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An investigation into the endo/exo selectivity and z-diastereofacial selectivity of ester-tethered
intramolecular Diels—Alder reactions is reported. High levels of exo selectivity are realized with
terminally substituted dienophiles, and high Ik z-diastereofacial selectivities are induced by the
presence of a bulky dioxolanyl substituent at the allylic position of the tether. Precursors 19S,
20S, and 21S, readily prepared from glucose, provide densely functionalized bicyclic lactones of
predictable stereochemistry in high yields in enantiomerically pure form upon thermolysis at 110
°C. B3LYP/6-31G(d) theory provides good descriptions of transition structures for these reactions
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and allows an understanding of the formation of the major cycloadducts.

Introduction

The hydroisobenzofuran-1-one moiety 1 is common in
natural products, with many such compounds displaying
important, in some cases unique, biological activities. For
example, himbacine 2 is a potent, selective muscarinic
receptor antagonist;! triptolide 3 both exhibits potent
antitumor activities and inhibits lymphocyte proliferation
and interleukin-2 production;? and myrocin C 4 is an
antitumor antibiotic (Figure 1).2 This bicyclic lactone has
also proven useful as a starting point for the construction
of other synthetically challenging natural molecules with
elaborate architectures.*~® Enantiocontrolled synthetic
routes to compounds containing the hydroisobenzofuran-
1-one subunit are, therefore, of significant interest.

An efficient synthetic entry to compounds containing
this structural subunit is by way of the intramolecular
Diels—Alder (IMDA) reaction.” The influence of dieno-
phile substitution upon the endo/exo selectivity of such
intramolecular cycloadditions has been the focus of our
recent synthetic and computational efforts.® Thus, cal-
culations carried out at the B3LYP/6-31G(d) level of
theory correctly predict both the stereoselective formation
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Figure 1. The hydroisobenzofuran-1-one structure 1 and
representative natural products containing this subunit.
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8 (Scheme 1).
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Scheme 1
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All B3LYP/6-31G(d) transition structures (TSs) located
exhibited both asymmetric stretch and twist attributes.
The developing internal (C4—C8) bond in each TS was
invariably shorter than the developing peripheral (C1—
C9) bond. Close analysis of the size and orientation of
the twist asymmetry about the developing shorter inter-
nal bond allowed a rationalization of the experimental
results in terms of an extended version of Houk’s twist-
asynchronocity model.'!

In another study, we discovered that the sw-diastereo-
facial selectivity of IMDA reactions of this type can be
controlled by the influence of substituents about a
stereocenter at the diene terminus (Scheme 2).*? In this
case, high-level theoretical models indicate that subtle
conformational preferences dictate to which face of the
diene the dienophile will dock.*?

We felt that a contemporaneous study with substrates
bearing a stereocenter at the allylic position of the tether
(i.e., at C5 rather than the diene terminus C1'%) might
provide further insights into both the exo/endo and
m-diastereofacial preferences of this IMDA reaction,
thereby facilitating its synthetic application. Very re-
cently, White and Snyder'* disclosed their preliminary
findings on experimental and computational aspects of
the IMDA reaction of acrylate 14 (Scheme 3), a key step
in their elegant synthetic approach toward pillaromyci-
none.*® Thus, upon heating to 250 °C in a sealed vessel,
a solution of rhamnose-derived acrylate 14 provided a
mixture of three of the four possible stereoisomeric
cycloadducts 15—18. Transition structures leading to the
four IMDA adducts were located using the MM2*
procedure,’® and single point energies for these TSs were
calculated at the B3LYP/6-31G(d) level (e.g., B3LYP/6-
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Figure 2. The three IMDA precursors prepared and thermo-
lyzed 19S, 20S, and 21S, and their theoretical counterparts
19C, 20C, and 21C, under scrutiny by DFT.
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31G(d)//IMM2%). Interestingly, the MM2*-optimized TSs
for IMDA reaction of 14 exhibit a longer developing
internal bond and shorter developing peripheral bond,**
the reverse of that found by us in fully optimized B3LYP/
6-31G(d) TSs for related IMDA reactions.®*® This differ-
ence in developing bond lengths notwithstanding, the
combined B3LYP/6-31G*//MM2* method correctly identi-
fies endo, 1k adduct 15 as the major product.

The appearance of the White—Snyder study** prompts
us to report our own synthetic and computational inves-
tigations with tether-induced stereocontrol in IMDA
reactions. Thus, continuing our focus on the development
of methods for the prediction and control of both exo/endo
selectivity and m-diastereofacial selectivity, we have
examined IMDA reactions of C9-substituted, glucose-
derived trienes 19S and 20S (Figure 2). In addition, to
gauge the level of m-diastereofacial selectivity in this
system “cleanly” (i.e., without the added complication of
exo/endo selectivity) we have prepared and cyclized
propynoate precursor 21S. These synthetic results are
complemented by the calculation of the TSs for IMDA
reactions of structures 19C, 20C, and 21C which have
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- . a
been fully optimized at the B3LYP/6-31G(d) level of Scheme 4
theory and their subsequent interpretation. OAc OAc
We were also drawn to these substrates since previous OH a OH b, c,d
studies have shown that maleate, fumarate, and propy- N \ ~
noate esters of 2,4-pentadien-1-ols require less forcing ‘ OAc | OAc
conditions for IMDA reactions than do the corresponding MeO-C
acrylates.>®1217.19 |ndeed, the successful IMDA reaction 22 23

of acrylate 14 (Scheme 3) is something of an exception,
since several other attempts to carry out IMDA reactions
of pentadienyl acrylates have been unsuccessful.t®-24
Whereas some workers have been discouraged from
investigating the intramolecular cycloaddition chemistry
of these ester-linked 1,3,8-nonatrienes on account of their
propensity for polymerization,'® others have noted a
reluctance to cyclize.’*~2* A major obstacle to cyclization
appears to be an equilibrium disfavoring the necessary
s-cis conformation of the ester linkage,”?®> although
imaginative methods have been developed to solve this
problem.?¢

Results and Discussion

Synthesis of the three IMDA precursors 19S, 20S, and
21S from readily available, glucose-derived chiral hexenal
22?7 is depicted in Scheme 4. Thus, 4(S),6(R)-diacetoxy-
5-hydroxy-2(E)-hexenal 22 was subjected to a Wittig

(16) We use the Seebach—Prelog descriptor like (Ik) to describe a
cycloadduct resulting from the approach of the dienophile to the re
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Peters, K.; Prein, M. J. Am. Chem. Soc. 1995, 117, 9190—9193.

(17) White, J. D.; Sheldon, B. G. J. Org. Chem. 1981, 46, 2273—
2280.

(18) House, H. O.; Cronin, T. H. J. Org. Chem. 1965, 30, 1061—
1070.

(19) Birtwhistle, D. H.; Brown, J. M.; Foxton, M. W. Tetrahedron
1988, 44, 7309—7318.

(20) Toyota, M.; Wada, Y.; Fukumoto, K. Heterocycles 1993, 35, 111—
114,

(21) strekowski, L.; Kong, S.; Battiste, M. A. J. Org. Chem. 1988,
53, 901—-904.

(22) Hecker, S. J.; Heathcock, C. H. J. Org. Chem. 1985, 50, 5159—
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2 Reagents and conditions: (a) PhsP=CHCO;Me (1.05 equiv),
Et,0, rt, 4 h, 80%; (b) KHCO3, H,O—MeOH, rt, 4.5 h, 61%; (c)
Me,C(OMe); (8 equiv), CSA (0.1 equiv), Me,C=0, 0 °C, 3 h; (d)
PhSH (2 x 0.1 equiv), AIBN (2 x 0.05 equiv), PhH, hv, 2 h 48%
over two steps; (e) imidazole (3.5 equiv), TBSCI (1.7 equiv), DMF,
rt, 3.5 h, 98%; (f) DIBAL (2.9 equiv), Et,0, —70 °C, 0.25 h; (9)
TBAF (2.0 equiv), THF, rt, 0.25 h, 87% over two steps; (h)
imidazole (2.5 equiv), TBSCI (1.2 equiv), DMF, rt, Ar, 1 h, 99%;
(i) EtsN (1.6 equiv), maleic anhydride (2.2 equiv), DMAP (0.1
equiv), CHyCly, rt, 2 h then CH:N,, Et;0, 72%; (j) (E)-
MeO,CCH=CHCO;H (1.2 equiv), DCC (1.3 equiv), DMAP (0.1
equiv), CHCly, rt, 1 h, 88%; (k) HCCCO2H (4.2 equiv), DCC (4.6
equiv), DMAP (0.3 equiv), CHxCly, rt, 18 h, 57%.

reaction with PhsP=CHCO,;Me to give a 3:1 mixture of
the E,E- and E,Z-diene esters 23. Mild hydrolysis of the
acetates of 23 with potassium hydrogen carbonate pro-
duced the triol. Formation of the desired monosubstituted
dioxolane derivative from the triol was accompanied by
significant quantities of the regioisomeric disubstituted
compound (ratio of primary alcohol:secondary alcohol =
59:41). This mixture of regiosiomers and geometrical
isomers was equilibrated to the E,E-dienes by exposure
to thiyl radicals, from which the desired compound 25
was isolated by chromatography. Multigram quantities
of 25 were prepared routinely in this way.?® The hydroxy
ester 25 could not be reduced directly to the correspond-

(28) In principle, the unwanted regioisomeric dioxolane could be
recycled by employing a deprotection—reprotection cycle.
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Thermolysis of the fumarate ester 20S at 110 °C

1 required roughly twice the reaction time of the maleate

ester 19S to proceed to completion. Once again, a clean
reaction ensued (90% isolated yield) and three chromato-
graphically separable cycloadducts were obtained (Scheme
6).2°

Thermolysis of the propynoate ester 21S at 110 °C was
both fast and once again highly stereoselective, providing
a mixture of the two possible cycloadducts which were,

M

PhMe, 17h, 77%

C series: R' =CH, ; R? = H; gas phase

C series: R’ =CHj; ; R® = H; PhMe,

synthetic product ratio 395:40S = 92:8
computed product ratic 39C:40C = 89:11

synthetic product ratio'® 39C:40C = 86:14

18h, 97%

ing diol, so the alcohol was first protected as the tert-
butyldimethylsilyl ether prior to DIBAL reduction. Depro-
tection of the silyl ether of the secondary allylic alcohol
28 with TBAF followed by selective protection of the
primary allylic alcohol provided the desired dienol 30 in
high yield.

Dienol 30 was readily converted into the three IMDA
precursors. Reaction of 30 with maleic anhydride afforded
the maleate half ester as an unstable oil which was
converted immediately to the more stable Z-methyl ester
19S by methylation with ethereal diazomethane. (E)-
Methyl ester 20S and propynoate 21S were obtained by
esterification of the dienol with methyl hydrogen fuma-
rate and propynoic acid, respectively.

Intramolecular Diels—Alder reactions of these three
substrates were carried out in dilute solutions in reflux-
ing toluene in the presence of a small amount of anti-
oxidant (Schemes 5—7). The maleate derivative 19S gave
a very clean conversion into two (of the possible four)
cycloadducts in quantitative yield, which were easily
separated by column chromatography (Scheme 5).

in our hands, not separable (Scheme 7).

COSY and NOESY experiments allowed the elucida-
tion of the full stereostructures of all seven products.*
The trans-ring fusion of the exo adducts 31S and 35S was
clearly evident from a large 1,2-trans-diaxial coupling
constant (13.0—13.5 Hz) between the protons attached
to the ring junction carbons. The endo adducts 33S, 37S,
and 38S exhibited a smaller (8.2—10.8 Hz) coupling
constant between the same protons, indicating cis-ring
fusion.

To ascertain whether these product ratios are the
result of a kinetically or thermodynamically controlled
reactions, pure cycloadducts from the maleate and fu-
marate reactions were re-subjected to the same reaction
conditions used to bring about their intramolecular
cycloaddition. No change was observed in each case,
indicating that these reactions are, as expected, subject
to kinetic control.

The observed stereoselectivities from the IMDA reac-
tions described above were investigated by carrying out
density functional calculations (DFT), at the B3LYP/6-

(29) For related synthetic studies with racemic precursors carry-
ing E-dienophiles, see refs 5, 6, and 19. While the proportions of the
minor products differ, in each case the exo, Ik cycloadduct predomi-
nates.

(30) Pertinent NOE's are listed in the Experimental Section.
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Figure 3. IMDA TS geometries for 19C (Z1-Z4), 20C (E1—E4), and 21C (P1—P2). For ease of comparison, the enantiomeric
structure is depicted in the ul series. Distances shown are in angstroms. Hydrogens are omitted from the C5 methyl groups

(darkened) for clarity.

31G(d) level,®* on model transition structures of these
reactions. It has been demonstrated that this level of
theory gives reliable energetic and structural data for
transition structures for both intermolecular and in-
tramolecular Diels—Alder reactions.8133233 Due to the
size of precursors 19S, 20S, and 21S and their ac-
companying conformational flexibility, prototypes 19C,
20C, and 21C were employed. Initially, we were some-
what apprehensive about the level of accuracy in TS
modeling which might result from removing the C1-
substituent and most of the C5-dioxalanyl group from
19S, 20S, and 21S. Earlier work has shown, however,
that a change from C1-H to C1-CHjs in this system has a
negligible effect on the endo and exo TS geometries and
their relative energies.? We are confident, therefore, that
with even greater differences between the synthetic and
computational series, the calculations would still capture
the essential features driving the stereoselectivities in
the experimental systems and that we would witness a
close correlation between the ratios of the four possible
products.

(31) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785. For reviews of density-
functional methods, see: (c) Ziegler, T. Chem. Rev. 1991, 91, 651. (d)
Density Functional Methods in Chemistry; Labanowski, J., Andzelm,
J., Eds.; Springer: Berlin, 1991. (e) Parr, R. G.; Yang, W. Density-
Functional Theory of Atoms and Molecules; Oxford University Press:
New York, 1989.

(32) Houk, K. N.; Li, Y.; Evanseck, J. D. Angew. Chem., Int. Ed.
Engl. 1992, 31, 682 and references therein.

(33) Wiest, O.; Houk, K. N. Top. Curr. Chem. 1996, 183, 1.

All transition structures were fully optimized at the
B3LYP/6-31G(d) level, using the GAUSSIAN 98 set of
programs,®* and they were characterized by harmonic
vibrational frequency calculations. The product distribu-
tions reported in Schemes 5, 6, and 7 were calculated
from Boltzmann distributions at 383 K using electronic
energies of the TSs, corrected for zero point energies.
Drawings of the TSs, together with selected geometric
data, are displayed in Figure 3. Full structural details
(Z-matrices) and energies of all TSs are provided in the
Supporting Information.

Scheme 5 presents comparative data for IMDA reac-
tions of synthetic and computational Z-dienophile sys-
tems 19S and 19C. Corresponding data for the E-dieno-
phile series and the propynoate series are listed in
Scheme 6 and Scheme 7, respectively. In each case, the
relative proportions of products from the synthetic pro-
cess are listed alongside predicted Boltzmann distribu-

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q,;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K,
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98, Revision A.7
ed.; Gaussian Inc: Pittsbugh, PA, 1998.
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Figure 4. 1,3-Hexadiene 41 and profile views of IMDA TSs Z1—-Z74, E1—-E4, and P1—P2. The enantiomeric structure is depicted
in the ul TS series. Hydrogens are omitted from the C5 methyl groups (darkened) in the TSs for clarity.

tions for fully optimized B3LYP/6-31G(d) IMDA TSs.%
In the case of propynoate 39C (Scheme 7), experimental
data for the “model” IMDA reaction is available from
work of the Birtwhistle group.?®

The following conclusions can be drawn from the
results depicted in Schemes 5—7 and Figures 3—4.

1. The synthetic and computational results agree in
both the nature of the major stereoisomer and its relative
abundance. We conclude from this that structures 19C,
20C, and 21C serve as good models for the synthetic
systems 19S, 20S, and 21S. As such, it is probable that
features which make TSs Z1, E1, and P1 (Figure 3,
which lead to the major computed sterecisomers 31C,
35C, and 39C respectively) the most energetically favor-
able of their respective groupings will also be useful for
rationalizing the formation of predominant diastereomers
318, 35S, and 39S. Furthermore, the reported'® stereo-
chemical outcome for the IMDA reaction of propynoate
ester 39C agrees very closely with our calculated Bolz-
mann distribution for this substrate.

2. Both E- and Z-alkenic dienophiles preferentially form
the thermodynamically less stable trans-fused exo cy-
cloadducts, rather than the more stable cis-fused endo

(35) Ineach IMDA TS, two discrete orientations of the terminal ester
group with respect to the dienophile C=C bond are possible. Both s-cis
and s-trans TSs give similar product ratios.® Data for the slightly lower
energy s-cis TSs are discussed here.

cycloadducts. According to the Houk twist asynchronicity
model,*! recently refined for this system by us? exo
products are generally preferred over endo products with
C9-substituted 1,3,8-nonatrienes since the exo TS is able
to accommodate a larger degree of stabilizing asymmetric
twist. Thus, in the exo TS, C9 is twisted about the
developing C4—C8 bond in the exo (outside)!? direction,
whereas the endo TS must suffer a more strained
asymmetric twisting mode in the endo (inside)!! direction.
Our refinement of this twist asynchronicity model®
highlights the increased strain suffered by E-dienophiles
in the exo TS. These unfavorable interactions account for
the lower exo:endo ratios witnessed in E-dienophile
substrates vs their Z-dienophile counterparts. In the
present study—and in agreement with these previous
findings on simpler substrates—both theory and experi-
ment show that the precursor containing a Z-dienophile,
19, once again undergoes a more exo-selective IMDA
reaction than its E-dienophile congener 20. Furthermore,
we note that both the experimentally observed and the
calculated exo selectivity of C5-substituted trienes (Scheme
5 and Scheme 6) is higher than that seen both with C5-
unsubstituted compounds (Scheme 1) and acrylates
(Scheme 3). That the presence of a C5-methyl group in
our systems leads to a moderate enhancement of the exo
selectivity may be explained simply in terms of the
B3LYP/6-31G(d) conformational energy profile for 1,3-
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hexadiene, 41, about the C4—C5 bond (rigid rotor ap-
proximation; the geometry resembles that found in the
IMDA TSs). Referring to the profiles of the C5-methyl
IMDA TSs, depicted in Figure 4, the conformations of
both endo, Ik and endo, ul TSs (Z3, Z4, E3, and E4) about
the C4—C5 bond correspond approximately to conforma-
tional energy maxima for 1,3-hexadiene since both suffer
eclipsing interactions between a C5-group and the C4—H
bond.?¢ A similar effect is observed for butene.®” In
contrast, the conformations of both exo, Ik and exo, ul TSs
(Z1, Z2, E1, and E2) correspond approximately to energy
minima for 1,3-hexadiene. Thus, the presence of the C5-
methyl substituent has the effect of accentuating the exo/
endo energy difference by way of this additional steric
and torsional strain.

3. The predominant stereoisomeric product results from
Ik approach of the dienophile to the diene. w-Diastereo-
facial selectivity in related systems has been discussed”
in terms of a minimization of developing *3A strain®®
during the intramolecular cycloaddition process. Specif-
ically, dienophile approach to one z-diastereoface of the
diene incurs a penalty caused by destabilizing nonbonded
eclipsing interactions between the C5 substituent and C3-
H. This interaction is clearly visible in TSs Z2, E2, and
P2 (Figure 3 and Figure 4), which lead to ul cycloadducts
32C (exo0), 36C (exo0), and 40C, respectively. Such 1A
strain is present to a much lesser extent in endo, ul TSs
Z4 and E4, as evidenced by longer (C3)H--+(C5)CHj
distances. The endo, ul TSs are further destabilized,
however, by the close proximity of C5-H to C4-H (2.353
A'in Z4 and 2.384 A in E4). The endo, Ik-TSs Z3 and E3
are destabilized relative to Z1 and E1 due to C5-CH;
eclipsing C4-H (dihedral angles 1.4° and 1.3°, respec-
tively). Thus, exo, Ik cycloadducts 31 and 35 and Ik
cycloadduct 39 are formed in these reactions since
transition states leading to them (modeled by TSs Z1,
E1, and P1) lack these destabilizing nonbonded interac-
tions.

In summary, a tether dioxolanyl group invokes a strong
Ik -diastereofacial preference in IMDA reactions of 1,3,8-
nonatrienes and nonadienynes. In the triene series, exo
mode cycloadditions are dominant over endo cycloaddi-
tions with both E- and Z-dienophiles, a result of some
significance in light of the lack of exo/endo selectivity
with dienophiles unsubstituted at C9 (Scheme 3).56 These

(36) 13A strain is also responsible for the conformational energy
maxima of 1,3-hexadiene. As such, the factors responsible for enhanced
exo:endo selectivity in IMDA reactions of 19 and 20 (point 2) are
necessarily linked with the factors responsible for Ik selectivity (point
3).
(37) Eliel, E. L.; Wilen, S. Stereochemistry of Organic Compounds;
Wiley-Interscience: New York, 1994; pp 616—617.

(38) Hoffmann, R. W. Chem. Rev., 1989, 89, 1841—-1860.
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two stereodirecting influences coalesce in triene precur-
sors 19S and 20S such that one of four possible products
is formed in a synthetically useful quantity in each case.
The hexahydroisobenzofuranone cycloadducts thus formed,
31S and 35S, are enantiomerically pure and rich in
functionality, which should allow further synthetic elabo-
ration at every position of the bicyclic framework.

The level of exo selectivity is higher with glucose-
derived trienes 19S and 20S than the simpler systems 5
and 8 but the origin of this improvement is unclear at
this stage.®® In addition, sz-diastereofacial selectivities
observed in the present glucose-derived system are
slightly higher than those reported previously'#% (cf.
Schemes 5—7 vs Scheme 3). This marginal improvement
may be due either to the dioxolanyl substituent operating
as a slightly more sterically bulky stereodirecting group
(by way of 1A strain, Figure 3) or simply as a result of
the milder reaction conditions (110 vs 250 °C). While
differences in the predicted/observed quantities of minor
stereoisomers exist, theory and experiment are in agree-
ment with both the identity of the major product and its
relative abundance. Thus, DFT-based TS modeling is a
powerful predictive tool for increasingly complex IMDA
reactions, processes whose stereochemical outcomes are
notoriously difficult to predict.” While we can rationalize
the formation of the major product in these IMDA
reactions, the subtle differences in product distribution
among the minor isomers are more difficult to reconcile.
Future work from our laboratories will address issues
such as this.
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(39) The two structural differences between 19S/20S and 5/8, viz.,
the silyloxymethyl group at C1 and the dioxolanyl group at C5, may
both be the cause of improved exo selectivity, since the former is present
in 11 (which gives exo adducts exclusively) and the latter is modeled
in 19C/20C (which predicts an improved exo selectivity for these
substrates over the corresponding C5-desmethyl analogues®).



