 HOMO —9.58 0.49 —0.60
LUMO 0.41 0.36 0.52

Nevertheless, the opposite interaction of the nitronate
HOMO with the vinyl ether LUMO cannot be underesti-
mated, because the difference between these interactions is
small (AE=0.8 eV). The difficulty with this approach, how-
ever, can be solved taking into account the existence of a
secondary bonding interaction between frontier orbitals that
lowers the energy of the endo reaction path (Figure 2). This
contrasts with the fact that the exo adduct is experimentally
observed,[* presumably for steric reasons.

0
-0.54 Q

0.52

038
’ LUMO

N
Figure 2. Secondary orbital interactions for the endo reaction path of the
[342] cycloaddition.

To clarify this question we To.+ 0
carried out a thermodynamic N
and kinetic study of the domino H)\( Wt
process. The imaginary fre- CHa

quencies and corresponding ge-
ometries were obtained for the
TSs of the four cycloadditions
depicted in Scheme 2. Schemat-
ic representations of the energy
profiles for [442] and [3+2] cycloadditions (Figure 3) evi-
dence that the exo regioisomer 5 is both kinetically and
thermodynamically the more stable. These cycloadditions are
exothermic processes characterized by early transition struc-
tures.

methyl vinyl ether.

The [4+2] cycloaddition—stereochemistry: From the kinetic
and thermodynamic analysis, we could easily justify that the
cycloaddition proceeds regiospecifically to give only one
bicyclic fused system. Next, the stereochemical result of
experiment was investigated by using the model reaction
outlined in Scheme 3.1 The absence of stereogenic centers in

o.+ o0 OCHs O‘Kr/o H OCH3 ‘o o)

N7 ~=H TS3 | N
| T e | HOCH
H H H s

Scheme 2. Models studied for Diels— Alder and 1,3-dipolar cycloadditions.

1S4 +25.70

E  kcal mol™* +8.80 1S3

-18.33

— -38.86
-46.64

[4 + 2] pathway

TS6

-31.79

E/ kcal mol™

99.27 -92.67

[3 + 2] pathway

Figure 3. Energy level diagrams of [4+2] and [342] cycloadditions studied
in this work.

OCH3

T

2 8 9

Scheme 3. Possible nitronates resulting from [4+2] cycloaddition of an achiral S-substituted nitroalkene and

the starting heterodiene 7 would lead to two different
stereoisomers (8 and 9), which would be able to adopt two
possible conformations (8a,b/9a,b).

HsC. HaC OCH;
\%O %

OCHs
8a 8b
OCHs
N—O /MSO
HsC HsC
OCHs
9a 9b
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Table 3 shows the enthalpies of formation for both con-
formers along with the potential-energy barriers associated
with TS8 and TS9, and the lengths of the O1—C6 and C4—C5
bonds formed in the [4+2] step. Data from Table 3 evidence
the greater stability of conformers 8a and 9a, a fact
attributable to the anomeric effect.!’ It is the anomeric

Table 3. Heats of formation [kcalmol-1] and lengths of forming bonds [A]
for cycloadducts and transition structures 8 and 9.

Cycloadducts Transition structures
8a 8b 9a 9b TS8 TS9
AH; —52.12 —49.61 —51.07 —49.87 2.14 2.66
01-Co6 1398 1415 1389 1414 2.608 2.648
C4-C5 1.527 1526 1526 1.526 1.762 1.780

substituent (OMe), which occupies an axial orientation, that
exerts the larger directing effect in the Diels — Alder reaction.
In both cases, the 1,2-oxazine ring adopts a half-chair
conformation in which the anomeric carbon C6 is below the
plane of O1-N2—C3—C4.

The lengths of the C4—CS5 bonds in TS8 and TS9 are 1.762
and 1.780 A, respectively, whereas the distances between
01-C6 are 2.608 and 2.648 A, respectively. The optimized
geometries for cycloadducts and TSs (Figure 4) suggest a
concerted process with a large degree of asynchronicity.
Consequently, there is more bond formation at the -carbons
(they are more nucleophilic) in the transition structures; this
is reminiscent of a Michael type addition.

The endo preference may be explained in terms of a
stabilizing electrostatic interaction between the electron-rich

9a

oxygen on the enol ether and the charged nitrogen atom on
the heterodiene. This favorable interaction cannot be reached
in an alternative exo orientation. Boger has also explained the
endo orientation on the basis of a similar hyperconjugative
anomeric-type interaction in which the lone pair of electrons
on the diene or a dipole oxygen (ng) interact with the o%*o
orbital of the ether, therefore stabilizing the endo TS when
arranged in an antiperiplanar arrangement.'! The TS9 is less
stable (AE =0.52 kcalmol ') because the stabilizing Coulom-
bic interaction does not compensate the steric hindrance of
such substituents that become closer.

A salient feature that concerns the conformation of methyl
vinyl ether is the switch during the course of reaction from
s-cis in the reactant to s-trans in the transition structure. This
contrasts with the ground-state s-cis conformation of methyl
vinyl ether, which is favored by 1.66 kcalmol~!. This con-
formational switching has been recently analyzed by Houk
etal. by theoretical calculations and experimental tests.['"]
Accordingly, the preferred conformation can be evaluated
by computation, but there is no direct way to detect which
conformation is present in the TS of the reaction. Houk et al.
hypothesized that enol ethers fixed in different conformations
will react at different rates, and they were able to test this
prediction for the cycloadditions of several enol ethers with
conjugated nitroso compounds and nitrones.["”]

To verify experimentally the latter point in the present
study, we attempted a series of cycloadditions with a chiral
nitroalkenyl sugar. No reaction was observed with 2,3-
dihydrofuran after several days at room temperature. Then,
we turned our attention towards a competitive process that
involves the chiral nitroalkene and ethyl vinyl ether plus 2,3-

TS9

Figure 4. Cycloadducts and transition structures obtained by reaction of nitroalkene 7 and methyl vinyl ether.
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Scheme 4. Competitive domino cycloaddition of a chiral nitroalkene in the presence of ethyl vinyl ether

and 2,3-dihydrofuran.

dihydrofuran under the reaction conditions reported previ-
ously (Scheme 4).[4!]

As expected, the domino process took place preferentially
with EVE to yield 10 as the major adduct and as a single
stereoisomer. A minor product (11) could also be separated
by crystallization in 10% yield. Although this crystalline
material was not suitable for an X-ray crystallography study,
from proton and carbon NMR experiments we could easily
establish that the cycloaddition also proceeded stereospecifi-
cally with 2,3-dihydrofuran and the formation of the domino
adduct 11.%° The structure was determined from the coupling
constants in the "H NMR spectrum. The value of Jy,3,=
5.3 Hz is identical to that observed for analogous protons in
adduct 10, thereby evidencing the same stereochemical
outcome. The presence of a triplet at highfield (6 =1.26) is
consistent with the incorporation of only one EVE moiety.
Furthermore, the appearance of two additional carbon
resonances at 0 =67.3 and 27.3, attributable to methylene
groups (DEPT experiment), suggests the assembly of a
tetrahydrofuran skeleton. The product ratios of these cyclo-
additions reflect an exclusive reactivity of EVE for the Diels —
Alder reaction and a preferential one for the 1,3-dipolar
cycloaddition.

Although Houk et al. have shown that, in the case of enol
ethers, a polar solvent can stabilize the s-cis TS more relative
to the s-trans TS, the acyclic enol ether can adopt the s-trans
conformation anyway in the cycloaddition transition state.
Conversely, the conformationally fixed 2,3-dihydrofuran con-
strained to be s-cis accounts for its inertness towards the
domino process.

The [4+2] cycloaddition—influence of the carbohydrate
chain: So far, the absence of chirality in the heterodiene
impedes a rationale for the facial selectivity. We have
therefore incorporated an L-threo-configured side chain into
the heterodiene to account for the observed stereoselection
(Scheme 5).

Again, the computational study was done at the PM3 level,
owing to the increased size of reactants and adducts, and the
presence of several heavy atoms. Adducts 13—-16 arise from
endo and exo approaches, for which the enol ether can also
access the re and si faces of the heterodiene (Scheme 6,
Table 4).

Figure 5 displays the optimized transition structures TS13 -
TS16. The bulky chiral substituent at C4 adopts a pseudo-
equatorial arrangement, a fact that may be partly responsible
for the twist-boat conformation of the six-membered ring. On

Chem. Eur. J. 2000, 6, No. 2
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the other hand, it is likely that
the alkoxy group at C6 prefers

He O~p\-° OE the axial position because of a

+ o\w stabilizing anomeric effect,!”]
sy S thereby accounting for the

11 (minor) greater stability of adducts 13,

15, and 16.

Figure 5 also reveals the
asynchronicity of the cycload-
ditive process with a pro-
nounced Michael type addition

O\E _0
S UH
H
OH
HO
CHs
12
CHa CHs
15 16

Scheme 5. Chiral nitronates generated by Diels— Alder cycloaddition of
nitroalkene 12 and methyl vinyl ether.

Hu,,, ;_‘.\\\Oi B
N
R —< /H ~o endo
s </ \WOCHg i
H

; .\.\\07

"../\\\H
OCHg

.OCHg
/ N H

, -
Hiee,, O
;

R*—{m.\\o

/

16

Scheme 6. Stereoselection and facial selectivity issues for [442] cyclo-
additions.
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Table 4. Enthalpies of formation [kcalmol~'] and lengths of forming bonds [A] for cycloadducts and transition structures 13—16.

Cycloadducts

Transition structures

13 14 15 16 TS13 TS14 TS15 TS16
AH; —142.19 —138.26 —143.25 —142.01 —89.25 —85.32 —89.51 —88.13
01-Co6 1.398 1.415 1.397 1.397 2.789 2.786 2.710 2.640
C4-C5 1.529 1.525 1.527 1.529 1.799 1.812 1.785 1.797
u 1.47 2.24 1.52 1.32 292 2.41 2.93 2.83

character. As illustrated in TSs the long distance between the
nitrogen atom and the methoxy group of the incoming
dienophile is such that the stabilizing effects that may be
present (secondary orbital interactions, Coulombic attraction,
and the incipient anomeric effect developed in the TS) are
eliminated. The enhanced stability of TS13 and TS 15 results
from steric effects, since the chiral carbohydrate effectively
protects one diastereoface of the heterodiene unit. In both
cases, the re face is blocked and the enol ether approaches
from the more accessible si face.

A further B3LYP/6-31G* calculation on the TS13 and
TS15 evidences an inversion in stabilities when compared
with the results at the PM3 level, because TS13 is slightly
more stable, by 0.16 kcalmol~!, than TS 15. This suggests that
arefined method is able to provide a better explanation of the
selectivity found experimentally.

Even though the preferential approach may be due to
electrostatic and steric effects, the solvation of TSs cannot be
neglected. Unlike Diels— Alder reactions that have relatively
nonpolar TSs,?!! those of the hetero-Diels — Alder cycloaddi-
tions may have significant polarity. Table 4 also lists the gas-
phase dipole moments of the cycloadducts and TSs. Although
there is no difference between the polarity of TS13 and TS 15
(2.92 D versus 2.93 D), a polar solvent could likely change the
relative energies of these structures. A B3LYP/6-31G*
calculation was used on the SCRF model to determine the
relative energies of each TS placed in a solvent cavity of
dielectric constant 24.3 of ethanol,”! which is used exper-
imentally for the domino process.

TS13 TS14

Figure 5. Chairlike transition structures 13—16.

272 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

The TS 13 is 1.08 kcal mol~! lower in energy than TS15 in an
SCREF cavity of ethanol. Moreover, the difference between
the dipole moments of the TSs increases in this medium (u =
3.08D for TS13 and 2.94D for TS15). Thus, when we
consider the change in the energy difference produced by the
solvent, then the Onsager B3LYP model is in the closest
agreement with the structure of the nitronate obtained in the
experiment (Scheme 1, vide supra). Ethanol is a rather
uncommon solvent in Diels— Alder reactions. Since striking
selectivities have been observed for such cycloadditions in
polar solvents,™ it is not surprising that solvation energies
stabilize significantly a particular TS.

The [3+2] cycloaddition route: The dipolar cycloaddition of
the first-formed nitronate largely dictates the stereochemical
outcome in view of the stereoelectronic characteristics
imposed by this intermediate. In general, intermolecular
[3+2] cycloadditions proceed with varying degrees of stereo-
control (endo versus exo approach) and facial selectivity.?l In
a recent study, Denmark et al. analyzed the stereochemical
course of [342] cycloadditions of cyclic nitronates with a
series of mono- and disubstituted dipolarophiles.’>) They
carried out theoretical studies at the RHF and B3LYP levels
for predicting regioselectivity and found that an exo selection
is generally favored owing to steric effects.

Since preparative chemistry evidences that the cycloaddi-
tions of chiral nitronates bearing a L-threo side chain are
highly facially selective,[*<d a systematic study of this dipolar
process was undertaken. At first, two sources of facial bias

TS15

0947-6539/00/0602-0272 $ 17.50+.50/0
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should be evaluated: the anomeric effect and, as before, the
influence provided by a neighboring chiral inductor. To better
understand the role of an alkoxy group at C6, nitronates 3 and
17, which bear an enantiomeric relationship, were chosen as
simplified models for the [342] cycloaddition with methyl
vinyl ether (Scheme 7). Geometries for cycloadducts 18-21
were fully optimized at the PM3 level and Table 5 lists their
energies, dipole moments, and lengths of the forming bonds.

In all cases, we considered that the dipolarophile approach-
ed the re face of each of the nitronates 3 and 17 exclusively;

O\N/O wOCH3 Too ;/o WOCHg ocH,
HaCOme- U\J exo O r endo
| O
H re re
H
18 3 2

o OCH. “o_t o OCH
Oy~ 3 ~NT N OCHs
H3COm exo ‘ . W endo
" .
H re re
H

20 17 2
Scheme 7. Dipolarophile approach to nitronates 3 and 17.

Table 5. Enthalpies of formation [kcalmol~'], lengths of forming bonds
[A], and dipole moments [Debyes] for cycloadducts 18-21.

18 19 20 21
AH; —99.27 —98.82 —98.44 —97.84
01-C2 1.422 1.411 1.421 1.422
C3—C3a 1.529 1.533 1.530 1.533
u 1.97 1.43 1.41 0.75

this halves the number of possible cycloadducts, since the
alternative exo and endo approaches to the si face are equally
possible and would lead to their enantiomeric partners.
Enantiomeric pairs result from the fact that cis-fused rings
exhibited greatly enhanced stability (AE s =6.6—
10.8 kcalmol~!) and from the easy configurational inversion
on endocyclic nitrogen. Although the most stable cycloadduct
(18) has the same configuration as the diastereomer observed
experimentally, the energy differences are small and would be
consistent with a poor stereoselectivity.
If the stereochemical out-
come were due to an anomeric
O~ " effect, the conformation of the
H3°O><)\J six-membered nitronate and
g the conformations of the two
methoxy groups would affect
the stability of the TSs leading
to adducts 18— 21. Although the
O\N/O OCH, 1,2-oxazine ring adopts a boat-
like conformation in the ground
state, this ring may fold into a
chair as the reaction progresses
from transition state to product.
In their study on nitronates,
Denmark etal. found that a

O._ OCH;

19

H3CO

T

21

chairlike conformation facilitates a nearly antiperiplanar
arrangement of the nitrogen lone-pair and the C—O bond.!
Accordingly, the key stereochemical issues are ring confor-
mation (chairlike or boatlike) and conformation of methoxy
group around the C—O bond (s-cis or s-trans). Overall this
gives, in the case of 18, a set of eight possible TSs from
nitronate 3 (Figure 6).

Figure 6. Chairlike and boatlike transition structures of nitroso acetal 18.

Chem. Eur. J. 2000, 6, No. 2
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Table 6 shows the calculated energies for TSs taking into
account such a conformation analysis. From these data, it is
clear that in the transition state the chairlike conformation is
preferred for the six-membered ring and the C6—OMe bond

Table 6. Conformation analysis and energies [calmol™!] for transition
structures 18a—h.

C2-OMe C6-OMe 1,2-oxazine AH;

conformation conformation conformation
TS18a cis cis boatlike —34.28
TS18b cis cis chairlike —35.37
TS18¢ cis trans boatlike —35.25
TS18d cis trans chairlike —37.54
TS18e trans cis boatlike —34.65
TS18f trans cis chairlike —35.66
TS18¢g trans trans boatlike —3543
TS18h trans trans chairlike —37.70

adopts a s-trans conformation.
Nevertheless, the conformation
of the C2—OMe bond has little
or no influence. Once these
favorable conformational pat-
terns were fixed, the energies
for the TSs leading to 19-21 22
were equally calculated. Again,
the effect of the vinyl ether
conformation on the stability
of TSs was minimal (Table 7).
A simple inspection of the
energies listed in Tables 6 and 7
enables us to predict that ad-
ducts 18 and 19 would be prev-
alent. There are no significant
effects to stabilize either tran-
sition state (AE =0.38 kcalmol~"). Both cycloadducts would
have arisen from an approach of the vinyl ether to the re face
of the nitronate, which is the less hindered face, and the
approach of the dipolarophile to the face opposite the
C6—OMe group. In nitronate 17, such a group impedes to

H3CO-

HsCO-

24

Table 7. C2-alkoxy group conformation and energies [kcalmol™'] for
transition structures 19-21.

C2-OMe AH;

conformation
TS19a cis —-36.71
TS19b trans —37.32
TS20a cis —34.77
TS20b trans —35.04
TS21a cis —34.30
TS21b trans —34.24

access the enol ether from the re face. Since TS18 and TS19
only differ in orientation (exo versus endo), this result
mismatches the experimentally determined high facial selec-
tivity. As before, we sought the origin of stereoselection in the
steric bulk of the carbohydrate chain at C4. Replacment of a
hydrogen atom with a chiral open-chain substituent of L-threo
configuration dramatically affects the geometries of adducts
and their relative energies. The vicinal diol inhabits a
pseudoequatorial position, thereby folding the six-membered
ring into a chair in the transition state. Scheme 8 outlines the
four possible pathways from nitronates 13 and 14, for which
the dipolarophile approaches the less sterically congested re
face. The enthalpies of the resulting cycloadducts and their
TSs (22-25) together with dipole moments and distances
between atoms that represent the forming bonds are collected
in Table 8. The chairlike TSs depicted in Figure 7 reveal a

O, .0 WOCH;

OCHj3
| r endo
-~ + ‘ N
re
H
OH
HO
CHs
13 23
“0o.*.0._ .OCH3
- OCH
N 3 endo
| + ‘ — =
7 re
H
OH
HO
CHs
14 25

Scheme 8. Dipolarophile approach to chiral nitronates 13 and 14.

slight asynchronous character of the [3+2] cycloaddition as
well.

Given the exothermicity of these processes, the relative
stability of cycloadducts cannot be inferred from those of the
early TSs. The orientation of the chiral substituent at C4 with
respect to the isoxazolidine ring (exo for 22 and 24, endo for 23
and 25) should be responsible for the greater stability of
adducts 22 and 23.

In accord with data from Table 8, the cycloaddition would
preferentially afford 25 through the most stable TS2S.
However, the latter stems from an endo approach to the re
face of the chiral nitronate 14, a fact that disagrees with the
experimental observation in which a structure closely related
to 22 was obtained as a single diastereomer. As suggested
before for the [4+2] cycloaddition, this results allows us to
establish that only one nitronate, configurationally related to

Table 8. Enthalpies of formation [kcalmol~'], lengths of forming bonds [A], and dipole moments [Debyes] for cycloadducts and transition structures 22— 25.

Cycloadducts

Transition structures

22 23 24 25 TS22 TS23 TS24 TS25
AH; —195.99 —195.25 —191.63 —189.86 —132.62 —129.45 —130.08 —134.39
o012 1.422 1.414 1.421 1.413 2.081 2.073 2.079 2.043
C3—C3a 1.534 1.535 1.531 1.532 2.110 2.120 2.119 2127
u 1.89 1.45 2.11 1.56 1.69 1.33 0.55
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Figure 7. Transition structures 22—25.

13, should be formed in the first step of the domino process.
That the exo orientation occurs selectively in the [3+2]
pathway is evidenced by the enhanced stability of the TS22
with respect to TS23 (AE =3.17 kcalmol~!). The B3LYP/6-
31G* calculation augments the difference still further (AE =
5.88 kcalmol™'). Since the TS23 exhibits a higher polarity, a
polar medium should be able to stabilize it more relative to
the TS22. Solvation energies were then examined with the aid
of a SCRF Onsager model at the B3LYP/6-31G* level. Even
under such circumstances the TS 22 is 5.50 kcal mol~! lower in
energy. Again, these results do justify the consideration of
solvent effects to reach values that are in pretty good
agreement with the experimental data.

In the present study the facial selectivity is largely due to
steric effects from the chiral nitroalkene auxiliary. One would
expect that these would be mittigated by both the longer
distance between the reaction center and the first stereogenic
centers of the side chain (which feature a relative threo
arrangement in a D-galacto configuration), and the flexibility
of the acyclic carbohydrate moiety. However, a consideration
of the energies of the competing transition structures permit a
greater steric discrimination. Likewise, if because of an
inherent asymmetric environment one side of the m orbital
extends further into space than the other, it will overlap better

Chem. Eur. J. 2000, 6, No. 2
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with the approaching dienophile and, therefore, afford the
forming bonds a greater degree of stabilization.

It has been demonstrated that nitrones which carry a chiral
auxiliary derived from carbohydrates may display high levels
of diastereoselectivity in [3+2] cycloadditions.?*) The work by
Saito and co-workers, who described [3+2] cycloadditions of
nitrones to a chiral allylic ether with a high diastereofacial
differentiation, is especially relevant.?’l This last compound,
accessible from L-tartaric acid, bears a vicinal diol controller
with a relative threo configuration that discriminates  faces
of dipolarophile. A high stereodifferentiation of the = faces of
the nitrone has also been achieved by the same authors, but
with incorporation of the diol in the nitrone component.?!
This type of uncatalyzed process is especially notable, because
the use of 1,3-dipoles is often incompatible with Lewis acid
catalysts. Likewise, a recent work describes high levels of
acyclic stereodifferentiation in intramolecular nitrone-alkene
cycloadditions of 3-O-allylmonosaccharides with threo con-
figuration at the adjacent chiral tether.?]

Cycloaddition versus glycosidation: Anyone familiar with
carbohydrate chemistry will recognize that the above-men-
tioned sugar-based nitroso acetals are in fact homologated O-
glycosides.?”! Consequently, in spite of the theoretical inter-
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pretation provided in this work, it is still unclear if the
stereocontrolled formation of nitroso acetals arises from a
cycloaddition pathway or a stereospecific O-glycosidation
involving ethanol as the glycosyl acceptor molecule. In the
latter case, a hydroxyl-containing compound could be incor-
porated as the aglycone at the pseudoglycosidic centers of the
five- and six-membered rings. The mechanism would involve
the formation of a hemiacetalic intermediate followed by the
attack of a lower alcohol to afford the nitroso acetal again. To
rule out this alternative pathway, the synthetic process
outlined in Scheme 1 was performed with excess of EVE,
but with methanol as solvent.’!l A careful analysis of the
reaction mixture revealed the exclusive formation of a nitroso
acetal, which was identical to product obtained in ethanol.[*!
No MeO-containing compounds could be detected at all. This
agrees with a cycloadditive process in which a carbohydrate
auxiliary strongly influence the steric course.

Conclusions

In this paper a theoretical interpretation of asymmetric
domino Diels— Alder/1,3-dipolar cycloadditions of nitroal-
kenes and vinyl ethers has been reported. The stereodiffer-
entiating element was introduced on the heterodiene as a
carbohydrate-based tether with threo configuration. This
study also serves as a model case to explain the high
stereoselectivity in the cycloadditions of nitroalkenyl sugars
with olefins that involves the intermediacy of nitrones and
nitronates. From a mechanistic viewpoint, the domino process
consists of two concerted and asynchronous cycloadditions.
Theoretical calculations support the existence of Michael type
transition structures. Also of note is the s-trans preference of
enol ethers in transition structures, a fact that has also been
verified with a conformationally fixed enol ether. The endo
approach of methyl vinyl ether to the heterodiene is a
consequence of secondary orbital interactions that produce a
transition structure wherein the six-membered ring adopts a
half-chair conformation. The bulky substituent at C4 adopts a
pseudoequatorial arrangement, whereas a stabilizing anome-
ric effect places the alkoxy group at C6 in a pseudoaxial
orientation. The [3+2] cycloaddition takes place with an exo
approach to the less hindered re face of the chiral nitronate.
Interestingly, the consideration of solvation energies does
justify the remarkable stereoselection observed in the experi-
ment.
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