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KEYWORDS Abstract Captodative alkene 1-acetylvinyl p-nitrobenzenecarboxylate 1la was evaluated for its

Captodative alkenes; reactivity and stereoselectivity with cyclohexadiene (10) in Diels-Alder reactions, showing exclusive

1-Acetylvinyl p-nitrobenzoy- endo preference. The two hydrolyzed products of the endo and the exo adducts obtained from the
loxy; Diels-Alder cycloaddition between 1a and cyclopentadiene (7) were 8b and 9b. When treated with
a-Keto carbinols; mCPBA, a ring expansion took place to stereospecifically yield the novel 3-oxatricyclo[3.3.1.0%%]
o-Ketol rearrangement; nonanone acyloins 15 and 16, respectively. In the case of the a-ketol bicyclo[2.2.2]octanes 11b
CaCS}C)?Bd,Z process; and 12b, the epoxidation/Baeyer-Villiger cascade process was preferred, resulting in the syn ketoe-
m

poxide 19b from each isomer. A synthetic application of this kind of transformation was carried out
by reacting ketols 8b and 9b with an excess of mCPBA through a five-step cascade process to yield
the bicyclic lactone 27 as a potential precursor of racemic B-carbaxylose.

© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Peer review under responsibility of King Saud University. Diels-Alder reactions are one of the fundamental cornerstones
in organic chemistry for the experimental and theoretical study
of concerted reactions (Sauer and Sustmann, 1980; Herges
et al., 1994; Damoun et al., 1997; Brocksom et al., 2001;
Tantillo et al., 2001; Wang et al., 2009; Domingo et al.,
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2010) and for the regio- and stereoselective synthesis of six-
membered rings (Carruthers, 1990; Fringuelli and Taticchi,
2002; Nicolaou et al., 2002; Reymond and Cossy, 2008;
Ishihara and Sakakura, 2014). Although Diels-Alder additions
are usually conducted through a concerted (synchronical and
non-synchronical and diradicaloid) pericyclic transition state
(Singleton, 2001; Jasinski, 2016a), there is evidence of non-
polar stepwise diradical (Jasinski, 2016a) and polar stepwise
(zwitterionic) (Jasinski, 2014, 2016b; Jasinski et al., 2014)
mechanisms. The reactivity, selectivity and concertedness of
this process are mainly subjected to the electronic and
structural effects of the substituents in both cycloaddends:
diene and dienophile (Sauer and Sustmann, 1980; Paquette
et al., 1980; Pindur, et al., 1993; Kumar, 2001; Zhou et al.,
2014).

Captodative alkenes have been subjected to experimental
(De Boeck and Viehe, 1998; Rulev, 2002; Moody et al.,
2002; Kozmin et al., 2002; Hatano et al., 2011; Kotha et al.,
2014) and theoretical studies (Méndez et al., 1998; Geerlings
et al., 2003; Domingo et al., 2008; Bouacha et al., 2013) due
to the opposite electronic demand of their geminally substi-
tuted functional groups (Viehe, et al., 1985). Research has
mainly focused on their reactivity and chemo-, stereo- and
regioselectivity in [4 + 2] cycloaddition (Diels-Alder and 1,3-
dipolar) reactions (Benavides et al., 2001; Herrera et al.,
2005; Mendoza et al., 2006; Badoiu and Kiindig, 2012;
Carmona et al., 2013; Zou et al., 2013) and on their application
in organic synthesis (Thorat and Pansare, 2013; Wang et al.,
2013; Sun et al., 2014).

In particular, captodative alkenes such as 1-acetylvinyl car-
boxylates 1 (Fig. 1) have proven to be highly reactive and
selective in Diels-Alder (Reyes et al., 1990; Santoyo et al.,
2007) and 1,3-dipolar cycloadditions (Nagarajan et al., 1996;
Herrera et al., 2001a) as well as in Friedel-Crafts reactions
(Zarate-Zarate et al., 2015). They undergo regioselective addi-
tion to acyclic nonsymmetrical dienes to give the correspond-
ing adducts (Reyes et al., 1990), which have been employed
as versatile synthons in natural product synthesis (Orduna
et al., 1993; Dienes and Vogel, 1996). The captodative alkyl
2-aroyloxy acrylates 2a-2b have shown high reactivity and
selectivity in Diels-Alder reactions as well (Herrera et al.,
2001b).

Moreover, a new synthetic approach has been developed
for the preparation of y-hydroxycyclohexenones 6 through
an epoxidation/Baeyer-Villiger/hydrolysis cascade reaction of
a-ketols 5 with m-chloroperbenzoic acid (mCPBA). In this
process, alkene 1a behaved as a synthetic equivalent of ketenes
in the Diels-Alder cycloaddition (Ochoa et al., 1999)
(Scheme 1). The resulting bicyclo[2.2.n] adducts of the cycload-
dition of a variety of ketene equivalents with cyclic dienes have
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Fig. 1 Captodative alkenes 1-acetylvinyl p-arenecarboxylates 1
and alkyl 2-aroyloxy acrylates 2a-2b.
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Scheme 1 Regioselective Diels-Alder addition of captodative

alkene 1a and conversion of adducts 5 into y-hydroxycyclo-
hexenones 6.

sparked special interest in the study of the reactivity and selec-
tivity of these systems (Ranganathan et al., 1977; Aggarwal
et al., 1999; Moreno-Clavijo et al., 2013).

The stereoselectivity of captodative alkenes 1 in thermal
Diels-Alder cycloadditions with cyclopentadiene (7) is report-
edly low (Tamariz and Vogel, 1981). However, the use of
Lewis acid catalysts dramatically increases either endo or the
exo selectivity, depending on the choice of the Lewis acid
(Garcia de Alba et al., 1996). Thus, when la was added to 7
in the presence of TiCly, the endo adduct 8a was obtained
almost exclusively. With Znl, as the catalyst, on the other
hand, the exo adduct 9a was yielded asa single product
(Scheme 2).

As part of our ongoing interest in the stereoselective Diels-
Alder reactions of olefins 1 with cyclic dienes, we undertook an
extensive study of the cycloaddition between 1a and cyclohexa-
diene (10) under various different conditions. Moreover, to
explore the reactivity of a-ketols and their application in
organic synthesis, we investigated the reaction of the a-ketols
arising from the Diels-Alder adducts with mCPBA. Finally,
we examined the utilization of these compounds in a formal
synthesis of the carbasugar B-carbaxylose (Marschner et al.,
1995) via a cascade process.

2. Results and discussion

2.1. Diels-Alder reaction of olefin 1a with cyclohexadiene (10)

The thermal Diels-Alder cycloaddition of 1a to cyclohexadiene
(10) was highly diastereoselective to give the endo isomer 11a
as a single adduct (Table 1, entry 1). Contrarily, the thermal
cycloaddition to cyclopentadiene (7) generated a mixture of
8a/9a (Scheme 2) in low diastereoisomeric endo/exo ratio
(33:67) (Tamariz and Vogel, 1981). Also unlike the cycloaddi-
tion to 7, where the use of TiCly provided an endo/exo mixture
of adducts 8a/9a (96:4) (Garcia de Alba et al., 1996), the cat-
alyzed cycloaddition with 10 yielded a nonselective mixture
of endo/exo adducts, 11a/12a (44:56) (Table 1, entry 2). Simi-
larly, the BF3-Et,O-catalyzed reaction was modestly diastere-
oselective, leading to an endo/exo mixture of 11a/12a (67:33)
(Table 1, entry 3). However, a higher selectivity was found
when the cycloadditions were carried out in the presence of
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Scheme 2 Preparation of adducts 8a-9a via Diels-Alder addition of captodative alkene 1a to cyclopentadiene (7), and structures of the o-

ketol derivatives 8b and 9b.

Table 1 Diels-Alder reactions of captodative olefin 1a with cyclohexadiene (10).*

1a, Ar = CgHap-NO, 10 11a, R = COAr 12a, R = COAr
11b,R=H 12b,R=H
Entry Solvent Catalyst (mol equiv) T (°C) t (h) 11a/12a (ratio)” Yield (%)°
1 CeHg — 130 168 100:0 70
2 CH,Cl, TiCl, (8.6) —50 3 44:56 92
3 CH,Cl, BF;E,0 (19) ~50 10 67:33 85
4 CH,Cl, AlCl; (2.4) 0 1 100:0 95
5 CH,Cl, Znl, (24) 25 120 100:0 84

% All under N, atmosphere, with 2.5 mol equiv of 10, and with 0.01 mol equiv of hydroquinone for the thermal trial.

® Determined by 1H NMR from the reaction crudes.
¢ After column chromatography.

AICI; or Znl, as the catalyst. Indeed, the endo isomer 11a was
isolated as a single product (Table 1, entries 4 and 5).

The amount of Lewis acids (shown in Table 1) was opti-
mized to render the cycloadditions in the shortest reaction
times. A large excess of Lewis acid was used in most cases,
since the reaction time sharply increased with a lesser amount.
It is likely that the multiple binding sites (oxygen atoms) can
explain the need for such large catalyst loads. Regarding
AlCl3, interestingly, only 2.4 mol equiv of the solid catalyst
were required, and the ratio of the endo/exo adducts was not
significantly modified by using greater amounts of this
catalyst.

Besides identifying the most efficient trials (Table 1), several
screening tests were carried out to determine the optimal reac-
tion conditions, taking into account the catalyst, temperature
and reaction time. As previously mentioned, the type of Lewis
acid catalyst modifies reactivity and diastereoselectivity
(Table 1). Although both temperature and reaction time
affected the yields, the endo/exo diastereoselective ratio was
not significantly modified by these factors. For example, when
the TiCl,-catalyzed reaction took place at a temperature higher
than —50 °C, there was a decomposition of the dienophile and
the formation of a complex mixture of products. By reducing
the temperature to —78 °C, the reaction time was extended

5-6 h with no considerable change of the endo/exo ratio. Like-
wise, by employing AICl; and Znl, as the catalysts at temper-
atures lower than those indicated in Table 1 (entries 4 and 5),
either the cycloaddends did not react or the reaction time was
longer, but the endo/exo ratios remained essentially the same.
Similar behavior was observed for the thermal trials, in which
a reaction temperature below or above 130 °C, augmented or
diminished the reaction times, respectively. However, the
yields and endo/exo ratios were comparable regardless of the
temperature.

The structure of the major endo stereoisomer 11a was estab-
lished by X-ray diffraction analysis (Fig. 2). Notably, the con-
formation of the acetyl group is such that the carbonyl group is
oriented towards the C-3 methylene of the bicyclo[2.2.2]oct-5-
ene (in conformation). An identical conformation is found in
the endo adduct 8a (Garcia de Alba et al., 1996). The minor
exo adduct 12a was separated from the reaction mixture by
column chromatography and was fully characterized by spec-
troscopy, elemental analysis and X-ray crystallography
(Fig. 2). In the latter structure, the carbonyl group is also ori-
ented towards the C-3 methylene of the bicyclo[2.2.2]oct-5-ene.
This conformation seems to be adopted even in solution, as
suggested by the '"H NMR high frequency chemical shift of
the H-C3 proton syn to the carbonyl group in both adducts:
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Fig. 2 X-ray structures of the endo adduct 11a and exo adduct 12a (ellipsoids with 30% probability).

2.48 ppm for H-3n of 11a (1.59 ppm for H-3x) and 2.90 ppm
for H-3x of 12a (1.33 ppm for H-3n). The proximity of the
oxygen atom of the carbonyl group probably generates a
deshielding effect on the syn protons.

The observed endo diastereoselectivity for the thermal and
some of the catalyzed trials could possibly be explained by
steric interactions of the acetyl and the aroyloxy groups with
the most hindered ethane bridge of the diene (Fig. 3). Accord-
ing to the X-ray diffraction and quantum calculations of 1a
(Jiménez-Vazquez et al., 1997), the s-trans conformation is pre-
ferred by the conjugated enone system, with the p-nitrobenzoyl
group out of the plane formed by the enone moiety. This pre-
ferred conformation probably is also adopted at the ground-
state complexes of la with Lewis acids, including AICl; and
Znl, (Loncharich et al., 1987; Denmark and Almstead, 1993;
Ishihara et al., 1993), as well as at the transition states

[ HH N HH
é&t H d H
<\ H > H
/ (e) % (@)

LM O Ar LM O %Ar
L or _ L (0] u
endo-pREC endo-TS
‘ MLn l

A OR
1a + 10 —_— -
0]
11a, endo

(Rebiere et al., 1990; Maruoka et al., 1994). Therefore, the
exo approach would be prevented by non-bonding repulsive
interactions of the methyl group and the bulky metal-
coordinated carbonyl group with the ethane bridge. Addition-
ally, at the endo transition state, the m-systems might be stabi-
lized by secondary interactions, such as those promoted by
orbitals (Arrieta et al., 2001; Caramella et al., 2002; Wannere
et al., 2007) or by electrostatic forces (Garcia et al., 2000;
Sakata and Fujimoto, 2016).

In agreement with previous results (Suarez and Sordo,
1998), we have recently demonstrated the importance of the
formation of pre-reactive electrostatic complexes (pREC) in
the thermal Diels-Alder potential energy surfaces (PES). These
complexes are a result of the n/m interaction between the reac-
tants (Ramirez-Gualito et al., 2013), which is mainly con-
trolled by dispersion forces (Cioslowski et al., 1993). These

M HH Bk r HH 7]
ap H ékLH
T H H
Ly TH | —— y TH
OM'H O/S/Q-H
Ar o H Ar o,
L \&O ‘MLn | B ~§o ‘MLn i
exo-TS exo-pREC
l MLn
A
A&/go -~ 1a + 10
OCOAr
12a, exo

Fig. 3  Possible interactions at the endo and exo pRECs and TSs between the ML, (n = 2, 3)-complexed and non-complexed dienophile

1a and cyclohexadiene (10).
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are to a great extent responsible for the endo preference
(Ramirez-Gualito et al., 2013). It is likely that similar pRECSs
are formed in the presence of the Lewis acid catalyst, and that
repulsive steric interactions are present at the exo-pREC. Such
interactions would then destabilize not only this complex but
its respective transition state (exo-TS) as well. Hence, the sec-
ondary interactions and dispersion forces stabilizing the endo-
pREC may also stabilize the endo-TS, leading to the selective
formation of the endo adduct 11a.

2.2. Stereospecific rearrangement of o-ketols 8b and 9b

a-Ketols 8b and 9b were prepared by saponification (K,COs3,
MeOH, reflux, 10 h) of the corresponding adducts 8a and 9a
in almost quantitative yields. Treatment of a-ketol 8b with
1.0 mol equiv of mCPBA in CH,Cl, at room temperature led
exclusively to the endo-hydroxy-exo-epoxy tricyclo[3.3.1.0%%]
nonan-7-one (endo-hydroxy-o-ketol) 15, in 68% yield
(Scheme 3). Although analogous bicyclo[2.2.1] a-ketols have
given rise to the corresponding bicyclo[3.2.1] products through
an a-ketol rearrangement (Paquette and Hofferberth, 2003),
they do so by undergoing thermal or base-promoted processes
under much more severe conditions (Stevens et al., 1972). In
these cases, the stereoisomeric ratio of the bicyclo[3.2.1] prod-
ucts depends on the reaction conditions (Creary et al., 1985).
The easy rearrangement of a-ketol 8b is probably associated
with the strain on the ring systems brought about by epoxida-
tion to give the epoxy intermediate 13. That is, the C—C bond
migration might be accelerated to relieve the strain and furnish
15 (Brunner et al., 2001). This process may also be catalyzed by
the acidic reaction medium generated both by mCPBA and the
m-chlorobenzoic acid byproduct of the reaction.

These results suggest that the process is not stereoselective,
but instead stereospecific. Indeed, when the exo-a-ketol
9b was submitted to a reaction under identical conditions,
only exo-hydroxy-exo-epoxy tricyclo[3.3.1.0**]nonan-7-one
(exo-hydroxy- o-ketol) 16 was obtained, with a 65% yield
(Scheme 3). The rearrangement may owe itself to the forma-
tion of the corresponding epoxy intermediate, in this case 14.
The structure of exo-hydroxy- a-ketol 16 was unambiguously
established by X-ray crystallography (Fig. 4), while the struc-
ture of endo-hydroxy- a-ketol 15 was determined by nOe and
2D NMR experiments. Interestingly, epoxidation takes place

. OH  ncrBA
- >

CH,Cl,
© it, 24 h
68%
8b

OH CH2C|2
rt, 24 h
65%
9b

Scheme 3

03

Fig.4 X-ray structure of exo-hydroxy-a-ketol 16 (ellipsoids with
30% probability).

diastereoselectively on the exo face of the double bond, regard-
less of the stereochemistry of a-ketols 8b and 9b.

2.3. Rearrangement of o-ketols 11b and 12b

Adducts 11a and 12a were hydrolyzed under basic conditions
(K>CO3, MeOH/THF, reflux, 34 h) to afford a-ketols 11b
and 12b, respectively, in good yields (81-94%). Reaction con-
ditions analogous to those previously applied for 8b and 9b
were used for the rearrangement of a-ketol 11b. Thus, upon
reacting a solution of 11b in CH,Cl, with 2.0 mol equiv of
mCPBA, the syn-facial bicyclic ketoepoxide 19b was produced
in 64% yield (Scheme 4). In contrast to the results when utiliz-
ing o-ketols 8b and 9b, only the syn-ketoepoxide 19b was
formed with 11b, even in the presence of an excess of mCPBA.
No syn-epoxyketol 20 was found. Interestingly, the anti-facial
isomer 19a was not detected by '"H NMR analysis of the reac-
tion crude. Under similar reaction conditions, a-ketol 12b was
also able to exclusively provide 19b. Ketoepoxide 19b is pre-
sumably generated from a reaction sequence starting with
the epoxidation of 11b to give 17, followed by the Baeyer-
Villiger rearrangement and then the decomposition of the
hemiketal 18. The structure of 19b was established by nOe
experiments showing the relative configuration of the epoxy

Me
OH ¢
—_— OH
(@] (@]
13 15
o OH
o) ‘Me
OH
O
14 16

Epoxidation and stereospecific a-ketol rearrangement cascade reaction of a-ketols 8b and 9b.
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Scheme 4 Epoxidation/Baeyer-Villiger cascade reaction of a-ketols 11b and 12b.

and keto groups within the bicyclo[2.2.2]octane framework.
Therefore, the Baeyer-Villiger reaction was preferable to the
possible rearrangement of the a-ketol 17, which would have
induced the expansion of the bicyclo[2.2.2]octane to afford
the bicyclo[3.2.2]nonane derivative 20.

Hence, a-ketol 11b behaves mostly as a B,y-unsaturated
carbonyl compound, as we have found for unconjugated cyclo-
hexenones (Ochoa et al., 1999). In the same sense, it is note-
worthy that 19b did not undergo a subsequent Baeyer-
Villiger reaction, even though there was an excess of the
reagent.

Detailed studies by Ohwada and coworkers (Ohwada et al.,
1996) on the stereofacial control of the epoxidation of mono-
substituted bicyclo[2.2.2]oct-5-ene  derivatives showed that
epoxidation was favored on the syn face when employing exo
electron-withdrawing groups, but that this preference
decreased with electron-donating groups. The selectivity
appears to be controlled by the perturbation of the ¢ bicyclo
[2.2.2]oct-5-ene skeleton on the m double bond (Ohwada,
1999). In the case of the exo-isomer 12b, consequently, epoxi-
dation seems to be controlled by the electron-demand of the
acetyl group. Since using 11b in the reaction also leads to
syn-epoxide 19b, it can be understood that the exo hydroxyl
group and/or the endo acetyl group are probably acting as
dominant ¢ electron-withdrawing groups, reinforcing the syn
selectivity. Anchimeric assistance of the lone pairs of the acetyl
or the hydroxyl groups, controlling the endo approach of the
peroxyacid reagent, cannot be ruled out as another factor
(Chamberlain et al., 1970; Hudlicky, 1990; Houk et al., 1997).

Vogel and coworkers (Fattori et al., 1993) also investigated
kinetically controlled facial selectivity in reactions between
substituted bicyclo[2.2.2]oct-5-en-2-ones and diverse elec-
trophiles. They reported that the approach of the electrophile
takes place with anti preference in relation to the oxo-
substituted tether side, a behavior opposite to what was
observed with isomers 11b and 12b. Thus epoxidation seems
to occur before the Baeyer-Villiger/hydrolysis cascade reaction
takes place to furnish the oxo group. Otherwise, the latter
would direct the epoxidation towards the formation of the anti
epoxide 19a.

These results reveal the synthetic potential of the captoda-
tive alkene 1a as an efficient ketene analogue in the formation
of the bicyclo[2.2.1]heptan-2-one and bicyclo[2.2.2]octan-2-
one frameworks, similar to other alkenes in Diels-Alder

cycloadditions (Cantello et al.,, 1974; Trost and Tamaru,
1977; Viehe et al., 1985; Reymond and Vogel, 1990; Kernen
and Vogel, 1995).

Additionally, we investigated the viable conditions that
could lead to the acyloin rearrangement of 11b, finding that
by maintaining the latter in a chromatography column over sil-
ica gel at room temperature for 120 h and eluting it with a mix-
ture of hexane/EtOAc (9:1), the expansion product 22a was
isolated as a single isomer (Scheme 5). The structure of the lat-
ter was determined by nOe experiments of the 4-nitrobenzoyl
derivative 23, in which the signal size of the methylene protons
H-8 and H-9' exhibited enhancements by irradiation of the
aromatic H-2 protons.

Notably, the stereoselectivity of this rearrangement was
opposite to that found in the bicyclo[2.2.1]Thept-5-ene of o-
ketols 8b and 9b. In the case of the endo a-ketol 8b (with the
acetyl group on the endo side) the expansion leads to endo-
hydroxy-a-ketol product 15 (with the hydroxyl group on the
endo side), whereas exo 9b rearranges to the exo-hydroxy-o-
ketol 16. Contrarily, the endo a-ketol 11b provides the exo
expansion product 22a. A coordination chelate like 21 could
be involved in promoting such inverse stereoselectivity
(Creary et al., 1985).

Unexpectedly, unchanged starting material was recovered
when o-ketol 12b was treated under these conditions. By
employing a more severe reaction temperature and longer reac-
tion time, a mixture of starting material and several byprod-
ucts was isolated.

2.4. Cascade conversion of a-ketols 8b and 9b into the bicyclic y-
lactone 26 and a synthetic approach to racemic [-carbaxylose

The substituted bicyclo[2.2.1]-5-hepten-2-ones and bicyclo
[2.2.1]-5-heptenes have proven to be versatile scaffolds in the
synthesis of cyclic and acyclic natural and unnatural products
(Corey et al., 1970; Greene et al., 1980; Grieco et al., 1982;
Carrefio, 1995; Mehta and Islam, 2002; Araki et al., 2003;
Vincent et al., 2013). These bicyclic precursors have been
obtained from stereoselective and/or regioselective Diels-
Alder cycloadditions with substituted cyclopentadienes
(Carruthers, 1990; Fringuelli and Taticchi, 2002), including
the asymmetric version (Hudon et al., 2008; Reymond and
Cossy, 2008; Mukherjee and Corey, 2010; Mehta and
Shinde, 2012). Being inspired by these antecedents, we investi-
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Scheme 5  Possible stereospecific a-ketol rearrangement of 11b.

gated the synthetic potential of a-ketols 8b and 9b and their
stereospecific rearrangement in the presence of mCPBA.

As shown, the treatment of a-ketols 8b and 9b with 1.0 mol
equiv of mCPBA in CH,Cl, at room temperature resulted in
the tricyclo[3.3.1.0>% derivatives 15 and 16, respectively
(Scheme 3). Furthermore, the reaction of 9b with 2.0 mol equiv
of mCPBA generated the bicyclic y-lactone 26 as a single
diastereoisomeric product in 45% yield (Scheme 6). Similarly,
when the reaction was carried out with a mixture of 8b/9b,
compound 26 was isolated as the only product in 70% yield.
This transformation likely takes place through a cascade pro-
cess involving the isolated expanded tricyclo[3.3.1.0%%] epoxy
intermediate 16, which undergoes a Baeyer-Villiger reaction
to afford lactone 24. The regioselectivity of the latter rear-
rangement may be due to the higher migratory aptitude of
the carbinol tertiary center in relation to the methylene group
(Krow, 1993; Renz and Meunier, 1999). Lactone 24 is hydro-
lyzed within the acidic reaction medium, followed by the
intramolecular proton-assisted opening of the epoxy group
of 25, promoting stereoselective lactonization to yield the
five-membered lactone 26.

Carbasugars are hydrolysis-resistant analogues to carbohy-
drates with significant pharmacological activity (Arjona et al.,

2007; Kurteva and Afonso, 2009). In particular, lactone 26
may be a potential precursor of racemic [-carbaxylose
(Marschner et al., 1995). In order to propose a synthetic
approach to the latter compound, we investigated the reactiv-
ity of 26 under diverse reaction conditions. Thus, the conver-
sion of the acetyl group into the acetoxy group was carried
out through a further Baeyer-Villiger reaction to give y-
lactone 27. For this purpose, attempts were made using vari-
ous solvents (CH,Cl,, CHCI,CHCl,, MeOH, tert-BuOH,
THF and Cg¢Hg), catalysts (TFA, TFA-H,O, and p-TsOH),
temperatures (25-70 °C), and other peracids (mCPBA,
mono-o-perftalic acid and pertrifluroacetic acid) (Krow,
1993; Renz and Meunier, 1999). In each case, however, low
yields of 27 were obtained. Unexpectedly, a better conversion
occurred when the reaction was induced with mCPBA in a
mixture of hexane/CH,Cl, (8:2) employing a desiccant additive
(Na,SO,) at room temperature (Scheme 7). The reduced reac-
tivity of 26 may be due to the steric hindrance found at the
acetyl group, which is located at the crowded endo face of
the bicyclo[3.3.0Joxaoctane. Since the concerted Baeyer-
Villiger rearrangement takes place through a bulky transition
state (Mihovilovic et al., 2004), the abated reactivity of 26 is
understandable.

Z 0 2mCPBA_
T CH,Cl,
OH rt, 24 h
9 14 16
HH*
0
HO!
Z o _2mCPBA > >:o Me
oh T4 » OH
i, 24 h
o)
8b/9b 26 25

Scheme 6 Conversion of a-ketols 8b and 9b into the bicyclic y-lactone 26.
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1.0 mCPBA 3.0 mCPBA
>/ %O > AcO' O = y
0o ile) Nast4 iile) N82804 (e}
HO hexane/CH,Cl,, 8:2 HO hexane/CH,Cl,, 8:2 OH
rt, 5 days rt, 2 weeks 8b/9b
26 63% 27 56%
SOCI,/DBU | 0 °C, 20 min DIBAL | -78 °C, 15 min
CH,Cl, 92% THF 45%
~"SOH
/¥—O AcO: >WOH —_—~=, HO-
(@) o) "“O "/OH
HO HO

28

29a/29b (59:41)

B-carbaxylose

Scheme 7 Conversion of a-ketols 8b/9b and bicyclic y-lactone 26 into bicyclic y-lactone 27, as a synthetic approach to racemic

B-carbaxylose, and into bicycle 28.

These reaction conditions also efficiently furnished 27 from
a mixture of a-ketols 8b/9b, although a long reaction time
(2 weeks) was required. Despite the modest yield of y-lactone
27, it is noteworthy that this conversion involved a least five-
steps in a cascade process.

Further reactions carried out on y-lactone 26 are summa-
rized in Scheme 7. When 26 was reacted with thionyl chloride,
enone 28 was obtained in high yield. Because lactone 27 is a
potential precursor of B-carbaxylose (Marschner et al., 1995),
the lactone group was reduced with DIBAL, generating a mix-
ture of ketals 29a/29b (59:41).

2.5. Mechanism of the stereospecific acyloin rearrangement of
o-Ketols 8b and 9b

Since we have established that the acyloin rearrangement of
o-ketol 8b stereospecifically produces a-ketol 15 (Scheme 3),
a plausible mechanism can be postulated for the C-1 migration
pathway of the two possible acetyl group conformations,
8b-endo-in and 8b-endo-out (Scheme 8(a)). The NMR and

® o ; 0
O =
‘e H (

ol

5

8b-endo-in 8b-endo-out

C-1 migration lC-1 migration

O O
OH
HO \
0 \

@)

15 (observed) 16 (unobserved)

Scheme 8

O

X-ray analyses provided evidence of lower stability for the lat-
ter versus former conformation (Garcia de Alba et al., 1996).
From this ground state conformational bias, similar conforma-
tions are possibly maintained at the transition state with the
most stable TS corresponding to 8b-endo-in, which results in
the observed a-ketol 15.

Considering that the process is carried out under acidic
conditions, a Brensted acid-catalyzed acyloin rearrangement
may also take place (Paquette and Hofferberth, 2003). In such
case, both 8b-endo-in and 8b-endo-out conformations would be
protonated at the carbonyl group (Scheme 8(b)), leading to the
corresponding TSs with a relative stability similar to that of
the neutral species. Therefore, the greater stability of the
8b-endo-in-H TS would afford a-ketol 15.

Regarding exo o-ketol 9b, the NMR analysis (Garcia de
Alba et al., 1996) also suggests that the ground state conformer
9b-exo-in would be more stable than 9b-exo-out. Presumably,
the protonated species 9b-exo-in-H and 9b-exo-out-H and their
corresponding transition states would display parallel stability
(Scheme 9). The TS would be more stable for the former spe-

(b) 0 o
O = 0]
" H L
1 o ( H

ol

S
8b-endo-in-H 8b-endo-out-H

lCJ migration 10-1 migration

O O
OH
HO \
0 \

0]

15 (observed) 16 (unobserved)

(a) Conformational equilibrium in the neutral species of conformers 8b-endo-in and 8b-endo-out, and possible C-1 migration

products 15 and 16. (b) Conformational equilibrium in the protonated species of conformers 8b-endo-in-H and 8b-endo-out-H, and

possible C-1 migration products 15 and 16.
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9b-exo-in-H 9b-exo-out-H A
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OH

\

o HO
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Scheme 9 Conformational equilibrium in the protonated species of conformers 9b-exo-in-H and 9b-exo-out-H, and possible C-1

migration products 15 and 16.

cies than latter species, promoting the formation of the
observed a-ketol 16. Some reports claim that the controlling
factor for the TS is the proton transfer from the hydroxyl
group to the oxygen carbonyl group via an intramolecular
hydrogen bond between the former moiety and the oxygen
of the latter, as in the A TS (Paquette and Hofferberth,
2003). Because the geometry of the 9b-exo-out-H conformer
allows for the formation of such a hydrogen bond, the ring
expansion step would be directed towards the unobserved o-
ketol 15. The A TS is likely destabilized by the electron-
deficiency of the protonated oxygen of the carbonyl group.

3. Conclusions

The present results indicate that captodative alkene 1a under-
goes highly stereoselective thermal and Lewis acid-catalyzed
Diels-Alder reactions with cyclohexadiene (10) to furnish the
corresponding endo adduct 11a as a single isomer in high yields.
The reactivity of a-ketol bicyclo[2.2.1]Theptanes 8b and 9b, the
hydrolyzed products generated from the cyclopentadiene (7)
adducts endo 8a and exo 9a, respectively, was evaluated under
mCPBA-promoted acyloin rearrangement conditions. Such
rearrangement was found to be efficient and stereospecific, ren-
dering the ring expansion products endo- and exo-hydroxy-exo-
epoxy tricyclo[3.3.1.0>*nonan-7-ones 15 and 16, respectively.
In the case of a-ketol bicyclo[2.2.2]octanes 11b and 12b, the
epoxidation/Baeyer-Villiger cascade process was preferred,
leading to the syn ketoepoxide 19b from each of the isomers.
Only a-ketol bicyclo[2.2.2]octane 11b was able to undergo acy-
loin rearrangement by silica gel treatment to stereospecifically
produce a-ketol bicyclo[3.2.2lnonane 22a. The structure of
the latter reveals that the rearrangement took place through a
pathway opposite to the one followed by a-ketol bicyclo
[2.2.1]heptanes 8b and 9b. The rearrangement of these sub-
strates occurred in a five-step cascade transformation to com-
pound 27, a potential precursor in the synthesis of racemic [3-
carbaxylose. Quantum calculations may provide further insight
into the controlling effects involved in the endo and exo transi-
tion states for the thermal and Lewis acid-catalyzed Diels-Alder
reaction between la and cyclohexadiene (10), as well as into the
effects promoting the stereospecific acyloin rearrangements of

the bicyclic a-ketols 8b, 9b, 11b and 12b. Such calculations
are in progress and will be reported in due course.

4. Experimental section

4.1. General methods

Melting points were determined with an Electrothermal capil-
lary melting point apparatus. IR spectra were recorded on a
Perkin-Elmer 2000 spectrophotometer. 'H (300 or 500 MHz)
and '*C (75.4 or 125 MHz) NMR spectra were recorded on
Varian Mercury-300 or Varian VNMR System instruments,
with TMS as internal standard. Mass spectra (MS) and high
resolution mass spectrometry were conducted in electron
impact (70 eV) and fast atom bombardment (FAB) modes,
on Hewlett-Packard 5971A and Thermo-Finnigan Polaris Q,
and Jeol JSM-GCMat-ell and JMS-SX 102 spectrometers.
X-Ray crystallographic measurements were collected on a Sie-
mens P4 diffractometer with Mo Ka radiation (graphite crystal
monochromator, A = 0.7107 A). Microanalyses were per-
formed by a CE-440 Exeter elemental analyzer instrument.
Analytical thin-layer chromatography was carried out with
E. Merck silica gel 60 F,s4-coated 0.25 plates, visualized by a
long- and short-wavelength UV lamp. For all air moisture sen-
sitive reactions, a nitrogen atmosphere and oven-dried glass-
ware were employed. THF was freshly distilled from sodium,
and methylene chloride from calcium hydride prior to use. Tri-
ethylamine was freshly distilled from NaOH. All other
reagents were used without further purification. Compounds
la, 8a-b and 9a-b were prepared as previously described
(Tamariz and Vogel, 1981; Garcia de Alba et al., 1996).

4.2. (IR, 28", 4R" )-2-Acetylbicyclo[2.2.2 Joct-5-en-2-yl 4-
nitrobenzoate (11a)

4.2.1. (1R", 2R", 4R")-2-Acetylbicyclo[2.2.2 Joct-5-en-2-yl 4-
nitrobenzoate (12a)

Method A. Under N, atmosphere and vigorous magnetic stir-
ring, a mixture of la (0.050 g, 0.21 mmol), 10 (0.042 g,
0.53 mmol), and hydroquinone (3 mg) in dry C¢Hg (3.0 mL)
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was placed at room temperature in a threaded ACE glass pres-
sure tube with a sealed Teflon screw cap and kept in the dark.
The mixture was heated to 130 °C for 168 h, then diluted with
EtOAc (60 mL), and washed with H,O (3 x 15mL). The
organic layer was dried (Na,SQO,4) and the solvent was removed
under vacuum. The residue was purified by column chro-
matography over silica gel (3 g, hexane/EtOAc, 9:1) to give
11a (0.047 g, 70%) as a pale yellow solid.

Method B. Under N, atmosphere and vigorous magnetic
stirring, to a solution of 1a (0.050 g, 0.21 mmol) in anhydrous
CH,Cl, (5.0 mL), BF;-Et,O (0.567 g, 3.99 mmol) and 10
(0.042 g, 0.53 mmol) were added dropwise at —50 °C. The mix-
ture was stirred at the same temperature for 10 h, then diluted
with EtOAc (60 mL) and successively washed with H,O
(2 x 10 mL), a cold aqueous saturated solution of NaHCO;
(3 x 15mL), and a cold saturated solution of NaCl until neu-
tral. The organic layer was dried (Na,SQO,4) and the solvent was
removed under vacuum. The residue was purified by column
chromatography over silica gel (3 g, hexane/EtOAc, 9:1) to
give a mixture of 11a/12a (67:33) (0.057 g, 85%) as a pale yel-
low solid.

Method C. Following Method B, with TiCl, (0.345¢g,
1.80 mmol) instead BF3-Et,O, and stirring the mixture for
3 h, a mixture of 11a/12a (44:56) (0.061 g, 92%) was provided
as a pale yellow solid.

Method D. Following Method B, with AlCl; (0.066 g,
0.50 mmol) instead BF;-Et,O, and stirring the mixture at
0°Cfor 1h, 11a (0.063 g, 95%) was furnished as a pale yellow
solid.

Method E. Following Method B, with Znl, (1.595g,
5.00 mmol) instead BF3-Et,O, and stirring the mixture at
25 °C for 120 h, 11a (0.056 g, 84%) was produced as a pale yel-
low solid.

Data of 11a. R;0.43 (hexane/EtOAc, 8:2); mp 149-150 °C.
IR (film) 1722, 1522, 1348, 1279, 1105cm™'. 'H NMR
(500 MHz, CDCl3) ¢ 1.30 (dddd, J = 12.6, 12.2, 4.9, 2.8 Hz,
1H, H-7¢), 1.39 (tdd, J = 12.2, 6.3, 3.2 Hz, 1H, H-8¢), 1.59
(dd, J = 14.3, 2.4 Hz, 1H, H-3x), 1.62-1.68 (m, 1H, H-8a’),
2.12-2.19 (m, 1H, H-7a’), 2.14 (s, 3H, CH;CO), 2.48 (dt, J
= 14.3, 3.0 Hz, 1H, H-3n’), 2.77-2.80 (m, 1H, H-4'), 3.10-
3.12 (m, 1H, H-1'), 6.14 (td, J = 6.9, 1.2 Hz, 1H, H-6¢'), 6.39
d, J = 7.7, 6.9 Hz, 1H, H-5), 8.22-8.25 (m, 2H, ArH-2),
8.32-8.34 (m, 2H, ArH-3). *C NMR (125 MHz, CDCl;)
20.1 (C-7), 23.7 (C-8'), 24.7 (CH3CO), 30.0 (C-4), 36.2 (C-
1), 36.3 (C-3'), 89.2 (C-2), 123.7 (Ar-3), 129.5 (C-6'), 130.9
(Ar-2), 135.0 (Ar-1), 1359 (C-5), 150.8 (ArC-4), 164.2
(ArCO,), 203.7 (CH3CO). MS (70 eV) m/z (%) 314 M ™ -1,
2), 272 (36), 150 (100), 120 (4), 104 (12), 76 (5). Anal. Calcd
for C17H7NOs: C, 64.75; H, 5.43; N, 4.44. Found: C, 64.96;
H, 5.55; N, 4.31.

Data of 12a. R;0.64 (hexane/EtOAc, 8:2); mp 137-138 °C.
IR (KBr) 1716, 1524, 1353, 1299, 1107, 722cm™'. 'H NMR
(300 MHz, CDCl3) ¢ 1.17-1.28 (m, 2H, H-7¢', H-8'), 1.33
(dt, J = 14.1, 2.4 Hz, 1H, H-3n’), 1.38-1.47 (m, 1H, H-7a’),
1.55-1.62 (m, 1H, H-8a’), 2.16 (s, 3H, CH3CO), 2.73 (br s,
1H, H-4'), 2.90 (dd, J = 14.1, 2.4 Hz, 1H, H-3x'), 2.94 (br s,
1H, H-1), 6.37-6.50 (m, 2H, H-5, H-¢), 8.14-8.20 (m, 2H,
ArH-2), 8.27-8.33 (m, 2H, ArH-3). >C NMR (75.4 MHz,
CDCl3) 6 19.8 (C-7'), 21.9 (C-8), 23.9 (CH3CO), 30.1 (C-4"),
36.0 (C-1"), 37.2 (C-3'), 91.4 (C-2'), 123.6 (Ar-3), 130.0 (C-5"),
130.9 (Ar-2), 135.0 (Ar-1), 136.1 (C-¢'), 150.7 (Ar-4), 163.9
(ArCO,), 204.3 (CH3CO). MS (70eV) mjz (%) 150

(M —164, 100), 134 (3), 120 (6), 104 (28), 92 (14), 76 (21).
HRMS (EI) caled for [M +1]" C;7H;sNOs: 316.1185. Found:
316.1179.

4.3.1-((1IR", 25", 4R* )-2-Hydroxybicyclo[2.2.2 Joct-5-en-2-yl)
ethanone (11b)

Under N, atmosphere and vigorous magnetic stirring, to a
solution of 11a (0.400 g, 1.27 mmol) in anhydrous THF
(7.0 mL), K,CO;3 (0.910 g, 6.60 mmol) in anhydrous MeOH
(2.0 mL) was added dropwise at 25 °C. The mixture was stirred
at the same temperature for 4 h, then diluted with EtOAc
(60 mL) and successively washed with H,O until neutral. The
organic layer was dried (Na,SO,4), and the solvent was
removed under vacuum. The residue was purified by column
chromatography over silica gel (15 g, hexane/EtOAc, 8:2) to
obtain 11b (0.198 g, 94%) as a pale yellow oil. R, 0.35 (hex-
ane/EtOAc, 8:2). IR (film) 3455, 2942, 1703, 1354,
1101 em™'. "H NMR (300 MHz, CDCl;) § 1.09 (tdd, J =
12.1, 5.4, 2.6 Hz, 1H, H-7s), 1.31 (tdd, J = 12.1, 6.5, 3.2 Hz,
1H, H-8s), 1.47 (dd, J = 13.6, 2.6 Hz, 1H, H-3x), 1.67-1.78
(m, 1H, H-8a), 1.92 (dt, / = 13.6, 2.9 Hz, 1H, H-3n), 2.19
(s, 3H, CH3CO), 2.19-2.30 (m, 1H, H-7a), 2.43-2.47 (m, 1H,
H-1), 2.73-2.77 (m, 1H, H-4), 3.81 (br s, 1H, OH), 6.23-6.40
(m, 2H, H-5, H-6). >*C NMR (75.4 MHz, CDCl;) 6 20.6 (C-
7), 23.4 (C-8), 25.6 (CH5CO), 30.4 (C-4), 38.9 (C-1), 39.0 (C-
3), 80.5 (C-2), 132.7 (C-6), 134.6 (C-5), 211.3 (CH;CO). MS
(70 eV) m/z (%) 166 (M, 1), 123 (10), 105 (2), 95 (100), 94
(13), 80 (54), 79 (50), 77 (52), 67 (11). Anal. Calcd for
Ci1oH140,: C, 72.26; H, 8.49. Found: C, 72.40; H, 8.47.

4.4.1-((IR", 2R, 4R")-2-Hydroxybicyclo[2.2.2 Joct-5-en-2-yl)
ethanone (12b)

According to the procedure used for the preparation of 11b,
with 12a (0.134g, 0.426 mmol) and K,CO; (0.292 g,
2.12 mmol) in anhydrous MeOH (2.0 mL) and stirring for
4h, 12b (0.057 g, 81%) was delivered as a pale yellow oil. R,
0.34 (hexane/EtOAc, 8:2). IR (film) 3460, 2944, 1711, 1351,
1110, 722cem™". 'H NMR (300 MHz, CDCl3) & 1.04-1.25
(m, 3H, H-3n, H-7, H-8), 1.36-1.54 (m, 2H, H-7, H-8), 2.11
(br s, 1H, OH), 2.30 (s, 3H, CH3CO), 2.47 (dd, J = 13.8,
2.1 Hz, 1H, H-3x), 2.68-2.78 (m, 2H, H-1, H-4), 6.24 (ddd,
J = 8.1, 6.6, 1.5Hz, 1H, H-6), 6.54 (ddd, J = 7.8, 6.6,
12 Hz, 1H, H-5). *C NMR (75.4 MHz, CDCl;) 6 19.9
(C-7), 23.0 (C-8), 25.0 (CH;CO), 30.4 (C-4), 39.2 (C-1), 39.7
(C-3), 82.9 (C-2), 129.8 (C-6), 138.1 (C-5), 210.3 (CH5CO).
MS (70 eV) m/z (%) 167 (M " +1, 100), 149 (54), 145 (34),
133 (40), 123 (50), 111 (46), 97 (56), 95 (82), 81 (54), 79 (38),
67 (31). Anal. Calcd for C1gH40,: C, 72.26; H, 8.49. Found:
C, 72.24; H, 8.51.

4.5. (IR", 2R", 45", 5R", 65" )-6-Hydroxy-6-methyl-3-
oxatricyclof3.3.1.0°* Jnonan-7-one (15)

Under N, atmosphere and vigorous magnetic stirring, to a
solution of 8b (0.100 g, 0.66 mmol) in dry CH,Cl, (3 mL),
mCPBA (0.112 g, 0.65 mmol) and Na,SO, (0.5 g) were added
at room temperature. The mixture was stirred at the same tem-
perature for 24 h and then diluted with CH,Cl, (50 mL). The
organic solution was successively washed with H,O
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(2 x 10 mL), an aqueous saturated solution of NaHCO;
(3 x 10 mL) and brine until neutral. The organic layer was
dried (Na,SO,) and the solvent evaporated under vacuum.
The residue was purified by column chromatography over sil-
ica gel (10 g, hexane/EtOAc, 7:3) to give 15 (0.075 g, 68%) as a
white solid. R, 0.54 (hexane/EtOAc, 7:3); mp 142-143 °C. IR
(CH,Cl,) 3468, 2930, 1708, 1452, 1368, 1142, 1084, 1010,
984, 838 cm~'. '"H NMR (300 MHz, CDCl5) § 1.35 (s, 3H,
CH;), 1.59 (br d, J = 12.9 Hz, 1H, H-9a), 1.67-1.77 (m, 1H,
H-9s), 2.49 (ddd, J = 17.3, 3.3, 3.0 Hz, 1H, H-8 o), 2.59-
2.67 (m, 3H, H-1, H-5, H-8p), 3.27 (br d, J = 3.0 Hz, 1H,
H-2), 3.56 (s, IH, HO), 3.61 (br d, J = 3.0 Hz, 1H, H-4).
13C NMR (75.4 MHz, CDCls) 6 25.4 (C-9), 26.0 (CH3), 34.8
(C-1), 41.4 (C-8), 44.9 (C-5), 52.9 (C-4), 54.0 (C-2), 78.8 (C-
6), 213.5 (CO); MS (70 eV) mjz (%) 168 (M™, 9), 140 (5),
111 (55),97 (51), 82 (57), 69 (27), 55 (25), 43 (100). Anal. Calcd
for CoH,05: C, 64.27; H, 7.19. Found: C, 64.45; H, 7.30.

4.6. (IR*, 2R, 4S", 5R", 6R" )-6-Hydroxy-6-methyl-3-
oxatricyclof3.3.1.0°* Jnonan-7-one (16)

According to the procedure used for the preparation of 15,
with 9b (0.300 g, 1.97 mmol) and mCPBA (0.339 g, 1.97 mmol)
in dry CH,Cl, (7 mL) and Na,SO, (0.5 g) 16 (0.215, 65%) was
afforded as a white solid. R, 0.56 (hexane/EtOAc, 7:3); mp
139-140 °C. IR (film) 3564, 2972, 1708, 1278, 1256 cm™'. 'H
NMR (300 MHz, CDCl3) ¢ 1.36 (s, 3H, CHj3), 1.46-1.56 (m,
1H, H-9s), 1.88-1.96 (m, 1H, H-9a), 2.32 (dm, J = 18.0 Hz,
1H, H-8a), 2.53-2.60 (m, 2H, H-1, H-5), 2.75 (dm, J =
18.0 Hz, 1H, H-8pB), 3.28 (dm, J = 3.9 Hz, 1H, H-4), 3.35
(dm, J = 3.9 Hz, 1H, H-2). '*C NMR (75.4 MHz, CDCl;) §
22.3 (CHjy), 22.8 (C-9), 33.5 (C-1), 40.9 (C-8), 44.9 (C-5),
51.9 (C-4), 55.1 (C-2), 75.8 (C-6), 209.9 (CO). MS (70 ¢eV)
m/z (%)168 (M ™, 16), 140 (6), 111 (52), 97 (53), 82 (51), 81
(52), 69 (27), 43 (100). Anal. Caled for CoH,05: C, 64.27;
H, 7.19. Found: C, 64.39; H, 6.95.

4.7. (1R*, 2R*, 45", 5R*)-3-Oxatricyclof3.2.2.0°? Jnonan-6-one
(19b)

Method A: Under N, atmosphere and vigorous magnetic stir-
ring, a mixture of 11b (0.090 g, 0.54 mmol) and mCPBA
(0.465 g, 2.70 mmol) in dry CH»Cl, (5.0 mL) was stirred at
20°C for 24h. The mixture was diluted with CH,Cl,
(60 mL) and washed with H,O (2 x 10 mL), an aqueous satu-
rated solution of NaHCO3 (3 x 10 mL) and with brine until
neutral. The organic layer was dried (Na,SO,4) and the solvent
evaporated under vacuum. The residue was purified by column
chromatography over silica gel (15 g, hexane/EtOAc, 7:3) to
afford 19b (0.047 g, 64%) as a white solid.

Method B: According to Method A, with 12b (0.050 g,
0.30 mmol) and mCPBA (0.258 g, 1.50 mmol) in dry CH,Cl,

(3mL), 19b (0.025 g, 61%) was furnished as a white solid. Ry

0.25 (hexane/EtOAc, 7:3); mp 147-148 °C. IR (film) 2927,
1727, 1467, 1377, 1275, 1126, 1073cm™'. 'H NMR
(300 MHz, CDCl3) § 1.62-1.82 (m, 3H, H-8, H-9), 1.84-1.92
(m, 1H, H-8), 1.96 (dd, J = 18.7, 2.7 Hz, 1H, H-7a), 2.29
(dm, J = 18.7 Hz, 1H, H-7p), 2.58-2.68 (m, 1H, H-1), 2.83—
2.90 (m, 1H, H-5), 3.44-3.54 (m, 2H, H-2, H-4). ’C NMR
(75.4 MHz, CDCl3) § 19.6 (C-9), 21.4 (C-8), 28.3 (C-1), 40.5
(C-7), 44.8 (C-5), 49.2 (C-4), 51.9 (C-2), 209.7 (CO). Anal.

Calcd for CgH;905: C, 69.54; H, 7.30. Found: C, 69.53; H,
7.32.

4.8. (IR", 2R*, 5R" )-2-Hydroxy-2-methylbicyclo[3.2.2 [non-6-
en-3-one (22a)

A solution of 11b (0.400 g, 1.27 mmol) in a mixture of dry hex-
ane/EtOAc (7:3) (2mL) was poured into a chromatography
column over silica gel (5g, hexane/EtOAc, 7:3) and main-
tained at room temperature for 120 h. The column was eluted
(hexane/EtOAc, 7:3), resulting in 22a (0.125 g, 59%) as a pale
yellow oil. R, 0.85 (hexane/EtOAc, 7:3). IR (film) 3431, 2950,
1639 cm™'. 'H NMR (300 MHz, CDCl5) 6 1.26 (s, 3H,
CHs;), 1.43-1.73 (m, 3H, H-8, 2H-9), 1.80-1.95 (m, 1H, H-8),
2.50-2.74 (m, 4H, H-1, H-4, H-5), 4.32 (s, 1H, HO), 6.33
(dd, J = 9.1, 79 Hz, 1H, H-7), 6.42 (dd, J = 9.1, 6.3 Hz,
1H, H-6). '3*C NMR (75.4 MHz, CDCl3) & 20.2 (C-8), 23.6
(C-9), 26.3 (CHj), 29.3 (C-5), 41.2 (C-1), 45.6 (C-4), 81.4
(C-2), 132.7 (C-7), 135.6 (C-6), 215.1 (CO). MS (70 eV) m/z
(%) 166 (M ', 2), 123 (21), 105 (5), 95 (100), 80 (90), 79 (60),
77 (41), 67 (13), 65 (11). HRMS (EI) m/z [M 7] calcd for
C10H40;: 166.0994. Found: 166.0991.

4.9. (IR, 2R", 5R" )-2-Methyl-3-oxobicyclof3.2.2 [non-6-en-2-
yl 4-nitrobenzoate (23)

Under N, atmosphere and vigorous magnetic stirring, to a
solution of 22a (0.022 g, 0.13 mmol) in anhydrous CH,Cl,
(8 mL), triethylamine (0.013 g, 0.13 mmol), DMAP (0.016 g,
0.13 mmol) and p-nitrobenzoyl chloride (0.024 g, 0.13 mmol)
were added dropwise at room temperature. The mixture was
stirred at the same temperature for 6 h, then diluted with CH,-
Cl, (50 mL) and washed with a cold 5% aqueous solution of
HCI (2 x 20 mL) and brine until neutral. The organic layer
was dried (Na,SO,4) and the solvent was removed under vac-
uum. The residue was purified by column chromatography
over silica gel (30 g, hexane/EtOAc, 95:15) to produce 23
(0.039 g, 94%) as a pale yellow solid. R, 0.49 (hexane/EtOAc,
8:2); mp 99-101 °C. IR (KBr) 1719, 1524, 1350, 1289, 1103,
716 cm™'. '"H NMR (300 MHz, CDCl5) & 1.54-1.72 (m, 2H,
H-8s', H-9¢), 1.76 (s, 3H, CHj3), 1.78-1.92 (m, 1H, H-92a’),
1.98-2.09 (m, 1H, H-8a’), 2.60-2.84 (m, 3H, H-4', H-5),
3.08-3.16 (m, 1H, H-1"), 6.30 (t, J = 8.4 Hz, 1H, H-7"), 6.50
(dd, J = 84, 6.3Hz, 1H, H-6¢), 8.17-8.26 (m, 2H, H-2),
8.26-8.35 (m, 2H, H-3). *C NMR (75.4 MHz, CDCl;) 6
21.2 (C-8'), 22.8 (CHj3), 24.3 (C-9), 29.3 (C-5), 40.2 (C-1"),
47.4 (C-4), 90.5 (C-2"), 123.5 (C-3), 130.7 (C-7"), 130.8 (C-2),
136.3 (C-1), 137.1 (C-6'), 150.4 (C-4), 163.4 (ArCO,), 206.0
(CO). HRMS (EI) m/z [M*] caled for C7H;;NOs: 315.1107.
Found: 315.1119.

4.10. (3aR", 5R*, 65", 6aS" )-5-Acetyl-6-hydroxyhexahydro-
2H-cyclopenta[b |furan-2-one (26)

Following the method for the preparation of 15, 9b (0.20 g,
1.3 mmol), mCPBA (0.448 g, 2.60 mmol) and Na,SO, (0.5 g)
were used in dry CH,Cl, (3 mL). The crude of the reaction
was purified by column chromatography over silica gel
(6.0 g, hexane/EtOAc, 6:4), obtaining 26 (0.109 g, 45%) as a
pale yellow oil. Following this method, with a mixture of
8a/9b (0.20 g, 1.3 mmol), mCPBA (0.448 g, 2.60 mmol) and
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Na,SOy4 (0.5 g) in dry CH,Cl, (3 mL), 26 (0.17 g, 70%) was
delivered as a pale yellow oil. R, 0.18 (hexane/EtOAc, 7:3).
IR (CH,Cl,) 3417, 1771, 1705, 1362, 1170, 1034cm™"'. 'H
NMR (300 MHz, CDCl;) 6 1.68-1.80 (m, 1H, H-4p), 2.25 (s,
3H, CH;CO), 2.27-2.38 (m, 1H, H-4a), 2.39 (dd, J = 18.4,
2.9 Hz, 1H, H-3B), 2.77 (dd, J = 18.4, 9.9 Hz, 1H, H-3a),
2.95-3.11 (m, 2H, H-3a, H-5), 3.58 (br s, I1H, OH), 4.43 (dd,
J = 8.0, 3.3 Hz, 1H, H-6), 4.76 (dd, J = 8.0, 3.3 Hz, 1H, H-
6a). 1>*C NMR (75.4 MHz, CDCls) 6 29.7 (CH;CO), 32.4 (C-
4), 35.1 (C-3), 35.5 (C-3a), 58.2 (C-5), 79.0 (C-6), 80.3 (C-
6a), 176.8 (C-2), 207.9 (CH3CO). MS (70 eV) m/z (%)166
(M™*—18, 4), 151 (7), 123 (9), 121 (15), 107 (61), 79 (100),
77 (66). HRMS (EI) m/z [M "] caled for CoH,0,: 184.0736.
Found: 184.0742.

4.11. (3aR", 5R*, 6S", 6aS" )-6-Hydroxy-2-oxohexahydro-2H-
cyclopenta[b |furan-5-yl acetate (27)

A mixture of 8b/9b (30:70) (0.40 g, 2.63 mmol), mCPBA
(1.360 g, 7.88 mmol) and Na,SO,4 (1.0 g) in a dry mixture of
heptane/CH,Cl, (8:2, 50 mL) was placed in a threaded ACE
glass pressure tube with a sealed Teflon screw cap and kept
in the dark. The mixture was stirred at room temperature for
2 weeks and the solvent was removed under vacuum. The
crude of the reaction was diluted with CH,Cl, (30 mL) and fil-
tered, followed by removal of the solvent under vacuum. The
crude was purified by column chromatography over silica gel
(90 g, hexane/EtOAc, 7:3), leading to 27 (0.294 g, 56%) as a
white solid. R, 0.45 (EtOAc); mp 99-101 °C. IR (CH,Cl,)
3433, 1771, 1735, 1373, 1239, 1170, 1051 cm™"'. '"H NMR
(300 MHz, CDCl3) ¢ 1.81 (ddd, J = 14.2, 3.5, 3.3 Hz, 1H,
H-4a), 2.05 (s, 3H, CH3CO,), 2.43 (dd, J = 18.3, 3.0 Hz,
1H, H-3a), 2.51 (ddd, J = 14.4, 8.7, 5.1 Hz, 1H, H-4p), 2.88
(dd, J = 18.3, 11.0 Hz, 1H, H-3B), 3.13-3.25 (m, 1H, H-3a),
3.40-3.72 (br, 1H, OH), 4.31 (br s, 1H, H-6), 4.82 (d, J =
7.5Hz, 1H, H-6a), 4.95-5.02 (m, 1H, H-5). '3C NMR
(75.4 MHz, CDCl3) ¢ 20.9 (CH3CO»), 35.1 (C-3a), 35.9 (C-
3), 36.4 (C-4), 78.4 (C-6), 80.1 (C-5), 88.7 (C-6a), 171.1 (CH;-
CO,), 177.2 (C-2). MS (70 eV) m/z (%) 201 (M* +1, 1), 182
(2), 140 (65), 112 (22), 97 (31), 84 (36), 43 (100). Anal. Caled
for CoH,0s5: C, 53.99; H, 6.04. Found: C, 53.83; H, 5.87.

4.12. (3aR", 6aS” )-5-Acetyl-3,3a,4,6a-tetrahydro-2H-
cyclopenta[b [furan-2-one (28)

Under N, atmosphere and vigorous magnetic stirring, to a
solution of 26 (0.150 g, 0.85 mmol) in dry CH,Cl, (1 mL),
DBU (0.487 g, 3.20 mmol) and SOCI, (0.19 g, 1.6 mmol) were
added dropwise at 0 °C. At the same temperature, the mixture
was stirred for 20 min and the solvent was removed under vac-
uum. The residue was purified by column chromatography
over silica gel (10g, hexane/EtOAc, 9:1), rendering 28
(0.103 g, 76%) as a pale yellow oil. R, 0.85 (hexane/EtOAc,
7:3). IR (CH,Cl,) 1768, 1673, 1372, 1337, 1288, 1250, 1203,
1163, 1054, 1011, 904 cm™'. '"H NMR (300 MHz, CDCl;) 6
2.34 (dd, J = 18.5, 6.2 Hz, 1H, H-3), 2.40 (s, 3H, CH5CO),
2.54 (ddd, J = 17.5, 4.4, 2.3 Hz, 1H, H-4), 2.88 (dd, J =
18.5, 10.7 Hz, 1H, H-3), 2.86-2.97 (m, 1H, H-4), 3.21-3.33
(m, 1H, H-3a), 5.67 (dm, J = 7.7 Hz, 1H, H-6a), 6.60-6.64
(m, 1H, H-6). 3*C NMR (75.4 MHz, CDCls) é 26.9 (CH;CO),
35.0 (C-3a), 35.4 (C-3 or C-4), 37.2 (C-4 or C-3), 83.7 (C-6a),

136.8 (C-6), 148.0 (C-5), 176.4 (C-2), 196.6 (CH;CO). MS
(70 eV) mjz (%) 166 (M ™, 37), 151 (31), 123 (18), 121 (34),
107 (91), 95 (30), 79 (88), 77 (65), 67 (31), 43 (100). HRMS
(FAB) (mNBA) (MH)" mjz calculated for CoH,,Ox:
167.0708; found: 167.0710.

4.13. (2R", 3aR", 5R", 65", 6aS" )-2,6-Dihydroxyhexahydro-
2H-cyclopenta[b |furan-5-yl acetate (29a). (2S", 3aR", 5R",
6S*, 6aS*)-2,6-Dihydroxyhexahydro-2H-cyclopenta[b ] furan-5-
vyl acetate (29b)

To a solution of 27 (0.050 g, 0.25 mmol) in anhydrous THF
(1 mL), under N, atmosphere and vigorous magnetic stirring,
a 1.0 M of DIBAL in THF (0.5 mL, 0.5 mmol) was added at
—78 °C. The mixture was stirred at the same temperature for
15 min, and a suspension of 5% of NH4CI in MeOH (5 mL)
was added. While the mixture was stirred for 2 h, the temper-
ature rose to room temperature. The mixture was filtered and
the solvent removed under vacuum. The crude was purified by
column chromatography over silica gel (5 g, hexane/EtOAc,
7:3), generating a mixture of 29a/29b (59:41) (0.023, 45%) as
a pale yellow oil. R, 0.30 (EtOAc). IR (CH,Cl,) 3392, 1730,
1442, 1373, 1241, 1068, 1031cm~'. 'H NMR (300 MHz,
CDCl;) & signals attributed to the major isomer: 1.52-1.65
(m, 1H, H-4), 1.84-2.05 (m, 1H, H-3), 2.07 (s, 3H, CH5CO,),
2.32-2.39 (m, 1H, H-4), 2.90-3.06 (m, 1H, H-3a), 3.64-3.82
(m, 1H, HO), 4.10 (dd, J = 5.1, 2.4 Hz, 1H, H-6), 4.52 (dd,
J = 178, 24 Hz, 1H, H-6a), 4.79-4.87 (m, 1H, H-5), 5.62—
5.66 (m, 1H, H-2); signals attributed to the minor isomer:
2.05-2.18 (m, 2H, H-3, H-4), 2.09 (s, 3H, CH;CO,), 2.39-
246 (m, 1H, H-4), 2.69-2.82 (m, 1H, H-3a), 3.82-4.00 (m,
1H, HO), 4.34 (dd, J = 7.5, 4.2 Hz, 1H, H-6), 4.40 (dd, J =
8.7, 42 Hz, 1H, H-6a), 4.87-4.96 (m, 1H, H-5), 5.66-5.70
(m, 1H, H-2). '*C NMR (75.4 MHz, CDCl5) 5 signals attribu-
ted to the major isomer: 21.1 (CH;CO,), 35.5 (C-4), 37.4 (C-
3a), 40.7 (C-3), 80.6 (C-6), 81.7 (C-5), 88.0 (C-6a), 100.1 (C-
2), 171.7 (CH3CO,); signals attributed to the minor isomer:
34.6 (C-4), 36.3 (C-3a), 39.2 (C-3), 80.0 (C-5), 82.6 (C-6),
89.4 (C-6a), 100.9 (C-2), 172.1 (CH3CO,); MS (70 eV) m/z
(%) 185 (M1 =17, 6), 184 (M ™ —18, 6), 142 (12), 124 (50), 96
(34), 95 (100), 82 (42), 81 (74), 67 (47). HRMS (FAB) (mNBA)
m/z [MH]" calculated for CoH;sOs: 203.0919; found:
203.0918.

4.14. Single-crystal X-Ray crystallography

Compounds 11a and 12a were obtained as pale yellow crystals,
and compound 16 as colorless crystals. These were mounted
on glass fibers. Crystallographic measurements were carried
out at room temperature in a Siemens P4 diffractometer
equipped with a graphite monocromator, with Mo Ka radia-
tion (A = 0.7107 A) for 11a and 16, and Cu Ko radiation
(A = 1.5418 A) for 12a. In all cases, three standard reflections
were monitored periodically and they showed no change dur-
ing data collection. Unit cell parameters were obtained from
least-squares refinement of 28 reflections in the range
4.63 < 0 < 12.18° for 1la, 39 reflections in the range
11.87 < 6 < 28.15° for 12a; and 41 reflections in the range
5.36 < 0 < 15.58° for 16. Intensities were corrected for Lor-
entz and polarization effects. Although no absorption correc-
tions were made to the diffraction data of 11a, empirical
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corrections (psi-scans) were applied to the data of 12a and 16.
Anisotropic temperature factors were introduced for all non-
hydrogen atoms. Hydrogen atoms were placed in idealized
positions and their atomic coordinates refined by using unit
weights. The structure was solved and refined with the
SHELX-97 program package (Shedrick, 2008) running under
the WinGX environment (Farrugia, 1999, 2012) and visualized
and plotted with the Ortep-3 program (Farrugia, 1997, 2012).
Data on 11a: (CCDC 1499434) Formula: C;;H;7NOs; molec-
ular weight: 315.32; cryst. syst.. monoclinic; space group:
P2y/c; unit cell parameters: a, 8.3876(19), b, 17.584(3), c,
11.1855(15) (A); o, 90, B, 108.93(2), v, 90 (deg); V = 1560.5
®)] A3 temp. (K): 293(2); Z: 4; no. of reflections collected:
4365; no. of independent reflections: 3402; no. of reflections
observed: 1662; data collection range: 2.25 < 6 < 27.00°; R:
0.0697; wR: 0.1781; GOF: 1.010. Data on 12a: (CCDC
1499435) Formula: C;;H;7NOs; molecular weight: 315.32;
cryst. syst.: monoclinic; space group: P2;/n; unit cell parame-
ters: a, 7.2332(12), b, 20.794(4), ¢, 10.7106(17) (A); a, 90, B,
101.31(2), v, 90 (deg); V' = 1579.7(5) A3; temp. (K): 293(2);
Z: 4; no. of reflections collected: 2887; no. of independent
reflections: 2124; no. of reflections observed: 1737; data collec-
tion range: 4.25 < 0 < 56.93°; R: 0.0705; wR: 0.0836; GOF:
1.013. Data on 16: (CCDC 1499436) Formula: CoH;,0,;
molecular weight: 168.19; cryst. syst.: monoclinic; space group:
P2,/n; unit cell parameters: a, 6.8247(5), b, 9.7191(11), c,
12.2271(12) (A); o, 90, B, 91.237(8), v, 90 (deg); V = 810.83
(14) A3 temp. (K): 293(2); Z: 4; no. of reflections collected:
2818; no. of independent reflections: 2044; no. of reflections
observed: 1591; data collection range: 2.68 < 6 < 28.49°; R:
0.0486; wR: 0.1227; GOF: 1.043. The authors have deposited
the atomic coordinates for these structures with the Cambridge
Crystallographic Data Center (CCDC 1499434, 1499435, and
1499436). The coordinates can be obtained, on request, from
the director of the Cambridge Crystallographic Data Center,
12 Union Road, Cambridge, CB2 1EZ, UK.
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