TETRAHEDRON:
ASYMMETRY

Pergamon TetrahedronAsymmetry10 (1999) 3123-3138

(R)- and ©)-3-Hydroxy-4,4-dimethyl-1-phenyl-2-pyrrolidinone
as chiral auxiliaries in Diels—Alder reactions

Pelayo Camp3; Mercé Font-Bardi&,Silvia GiméneZ, Francesc PérezxXavier Solan$ and
Nuria Soldeville?
8L aboratori de Quimica Farmaceéutica, Facultat de Farmacia, Universitat de Barcelona, Av. Diagonal 643, E-08028,
Barcelona, Spain
bDepartament de Cristal.lografia, Mineralogia i Diposits Minerals, Facultat de Geologia, Universitat de Barcelona,
Av. Marti Franqués s/n, E-08028, Barcelona, Spain

Received 8 June 1999; accepted 28 June 1999

Abstract

A study of the Diels—Alder reactions of the esters derived from acrylic, methadngits-crotonic andrans
cinnamic acid and the chiral auxiliarieR)¢ and/or §)-3-hydroxy-4,4-dimethyl-1-phenyl-2-pyrrolidinoné, (17,
25 and 26, respectively) with different dienes [cyclopentadignasoprene8, 11,12-dimethylene-9,10-dihydro-
9,10-ethanoanthrace®eand anthracen&(], catalyzed by titanium tetrachloride, is described. Cyclopentadiene
gave adducts with esterR) or (§)-4 and R)-25with highendoe andfacial-diastereoselectivities. Diertereacted
with (+)-17 withoutendadiastereoselectivity and failed to give a cycloadduct with-26. Isoprene reacted only
with ester §)-4 with high facial-diastereoselectivity. The reaction ®fwith (R)-4 failed, because the diene was
not stable under the acid reaction conditions. Adducts derived ftBrand esters)-4 and R)-17 could be
obtained with highfacial-diastereoselectivity. LIOH-hydrolysis of the adducts derived from estsof (S)-4
and R)-25gave the corresponding enantiopure acids, the chiral auxiliaries being completely recovered unchanged.
However, hydrolysis of the adduct derived fral® and R)-17, required more drastic basic conditions which
partially epimerized the chiral auxiliary. X-Ray diffraction analysis of the adducts derivediféand esters)-4
and R)-17, let us establish their relative configurations and, taking into account the absolute configuration of the
starting chiral auxiliary, their absolute configurations. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Some time ago, we described multigram scale synthesis of both enantiomers of 3-hydroxy-4,4-
dimethyl-1-phenyl-2-pyrrolidinone,R)- and §)-1, and their use for the formal deracemizationcof
arylpropanoic acid3, x-substitutedx-arylacetic acids, x-chloro acids} and x-amino acids$. Also,
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we described their use in an enantioselective synthesislofdroxy acids$ x-aryloxypropanoic acid
herbicides such as dichlorprop-P and mecoprop-P, andmino acids, based on the dynamic kinetic
resolution ofc-bromo esters derived from these chiral auxiliaries on reaction with different nucleophiles.
A key-point of these transformations is the efficient recovery of the chiral auxiliaries, which are easily
crystallizable non-hygroscopic solids.

Much work has been done in the last two decades to develop asymmetric Diels—Alder reactions,
based on both enantiopure diefisand enantiopure dienophilé%:?2 In the present decade, interest
had progressively shifted towards catalyzed enantioselective Diels—Alder re&étiéhs.

The acrylate ob-pantolactone has been reacted with higtial-diastereoselectivity with diends!?

8,11 10,13 and a 5-substituted cyclopentadiéfiejnder TiC}, catalysis. Also, anH)-2-cyanocinnamate
derived fromD-pantolactone has been reacted with hagjide and facial-diastereoselectivities with
cyclopentadier®® and butadiené?

Since R)-pantolactone is a hygroscopic compound and §sefiantiomer is quite expensive, while
both R)- and ©)-1 are readily availabfe®® and easily recoverable, we decided to study the Diels—Alder
reactions of esters derived from these chiral auxiliaries, not only with acrylic cmit also with
other acids such as methacrylitans-crotonic andtrans-cinnamic acids 16, 23, and 24, respecti-
vely) and different dienes such as cyclopentadignsoprened, 11,12-dimethylene-9,10-dihydro-9,10-
ethanoanthracer@and anthracenO.

2. Results and discussion

Esters derived fromR)-, (- or (+)-1 and the acid$, 16, 23and24 were easily obtained in moderate
yields (60, 60, 71 and 92%, respectively) by reaction of the corresponding alcohol and the acid with
dicyclohexylcarbodiimide (DCC) in C}Cl, in the presence of a catalytic amount (5% molar) of 4-
(dimethylamino)pyridine (DMAP). The acrylic este){4 was prepared in an improved way (97% yield)
by reaction of §-1 with acryloyl chloride2 and EgN in CH2Cl, (Scheme 1).

Dienes were all commercially available exceéptwhich was prepared as describ&dAccording
to previous work withp-pantolactone acrylatés, the Diels—Alder reactions were carried out under
TiCl,4 catalysis. The formation of double-coordinated complexes between @il the dienophiles
derived from D-pantolactone seems to play an important role in connection with the faighl-
diastereoselectivity of these Diels—Alder reactions, cycloaddition taking place preferentially Rgthe
face of the acrylate & carbon atom. Under similar reaction conditions, other Lewis acid catalysts, such
as EpAICI, unable to form double-coordinated complexes with the dienophile, give cycloadducts with
very poorfacial-diastereoselectivitie’s,

Many reactions were first studied by using the racemic dienophiles, and then carried out with one
or the other enantiopure reagent. The crude products were usually purified by column chromatography,
which may cause some diastereomer enrichment, and the analytical samples of the solid compounds
were obtained by recrystallization from the appropriate solvent, thus obtaining the main diastereomer in
pure form. The pure or enriched samples of the cycloadducts were hydrolyzed under non-epimerizing
conditionst! by reaction with LIOHH,O in a mixture of THF and water to give the corresponding
enantiopure or enantioenriched acids. The absolute configuration of the known acids allowed us to
establish the absolute configuration of the corresponding intermediate esters. In two cases, where the
acid had not been previously described or its absolute configuration had not been fully established, the
relative configuration of the Diels—Alder adducts was established by X-ray diffraction analysis, and their



P. Camps et al. / Tetrahedrodsymmetry10 (1999) 3123-3138 3125

cocl .
: on =/ @ O @ LIOHH,0,
] 5 H
m Et3N, CHyClp, -20 °C O—k/ © T:‘ F2g:120 H\%b
e —_— r.t.,
N0 cOOH 4 \Z—Lo TiCl, (0.68 eq.) RS COOH
CeHs %rC C—/DMAP ol N CHyCl,, -55 °C, 4 h : (1R2R,4R)-7 (97% 0.p.)
A1 rtadays o Gt and -55 20 °C, 16 h [or (152545)-7 (95% 0.p.)
[or (S)-1] (R)-4 N© O +(A)1 (>99% e.e)
[or (#)-1] {g; Ef)):]] CeHs [or (S)-1 (> 99% e.e.]
®) * (1R2R,3R4R)-6
. [or (15,25,3'S,45)-6]
TiCl (0.5 eq.), CHoClp, B
20 -5 10°C,15h = ‘ 9 OOO (10)

TiCly (2 eq.), CHyCly,

o) TiCls (0.75 eq.) rt.18h
CHyCly, 55 °C, 4 h 0
i 0 and 55 °C > r.t, 16 h 0 N
: H
T
¥ QI S ¢
\ :
CeHs 7D

CeHs

(1R3'S)-11 (11R,3'S)-13
LiIOHH,0, LiOH'H,0,THF / H,0
THF / H,0 rt,5h
rt,19h
H__COOH
\@ +(S)-1 (> 99% e.e.) +(S)-1 (>99% e.e.)
GooH -
(R)-14 (88% 0.p.) (R)-15 (> 99% 0.p.)

Scheme 1Endo and/orfacial-diastereoselective Diels—Alder reactions of acrylai®s ¢r (S)-4 with dieness, 8 and10

absolute configuration deduced from the knowledge of the absolute configuration of the starting chiral
auxiliary.

Acrylate ester R)-4 reacted with cyclopentadiene in the presence of 0.68 equiv. of; BClow
temperature (=55 to —20°C) to give tlemdoediastereomer ®,2R,3'R,4R)-6 in 96% yield of recrys-
tallized product, as the only detectable diastereometHbyand 3C NMR spectroscopy (Scheme 1).
LiOH-hydrolysis of this product at room temperature for 26 h gave aciRl2R,4R)-7 (96% vyield)
whose specific rotation, determined under the described conditions (see the Experimental section),
allowed us to establish an o.p. of 97%, in good agreement with the results described for the acrylate
of D-pantolactoné} taking into account the errors associated with the determination of diastereomeric
excesses by NMR spectroscopy and o0.p.’s from specific rotations. Similarly, Be (1S 2S 3 S49)-6
was obtained in 92% yield, from which acid§2S49)-7 (95% o0.p.) was obtained.

Reaction of §-4 with isopreneB in the presence of 0.50 equiv. of Tt a temperature from -20 to
10°C for 15 h gave, in 90% yield, an oily product which consisted mainly optire-adduct (R,3'S)-
11 Minor signals in thé'H and3C NMR spectra could be attributable to the otpara-adduct. LiOH-
hydrolysis of this product, under similar conditions to that used before, gaveR)eld! (n 95% vyield,
whose specific rotation determined under similar conditions to that described (see the Experimental
section) allowed us to establish an o.p. of 88%. This result is in reasonable agreement with that described
for the related reaction of isoprene and the acrylat®-piantolactoné! where thepara-adduct was
obtained with 94% d.e.

From a reaction of $-4 and diene9 under similar conditions, no cycloadduct was isolated. The
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dienophile was mainly recovered whiewas not, probably because of its instability towards 7iCl
For this reason, the reaction of this diene with the rest of the dienophiles was not attempted.

Reaction of §-4 with anthracenelO required more forcing conditions (18 h at room temperature
and 2 equiv. of Ti{}), giving the cycloadduct (1R,3'S)-13in 87% yield of chromatographed product
and 93% d.e. byH NMR spectroscopy. From this reaction, only two diastereomers are possible due to
facial-diastereoselectivity since rendo-/exediastereoselectivity is possible for this diene. A reaction
of (+)-4 and 10 carried out in toluene under Alglcatalysis required prolonged reflux and gave a
mixture of two racemic pairs in an approximate ratio of 3:4, the minor pair corresponding to the main
diastereomer in the Tigicatalyzed reaction. The signals of the methyl groups in both diastereomers
appeared perfectly separated [1.14 and 1.17 ppm fd®,8l%)-13 and 0.90 and 1.10 ppm for (§B'S)-

13], which allowed us to easily establish the d.e. of the obtained cycloadduct. Recrystallization of the
chromatographed product derived fro8)-é and10gave crystalline pure (B3 S)-13. LiOH-hydrolysis

of this compound gave the corresponding adi); 15, as a solid in 99% yield. This is a new compound,
although its enantiomer had been previously prepared by a similar procedure using the acmylate of
pantolactoné? The specific rotation ofR)-15 was slightly greater in absolute value and of opposite
sign to that previously described for its enantiomer. Since the proposed configurati@i&rgeems

to come from thefacial-diastereoselectivity observed in the Diels—Alder reactiong-paantolactone
acrylate catalyzed by Tigl and to secure this assignment, we carried out an X-ray diffraction analysis
of the cycloadduct obtained frons)¢4 and anthracene (Fig. 1) which allowed us to establish its absolute
configuration as (1R,3'S-13, taking into account theSj-configuration of the starting chiral auxiliary,

in accord with the expecteddcial-diastereoselectivity, i.e. addition of the diene to Reface of the @
carbon atom of the acrylate derived frapantolacton® or (R)-1 and vice versa.

H26

Figure 1. Perspective drawing (ORTEP) of 3 S)-13

Methacrylate £)-17 reacted with cyclopentadiene under somewhat more drastic conditions than those
used with acrylatd to give an essentially 1:1 mixture ehde andexadiastereomers f)-ende18 and
(+)-exa19] (Scheme 2). Characteristic of [-exa19 areexa-3-H (6=2.55 ppm, ddJexo3H/ende3n=12.0
Hz, Jexo3n/an=4.0 Hz) andende3-H (6=0.92 ppm, dJexo3H/endo3n =12.0 Hz) which compare very well
with the published data for the corresponding &¢t[@éxo3-H (§=2.46 ppm, ddJexo3H/endoan=12.1 Hz,
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Jexo3n/an =3.9 Hz) ancende3-H (6=0.88 ppm, dJexo3H/endosn =12.1 Hz)]. Similarly, in the case of)-
endael8, exa3-H (6=2.00 ppm, ddJexo3H/endozn=12.0 Hz,Jexo3n/41=3.0 Hz) andende3-H (6=1.50
ppm, d, JexoaH/endoan=12.0 Hz) compare well with the published data for the correspondingacid
[exo3-H (6=1.88 ppm, ddJexosHrendosn=12.0 Hz, Jexosr/an=2.6 Hz) andendo3-H (6=1.15-1.46
ppm, d,Jexo3n/endo3n=12.0 Hz)]. The lack ofendo-/exediastereoselectivity of the above reaction led
us to discard any attempt on the corresponding reaction Wthdr (S)-17 to establish thdacial-
diastereoselectivity.

COOH o}
A1 e : 044( O ®
or 1] —ve LN
DCC, DMAP, CH,Cly, Me

T|CI (0.5eq.)
rt, 4 days N° O CH,Cly, -15°C, 4 h
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Scheme 2Facial-diastereoselective Diels—Alder reaction of methacrylB)e4(with anthracene

Under similar reaction conditions to that used above, methacrygté 7 failed to react with isoprene.
However, R)-17 was able to react with anthracene to give the corresponding adduct withauigit
diastereoselectivity. Under the optimum conditions assayedQGiH2 equiv. TiCl,, room temperature,

18 h), (1153 R)-21 was obtained in 97% yield as the only diastereomer detectablel laynd13C NMR

(d.e. >98%). CompoundH)-17 was not able to react with anthracene under Al&italysis, and thus, we

do not know the characteristic signalslid and'*C NMR of (11R,3'R)-21. The relative configuration

of the new compound (83'R)-21 was obtained by X-ray diffraction analysis (Fig. 2) of a monocrystal
obtained by careful crystallization of the product from methanol. From this relative configuration and
knowing the absolute configuration of the starting chiral auxiliary, the absolute configuration of this
cycloadduct was deduced.

The facial-diastereoselectivity observed in the reaction of methacrylBjel7 and anthracene is
the same observed in the reactions with acryl®e4( from (R)-17, (11S3 R)-21 was obtained while
from (9-4, (11R,3'9-13 had been obtained. However, tfaeial-diastereoselectivity in the Diels—Alder
addition to methacrylate esters implies preferential addition bySiHface of the @& carbon atom of
(R)-17, what is apparently contrary to the situation found in the case of the corresponding acrylates. This
is due to the presence of the methyl group at positidn methacrylatel 7, which provokes a change in
the notation of the enantiotopic faces of this €arbon atom: th&®eface of acrylate esters become the
Siface in methacrylate esters and vice versa.

As expected, hydrolysis of the more hindered esteS@R)-21 required more drastic conditions
(LIOH, THF/H20, 18 h under reflux) than those generally used to hydrolyze the acrylate cycloadducts.
Under these conditions, epimerization of the chiral auxiliary was import&l peing recovered in
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H28

Figure 2. Perspective drawing (ORTEP) of 3 R)-21

96% yield but only 50% e.e. (chiral HPL&)Since the obtained aci®)-22 cannot epimerize under the
basic hydrolysis conditions (except via a retro-Diels—Alder/Diels—Alder reaction), the e.e. of the new
acid (§-22 must be the same as the d.e. of este6@R)-21, i.e.: >98%.

The transcinnamate £)-26 failed to react with isoprene, anthracene and cyclopentadiene, and the
trans-crotonate £)-25 failed to react with isoprene and anthracene, althol®)F26 was reacted smo-
othly with cyclopentadiene to give, after column chromatographyettisadduct (R 2R,3S 3 R,49)-27
(71% yield) and amxcadduct, (3R)-exa2-ende3-28 (2% yield). Both products showed to be only one
diastereomer byH and13C NMR spectroscopy, whose d.e.s must be >98% (Scheme 3). The absolute
configuration of (R,2R,3S3'R,45)-27 was deduced after LIOH-hydrolysis under the standard conditions
(LiOH, THF/H,0, room temperature) to the known acidR(2R,3S,45)-33.3% The o.p. of the oily acid was
shown to be 97%, in good agreement with the d.e. of the corresponding ester. The absolute configuration
of (3'R)-exc2-ende3-28 could not be deduced due to the small amount of product available, which
precluded its hydrolysis, but thexa2-ende3 nature of the adduct could be established by comparison
of its 13C NMR spectrum with the data reported for the corresponéxeR-endoe3-acid®

In conclusion, acrylic esters derived from the chiral auxiliari®s 6r (S-1, react, as expected, with
different dienes (cyclopentadiene, isoprene and anthracene) undgrc@i@lysis, with higHacial- and
endoselectivity. However, methacrylic esters derived from these chiral auxiliaries fail to react under
these conditions with poor reactive dienes, such as isoprene, react with cyclopentadiene emitteout
selectivity, but react with anthracene with hitgtial-selectivity. The less reactivieans-crotonic esters
react only with the more reactive cyclopentadiene with Higtial- andendaselectivity, while the still
less reactivérans-cinnamic esters fail to react with any of the studied dienes. Except for the cycloadduct
(11S3'R)-21, derived from methacrylateRj-17, the chiral auxiliary was always recovered in high yield
without loss of enantiomeric purity, after controlled LiIOH-hydrolysis of the Diels—Alder adducts. The
present work expands the usefulness of the chiral auxiliaRes0d §)-1, for which a simpler synthesis
will soon be submitted for publication.
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Scheme 3Endo andfacial-diastereoselective Diels—Alder reactiontiains-crotonate R)-25with cyclopentadiene

3. Experimental

Melting points were determined on a MFB 595010 M Gallenkamp melting point appatBtdsVIR
spectra (500 MHz) were performed on a Varian VXR 500 spectrometer and 300'MHmnd 75.4
MHz 13C NMR spectra on a Varian Gemini 300. Except where otherwise stdteNMR spectra were
recorded at 500 MHz antPC NMR spectra at 75.4 MHz, always in CDCICOSY H/1H experiments
were carried out by using standard procedures while for the CBFYC experiments, the HMQC
sequence with an indirect detection probe was used. Chemical shifted reported in ppm related
to internal tetramethylsilane. IR spectra were recorded on an FT/IR Perkin—Elmer spectrometer, model
1600. Optical rotations were measured on a Perkin—Elmer model 241 polarimeter. Solvents were of
analytical grade. Elemental analyses were carried out at the Microanalysis Service of the Centro de
Investigacion y Desarrollo (C.1.D.), Barcelona, Spain.

3.1. General procedure for the preparation of estérd7, 25and26

A mixture of the acids3, 16, 23 or 24 (1.00 mmol), R)- or (9-1 (1.00 mmol), DCC (1.00 mmol)
and DMAP (0.05 mmol) in anhydrous GRBIl» (10 ml) was stirred at room temperature under an argon
atmosphere for 4 days. The mixture was filtered, the filtrate was washed with saturated aqueous solution
of citric acid (3x10 ml) and saturated aqueous NaHLC@x10 ml), dried with anh. Ng5O, and
concentrated in vacuo. The residue was submitted to column chromatography [silica gel (20@x]CH
to give pure ester§, 17, 25or 26.

3.1.1. R)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl acrylatB)4

Following the above general procedure, fr8r(l.00 g, 14.0 mmol),R)-1 (2.87 g, 14.0 mmol),R)-4
(1.60 g, 44% yield) was obtained as a solid, m.p. 98-100°C (ethandp2]=+23.9 ¢ 1.00, CHC}),
IR (KBr) v: 1733 and 1703 (€O st), 1627 (GC st) cnt. Ci5H17NO3 (259.32): calcd: C, 69.48%;
H, 6.61%; N, 5.40%. Found: C, 69.50%; H, 6.63%; N, 5.49%NMR (300 MHz) §: 1.15 (s, 3H, «-
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CHa), 1.31 (s, 3H, $#-CHs), 3.53 (d,J=9.6 Hz, 1H, &-H), 3.63 (d,J=9.6 Hz, 1H, B-H), 5.48 (s, 1H,
3-H), 5.94 (ddJ=10.4 Hz,J'=1.2 Hz, 1H,B-Htransg), 6.26 (dd,J=17.3 Hz,J'=10.4 Hz, 1H,x-H), 6.54
(dd,J=17.3 Hz,J’'=1.2 Hz, 1H,B-Hcis), 7.17 (broad t)=7.4 Hz, 1H, Hpara), 7.38 (m, 2H, Hinet3, 7.63
(broad d J=7.8 Hz, 2H, Hbrtho); 3C NMR &: 21.1 (CH, 4x-CHjz), 24.8 (CH, 4B-CHg), 37.5 (C, C4),
57.7 (CH, C5), 78.3 (CH, C3), 119.4 (CH,dttho), 124.9 (CH, ®ara), 127.5 (CH, &), 128.9 (CH,
Cmetg, 132.1 (CH, CB), 139.0 (C, Gpso), 165.3 (C, COO0), 168.8 (C, C2).

3.1.2. §)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl acrylat8)¢4

Following the above general procedure, fr8riL.00 g, 14.0 mmol),9-1 (2.87 g, 14.0 mmol),9-4
(1.54 g, 43% yield) was obtained as a solid, m.p. 97-99°C (ethardh2{=—24.3 ¢ 1.00, CHC}), IR
(KBr) v: 1727 and 1708 (€0 st), 1626 (G=C st) cnit. CisH17NO3 (259.32): caled: C, 69.48%; H,
6.61%:; N, 5.40%. Found: C, 69.48%:; H, 6.60%; N, 5.53%. The NMR data are coincidental with those
of its enantiomer.

3.1.3. R)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl methacrylaR){17

Following the above general procedure, fr@g(0.43 g, 5.00 mmol),R)-1 (1.03 g, 5.00 mmol),R)-
17(0.77 g, 60% yield) was obtained as a solid, m.p. 58—-60°C (ethandh2§=+29.6 ¢ 1.04, CHC}),
IR (KBr) v: 1760 and 1712 (€0 st), 1597 (G-C st) cnT?. C16H19NO3 (273.35): calcd: C, 70.31%; H,
7.01%; N, 5.12%. Found: C, 70.24%; H, 7.04%; N, 5.19%4 NMR §: 1.18 (s, 3H, «-CH3), 1.32 (s,
3H, 4B-CHs), 2.04 (s, 3Hx-CHj3), 3.54 (d,J=9.6 Hz, 1H, ®&-H), 3.64 (d,J=9.6 Hz, 1H, B-H), 5.49 (s,
1H, 3-H), 5.69 (broad s, 1H§-Htrans), 6.28 (broad s, 1H3-Hcis), 7.18 (broad tJ=7.4 Hz, 1H, Hpara),
7.39 (m, 2H, Hnetd, 7.66 (broad dJ=8.5 Hz, 2H, Hbrtho). 23C NMR §: 18.3 (CHs, ®-CHjz), 21.1 (CH,
4-xCHg), 24.7 (CH;, 4-BCHg), 37.4 (C, C4), 57.5 (CH C5), 78.2 (CH, C3), 119.3 (CH,dtho), 124.7
(CH, Cpara), 126.8 (CH, CB), 128.8 (CH, @netg, 135.2 (C, &), 139.0 (C, Gpso), 166.4 (C, COO),
168.8 (C, C2).

3.1.4. R)-4,4-Dimethyl-2-oxo0-1-phenylpyrrolidin-3-yl crotonate){25

Following the above general procedure, fraf(1.00 g, 12.0 mmol),R)-1 (2.46 g, 12.0 mmol),R)-
25 (1.50 g, 46% yield) was obtained as a solid, m.p. 97-99°C (ethandh2{=+31.1 ¢ 1.84, CHC}),
IR (KBr) v: 1719 (G=0 st), 1634 (G-C st) cm®. C1gH19NO3 (273.35): calcd: C, 70.31%; H, 7.01%;
N, 5.12%. Found: C, 70.22%; H, 7.13%; N, 5.23%.NMR (300 MHz)&: 1.14 (s, 3H, &-CHjz), 1.30
(s, 3H, $-CHs), 1.92 (dd,J=6.9 Hz,J'=1.7 Hz, 3H,B-CHs), 3.52 (d,J=9.5 Hz, 1H, &-H), 3.63 (d,
J=9.5 Hz, 1H, B-H), 5.46 (s, 1H, 3-H), 5.99 (dq}=15.6 Hz,J'=1.7 Hz, 1H,x-H), 7.12 (dq,J=15.6
Hz, J’=6.9 Hz, 1H,B-H), 7.16 (broad tJ=7.5 Hz, 1H, Hpara), 7.38 (m, 2H, Hnet3, 7.64 (dm,J=7.8
Hz, 2H, Hortho). 13C NMR §&: 18.1 (CH;, B-CHjz), 21.1 (CH, 4x-CHg), 24.9 (CH, 4B-CHs), 37.5 (C,
C4),57.7 (CH, C5), 77.9 (CH, C3), 119.4 (CH,dttho), 121.8 (C, &), 124.8 (CH, Qara), 128.9 (CH,
Cmetg, 139.1 (C, @pso), 146.4 (CH, @), 165.5 (C, COO0), 169.1 (C, C2).

3.1.5. rac4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl cinnamates26

Following the above general procedure, fr@# (3.70 g, 25.0 mmol)rac-1 (5.12 g, 25.0 mmol),
rac-26 (7.68 g, 92% yield) was obtained as a solid, m.p. 105-106°C (eth&nol).
3.2. (§)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl acrylatg)¢4

To a cold (-20°C) solution ofg)-1 (1.02 g, 4.98 mmol) and triethylamine (14 ml, 9.95 mmol) in
anhydrous CHCI, (25 ml), acryloyl chloride 2, 0.50 ml, 5.98 mmol) was added. After 10 min, the
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mixture was washed with 1 N HCI £25 ml) and saturated aqueous NaH{@x25 ml). The organic
layer was dried with anh. N&O4 and concentrated in vacuo to give sol§)-é (1.25 g, 97% yield).

3.3. General procedure for the Diels—Alder reactions of esters?7, 25 or 26 and cyclopentadiene,
isoprene or anthracene

A solution of TiCly (0.50, 0.75 or 1.00 mmol) in anhydrous @El, (2 ml) was added to a solution
of ester4, 17, 25 or 26 (1.00 mmol) in anhydrous Ci€l, (3 ml). The mixture was stirred at —-55, —20,
—15°C or at room temperature for 15 min. Then, a solution of the diene (1.00 or 2.40 mmol) in anhydrous
CHCI, (3 ml) was added and it was stirred for the specified time at the indicated temperature. Powdered
NaCOs or a small amount of water was added to destroy the4I@éGimplexes, the mixture was filtered
and the filtrate was dried with anh. pB0O,. The filtrate was concentrated in vacuo and the residue
was submitted to column chromatography [silica gel (20 g),Clxlor ethyl acetate/hexane] and/or to
crystallization to give estei®; 11, 13, 21 or 27.

3.3.1. (R,2R,3'R,4R)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl bicyclo[2.2.1]hept-5-ene-
2-carboxylate (R,2R,3'R,4R)-6

Following the above general procedure, frdr)-4 (0.69 g, 2.66 mmol), TiGl(0.2 ml, 1.8 mmol) and
cyclopentadiene (0.35 g, 5.32 mmol), after 4 h at -55°C and then 16 h more at a temperature from =55
to -20°C, (R,2R,3'R,4R)-6 (0.83 g, 96% yield) was obtained as a solid, after crystallization from ethyl
acetate:hexane (1:1, 1 ml), m.p. 139-141°C (ethyl acetate—hexaigf’$-41.2 ¢ 1.00, CHC}), IR
(KBr) v: 1744 and 1710 (€0 st) cnit. CoH23NO3 (325.42): calcd: C, 73.82%; H, 7.13%; N, 4.30%.
Found: C, 73.90%; H, 7.12%; N, 4.27%4 NMR &: 1.15 (s, 3H, 4x-CHgz), 1.25 (s, 3H, 48-CHz), 1.31
(broad dJ=8.0 Hz, 1H, 7-t$yn), 1.46 (pseudo dql=8.0 Hz,J'=2.0 Hz, 1H, 7-Hanti), 1.50 (dddJ=12.0
Hz, J’=4.0 Hz,J"=3.0 Hz, 1H, 3-Hnd9, 1.94 (ddd,J=12.0 Hz,J'=9.5 Hz,J"'=4.0 Hz, 1H, 3-x0,
2.93 (broad s, 1H, 4-H), 3.18 (di79.5 Hz,J'=4.0 Hz, 1H, 2-kx0, 3.28 (broad s, 1H, 1-H), 3.49 (d,
J=9.5 Hz, 1H, 5x-H), 3.59 (d,J=9.5 Hz, 1H, 53-H), 5.35 (s, 1H, 3H), 5.93 (dd,J=6.0 Hz,J'=3.0 Hz,
1H, 6-H), 6.25 (dd,J=6.0 Hz,J'=3.0 Hz, 1H, 5-H), 7.15 (broad §=7.5 Hz, 1H, Hpara), 7.36 (m, 2H,
Hmetg, 7.60 (dm,J=8.0 Hz, 2H, Hbrtho). 3C NMR §: 21.3 (CH;, 4 ®-CHg), 24.8 (CH, 4 B-CHy),
29.0 (CH, C3), 37.4(C,C%, 42.5 (CH, C4), 43.1 (CH, C2), 46.1 (CH, C1), 49.9 (£87), 57.6 (CH,
C5), 77.8 (CH, C3), 119.4 (CH, ©@rtho), 124.8 (CH, @ara), 128.9 (CH, Gnet3d, 131.6 (CH, C6),
138.4 (CH, C5), 139.1 (C,i@s0), 169.1 (C, C2), 173.9 (C, COO0).

3.3.2. (15,2S,3'S,4S)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl bicyclo[2.2.1]hept-5-ene-
2-carboxylate ($,2S,3'S,45)-6

Following the above general procedure, fro8r4 (0.54 g, 2.08 mmol), TiGI(0.12 ml, 1.09 mmol)
and cyclopentadiene (0.38 g, 4.16 mmol), after 4 h at -55°C and then 16 h more at a temperature from
-55 to —20°C, (5,253 S49-6 (0.67 g, 92% yield) was obtained as a solid, after crystallization from
ethyl acetate:hexane (1:1, 1 ml), m.p. 140-141°C (ethyl acetate—hexahs¥)4+39.3 € 1.00, CHC}),
IR (KBr) v: 1744 and 1716 (€0 st) cnT. CyoH23NO3 (325.42): calcd: C, 73.82%; H, 7.13%; N, 4.30%.
Found: C, 73.74%; H, 7.07%:; N, 4.47%. The NMR data are coincidental with those of its enantiomer.

3.3.3. (R,39)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl 4-methylcyclohex-3-enecarboxylate
(1R,39)-11

Following the above general procedure, fro8r4 (105 mg, 0.41 mmol), TiGI(0.02 ml, 0.2 mmol)
and isoprene (0.08 ml, 0.82 mmol), after 15 min at —20°C and then 15 h more at a temperature from
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-20 to 10°C, (R,3'9-11 (119 mg, 90% yield) was obtained as an oil, after column chromatography
[silica gel (5 g), CHCly], [«x]p?°=+6.7 € 0.85, CHC}), IR (NaCl)v: 1740 and 1716 (€O st) cn1?.
CooH25NO3 (327.44): calcd: C, 73.36%; H, 7.70%; N, 4.28%. Found: C, 73.18%; H, 7.80%; N, 4.23%.
IH NMR §: 1.11 (s, 3H, 4x-CHs), 1.27 (s, 3H, 48-CHz), 1.65 (d,J=1.5 Hz, 3H, 4-CH), 1.81 (m, 1H,
6x-H), 2.02 (complex signal, 2H,d-H and $-H), 2.09 (m, 1H, §-H), 2.30 (complex signal, 2H,c2-H

and 2-H), 2.69 (dtd,J=11.0 Hz,J'=7.5 Hz,J""=3.0 Hz, 1H, 1-H), 3.50 (dJ=9.5 Hz, 3x-H), 3.60 (d,
J=9.5 Hz, 1H, 5B-H), 5.37 (m, 1H, 3-H), 5.40 (s, 1H,3), 7.15 (tm,J=7.5 Hz, 1H, Hpara), 7.35 (dd,
J=8.5 Hz,J'=7.5 Hz, 2H, Hnet), 7.61 (dm J=8.5 Hz, 2H, Hortho). 13C NMR §: 21.1 (CH;, 4 ®-CHjz),

23.5 (CH;, 4-CHg), 24.8 (CH;, 4'B-CHg), 25.4 (CH, C6), 27.8 (CH, C2), 29.0 (CH, C5), 37.4 (C,
C4), 39.1 (CH, C1), 57.7 (ChH C5), 77.8 (CH, C3), 118.9 (CH, C3), 119.4 (CH,&tho), 124.8 (CH,
Cpara), 128.9 (CH, Gnetg, 134.0 (C, C4), 139.1 (C,ifs0), 169.1 (C, C2), 175.2 (C, COO).

3.3.4. (1R,3' 9)-4,4-Dimethyl-2-0xo-1-phenylpyrrolidin-3-yl 9,10-dihydro-9,10-ethanoanthracene-11-
carboxylate (1R,3' S)-13

Following the above general procedure, fro8r4 (0.80 g, 3.09 mmol), TiGI(0.68 ml, 6.18 mmol)
and anthracene (0.55 g, 3.09 mmol) at room temperature for 18 R,.3H-13 (1.17 g, 87% yield)
was obtained as a solid, after column chromatography [silica gel (60 CGKH m.p. 175-177°C
(methanol), #]p?°=+5.8 € 1.06, CHC}), IR (KBr) v: 1749 and 1707 (€0 st) cnmitl. CygH27NO3
(437.56): calcd: C, 79.61%; H, 6.22%; N, 3.20%. Found: C, 79.45%; H, 6.22%; N, 34 MMR o:
1.14 (s, 3H, 4x-CHg), 1.17 (s, 3H, 4B-CHj3), 2.02 (ddd,J=12.5 Hz,J'=10.5 Hz,J”"=2.5 Hz, 1H, 12-
Hanti), 2.18 (ddd,J=12.5 Hz,J'=4.5 Hz,J""=2.5 Hz, 1H, 12-Kyn), 3.05 (ddd,J=10.5 Hz,J'=5.0 Hz,
J'=2.5Hz, 1H, 11-H), 3.43 (d]=9.5 Hz, 1H, 5x-H), 3.51 (d,J=9.5 Hz, 1H, 58-H), 4.30 (t,J=2.5 Hz,
1H, 9-H), 4.65 (dJ=3.0 Hz, 1H, 10-H), 5.23 (s, 1H, 3H), 6.99 (td,J=7.0 Hz,J'=1.0 Hz, 1H), 7.01-7.07
(complex signal, 4H) (2-H, 3-H, 6-H and 7-H), 7.10 (td7.0 Hz, 1H, Hpara N-phenyl), 7.17-7.26
(complex signal, 4H) (1-H, 4-H, 5-H and 8-H), 7.31 (d&8.5 Hz,J'=7.0 Hz, 2H, Hneta Nphenyl),
7.55 (dm,J=8.5 Hz, 2H, Hortho N-phenyl).23C NMR &: 21.3 (CH, 4 ®-CHjz), 24.7 (CH, 4 B-CHa),
31.0 (CH, C12), 37.4 (C, C9, 43.7 (CH, C9), 44.1 (CH, C11), 46.8 (CH, C10), 57.6 (¢B5), 78.3
(CH, C3), 119.4 (CH, @rtho N-phenyl), 123.4 (CH), 123.5 (CH), 123.6 (CH), 124.7 (CH), 125.5 (CH),
125.7 (CH), 126.2 (CH) and 126.4 (CH) (Ar-CH anthracene), 124.9 (Gidr&N-phenyl), 128.9 (CH,
Cmeta Nphenyl), 139.0 (C, (pso N-phenyl), 139.6 (C), 142.3 (C) and 143.8 (2 C) (Ar-C anthracene),
168.8 (C, C2), 172.8 (C, COO).

3.3.5. Mixture of §)-ende and (+)-exo-4,4-dimethyl-2-oxo-1-phenylpyrrolidin-3-yl 2-methyl-
bicyclo[2.2.1]hept-5-ene-2-carboxylate--ende18 and (+)-exo-19

Following the above general procedure, freew-17 (0.41 g, 1.50 mmol), TiGl(0.08 ml, 0.75 mmol)
and cyclopentadiene (0.20 g, 3.5 mmol), after 4 h at —15°C and then 16 h more at a temperature from
—-15°C to room temperature, a solid mixture af){endel8 and )-exa19 in the approximate ratio
of 1:1 (0.37 g, 73% vyield) was obtained, after column chromatography [silica gel (40 g), hexane:ethyl
acetate], m.p. 107-109°C (ethyl acetate—hexane).

3.3.6. (15,3’ R)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl 9,10-dihydro-11-methyl-9,10-ethano-
anthracene-11-carboxylate ($8'R)-21

Following the above general procedure, fraR)-(7 (0.68 g, 2.49 mmol), TiGl(0.60 ml, 4.98 mmol)
and anthracene (0.45 g, 2.49 mmol) at room temperature for 18 §,3(R}-21 (1.09 g, 96% yield)
was obtained as a solid, after column chromatography [silica gel (50 CGH m.p. 214-216°C
(methanol), X]p?°=—10.5 € 1.06, CHC}), IR (KBr) v: 1740 and 1710 (€O st) cnl. C3oH29NO3
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(451.59): calcd: C, 79.79%; H, 6.48%; N, 3.10%. Found: C, 79.78%; H, 6.52%; N, 3135%MR o:
1.21 (s, 3H, 11-CH)), 1.24 (s, 3H, 48-CHs), 1.26 (s, 3H, 4x-CHs), 1.50 (dd,J=12.5 Hz,J'=2.5 Hz,
1H, 12-Hanti), 2.78 (dd,J=12.5 Hz,J'=3.0 Hz, 1H, 12-Kyn, 3.50 (d,J=9.5 Hz, 1H, 5x-H), 3.55 (d,
J=9.5 Hz, 1H, 5B-H), 4.27 (1,J=3.0 Hz, 1H, 9-H), 4.43 (s, 1H, 10-H), 5.23 (s, 1H;13), 7.02 (td,J=7.5

Hz, J’=1.5 Hz, 1H), 7.06 (tdJ=7.0 Hz,J'=1.5 Hz, 1H), 7.08-7.12 (complex signal, 4 H) (2-H, 3-H,
6-H and 7-H), 7.14 (tmJ=7.5 Hz, 1H, Hpara N-phenyl), 7.23—-7.32 (complex signal, 4 H) (1-H, 4-H,
5-H and 8-H), 7.35 (ddJ=8.5 Hz,J'=7.5 Hz, 2H, Hneta Nphenyl), 7.60 (dmJ=8.5 Hz, 2H, tbrtho
N-phenyl).13C NMR &: 21.4 (CH;, 4 ®-CHs), 24.5 (CH, 4'B-CHg), 27.3 (CH;, 11-CHg), 37.3 (C, C4),
39.1 (CH, C12), 44.3 (CH, C9), 48.9 (C, C11), 52.3 (CH, C10), 57.5 §0€F), 78.3 (CH, C3), 119.2
(CH, Cortho N-phenyl), 123.1 (CH), 123.6 (CH), 124.7 (2 CH), 125.3 (CH), 125.5 (CH), 125.9 (CH)
and 126.3 (2 CH) [Ar-CH anthracene angaa N-phenyl (124.7)], 128.9 (CH, @eta Nphenyl), 139.1
(C, Gipso N-phenyl), 140.5 (C), 141.2 (C), 143.4 (C) and 143.6 (C) (Ar-C anthracene), 168.8 (7, C2
175.8 (C, COO0).

3.3.7. (R,2R,3S,3'R,45)-4,4-Dimethyl-2-oxo-1-phenylpyrrolidin-3-yl 3-methylbicyclo[2.2.1]hept-
5-ene-2-carboxylate &,2R,3S,3'R,4S)-27 and (3 R)-4,4-dimethyl-2-oxo-1-phenylpyrrolidin-3-ghdo
3-methylbicyclo[2.2.1]hept-5-enexo-2-carboxylate (3R)-exo-2-ende3-28

Following the above general procedure, fraR)-25 (1.41 g, 5.15 mmol), TiGI(0.30 ml, 2.70 mmol)
and cyclopentadiene (0.68 g, 10.3 mmol), after 4 h at —15°C and then 16 h more at a temperature from
-15°C to room temperature, RI2R,3S3 R,49-27 (1.25 g, 71% yield) was obtained as a solid, after
column chromatography [silica gel (60 g), hexane/diethylether], m.p. 93-95°C (diethyl ether—hexane). A
small amount of a less polar oily adduct, characterized @@ o2-ende3-28 (40 mg, 2% yield), was
also isolated.

3.3.7.1. Analytical and spectroscopic data oR(2R,3S,3'R,45)-27. [«]p2°=-43.0 ¢ 2.00, CHC}),
IR (KBr) v: 1743 and 1718 (€O st) cnTt. Co1Ho5NO3-1/4H,0 (343.96): caled: C, 73.33%; H, 7.48%;
N, 4.07%. Found: C, 73.50%; H, 7.47%; N, 4.16%. NMR &: 1.13 (s, 3H, 4x-CHz), 1.19 (d,J=6.5
Hz, 3H, 2x0CHs), 1.24 (s, 3H, 43-CHs), 1.45 (pseudo dql=8.5 Hz,J'=1.5 Hz, 1H, 7-Hanti), 1.57
(broad d,J=8.5 Hz, 1H, 7-Hyn), 1.95 (ddqJ=4.5 Hz,J'=1.5 Hz,J""=7.0 Hz, 1H, 3-knd), 2.48 (broad
s, 1H, 4-H), 2.59 (ddJ=4.5 Hz,J'=4.0 Hz, 1H, 2-Hx09), 3.19 (broad s, 1H, 1-H), 3.48 (d=9.5 Hz, 1H,

5 &-H), 3.57 (d,J=9.5 Hz, 1H, 58-H), 5.33 (s, 1H, 3H), 5.98 (dd,J=6.0 Hz, J=3.0 Hz, 1H, 6-H), 6.31
(dd, J=6.0 Hz,J'=3.0 Hz, 1H, 5-H), 7.14 (broad 8=7.0 Hz, 1H, Hpara), 7.35 (m, 2H, Hnetd, 7.60
(broad d,J=8.0 Hz, 2H, Fbrtha). 13C NMR &: 20.7 (CH, 3ex0CHs), 21.2 (CH, 4 o-CHg), 24.7 (CH,

4 B-CHs), 37.3 (C, C4), 37.4 (CH, C3), 46.1 (CH and GHC1 and C7), 48.7 (CH, C4), 52.0 (CH, C2),
57.4 (CH, C5), 77.6 (CH, C3), 119.3 (CH, ®rtho), 124.7 (CH, @ara), 128.8 (CH, Gnetd, 132.5
(CH, C6), 139.0 (C, ®s0), 139.2 (C, C5), 169.0 (C, CR 173.6 (C, COO).

3.3.7.2. Analytical and spectroscopic data offpexo-2-ende3-28. [«]p?°=+6.68 € 2.00, CHC}),

IR (NaCl)v: 1742 and 1718 (€0 st) cnt. Cp1H25NO3.1/4H,0 (343.96): calcd: C, 73.33%; H, 7.48%;
N, 4.07%. Found: C, 73.58%; H, 7.41%; N, 4.09%. NMR (300 MHz) 5: 0.96 (d,J=6.9 Hz, 3H, 3-
endeCHs), 1.16 (s, 3H, 4xCHjz), 1.31 (s, 3H, 4BCHj3), 1.49 (pseudo dgl=8.6 Hz,J'=1.7 Hz, 1H,
7-Hanti), 1.70 (broad dJ=8.6 Hz, 1H, 7-t$yn), 1.85 (dd J=5.0 Hz,J'=1.7 Hz, 1H, 2-H&nd9g, 2.55 (ddq,
J=3.4 Hz,J’'=5.0 Hz,J""=6.9 Hz, 1H, 3-Hx0, 2.75 (broad s, 1H, 4-H), 3.05 (broad s, 1H, 1-H), 3.53 (d,
J=9.5 Hz, 1H, 5x-H), 3.63 (d,J=9.5 Hz, 1H, %B-H), 5.42 (s, 1H, 3H), 6.14 (dd,J=5.6 Hz,J'=3.0 Hz,
1H) and 6.23 (ddJ=5.6 Hz,J'=3.1 Hz, 1H) (5-H and 6-H), 7.17 (t§=7.4 Hz,J'=1.2 Hz, 1H, Hpara),
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7.38 (M, 2H, Hnetd, 7.63 (dm,J=7.6 Hz, 2H, Hortho). 23C NMR §: 19.1 (CHs, 3-endeCHg), 21.2
(CHs, 4 &-CHg), 24.8 (CH;, 4 B-CHa), 37.3 (C, C4), 39.3 (CH, C3), 47.2 (2 CH, C1 and C4), 48.2
(CH,, C7), 51.2 (CH, C2), 57.7 (CH C5), 77.9 (CH, C3), 119.4 (CH, ®rtho), 124.8 (CH, ®ara),
128.9 (CH, Gnetd, 135.5 (CH) and 136.3 (CH) (C5 and C6), 139.1 (@), 169.1 (C, C2), 175.4
(C, COO).

3.4. General procedure for the hydrolysis of est@rél, 13, 21 and27

To a solution of the este, 11, 13, 21 or 27 (1.0 mmol) in a mixture of THF (3.0 ml) and water (2.5
ml), solid LiOH-H20 (1.5 or 4.5 mmol) was added and the mixture was stirred at room or at the reflux
temperature till completion of the hydrolysis, following the reaction by TLC. When no more starting
ester remained, the organic solvent was removed in vacuo.

Work-up A the aqueous residue was extracted with diethyl ethed (8ml). The combined organic
phases were dried with anh. 80, and concentrated in vacuo, to gi®){ or (§-1. The aqueous phase
was acidified (pH=1) and was extracted with a mixture-gfentane/CHCI, in the ratio of 98:2 (20
ml). The combined organic phases were dried with anikSa and concentrated in vacuo, to give acids
(1R,2R.4R)- or (1S2549)-7, (R)-14or (1R,2R,3549)-33.

Work-up B water (4 ml) was added and the mixture was extracted with@H(3x10 ml). The
combined organic phases were dried with anh,$@ and concentrated in vacuo, to give){ or (S)-

1. The aqueous phase was acidified (pH=1) and was extracted wigBlgkbx10 ml). The combined
organic phases were dried with anh.,S&, and concentrated in vacuo, to give aci&®-15 or (5-22.

3.4.1. (R,2R,4R)-Bicyclo[2.2.1]hept-5-ene-2-carboxylic acidR12R,4R)-7

Following the above general procedure at room temperature, fr2RB R 4R)-6 (148 mg, 0.45
mmol) and LiOHH»0 (81 mg, 1.93 mmol) and after work-up A RPR,4R)-7 (60 mg, 96% yield) was
obtained as an oilof] ?°=-142 € 3.00, 95% ethanol), describedx]p?°=—147 € 3.00, 95% ethanof!
0.p. 97%.

3.4.2. (15,25,49)-Bicyclo[2.2.1]hept-5-ene-2-carboxylic acid$,LS,4S)-7

Following the above general procedure at room temperature, fr&a2S3 S49-6 (140 mg, 0.43
mmol) and LIOHH>0 (80 mg, 1.91 mmol) and after work-up A 32S49)-7 (60 mg, quantitative yield)
was obtained as an oilx]p?°=+140 € 3.00, 95% ethanol), described folR PR 4R)-7: [«]p?°=-147 €
3.00, 95% ethanof! 0.p. 95%.

3.4.3. R)-4-Methylcyclohex-3-enecarboxylic acid)¢14

Following the above general procedure at room temperature, frey8 @-11 (242 mg, 0.74 mmol)
and LIOH-H,O (47 mg, 1.11 mmol) and after work-up AR)14 (99 mg, 95% yield) was obtained as
a solid, m.p. 98-99°C (ethyl acetate—hexana)pf°=+94.5 € 4.8, abs. ethanol), described f@)11:
[x]p2°=-107 € 4.00, abs. ethanot}, 0.p. 88%.

3.4.4. R)-9,10-Dihydro-9,10-ethanoanthracene-11-carboxylic a&ij {5

Following the above general procedure at room temperature, froR)38-13 (219 mg, 0.50 mmol)
and LiOH-H»0 (95 mg, 2.26 mmol) and after work-up BR)¢15 (124 mg, 99% yield) was obtained
as a solid, m.p. 197.5-199.5°C (ethyl acetate)pf°=-7.4 € 1.8, CHC}), IR (KBr) v: 3500—-2600,
max. at 3285 (O—H st), 1726 and 16880 st) cn®. C17H140, (250.31): calcd: C, 81.57%; H, 5.64%.
Found: C, 81.68%; H, 5.75%H NMR §&: 1.93 (ddd J=12.5 Hz,J’=10.5 Hz,J”’=3.0 Hz, 1H, 12-knti),
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2.03 (ddd,J=12.5 Hz,J’'=4.5 Hz,J""=2.5 Hz, 1H, 12-K8yn), 2.82 (dddJ=10.5 Hz,J'=4.5 Hz,J""'=2.5

Hz, 1H, 11-H), 4.26 (tJ=2.5 Hz, 1H, 9-H), 4.60 (dJ=2.5 Hz, 1H, 10-H), 7.00-7.07 (complex signal,
4H, 2-H, 3-H, 6-H and 7-H), 7.17-7.24 (complex signal, 4H, 1-H, 4-H, 5-H and 84@)NMR &: 30.5
(CHp, C12), 43.7 (CH, C9), 44.0 (CH, C11), 46.5 (CH, C10), 123.1 (CH), 123.5 (CH), 123.6 (CH), 125.0
(CH), 125.8 (2 CH), 126.2 (CH) and 126.3 (CH) (Ar-CH), 139.6 (C), 142.3 (C), 143.6 (C) and 143.7 (C)
(Ar-C), 179.6 (C, COO).

3.4.5. §)-9,10-Dihydro-11-methyl-9,10-ethanoanthracene-11-carboxylic &)i22

Following the above general procedure at the reflux temperature, fro83(R)-21 (127 mg, 0.28
mmol) and LIOHH>O (53 mg, 1.26 mmol) and after work-up B$§22 (72 mg, 96% yield) was
obtained as a solid, m.p. 140-142°C (diethylether—hexang)?f=-26.7 ¢ 1.08, CHC}), IR (KBr)
v: 3300-2400 (O—H st), 1699 (D st) cn?. C1gH160, (264.34): calcd: C, 81.79%; H, 6.11%. Found:
C, 81.84%; H, 6.28%"-H NMR &: 1.06 (s, 3H, 11-Ch), 1.39 (dd J=12.5 Hz,J’=2.5 Hz, 1H, 12-Hnti),
2.61 (ddJ=12.5Hz,J'=3.0 Hz, 1H, 12-Kyn), 4.25 (t,J=2.5 Hz, 1H, 9-H), 4.36 (s, 1H, 10-H), 7.02-7.14
(complex signal, 4H, 2-H, 3-H, 6-H and 7-H), 7.20-7.30 (complex signal, 4H, 1-H, 4-H, 5-H and 8-H),
9-10 (broad s, 1H, COOH}3C NMR §: 26.8 (CH;, 11-CHs), 38.6 (CH, C12), 44.4 (CH, C9), 48.4 (C,
C11),52.5 (CH, C10), 123.1 (CH), 123.3 (CH), 125.0 (CH), 125.5 (CH), 125.6 (CH), 126.0 (CH), 126.1
(CH) and 126.3 (CH) (Ar-CH), 140.4 (C), 141.1 (C), 143.1 (C) and 143.5 (C) (Ar-C), 182.0 (C, COO0).

3.4.6. (R,2R,3S,4S)-3-Methylbicyclo[2.2.1]hept-5-ene-2-carboxylic acidR2R,3S,4S)-33

Following the above general procedure at room temperature, fréh2RBS 3’ R,49-27 (250 mg,
0.74 mmol) and LIOHH,0 (130 mg, 3.10 mmol) and after work-up ARPR,3549)-33 (100 mg, 89%
yield) was obtained as an oikx]p2°=-152 ¢ 1.00, ethanol 95%), describedi]p2°=-157 € 1.00, 95%
ethanol)3® 0.p. 97%.

3.5. X-Ray crystal-structure determinations ofR13 S)-13

A prismatic crystal was selected and mounted on a Enraf—~Nonius CAD4 four-circle diffractometer.
Unit cell parameters were determined by automatic centering of 25 reflectiorn® {PA°) and refined
by the least-squares method. Intensities were collected with graphite-monochromatized kdia-
tion, using w/20 scan technigue. Two thousand, six hundred and three reflections were measured in
the range 2.180<29.93, of which 2577 were non-equivalent by symmetry[Fon 1)=0.010]; 2064
reflections were assumed as observed by applying the contBar{l ). Three reflections were measured
every 2 h as orientation and intensity control; significant intensity decay was not observed. Lorentz
polarization but no absorption corrections were made. The structure was solved by direct methods, using
the SHELXS computer prograthand refined by the full-matrix least-squares method with the SHELX-
93 computer prografd using 2527 reflections (very negative intensities were not assumed). The function
minimized was> w(|Fo[>—|F:[?)?, where w=p?(1)+(0.0762P¥+0.0362P}!, and P=(|g[*+2|R[?)/3. f,
and f” were taken from thénternational Tables of X-Ray Crystallograpf/ The extinction coefficient
was 0.013(2). The chirality of the structure was defined by the Flack coefficient, which is equal to
1.66(238) for the given resulfé. All H atoms were located from a difference synthesis and refined
with an overall isotropic temperature factor. Goodness of fit=1.122 for all observed reflections. Mean
shift/e.s.d.=0.00. The results are shown in Tabfe 1.
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Table 1
Experimental data of the X-ray crystal-structure determination dR@ $)-13

Molecular formula Cz9H27NO3 F(000) 928
Molecular mass 437.52 d(calcd) [Mg m-3] 1.242
Temperature (K)  293(2) Size of crystal [mm)] 0.1x0.1x0.2
Crystal system Orthorhombic ~ Measured reflections 2603
Space group P2;2;21 Independent reflections 2577
Cell parameters [a] Observed reflections 2064
a[A] 6.943(4) W(Mo-K ) [mm-1](b] 0.080
b [A] 17.609(12) R 0.0540
c[A] 19.13(2) Rw 0.1181
o [°] 90 Absolute structure parameter -2(2)
B 90 Diff. Four. Apmaxl] (€A-3)  0.185
Y[l 90 Apminldl (€A3)  -0.177
V [A3] 2339(3) Refined parameters 407

Z 4 Max. shift / e.s.d. 0.00

[a] Determined by automatic centering of 25 reflections (12 < 8 < 21°).
[b] Linear absorption coefficient. Radiation Mo-Ka (A = 0.71069 ;\).
[c] Maximum and [4] minimum peaks in final difference synthesis.

3.6. X-Ray crystal-structure determinations of $JZ R)-21

A prismatic crystal was selected and mounted on a Enraf—~Nonius CAD4 four-circle diffractometer.
Unit cell parameters were determined by automatic centering of 25 reflectiorn® €PA°) and refined
by the least-squares method. Intensities were collected with graphite-monochromatiz€a hMdia-
tion, usingw/20 scan technique. Two thousand, six hundred and sixty-nine reflections were measured
in the range 2.340<29.97, of which 2516 were non-equivalent by symmetry[®on1)=0.020]; 2024
reflections were assumed as observed by applying the conti@or({l ). Three reflections were measured
every 2 h as orientation and intensity control; significant intensity decay was not observed. Lorentz
polarization but no absorption corrections were made. The structure was solved by direct methods, using
the SHELXS computer prograthand refined by the full-matrix least-squares method with the SHELX-
93 computer prograf using 2466 reflections (very negative intensities were not assumed). The function
minimized was> w(|F[*—|F:[?)?, where w=p?(1)+(0.0460P§+0.1157P]*, and P=(|6[*+2|R|?)/3. f, f’
and f’ were taken from thénternational Tables of X-Ray Crystallograpf§ The extinction coefficient
was 0.017(2). The chirality of the structure was defined by the Flack coefficient, which is equal to
0.96(197) for the given resulfé. Twenty-six H atoms were located from a difference synthesis and
refined with an overall isotropic temperature factor and 3 H atoms were computed and refined with an
overall isotropic temperature factor by using a ‘riding’ model. Goodness of fit=1.127 for all observed
reflections. Mean shift/e.s.d.=0.00. The results are shown in TeSle 2.
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Table 2
Experimental data of the X-ray crystal-structure determination o @LR)-21

Molecular formula  C30H29NO3 F(000) 480
Molecular mass 451.54 d(calcd) [Mg m-3] 1.259
Temperature (K) 293(2) Size of crystal [mm] 0.1x0.1x0.2
Crystal system Monoclinic Measured reflections 2669
Space group P2 Independent reflections 2516
Cell parameters [a] Observed reflections 2024
a[A] 8.816(4) W(Mo-K¢e) [mm-1][b] 0.081
b [A] 15.533(9) R 0.0526
c[A] 8.868(3) Rw 0.0997
o [°] 90° Absolute structure parameter 1(2)

B L] 101.19(4) Diff. Four. Apmax®! (€A-3)  0.170
Y[ 90 Apminldl €A3)  -0.155
V [A3] 1191.3(10) Refined parameters 413

Z 2 Max. shift / e.s.d. 0.00

[a] Determined by automatic centering of 25 reflections (12 <6 <21°).
[b] Linear absorption coefficient. Radiation Mo-Ko (A = 0.71069 ;\).
[¢] Maximum and [4] minimum peaks in final difference synthesis.
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