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Diastereoselective Synthesis of Thieno|3’,2":4,5]cyclopenta|1,2-d][1,3]-
oxazolines — New Ligands for the Copper-Catalyzed Asymmetric Conjugate
Addition of Diethylzinc to Enones
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Several new ligands featuring a rigid three ring skeleton
have been prepared for the first time following a modular
approach. Chirality has been introduced by use of an oxazo-
line moiety fused with a cyclopenta[b]thiophene backbone.
The efficiency and stereochemical impact of these ligands
on the copper-catalyzed enantioselective addition of Et,Zn to
chalcone was examined and enantiomeric excesses up to

79% were achieved using the ligand (R,R)-16 substituted
with a methyl group at the cyclopenta moiety. Computational
and ESI-mass spectral studies show that these new com-
pounds behave as monodentate ligands towards Cu*.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The preparation of new and efficient enantiopure ligands
providing a chiral environment to metals active in asymmet-
ric catalysis is currently a major concern in modern or-
ganic chemistry.

The beneficial effect of a sulfur chelation on the level of
asymmetric induction for bidentate ligands and catalysts
has been widely reported. Chiral thioether-containing li-
gands in combination with N chelation sites have been suc-
cessfully tested and a number of asymmetric catalytic C—C
bond forming reactions ranging from Pd-catalyzed allylic
substitutions!!! to additions to aldehydes!” and conjugate
additions,®! have been reported so far.

Combination of the efficiency of oxazoline moieties and
the use of sulfur as an auxiliary donor in metal-catalyzed
reactions has also motivated the preparation of various
S—N ligands.™ On the other hand, hybrid ligands incorpor-
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ating the thiophene moiety have been largely overlooked
although there are reports of thiophene functioning as
either an ' or n° ligand®! and regarding its capability of
promoting electron tuning at the chelating site.[% In a quite
recent paper, the preparation of a number of formally tri-
dentate oxazoline ligands with additional thiophene and
thioethers donor groups was reported. In that case, the li-
gand was bidentate with oxazoline-N and thioether-S atoms
coordinating to the copper atom whereas thiophene did not
coordinate.l”l However, in the absence of such a competition
the role played by the thiophene moiety as a ligand towards
Pd, has been clearly established. Recently, catalysts where
the sulfur is part of a strong n-donor structure incorporat-
ing the oxazoline system and either thienyl (I)® or dibenzo-
thiophene (II)!! (Figure 1) backbones as auxiliary binding
sites, have been successfully applied to Pd-catalyzed allylic
substitution reactions.

On the basis of the results observed to date, we assumed
that the sulfur atom of the thiophene and dibenzothiophene
backbones probably participate in the stabilization of the
sterically-favoured Pd complex.

Results and Discussion

Ligand Synthesis

The oxazoline scaffold is common both in natural prod-
uctst'® and in ligands for asymmetric catalysis.''l Conse-
quently, the synthesis of oxazolines has generated intense
interest among organic chemists.'?! Based upon our pre-
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Figure 1. Representative thiophene-oxazoline ligands

vious work in the area of sulfur-based ligands,'3! and in an
effort to explore new ligand templates for catalytic enanti-
oselective reactions, we have targeted the previously un-
known thieno-containing oxazoline III . This paper reports
the synthesis of III with some structural variants and the
preliminary results of their application as ligands for Cu' in
homogeneous stereoselective Michael addition reactions.

The molecular architecture of III contains several note-
worthy features: (i) the unprecedented backbone of three
fused five-membered rings allows for a rigid conformation
of the molecular scaffold and should favour the preferential
formation in solution of a single well defined complex with
the metal, (ii) variation of the ligand structural motif is con-
venient since the polycyclic skeleton allows a variety of syn-
thetic transformations, and (iii) the structure of the new li-
gand mimics that of the thia-analogue of the enantiomer-
ically pure l-amino-2-indanol, a key component of indina-
vir a potent inhibitor of HIV protease.l!¥]

The synthetic plan to the thieno-oxazoline Il reveals that
its direct precursor, the previously unreported thienyl-am-
ino-indanol can be synthesized in a rather simple way using
as a key core unit the known 4,5-dihydro-6 H-cyclopenta[-
b]thiophen-6-one (1). A modification of the previously re-
ported methodology!'! required replacement of the sodium
amalgam reduction of the double bond of the 3-(3-thienyl)-
acrylic acid with the more methodologically simple, en-
vironmentally friendly and high yielding (94%) catalytic hy-
drogen transfer, performed with classical heating or under
microwave irradiation. The resulting 3-thienylpropionic
acid was subjected to intramolecular cyclization to give 1
in 54% yield.

Apart from substitutions in the phenyl ring of III and
following the concept that molecules with modular architec-
tures are highly desirable since they facilitate the optimiz-
ation of the ligand features,!'® the projected synthesis was
also aimed at modification of the ligand at the carbocyclic
ring, using 1 as a common key unit.

The a-hydroxylation of 1 for preparation of the desired
amino alcohol was achieved (Scheme 2) using the Moriarty
reaction,!!” which afforded 2 in 70% yield. Resolution of
the racemic mixture of 2 was performed by treatment with
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L-N-Boc-phenylalanine followed by column chromato-
graphic separation of the two diastereomers 3 and 4.

The absolute configuration of the stereogenic centre at
C-5 in the 4,5-dihydro-6H-cyclopenta[b]thiophen-6-one
moiety of 4, was determined to be (S) by a single crystal X-
ray structural analysis. It follows that the absolute configu-
ration of the corresponding stereogenic centre in 3 is (R).

Analogously, the 5-methyl-substituted derivative was syn-
thesized starting from 1. Formation of the lithium enolate
by addition of LDA followed by quenching with Mell'®! led
to formation of 4,5-dihydro-5-methyl-6 H-cyclopenta[b]thi-
ophen-6-one (5). This compound was subjected to the Mor-
iarty reaction leading to the a-hydroxy derivative 6 in 65%
yield. Resolution by column chromatography of the racemic
mixture of the two diastereomers obtained by treatment of
6 with L-N-Boc-phenylalanine became viable only after re-
moval of the N-Boc protection at the amino group, using
TFA. The configuration of 7 at C-5 was established to be
(R) by single crystal X-ray analysis. The absolute configura-
tion of the corresponding stereogenic centre in 8 thus fol-
lows to be (S).

Subsequently, our synthetic plan addressed the prep-
aration of the amino alcohols and relied on installation of
the amino functionality. From hydrolysis of 3 with 5% HCI,
enantiomerically pure (R)-2I'”) was obtained, which was
converted into the corresponding a-hydroxy methyloxime
(R)-9 by treatment with methoxyamine hydrochloride in
85% yield (Scheme 3) and exclusively in the anti configura-
tion, as supported by NOE experiments. Reduction of the
anti oxime ether with borane-tetrahydrofuran complex,!
resulted in cis-1,2-amino alcohol (R,R)-10 stereoselectively
(selectivity 97:3) in 78% isolated yield. By a similar se-
quence, the enantiopure amino alcohol (R,R)-14 was ob-
tained in 60% yield from 6, the only minor variation being
the use of basic conditions in the hydrolytic step. The cis/
trans ratio for 14 was 98:2 according to NMR analysis.

The oxazolines 12a—c¢ and 16 were prepared by cyclic
dehydration of the carboxamides 11a—c and 152! obtained
from the corresponding carboxylic acids and enantiomer-
ically pure 2-amino alcohols 10 and 14. This very common
method for oxazoline synthesis can be achieved by con-
verting the hydroxy group into a good nucleofuge,?? or by
exploiting its nucleophilic activity towards the electrophilic
amide!?3 with this latter option resulting in full retention of
configuration. Starting from the available cis amino al-
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cohols 10 and 14, a synthetic route was planned, based on
those reported previously. Cyclization of the intermediate
carboxyamides 11a—c and 15 promoted by Zn acetate oc-
curs (Scheme 3) with complete stereochemical integrity of
the carbon—oxygen bond at C-5 giving rise to the cis-ox-
azoline systems 12a—c, and 16 in fairly good yields.

Figure 2. ORTEP drawing of 12a

This choice was dictated by the observation that confor-
mationally constrained amino alcohols like aminoindanol

4444 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

do not afford the frans-oxazoline and that this derivative
can be obtained with some deal of difficulty even from the
more conformationally flexible cis-2-aminocyclohexanol.
For this reason, routes starting from the cis amino alcohols
and implying an inversion of configuration,”* were neg-
lected. A further structural variation was attempted by re-
placement of the residual hydrogen at position 6 of the
cyclopenta[b]thiophene scaffold with a methyl group. At-
tempts to obtain the dimethylated target compound
through the intermediacy of a thia-analogue of the 1-am-
ino-2-indanol according to the previously reported pro-
cedure failed. The reluctancy of the oxime ether 13 to un-
dergo nucleophilic addition with a variety of organometallic
reagents for introduction of the methyl group at C-6, can
be explained by the well established lower electrophilicity
of oximes compared to that of the corresponding carbonyl
compounds®! and, at least in part, by the steric crowding
around this position. Instead, starting from the a-hydroxy
ketone 6 after protection of the OH function, addition of
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MeMgBr occurred smoothly followed by TBAF desilyl-
ation to afford the diastereomerically pure trans 1,2-diol 17
in 76% overall yield (Scheme 4).
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The final step of this sequence, the assembly of the ox-
azoline moiety, was accomplished by use of a recently re-
ported procedure.*®! Exposure of 17 to the action of
benzonitrile in the presence of triflic acid led to the forma-
tion of the cis-oxazoline derivative 18 in 82% yield. Re-
markably, in this reaction the OH functionality at C-6 plays
the role of a nucleofuge group and the formation of the new
C—N bond occurs with inversion of configuration, as re-
quired.

Conjugate Additions

Conjugate addition reactions of organometallic reagents
to enones are among the most widely used methods for
carbon—carbon bond formation in organic synthesis.?’l A
number of chiral stoichiometric reagents have been reported
during the last few years which allow enantioselective ad-
ditions,] although the development of chiral catalysts has
been less rapid. The copper-catalyzed, chiral-ligand-acceler-
ated 1,4-addition of organozinc reagents is of great import-
ance in this rapidly expanding field. In particular, chiral
phosphites,?! phosphoramidites®®” and other chiral P,N li-
gands! have been used in additions to cyclic enones giving
good enantioselectivities. On the other hand, while few non-
phosphorylated hybrid ligands containing thioether and
chiral nitrogen-based moieties have been already applied to
these reactions,*? the use of catalysts incorporating an ox-
azoline system and a thienyl backbone in the copper-cata-
lyzed conjugate addition of Et,Zn to enones is unpre-
cedented. With the set of ligands 12a—c, 16 and 18 in hand,
we evaluated their performance in comparison with that of
the already known®3l  2-phenyl-8,8a-dihydro-3aH-in-
deno[1,2-d][1,3]Joxazole (19) in the reaction of diethylzinc
with chalcone, selected to determine optimal reaction con-
ditions (Table 1). The catalytic system was generated in situ
by addition of a two fold excess of the corresponding ligand
to a solution of Cu(OTY), followed by addition of diethyl-
zinc. Reactions were carried out in either toluene or diethyl
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ether at —20 °C, giving only the 1,4 adducts in satisfactory
yields in all cases.
Et,Zn (1.2 equiv.),
0 Cu(OTH, (2.1 mol%), U\
Ph Ph

L* (4.2 mol%)
Ph/\)l\Ph -

Solvent, -20 to 0°C, 6 h

Scheme 5

Table 1. Cu-catalyzed enantioselective 1,4-conjugate addition of
Et,Zn to chalcone

Entry L* Solvent Yield (%) ee(%) Config.
1 // \\ ( /g\ toluene 61 51 N
S~ 12a°N Ph
2 (/ \S ( 3\ EO 51 53 S
s 122N Pb
3
3 S 1 N toluene 58 47 N
[e]
4 [\ P toluene 55 43 S
S 12 N
4 []
5 7\ /)\ toluene 58 70 R
s 16 N~ Ph
6 Et;,O 49 79 R

ats
SIGN)\Ph

ol

7 Sz toluene 58 58 R
s / N 18 Ph

8 / Ppn Et,0 40 65 R

) “N"18

3 Z<o
’ 19 N/)\Ph

All the ligands studied gave good enantioselectivities. In
most of the cases examined, changing the solvent from tolu-
ene to ether led to some improvement in the enantioselectiv-
ity (compare Entries 7 and 8).**1 During the preliminary
screening it was found that the catalysts prepared in situ
from Cu(OTf), were more active than those prepared from
CuOTf and gave slightly higher enantiomeric excesses. On
the other hand, substituents in the phenyl ring of the li-
gands had only a negligible influence on the outcome of the
reaction. This lack of response left only modification of the
cyclopenta[b]thiophene group as the major variable. A sig-
nificant improvement in the enantioselectivity (79% ee) with
respect to that obtained in the case of the parent compound
12a (53%, Entry 2), was achieved by using ligand 16, which
contains a methyl group at position 5. The presence of an
additional methyl group at position 6 (ligand 18), in close
proximity to the oxazoline nitrogen (a favoured site for the
metal chelation), had a detrimental effect (Entry 8, 65% ee).

It is evident from this that there is no straightforward
relationship between the structure of the ligands (e.g. their

Et;0 50 32 N
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steric requirements) and the enantioselectivities observed in
the conjugate addition. A delicate balance seems to exist
between the increasing steric hindrance at the chelation site
and the efficacy of the stereogenic center in affecting the
enantioselectivity. Finally the cyclopenta[b]thiophene-de-
rived ligands were consistently superior in terms of enanti-
oselectivity with respect to 19, derived from cis-aminoind-
anol.

We were intrigued by the question of whether copper(1)
involved in this process needs to reside in the chiral environ-
ment bridging both the oxazoline and the thiophene moiet-
ies. Therefore, a computational investigation was carried
out®* at the DFT level on the 12a/Cu™! complex. The com-
putational study dealing with the structure elucidation of
ligand 12a coordinated to copper(1) reveals that the com-
plex is a 2:1 adduct where the metal is coordinated by only
two of the four donor atoms, namely the oxazoline N
atoms. A schematic representation of the two lowest energy
conformations of this complex is given in Figure 3. The two
structures are almost degenerate, the energy difference be-
ing only 0.5 kcal'mol™". The less stable conformation mj is
characterized by an S-S distance of 4.406 A (7.736 A in
m;). Even if this distance is rather large, it probably causes
a weak interaction between the S lone pairs that makes m,
slightly less stable than m;. The thiophene moieties them-
selves, of both ligands, do not seem to have any close con-
tact to Cu. This weak propensity for the thiophene S atom
to establish an effective n'-type interaction with Cu, which
contrasts with the efficacy of the coordination of this metal
with the softer thioether S-atom, has been reported pre-
viously. However, we feel that the presence of an in-
herently electron-rich thiophene ring in ligands for asym-
metric catalysis might modulate electronic availability at the
chelation site, as has already reported.[®! In this case, the
oxazoline nitrogen might have higher electron density and
this might account for the better performance of ligand 12a
with respect to 19, in line with previous results.3%!

m,(0.00)

m, (0.50)

Figure 3. Schematic representation of the two lowest energy confor-
mations m; and m, of the 12a/Cu*! complex. Relative energies
(kcal'mol™") are reported in parenthesis. Bond lengths are in
Angstrems

The assumption that the catalytic species is an ML,-type
complex formed by 2 mol of the ligand per Cu atom and,
therefore, that these N,S ligands are bound to the metal by
the oxazoline-N atoms is supported experimentally by the
ESI mass spectrum of the Cu™!-ligand complex (see Exp.
Sect.).
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The results described herein show that the new thieno-
cyclopenta-oxazoline ligands provide one of the few ex-
amples of successful copper-catalyzed enantioselective con-
jugate addition of dialkylzinc reagents using nonphos-
phorylated sulfur-containing ligands. The ee values of 16
are superior to those obtained for the same reaction with
the previous S,N ligands and very close to the best values
available for P,N ligands. Although this class of ligands has
hardly been explored for asymmetric synthesis, the results
look promising since further variations in the ligand struc-
ture can be projected. The optimization of the structure of
this type of sulfur containing ligand is currently in progress
and extension to other asymmetric transformations will be
investigated.

Experimental Section

General Remarks: Melting points were determined with a Biichi
melting point apparatus and are uncorrected. '"H NMR and '*C
NMR spectra were recorded using CDCl; solutions at 300 and
75.46 MHz, respectively, with a Varian Gemini 300. Chemical shifts
(8) are reported in ppm relative to CHCl; (5 = 7.26 for 'H and
8 = 77.0 for 13C). J values are given in Hz. 3C NMR spectral
assignments were made by DEPT experiments. IR spectra were re-
corded on a Perkin—Elmer model 257 grating spectrometer. Mass
spectra were obtained using a VG 7070-E spectrometer at an ioniz-
ing voltage of 70eV. [0]®) values were determined with a
Perkin—Elmer Polarimeter 341. The originality of all the com-
pounds was checked by a CAS-on-line structure search. Reactions
were conducted in oven-dried (120 °C) glassware under a positive
Ar atmosphere. Transfer of anhydrous solvents or mixtures was
accomplished with oven-dried syringes/septum techniques. THF
was distilled from sodium/benzophenone just prior to use and
stored under Ar. Et,O was distilled from phosphorus pentoxide
twice. CH,Cl, was passed through basic alumina and distilled from
CaH, prior to use. Other solvents were purified by standard pro-
cedures. Light petroleum ether refers to the fraction with bp 40—60
°C. The reactions were monitored by TLC performed on silica gel
plates (Baker-flex IB2-F). Column chromatography was performed
on Merck silica gel 60 (70—230 mesh). Preparative thick layer chro-
matography was carried out on glass plates using a 1 mm layer of
Merck silica gel 60 Pf 254. All chemicals were used as obtained
or purified by distillation as required. lodobenzene diacetate was
recrystallized twice from 5 M acetic acid.

4,5-Dihydro-6 H-cyclopenta|b|thiophen-6-one (1): Pd—C (6.6 g, 10
wt%) and ammonium formate (13.7 g, 218 mmol) were added to
a solution of 3-(3-thienyl)acrylic acid (11.2 g, 73 mmol) in iPrOH
(250 mL). After 6 h at 90 °C, the mixture was filtered through celite
and evaporated under reduced pressure. The residue was purified
by column chromatography on silica gel (petroleum ether/Et,0,
1:1) affording 10.6 g of 3-(3-thienyl)propanoic acid as a white solid
(94%). Experimental data are in accordance with ref.l*7.. Alterna-
tively the reaction could also be run on up to 20 mmol scale under
microwave irradiation in a monomode reactor (Synthwave 402 Pro-
labo focused MW 2.45 GHz) for 20 minutes at 75 W giving the
same yield after work up.

3-(3-Thienyl)propanoic acid (10.6 g, 68.2 mmol) was added to a
solution of phosphorus pentoxide (54.2 g, 381.6 mmol) in meth-
anesulfonic acid (362 mL). The mixture was stirred at room tem-
perature for 40 min. The dark red solution was poured onto ice
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(530 g) and extracted with CH,Cl, (4 X 200 mL). The combined
organic extracts were washed with 5% NaOH (200 mL), 1 N HCl
(200 mL) and brine (200 mL), dried with MgSQO,, filtered and con-
centrated. The solid was purified by column chromatography
(petroleum ether/Et,0, 1:1) to provide 2 as a white solid (5.08 g,
54%). Experimental data are in accordance with ref.37],

(£) 5-Hydroxy-4,5-dihydro-6 H-cyclopenta|b]thiophen-6-one (2): A
solution of KOH (5.54 g, 98.7 mmol) in MeOH (50 mL) was added
dropwise to 1 (4.54 g, 32.9 mmol) at 0 °C. After stirring at 0 °C for
15 min, iodobenzene diacetate (15.9 g, 49.4 mmol) was added and
the mixture was stirred for 24 h at room temperature. Water was
added and the mixture was extracted with diethyl ether, dried with
MgSO, and concentrated under reduced pressure. The solution was
dissolved in EtOH (43 mL) and 3 N HCI (32.9 mL) was added.
After 4 h at room temperature the crude was concentrated and ex-
tracted with EtOAc. The combined organic phases were washed
with NaHCOj3, brine, dried with MgSO,, filtered and concentrated.
The product was purified by column chromatography on silica gel
(petroleum ether/EtOAc, 2:1) to give 2 (3.55 g, 70%) as a thick
yellow oil. 'H NMR: § = 2.79 (dd, J = 3.5, 16.8 Hz, 1 H, CH,),
3.24 (dd, J = 6.7, 16.8 Hz, 1 H, CH»), 3.51 (br. s, 1 H, OH), 4.62
(dd, J = 3.5, 6.7Hz, 1 H, CH), 6.94 (d, J = 4.8 Hz, | H, ArCH),
7.87 (d, J = 4.8 Hz, 1 H, ArCH) ppm. '3C NMR: § = 40.40 (CH»),
77.16 (CH), 12499 (ArCH), 137.04 (ArC), 143.30(ArCH),
166.21(ArC), 201.19 (C=0) ppm. EI-MS: m/z = 154 [M"] .

Resolution of Racemic 2: A solution of N-Boc-L-phenylalanine
(2.98 g, 11.21 mmol) in CH,Cl, (27 mL) was cooled to 0 °C. N,N-
Dicyclohexylcarbodiimide (2.31 g, 11.2 mmol) was added in several
portions and a white precipitate quickly formed. After 10 min 3
(1.15 g, 7.47 mmol) dissolved in CH,Cl, (18 mL) was added fol-
lowed by DMAP (0.046 g, 0.37 mmol). The mixture was stirred at
room temperature for 8 h. After addition of water (15 mL), the
organic phase was extracted with diethyl ether and dried with
MgSO,. The residue was purified by column chromatography on
silica gel (petroleum ether/Et,0, 1:1) to afford 1.35 g of each dia-
stereoisomer (90% overall yield).

(5R,25)-6-Oxo0-5,6-dihydro-4 H-cyclopenta[b]thien-5-yl 2-[(tert-But-
oxycarbonyl)amino]-3-phenylpropanoate (3): Thick colorless oil. [a]
= —4.0 (¢ = 0.25, CHCl3). '"H NMR: § = 1.27 (s, 9 H, CH3),
2.71 (dd, J = 2.9, 17.2 Hz, 1 H, CH,), 2.94-3.10 (m, 2 H, CH,),
3.37 (dd, J = 7.0, 17.2 Hz, 1 H, CH,), 4.52—4.59 (m, 1 H, CH),
4.86 (br. d, J = 7.1 Hz, 1 H, NH), 5.44—5.47 (m, 1 H, CH), 6.93
(d, J = 48 Hz, 1 H, ArCH), 7.06—7.21 (m, 5 H, ArCH), 7.87 (d,
J = 48Hz, 1 H, ArCH) ppm. 3C NMR (CDCl;): § = 28.54
(3CH3), 31.82 (CH,), 38.51 (CH,), 54.77 (CH), 78.30 (CH), 80.27
(C), 124.32 (ArCH), 127.32 (ArCH), 128.82 (2ArCH), 129.70
(2ArCH), 136.22 (ArC), 136.40 (ArC), 142.22 (ArCH), 155.30
(ArC), 164.10 (C=0), 171.50 (C=0), 190.65 (C=0) ppm.

(58,25)-6-Ox0-5,6-dihydro-4 H-cyclopenta|b]thien-5-yl 2-|(tert-But-
oxycarbonyl)amino|-3-phenylpropanoate (4): White solid. M.p.
106.8—107.5 °C. [0]¥= —15 (¢ = 0.25, CHCl3). '"H NMR: § =
1.29 (s, 9 H, CHj), 2.81 (dd, J = 3.4, 17.1Hz, 1 H, CH,),
2.98-3.14 (m, 2 H, CH,), 3.43 (dd, J = 7.1, 17.1 Hz, 1 H, CH,),
4.51-4.57 (m, 1 H, CH), 4.85 (br. d, J = 8.3 Hz, 1 H, NH), 5.60
(dd, J = 3.4, 7.1 Hz, 1 H, CH), 6.95 (d, J = 5.0 Hz, | H, ArCH),
7.09-7.23 (m, 5 H, ArCH), 7.88 (d, / = 5.0 Hz, 1 H, ArCH) ppm.
13C NMR (CDCly): § = 28.50 (3CH3), 32.05 (CHs,), 38.16 (CH,),
54.54 (CH), 77.87 (CH), 80.28 (C), 124.37 (ArCH), 127.32 (ArCH),
128.83 (2ArCH), 129.86 (2ArCH), 135.96 (ArC), 138.43 (ArC),
142.34 (ArCH), 15541 (ArC), 164.50 (C=0), 171.59 (C=0),
190.88 (C=0) ppm. C,;H»3NOsS (401.5): caled. C 62.82, H 5.77,
N 3.49; found C 62.80, H 5.74, N 3.43. CCDC = 237742.
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(5R)-Hydroxy-4,5-dihydro-6 H-cyclopenta|b]thiophen-6-one [(+)-
(2)]: HCI1 5% in MeOH (27 mL) was added to 3 (0.36 g, 0.9 mmol),
and then stirred for 20 h at 30 °C. The crude was extracted with
EtOAc, dried with MgSO,, filtered and concentrated. Column
chromatography on silica gel (petroleum ether/EtOAc, 2:1) afforded
(+)-2 (0.11 g, 80%) as a thick colorless oil. [a]®) = +31 (¢ = 0.2,
CHCI,). For the other diastereoisomer (4), the same procedure gave
(S)-(—)-2. Thick colorless oil. [0]# = —31 (¢ = 0.2, CHCly).

(5R)-Hydroxy-4,5-dihydro-6 H-cyclopenta|b]thiophen-6-one O-Meth-
yloxime (9): MeONH,- HCI (0.14 g, 1.65 mmol) and Na,CO;
(0.12 g, 1.13 mmol) were added to a solution of (+)-2 (0.23 g,
1.5 mmol) in MeOH (1 mL) and H,O (3 mL) and CH;COOH was
added dropwise until pH = 4.5. The mixture was refluxed and
stirred for 5h; then water was added. The organic phase was ex-
tracted with CHCl; and dried with MgSO,. The residue was puri-
fied by column chromatography on silica gel (petroleum ether/
EtOAc, 3:1) to afford 0.23 g (1.28 mmol, 85%) of 9. White solid.
M.p. 81.5—82.6 °C. [a]) = —10.5 (¢ = 1.5, CHCl3). IR (CCly): nu
(tilde) = 3597.8, 3030.4, 2936.5, 1590 (C=N) cm~'. '"H NMR: § =
2.76 (dd, J = 2.5, 16.7 Hz, 1 H, CH,), 2.88 (br. s, 1 H, OH), 3.24
(dd, J = 6.8, 16.7 Hz, 1 H, CH,), 3.90 (s, 3 H, OCHs;), 5.18 (dd,
J =25,68Hz 1 H, CH), 6.80 (d, J = 5.0 Hz, 1 H, ArCH), 7.51
(d, J = 5.0Hz, 1 H, ArCH) ppm. '3C NMR: § = 36.23 (CH,),
62.24 (CH3), 75.16 (CH), 122.62 (ArCH), 131.89 (ArC), 136.82
(ArCH), 153.02 (ArC), 157.07 (C) ppm. EI-MS [M*]: 183.
CsHoNO,S (183.2): caled. C 52.44, H 4.95, N 7.64; found C 52.41,
H 497, N 7.62.

(5R)-6-Amino-5,6-dihydro-4H-cyclopenta|b]thiophen-5-ol: A solu-
tion of BH;* THF (1.0 M solution in THF 10.5 mL, 10.5 mmol)
was added dropwise to a solution of 9 (0.64 g, 3.5 mmol) in freshly
distilled THF (3.5mL) at 0 °C. The mixture was refluxed for 6 h.
Upon cooling, the mixture was extracted with Et,O, the aqueous
layer made alkaline with NH,OH to pH=9 and then extracted
twice with EtOAc. The organic layer was dried with MgSQ,, fil-
tered and concentrated. '"H NMR analysis of the crude showed a
cis/trans ratio of 97:3. Separation by column chromatography on
silica gel (chloroform/methanol, 5:1) gave the two separated iso-
mers in a 78% overall yield.

cis-(5R,6 R)-6-Amino-5,6-dihydro-4 H-cyclopenta|b]thiophen-5-ol
(10): Thick colorless oil. [0]# = —55 (¢ = 0.2, MeOH). IR (CCly):
vV = 3419.2, 29234, 1611.0 cm~'. 'TH NMR: § = 2.11 (br. s, 3 H,
OH, NH,), 2.53 (dd, J = 5.8, 15.6 Hz, 1 H, CH;), 2.94 (dd, J =
6.8, 15.6Hz, 1 H, CH,), 422 (d, J = 6.3Hz, 1 H, CH-N),
4.50—4.56 (m, 1 H, CH-0), 6.69 (d, / = 5.0Hz, 1 H, ArCH),
7.15(d, J = 5.0 Hz, 1 H, ArCH) ppm. '*C NMR: § = 35.74 (CH,),
53.71 (CH), 74.93 (CH), 121.71 (ArCH), 127.83 (ArCH), 141.64
(ArC), 141.96 (ArC) ppm. EI-MS: (m/z) = 155 [M*]. C;HoNOS
(155.2): caled. C 54.17, H 5.84, N 9.02, found C 54.15, H 5.83, N 9.01.
trans-(5R,65)-6-Amino-5,6-dihydro-4 H-cyclopenta|b]thiophen-5-ol:
Thick colourless oil. [a]®) = —7 (¢ = 0.2, MeOH). 'H NMR § =
2.30 (bs, 3 H, OH + NH,, 2.53 (dd, J = 6.3, 149 Hz, 1 H, CH,),
3.06 (dd, J = 7.7, 149 Hz, 1 H, CH,), 4.12 (d, J = 5.0 Hz, 1 H,
CH—N), 4.22—-4.38 (m, 1 H, CH-0), 6.68 (d, J = 5.0 Hz, 1 H,
ArCH), 7.13 (d, J = 5.0 Hz, 1 H, ArCH) ppm. 3C NMR § =
37.47 (CH,), 55.57 (CH), 74.93 (CH), 123.83 (ArCH), 130.21
(ArCH), 143.07 (ArC), 143.52 (ArC) ppm. C;HoNOS (155.2):
caled. 54.17, H 5.84, N 9.02, found C 54.20, H 5.86, N 9.04.

General Procedure for the Synthesis of Amides 11a—c: To a solution
of 10 (0.26 g, 1.7 mmol) in IPAC (6 mL) at 65 °C was added an
aqueous solution of potassium hydrogen carbonate (1.5 M, 1.4 mL).
The mixture was maintained at 65—70 °C and acetyl chloride (1.5
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equiv.) was added dropwise. The mixture was stirred for 2.5 h at 80
°C. After cooling, water was added and the mixture was extracted
with EtOAc, dried with MgSO,, filtered and concentrated. The
residue was purified by column chromatography on silica gel
(petroleum ether/EtOAc, 3:1) to afford the amides 11a—c.

N-[(5R,6R)-5-Hydroxy-5,6-dihydro-4 H-cyclopenta[b|thiophen-6-yl]-
benzenecarboxamide (11a): Yield 78%. White solid. M.p. 153—154
°C. [0]y = +76 (¢ = 0.3, MeOH). IR (CCl,: v = 1654.8, 2992.5,
3283, 3438.3 cm~!. EI-MS: m/z = 259 [M"]. 'H NMR: § = 3.05
(dd, J =4.5,15.6 Hz, 1 H, CH,), 3.42 (dd, J = 6.6, 15.6 Hz, 1 H,
CH,), 5.90—6.05 (m, 1 H, CH), 6.12—6.21 (m, 1 H, CH), 6.60 (bs,
1 H, NH), 6.85 (d, J = 4.8 Hz, 1 H, ArCH), 7.30—7.70 (m, 3 H,
ArCH), 7.90—8.15 (m, 3 H, ArCH) ppm. 3C NMR: § = 35.17
(CH,), 53.51 (CH), 75.17 (CH), 126.31 (ArCH), 127.58 (ArCH),
128.93 (ArCH), 130.22 (ArCH), 130.79 (ArCH), 133.33 (ArC),
139.09 (ArC), 143.15 (ArC), 168.02 (C=0) ppm. EI-MS: m/z =
259 [M™*].

N-[(5R,6R)-5-Hydroxy-5,6-dihydro-4 H-cyclopenta|b|thiophen-6-yl]-
2,6-dimethylbenzenecarboxamide (11b): Yield 76%. White solid.
M.p. 148—150.3 °C. [0]® = +74.5 (¢ = 0.3, MeOH). 'H NMR:
& =230 (s, 6 H, CH3), 2.75 (dd, J = 4.5, 15.6 Hz, 1 H, CH,), 3.12
(dd, J = 6.6, 15.6Hz, 1 H, CH,), 495-5.00 (m, 1 H, CH),
5.41-5.54 (m, 1 H, CH), 6.25 (br. d, 1 H, NH), 6.75 (d, J/ = 4.8 Hz,
1 H, ArCH), 6.92—7.15 (m, 3 H, ArCH), 7.22 (d, J = 4.8 Hz, 1
H, ArCH) ppm. *C NMR: § = 20.49 (CHjs), 36.29 (CH,), 53.64
(CH), 76.20 (CH), 126.00—146.35 (ArC + ArCH), 169.22 (C=0)
ppm. EI-MS: m/z = 287 [M™*].

N-[(5R,6R)-5-Hydroxy-5,6-dihydro-4 H-cyclopenta| b|thien-6-yl]-2-
isopropylbenzamide (11c): Yield 77%. White solid. M.p. 154—155
°C. [0]® = +72.1, (¢ = 0.3, MeOH). 'H NMR: § = 1.25(d, J =
6 Hz, 6 H, Me,), 2.12—-2.14 (m, 2 H, CH,, CHMe,), 3.37 (br. s, 1
H, OH), 3.46—3.55 (m, 1 H, CH,), 495-5.0 (m, 1 H, CH),
5.13-5.17 (m, 1 H, CH), 6.12 (br. d, 1 H, NH), 6.85 (d, / = 4.8 Hz,
1 H, ArCH), 7.10 (d, J = 4.8 Hz, 1 H, ArCH), 7.27—7.31 (m, 4 H,
ArCH) ppm. 3C NMR: § = 24.11 (Me,), 34.19 (CHMe,), 37.76
(CH,), 54.14 (CH), 74.29 (CH), 126.00—146.35 (ArC, ArCH),
169.51 (C=0). EI-MS: m/z = 301 [M*].

General Procedure for the Synthesis of Oxazoles 12a—c: Zn(OAc),
(1.3 g, 6.7 mmol), which prior to use was dried under vacuum (1072
Torr) for 3—4 h at 160—170 °C and then powdered, was added to
the respective amide (0.7 mmol). The mixture was stirred at 180 °C
for 48 h then cooled and water added. The organic layer was ex-
tracted with EtOAc, dried with MgSQOy,, filtered and concentrated.
Purification by column chromatography (petroleum ether/EtOAc,
3:1) gave the oxazoles 12a—c.

(3aR,7aR)-2-Phenyl-7,7a-dihydro-3a H-thieno[3’',2':4,5|cyclopenta-
[1,2-d][1,3]oxazole (12a): Yield 65%. White solid. M.p. 128—130 °C.
[w]® = —186 (¢ = 0.3, CHCl;). IR (CCly): nu (tilde) = 1646.1,
2923.4, 2958.5 cm™!. '"H NMR (C¢Dg): & = 248 (dd, J = 6.7,
16.7 Hz, 1 H, CH,), 2.64 (d, / = 16.7 Hz, 1 H, CH,), 4.84 (dd, J =
6.8,13.2Hz, 1 H, CH-0), 520 (d, J = 6.8 Hz, 1 H, CH—N), 6.71
(d, J = 5.1Hz, 1 H, ArCH), 6.84—6.89 (m, 5 H, ArCH), 7.98 (d,
J =5.1Hz 1 H, ArCH) ppm. '3C NMR (C¢Dy): 8 = 35.84 (CH,),
73.36 (CH), 88.58 (CH), 122.10 (ArCH), 127.95 (ArC), 128.26
(ArCH), 128.42 (2ArCH), 131.09 (2ArCH), 131.45 (ArCH), 142.00
(ArC), 142.81 (ArC), 164.45 (C=N) ppm. EI-MS: m/z = 241 [M™*].
C14H1NOS (241.3): caled. C 69.68, H 4.59, N 5.80; found C 69.66,
H 4.56, N 5.81. CCDC = 237740.

(3aR,7aR)-2-(2,6-Dimethylphenyl)-7,7a-dihydro-3a H-thieno-
|13',2":4,5]cyclopenta|1,2-d][1,3]oxazole (12b): Yield 62%. Thick col-
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orless oil. [a]) = —131 (¢ = 0.3,CHCl;). '"H NMR (C4¢Dg): & =
2.09 (s, 3 H, CHs), 3.04 (d, J = 162 Hz, 1 H, CH,), 3.24 (dd, J =
7.5, 16.2Hz, 1 H, CH,), 541 (dd, J = 1.6, 7.5 Hz, 1 H, CH-0),
591(d,J=75Hz 1 H CH-N), 6.82(d,J = 5.0 Hz, 1 H, ArCH),
6.92 (d, J = 7.5 Hz, 2 H, ArCH), 7.07—7.12 (m, 1 H, ArCH), 7.40
(d, J = 5.0 Hz, 1 H, ArCH) ppm. 3C NMR (C¢Dg,): § = 20.01
(2Me), 32.18 (CH,), 74.46 (CH), 84.33 (CH), 121.13—145.43 (ArC
+ ArCH), 163.09 (C=N) ppm. EI-MS: m/z = 269 [M"].

(3aR,7aR)-2-(2-Isopropylphenyl)-7,7a-dihydro-3a H-thieno-
[3',2":4,5]cyclopenta|1,2-d][1,3]oxazole (12¢): Yield 66%. Thick col-
orless oil. [0] = —127 (¢ = 0.1,CHCI3). '"H NMR (CDCl,): § =
1.17 (d, J = 6.8 Hz, 6 H, Me,), 2.88—2.98 (m, 1 H, CHMe,), 3.13
(d, /=169 Hz 1 H, CH,), 3.30 (dd, J = 5.7, 16.9 Hz, 1 H, CH,),
5.67-5.78 (m, 1 H, CH-0), 6.80 (d, J = 5.0 Hz, 1 H, CH—N),
7.24 (d, J = 8.6 Hz, 2 H, ArCH), 7.36 (d, / = 5.0 Hz, 1 H, ArCH),
7.86 (m, 3 H, ArCH) ppm. *C NMR (CDCls): § = 23.97 (2CH3),
34.38 (CH), 36.08 (CH,), 73.36 (CH), 88.62 (CH), 122.30 (ArCH),
125.52 (ArC), 126.60 (2ArCH), 128.71 (2ArCH), 131.19 (ArCH),
142.44 (ArC), 142.96 (ArC), 152.90 (ArC), 164.68 (C=N) ppm. EI-
MS: m/z = 283 [M™"].

5-Methyl-4,5-dihydro-6 H-cyclopenta|b]thiophen-6-one (5): A solu-
tion of 1 (1.9 g, 13.7 mmol) in THF (10 mL) was added dropwise
to a stirred solution of LDA (9 mL, 1.5 M, in THF, 13.7 mmol) in
THF (40 mL), at —78 °C and stirred for 30 min. Mel (0.83 g,
1.9 mL, 13.7 mmol) was added and the solution was stirred at room
temperature for 12 h. A solution of NH4CI (10 mL) was added and
the mixture was extracted with Et;O (3 X 50 mL), dried with
M¢gSO, and evaporated under reduced pressure. The residue was
purified by column chromatography on silica gel (petroleum ether/
Et,0, 2:1) to give 5 (1.7 g, 81%) as a colorless oil. 'H NMR: § =
1.34 (d, J = 7.7Hz, 3 H, CHj3), 2.61 (dd, J = 3.0, 17.1 Hz, 1 H,
CH,), 3.01-3.05 (m, 1 H, CH), 3.28 (dd, J = 6.9, 17.1 Hz, 1 H,
CH,), 7.03 (d, / = 47 Hz, 1 H, ArCH), 791 (d, J = 4.7Hz, | H,
ArCH) ppm. 3C NMR: § = 17.0 (CH3), 32.9 (CH), 47.5 (CH,),
124.1 (ArCH), 140.2 (ArC), 140.7 (ArCH), 167.2 (ArC), 200.3 (C=
O) ppm. EI-MS: m/z = 152 [M*].

(%) 5-Hydroxy-5-methyl-4,5-dihydro-6 H-cyclopenta|b|thiophen-6-
one (6): A solution of KOH (5.54 g, 98.7 mmol) in MeOH (50 mL)
was added dropwise to 5 (5.00 g, 32.9 mmol) at 0 °C. After stirring
at 0 °C for 15 min, iodobenzene diacetate (15.9 g, 49.4 mmol) was
added. After 24 h of stirring at room temperature water was added,
the mixture extracted with diethyl ether, dried with MgSO, and
concentrated under reduced pressure. The mixture was then dis-
solved in EtOH (43 mL) and 3 N HCI (32.9 mL) was added. After
2.5h at room temperature the solvent was concentrated and the
solution extracted with EtOAc. The combined organic phases were
washed with NaHCO;, brine, dried with MgSO,, filtered and con-
centrated. The solid was purified by column chromatography
(petroleum ether/Et,0, 2:1) to give 6 as a white solid (3.63 g, 65%).
M.p. 74.8—76.2 °C. 'H NMR: § = 1.37 (s, 3 H, CHj), 3.02 (s, 2
H, CH,), 6.28 (d, J = 44 Hz, 1 H, ArCH), 7.74 (d, J = 44 Hz, |
H, ArCH) ppm. 3C NMR: § = 26.24 (CHj), 40.56 (CH,), 82.61
(O), 124.49 (ArCH), 136.99 (ArC), 142.37(ArCH), 165.11(ArC),
198.99 (C=0) ppm. EI-MS: m/z = 168 [M*]. CgHgO,S (168.2):
caled. C 57.12, H 4.79; found C 57.10, H 4.77.

Resolution of Racemic 6: (25)-5-Methyl-6-0x0-5,6-dihydro-4H-
cyclopenta|b]thien-5-yl 2-Amino-3-phenylpropanoate (7) and (8): A
solution of N-Boc-L-phenylalanine (6.1 g, 22.8 mmol) in CH,Cl,
(55 mL) was cooled to 0 °C. N,N-dicyclohexylcarbodiimide (4.7 g,
22.8 mmol) was added in several portions and a white precipitate
formed quickly. After 10 min 6 (2.5g, 15.2 mmol) dissolved in
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CH,Cl, (36.5mL) and DMAP (0.092 g, 0.76 mmol) were added.
The mixture was stirred at room temperature for 8 h. After addition
of water (80 mL), the organic phase was extracted with diethyl
ether and dried with MgSO,. The residue was purified as a mixture
of the two diastereoisomers by column chromatography on silica
gel (petroleum ether/EtOAc, 3:1) to afford 6.3 g (98%) of the de-
sired product. CF;COOH (12 mL, 155.3 mmol) was added drop-
wise to a solution of the two diastereoisomers (6.3 g, 15.1 mmol)
in CHCI; (48 mL). After 3.5 h the solution was concentrated to
dryness, the residue diluted with CHCl; (45 mL) and washed
twice with 15% NH4OH, then brine, and dried with MgSO,. After
evaporation of the solvents, the residue was purified by column
chromatography on silica gel (Et,O/MeOH, 30:1), to give 1.98 g of
cach diastereoisomer (overall yield 83% from 6).

(R,S)-7: White solid. M.p. 110.6—111.4 °C. [a]¥ = +28 (c = 0.2,
MeOH). 'H NMR (CD;OD): § = 1.39 (s, 3 H, CH;), 2.74—3.35
(m, 4 H, 2CH,), 3.60 (dd, J = 6.5, 12.9 Hz, 1 H, CH), 7.02 (d, J =
48 Hz, 1 H, ArCH), 7.07—-7.21 (m, 5 H, ArCH), 8.07 (d, J =
4.8 Hz, 1 H, ArCH) ppm. *C NMR: (CD;0D): § = 22.90 (CHs),
37.96 (CH,), 40.27 (CH,), 55.09 (CH), 86.92 (C), 124.45 (ArCH),
126.69(ArCH), 128.36 (2ArCH), 129.57 (2ArCH), 137.04 (ArC),
141.80 (ArCH), 163.42 (ArC), 173.56 (ArC), 194.76 (C=0) ppm.
C,7H,;NO;S (315.4): caled. C 64.74, H 5.43, N 4.44; found C
64.75, H 5.45, N 4.46. CCDC = 237741.

(S,8)-8: Yellow solid. M.p. 114.1-116.4 °C. [a]) = +47 (c = 0.2,
MeOH). '"H NMR (CD;OD): & = 1.31 (s, 3 H, CH), 2.86—3.08
(m, 4 H, 2CH,), 3.61-3.67 (dd, J = 7.0, 14.0 Hz, 1 H, CH), 6.99
(d, J = 47Hz, 1 H, ArCH), 7.08—7.23 (m, 5 H, ArCH), 8.08 (d,
J = 47Hz, 1 H, ArCH) ppm. 3*C NMR (CD;OD): § = 22.82
(CH,), 37.83 (CH,), 40.14 (CH,), 54.85 (CH), 86.88 (C), 124.46
(ArCH), 126.74 (ArCH), 128.38 (2ArCH), 129.36 (2ArCH), 137.20
(ArC), 141.78 (ArCH), 163.35 (ArC), 173.8 (ArC), 194.72 (C=0)
ppm. EI-MS: m/z = 315 [M™].

(R)-5-Hydroxy-5-methyl-4,5-dihydro-6 H-cyclopenta|b]thiophen-6-
one [(—)-(6)]: LiIOH-H,O (6.15 g, 146 mmol) was added to a solu-
tion of 7 (1.80 g, 5.70 mmol) in THF (172 mL) and H,O (290 mL).
After 18 h at room temperature, the mixture was reduced in volume
so that most of the THF was removed, then extracted with EtOAc
(3 X 100 mL), dried with MgSO,, filtered and concentrated. The
crude was purified by column chromatography on silica gel (Et,O/
petroleum ether, 1:1) to afford 0.94 g (5.59 mmol, 98%) of (—)-6 as
a thick colorless oil. [0]® = +55 (¢ = 0.2, CHCI;). For the other
diastereoisomer 8 the same procedure gave (S)-6. Thick colorless
oil. [a]) = —55 (¢ = 0.2, CHCl5).

(R)-5-Hydroxy-5-methyl-4,5-dihydro-6 H-cyclopenta|h|thiophen-6-
one O-Methyloxime (13): MeONH,-HCI (0.4 g, 4.78 mmol) was ad-
ded to (0.67 g, 3.98 mmol) of 6 in pyridine (20 mL). After 24 h
at room temperature the mixture was concentrated to remove the
pyridine. Water was added, and the solution was extracted with
EtOAc (2 X 40 mL). The combined organic phases were dried with
MgSO,, filtered, concentrated and purified by column chromatog-
raphy on silica gel (petroleum ether/Et,O, 2:1) to afford 0.73 g
(3.7 mmol, 93%) of 13 as a yellow solid. M.p.: 101—-102.6 °C.
[]® = —15.1 (¢ = 0.5, CHCl3). 'H NMR (CDCl3): § = 1.57 (s, 3
H, CH;), 3.01 (dd, J = 7.4, 16.9Hz, 2 H, CH,), 3.93 (s, 3 H,
OCH;), 6.82 (d, J = 49 Hz, | H, ArCH), 7.56 (d, J = 49 Hz, |
H, ArCH) ppm. 3C NMR (CDCl5): § = 28.58 (CH3), 43.88 (CH.),
62.42 (CH;3), 82.43 (C), 122.89 (ArCH), 130.91 (ArC), 136.95
(ArCH), 151.86 (ArC), 159.22 (C) ppm. EI-MS: m/z = 197 [M*].

(R,R)-6-Amino-5-methyl-5,6-dihydro-4 H-cyclopenta|b]thiophen-5-o0l
(14): A solution of BH3*THF (1.0 m solution in THF 11.2mL,
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11.2 mmol) was added dropwise to a solution of 13 (0.73 g,
3.7 mmol) in freshly distilled THF (3.7 mL) at 0 °C. The mixture
was heated at reflux for 6 h. Upon cooling, the mixture was ex-
tracted with Et,O, the aqueous layer was made alkaline with
NH,OH to pH = 9, and then extracted with EtOAc twice. The
organic layer was dried with MgSQ,, filtered and concentrated. 'H
NMR analysis of the crude product showed a cis/trans ratio of 98:2.
Separation by column chromatography on silica gel (chloroform/
methanol, 5:1) gave cis and trans-14 (0.38 g) with an overall yield
of 60%. trans Isomer: Thick yellow oil. '"H NMR (CDCly): § =
1.38 (s, 3 H, CH;), 1.80 (br. s, 3 H, OH+NH,), 2.80 (dd, J = 15.9,
20.9 Hz, 2 H, CH,), 3.98 (s, 1 H, CH), 6.75 (d, J/ = 5.0 Hz, 1 H,
ArCH), 7.19 (d, J = 5.0 Hz, 1 H, ArCH) ppm. EI-MS: m/z = 169
[M™]. cis Isomer: White solid. M.p. 146.3—147.8 °C. [a]® = +10
(¢ = 0.1, CHCl3). 'H NMR (CDCls): 8 = 1.35 (s, 3 H, CH3), 1.79
(br. s, 3 H, OH+NH,), 2.83 (dd, J = 15.9, 20.9 Hz, 2 H, CH,),
4.16 (s, 1 H, CH), 6.77 (d, J = 5.0 Hz, 1 H, ArCH), 7.21 (d, J =
5.0 Hz, 1 H, ArCH) ppm. '3C NMR (CDCls): § = 22.98 (CH3),
4294 (CH,), 64.96 (CH), 87.16 (C), 122.92 (ArCH), 128.55
(ArCH), 142.58 (ArC), 144.18 (ArC) ppm. EI-MS: m/z = 169
M1

(R,R)-N-|(-5-Hydroxy-5-methyl-5,6-dihydro-4 H-cyclopenta| 5| thien-
6-yllbenzamide (15): An aqueous solution of potassium hydrogen
carbonate (1.5 M, 1.2 mL) was added to a solution of cis-14 (0.25 g,
1.5 mmol) in IPAC (5.3 mL) at 65 °C. The mixture was maintained
at 65—70 °C and benzoyl chloride (0.28 mL, 2.2 mmol) was added
dropwise. The mixture was stirred for 3 h at 80 °C. After cooling,
water was added and the mixture was extracted with EtOAc, dried
with MgSOQ,, filtered and concentrated. The residue was purified by
column chromatography on silica gel (petroleum ether/Et,0, 3:1) to
afford 0.36 g (88%) of (15) as a white solid. M.p. 168.6—170.1 °C.
[a]® = —43 (¢ = 0.23, CHCI3). IR (CCly): nu (tilde) = 1694, 3435
cm~ . 'TH NMR (CD;0OD): § = 1.29 (s, 3 H, CH3), 2.72 (d, J =
15.7Hz, 2 H, CH,), 291 (d, J/ = 15.7 Hz, 1 H, CH), 5.35 (br. s, 1
H, OH), 6.70 (d, J = 49Hz, | H, ArCH), 7.18—7.39 (m, 4 H,
ArCH), 7.65—7.69 (m, 2 H, ArCH), 8.17 (br. s, 1 H, NH) ppm.
13C NMR (CD;0D): § = 23.48 (CHj3), 43.08 (CH,), 62.03 (CH),
87.20 (C), 122.50 (ArCH), 127.40 (2ArCH), 128.38 (2ArCH),
130.01 (ArCH), 131.65 (ArCH), 134.59 (ArC), 139.49 (ArC),
146.03 (ArC), 169.23 (C) ppm.. EI-MS: m/z = 273 [M*].

(R,R)-7a-Methyl-2-phenyl-7,7a-dihydro-3aH-thieno-
[3',2":4,5]cyclopenta[1,2-d][1,3]Joxazole (16): Zn(OAc), (1.3g,
6.7 mmol) which had been dried before use (under vacuum at 1072
Torr and 160—170 °C for 3—4 h) and then powdered, was added
to 15 (0.15 g, 0.6 mmol). The mixture was stirred for 48 h at 170
°C cooled, and water was added. The organic layer was extracted
with EtOAc, dried with MgSOy,, filtered and concentrated. Purifi-
cation by column chromatography on silica gel (petroleum ether/
EtOAc, 3:1) gave 16 (0.094 g, 61%) as a yellow oil. [a]¥ = +163.7
(¢ = 0.5, CHCl;). '"H NMR (CDCls): 8 = 1.65 (s, 3 H, CH3), 2.98
(d, J = 16.7Hz, 1 H, CH,), 3.27 (d, J = 16.7 Hz, 1 H, CH,), 5.19
(s, 1 H, CH), 6.73 (d, J/ = 5.0 Hz, 1 H, ArCH), 7.25—7.40 (m, 4
H, ArCH), 7.86—7.90 (m, 2 H, ArCH) ppm. '*C NMR (CDCls,):
8 = 25.46 (CH;), 41.88 (CH,), 78.37 (CH), 98.36 (C), 122.11
(ArCH), 128.15 (2ArCH), 128.27 (2ArCH), 130.65(ArCH), 131.26
(ArCH), 134.30 (ArC), 141.44 (ArC), 142.27 (ArC), 163.94 (C=N)
ppm. EI-MS: m/z = 255 [M*].C;sH3NOS (255.3): caled. C 70.56,
H 5.13, N 5.49; found C 70.54, H 5.11, N 5.48.

(R,S)-5,6-Dimethyl-5,6-dihydro-4 H-cyclopental| b]thiophene-5,6-diol
(17): EtsN (3.5 mL, 25.28 mmol) was added to a solution of (5)-6
(0.53 g, 3.16 mmol, [0]¥ =-55; ¢ = 0.2, CHCl5) in Et,O (3.2 mL).
Me;SiCl (3.2 mL, 25.28 mmol) was added dropwise at 0 °C, and
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the mixture was stirred for 4 h at room temperature. NaHCO; was
added and after extraction with Et,O (3 X 10 mL) the crude was
dried with MgSQO,, filtered and concentrated. The protected ketone
was used in the next step without any further purification. 'H
NMR (C¢Dg): 6 = 0.1 (s, 9 H, CH3), 1.18 (s, 3 H, CH3), 2.48 (d,
J =17.1Hz, 1 H, CH,), 2.70 (d, J = 17.1 Hz, 1 H, CH,), 6.19 (d,
J =47Hz, 1 H, ArCH), 6.85 (d, J = 4.7Hz, 1 H, ArCH) ppm.
MeMgBr (3 M solution in Et,O, 5.3 mL, 15.8 mmol) was added
dropwise to a solution of crude silyl ether (3.16 mmol) in dry Et,O
(6.2 mL) at —30 °C. After 18 h at room temperature, NaHCO; was
added. The crude was extracted with Et,O (3 X 10 mL), dried with
MgSO,, filtered, concentrated, and used in the next reaction with-
out any further purification. '"H NMR (C¢Dg): & = 0.1 (s, 9 H,
CHs), 1.18 (s, 3 H, CH3), 1.35 (s, 3 H, CH3), 2.51 (s, 2 H, CH,),
6.38 (d, / = 48Hz, 1 H, ArCH), 6.72 (d, J = 48Hz, 1 H,
ArCH) ppm.

TBAF (1 m solution in THF, 3.8 mL, 3.8 mmol) was added drop-
wise to a solution of crude alcohol (3.16 mmol) in THF (3.16 mL)
at room temperature. After 4 h, NH,Cl was added and the mixture
was extracted with EtOAc (3 X 10 mL). The organic phase was
washed twice with water, dried with MgSOQ,, filtered and concen-
trated. The crude was purified by column chromatography on silica
gel (CH,CIL,/Et,0, 5:1) to afford (0.44 g, 2.40 mmol) of the diol 17
in a 76% overall yield starting from (S)-6. White solid. M.p.
162—163 °C. [0]® = +21 (¢ = 0.1, MeOH). 'H NMR (C¢Dg): § =
1.10 (s, 3 H, CH3), 1.26 (s, 3 H, CH3), 2.47 (d, J = 17.4 Hz, 1 H,
CH,), 3.03(d, J/ = 174 Hz, 1 H, CH,), 6.35(d, J = 5.0 Hz, 1 H,
ArCH), 6.71 (d, J = 5.0 Hz, 1 H, ArCH) ppm. 3C NMR (C¢Ds,):
& = 21.19 (CHs), 21.84 (CH;), 42.43 (CH,), 82.68 (C), 87.86 (C),
122.50 (ArCH), 128.38 (ArCH), 143.08 (ArC), 147.33 (ArC) ppm.
CyoH,0,S (184.3): caled. C 58.67, H 6.56; found C 58.66, H 6.55.

(S,8)-3a,7a-Dimethyl-2-phenyl-7,7a-dihydro-3a H-thieno-
[13',2":4,5]cyclopental,2-d|[1,3]Joxazole (18): PhCN (0.09 mL,
0.91 mmol) was added to a solution of 17 (0.15 g, 0.82 mmol) in
CH,Cl, (1.6 mL). The mixture was cooled to —30 °C, CF;SO;H
(0.22 mL, 2.46 mmol) was added dropwise and stirring was con-
tinued at this temperature for 1 h. After addition of NaHCOs;, the
mixture was extracted with EtOAc (3 X 10 mL), dried with MgSO,,
filtered and concentrated. The crude was purified by column chro-
matography on silica gel (petroleum ether/Et,O, 3:1) to afford
0.18 g (82%) of the oxazole 18. White solid. M.p. 124.1—-125.3 °C.
[0] = +122 (¢ = 0.3, MeOH). '"H NMR (C¢Dg): 6 = 1.46 (s, 3
H, CH3), 1.53 (s, 3 H, CH3), 2.91 (d, J = 16.8 Hz, 1 H, CH,), 3.24
(d, J = 16.8 Hz, 1 H, CH,), 6.68 (d, / = 5.2Hz, 1 H, ArCH),
7.13—7.23 (m, 5 H, ArCH), 7.90 (d, J = 5.2 Hz, 1 H, ArCH) ppm.
13C NMR (CgDg,): 8 = 21.84 (CHjy), 23.15 (CH3), 42.10 (CH,),
80.99 (C), 99.62 (C), 122.17 (ArCH), 124.47 (2ArCH), 127.8
(2ArCH), 128.45 (ArC), 129.69 (ArCH), 130.99 (ArCH), 139.49
(ArC), 148.31 (ArC), 161.71 (C=N) ppm. EI-MS: m/z = 269
[M*].C1¢HsNOS (269.4): caled. C 71.34, H 5.61, N 5.20; found C
71.32, H 5.60, N 5.19.

Preparation of the Complex Cu(OTf),-(12): In a 10-mL flame-dried
flask, a solution of Cu(OTf), (4 mg, 0.0105 mmol, 2.1 mol %) and
the chiral ligand (0.005 g, 0.042 mmol, 4.2 mol %) in dry toluene
(1 mL) was stirred at room temperature under argon for 1 h. The
solvent was removed in vacuo and the residue obtained was ana-
lyzed by ESI-MS: m/z = 844 [Cu + 20Tf  + 2L], 694 [M* —
TFO7], 545 [M* — 2TFO], 305 [M* — 2TFO~ — L].

General Procedure for Copper-Catalyzed Conjugate Addition of
Et,Zn to Chalcone: In a 10-mL flame-dried flask, a solution of
Cu(OTY), (4 mg, 0.0105 mmol, 2.1 mol %) and the chiral ligand
(0.042 mmol, 4.2 mol %) in dry solvent (1 mL) was stirred at room

4450 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

temperature under argon. After 1 h, chalcone (104 mg, 0.5 mmol)
was added. The solution was then cooled to —20 °C and ZnEt,
(0.6 mmol, 0.6 mL of a 1 m solution in hexane) was added drop-
wise. The mixture was stirred while the temperature was allowed to
rise from —20° to 0 °C over 6 h. The reaction was quenched with
1 N HCI (5mL) and the aqueous layer was extracted twice with
EtOAc (2 X 5mL). The combined organic extracts were dried
(Na,S0,), filtered and the solvents evaporated. Purification by col-
umn chromatography on silica gel (EtOAc/light petroleum, 1:20),
yielded 40—61% of product as a colorless oil that solidified on
standing. The enantiomeric excess was determined by HPLC analy-
sis on a Daicel Chiralcel OD column at A = 254 nm; flow rate
0.30 mL/Min; eluent: hexane/iPrOH, 99.75:0.25, tg = 70.30 min,
tr = 74.92 min

Computational Details: All the DFT computations reported here
were performed using the Gaussian 9813 series of programs using
the nonlocal hybrid Becke’s three-parameter exchange func-
tionall3$2-38%] (denoted as B3LYP). This functional has been demon-
strated as being capable of providing a reliable description (struc-
ture and energy) of transition metal complexes and potential
surfaces associated with catalytic processes.?% 3% For the metal
cation (Cu™"), we used the energy-adjusted pseudopotential basis
set proposed by Preuss and coworkers*#¢] (sdd pseudopotentials in
the Gaussian 98 formalism). All the remaining atoms were de-
scribed by the DZVP basis set, which is a Local Spin Density
(LSD)-optimized basis set of double-zeta quality.*®® This basis set,
which includes polarization functions, is suitable for description of
the interactions between the metal, the sulfur and nitrogen lone-
pairs and the © system. The geometry of the various critical points
has been fully optimized with the gradient method available in
Gaussian 98. A computation of the harmonic vibrational frequen-
cies was carried out to determine the nature of each critical point.

Acknowledgments

We acknowledge financial support by the National Project “Stereo-
selezione in Sintesi Organica.Metodologie ed Applicazioni 2003
and by the RTN project “Design, Analysis and Computation for
Catalytic Organic Reactions”, contract HPRN-CT-2001-00172.

1 1al G. Chelucci, M. A. Cabras, Tetrahedron: Asymmetry 1996,
965—966. '’ G. Chelucci, D. Berta, A. Saba, Tetrahedron 1997,
53, 3843—3848. ['<l T. Morimoto, K. Tachibana, K. Achiwa,
Synlett 1997, 783—785. !4 B, Koning, A. Meetsma, R. M. Kel-
log, J. Org. Chem. 1998, 63, 5533—5540. !l G. A. Rassias, P.
C. Bulman Page, S. Reignier, S. D. R. Christie, Synlett 2000,
379—381.

241 R, P. Hof, M. A. Poelert, N. C. M. W. Peper, R. M. Kellog,
Tetrahedron: Asymmetry 1994, 5, 31—34. [2°l K. Fitzpatrick, R.
Huslt, R. M. Kellog, Tetrahedron: Asymmetry 1995, 6,
1861—1864. [>1 C. Jimeno, A. Moyano, M. A. Pericas, A. Ri-
era, Synlett 2001, 1155—1157.

[3a] M. Van Klaveren, F. Lambert, D. J. F. Eijkelamp, D. M.
Grove, G. van Koten, Tetrahedron Lett. 1994, 35, 6135—6138.
3] C. L. Gibson, Tetrahedron: Asymmetry 1996, 7, 3357—3358.
B3I A. H. M. De Vries, R. P. Hof, D. Staal, R. M. Kellog, B.
L. Feringa, Tetrahedron: Asymmetry 1997, 8, 1539—1543, [3d]
V. Wendisch, N. Sewald, Tetrahedron: Asymmetry 1997, 8,
1253—-1257.

Mal C. G. Frost, J. M. J. Williams, Tetrahedron: Asymmetry
1993, 4, 1785—1788. ¥®1 Q.-L. Zhou, A. Pfaltz, Tetrahedron
1994, 50, 4467—4478. 41 A, Chesney, M. R. Bryce, R. W. I.
Chubb, A. S. Batsanov, A. K. Howrad, Tetrahedron: Asym-
metry 1997, 8, 2337—2346.

5al M. J. H. Russel, C. White, A. Yates, P. Maitlis, J. Chem.

[2

3

[4

[5

WWW.eurjoc.org Eur. J. Org. Chem. 2004, 4442—4451



Ligands for Copper-Catalyzed Asymmetric Conjugate Addition of Diethylzinc to Enones

FULL PAPER

Soc., Dalton Trans. 1978, 857—859. Pl M. S. Loft, D. A. Wid-
dowson, T. J. Mowlen, Synlett 1992, 135—136.

161 T. Benincori, T. Cesarotti, O. Piccolo, F. Sannicolo, J. Org

Chem. 2000, 65, 2043—-2047.

J. Christoffer, A. Mann, J. Pockardt, Tetrahedron 1999, 55,

5377—5388.

Bl C. G. Frost, J. M. J. Williams, Tetrahedron Lett. 1993, 34,

2015—-2018.

Pal A Voituriez, J.-C. Fiaud, E. Schulz, Tetrahedron Lett. 2002,

43,4907—4909. °°l A_ Voituriez, E. Schulz, Tetrahedron: Asym-

metry 2003, 14, 339—346.

(101 [10a] C " J. Hawkins, M. F. Lavin, K. A. Marshall, A. L. Van
den Brenk, D. J. Watters, J. Med. Chem. 1990, 33, 1634—1638.
(106 M. P. Foster, G. P. Concepcion, G. B. Caraan, C. M. Ire-
land, J. Org. Chem. 1992, 57, 6671—6675. 11 L. T. Tan, R. T.
Williamson, H. Gerwick, K. S. Watts, K. McGough, R. Jacobs,
J. Org. Chem. 2000, 65, 419—425.

(1 ial A K. Gosh, P. Mathivan, J. Cappiello, Tetrahedron: Asym-
metry 1998, 9, 1. 1 ]S Johnson, D. A. Evans, Acc. Chem.
Res. 2000, 33, 325—335.

(1211221 A 1. Meyers, in Asymmetric Synthesis via Chiral Oxazol-
ines in Asymmetric Synthesis, Academic Press, New York, 1984,
vol. 3, p. 213. [12YIA . Meyers, M. Shipman, J. Org. Chem.
1991, 56, 7098—7102.

131 [13a] 1, Bernardi, B. F. Bonini, M. Comes-Franchini, M. Fochi,
G. Mazzanti, A. Ricci, G. Varchi, Eur. J. Org. Chem. 2002,
2776—2784. 13b1 B. F. Bonini, L. Giordano, M. Fochi, M.
Comes-Franchini, L. Bernardi, E. Capito, A. Ricci, Tetra-
hedron: Asymmetry 2004, 15, 1043—1051.

(14 J. P. Vacca, B. D. Dorsey, W. A. Schlief, R. B. Levin, S. L.
McDaniel, P. L. Darke, J. Zugay, J. C. Quintero, O. M. Blahy,
E. Roth, V. V. Sardana, A. J. Schlabach, P. I. Graham, J. H.
Condra, L. Gotlib, M. K. Holloway, J. Lin, I.-W. Chen, K.
Vastag, D. Ostovic, P. S. Anderson, E. A. Emini, J. R. Huff, J
Med. Chem. 1994, 37, 3443—3451 and references cited therein.

151 D, W. MacDowell, T. B. Patrick, B. K. Frame, D. L. Ellison,
J. Org. Chem. 1967, 32, 1227—1229.

16l R. Kranich, K. Eis, O. Geis, S. Muhle, J. W. Bats, H.-G.
Schmalz, Chem. Eur. J 2000, 6, 2874—2894, and references
cited therein.

71 R. M. Moriarty, H. Hu, S. C. Gupta, Tetrahedron Lett. 1981,
22, 1283—1286.

(181 J. Eames, N. Weerasooriya, G. S. Coumbarides, Eur. J. Org.
Chem. 2002, 181—187.

1 The optical purity was checked at this stage by reacting the
isolated (R)-2 with enantiopure r-N-Boc-phenylalanine. 'H
and '3C NMR analysis of the crude product showed only one
diastereoisomer.

201 A. K. Gosh, S. P Mckee, W. M. Sanders, Tetrahedron Lett.
1991, 32, 711—714, and references cited therein.

(211 For a recent review, see: P. Braunstein, F. Naud, Angew. Chem.
Int. Ed. 2001, 40, 699 and references cited therein.

(221 S, Rajaram, M. S. Sigman, Org. Lett. 2002, 4, 3399—3401.

(231123l B Ghera, S. Shoua, Chem. Commun. 1972, 639—640. [23b]
1. W. Davies, L. Gerena, N. Lu, R. D. Larsen, P. J. Reider, J
Org. Chem. 1996, 61, 9629—9630.

1241 See for example: H. Vorbruggen, K. Krolikiewicz, Tetrahedron
1993, 49, 9353—9372.

251 R. A. Volksmann, in Comprehensive Organic Synthesis (Eds.:
B. M. Trost, 1. Fleming) Pergamon Press: Oxford, 1991, vol.1,
p. 355.

[261 C. H. Senanayake, R. D. Larsen, L. M. Di Michele, J. Liu, P.
H. Toma, R. G. Ball, T. R. Verhoeven, P. J. Reider, Tetrahedron:
Asymmetry 1996, 7, 1501 —1506.

(271 (2721 P, Perlmutter, Conjugate Addition Reactions in Organic Syn-
thesis, Tetrahedron Organic Chemistry Series N°9; Pergamon,

[7

9

Eur. J. Org. Chem. 2004, 4442—4451 WWw.eurjoc.org

Oxford, 1992. P71 Y. Yamamoto, Methods Org Chem.
(Houben-Weyl), 1995, vol. 4, Stereoselective Synthesis, p.
2041—2057. P7?IA. Alexakis, C. Benhaim, Eur. J. Org. Chem.
2002, 3221—3236.

1281 B. E. Rossiter, N. M. Swingle, Chem. Rev. 1992, 92, 771—806.

1291 [29a] A Alexakis, J. Vastra, J. Burton, C. Benhaim, P. Mangeney,
Tetrahedron Lett. 1998, 39, 7869 —7872. [2°°1 P, Scafato, S. Lab-
ano, G. Cunsolo, C. Rosini, Tetrahedron: Asymmetry 2003, 14,
3873—3877. ?°1 Y. Hu, X. Liang, Z. Zgheng, X. Hu, Tetra-
hedron: Asymmetry 2003, 14, 2771—2774 and references cited
therein.

[301 30a] A A Leggy, R. Imbos, A. Mandoli, A. H. M. de Vries,
R. Naasz, B. L. Feringa, Tetrahedron 2000, 56, 2865—2878. 13001
B. Feringa, M. Pineschi, L. A. Arnold, R. Imbos, A. H. M.
de Vries, Angew. Chem. Int. Ed. Engl. 1997, 36, 2620—2623.

B Blal T H. Escher, A. Pfaltz, Tetrahedron 2000, 56, 2879—2388.
316l H. Mizutani, S. J. Degrado, A. H. Hoveyda, J. Am. Chem.
Soc. 2002, 124, 779—781. 3¢l H. Zhou, W.-H. Wang, Y. Fu, J.-
H. Xie, W.-J. Shi, L.-X. Wang, Q.-L. Zhou, J. Org. Chem. 2003,
68, 1582—1584. B4l H. Mizutani, S. J. Degrado, A. H. Hov-
eyda, J Am. Chem. Soc. 2002, 124, 779. B¢l A. W. Hird, A. H.
Hoveyda, Angew. Chem. Int. Ed. 2003, 42, 1276—1279.

1321 32a] M. van Klaveren, F. Lambert, D. J. F. M. Eijkelkamp, D.
Grove, G. van Koten, Tetrahedron Lett. 1994, 35, 6135—6138.
B2Y] C, Gibson, Tetrahedron: Asymmetry 1996, 7, 3357—3358.
[32¢1 A, H. M. de Vries, R. P. Hof, D. Stall, R. M. Kellog, B. L.
Feringa, Tetrahedron: Asymmetry 1997, 8, 1539—1543, 32d] J,
Christoffers, A. Mann, Eur. J. Org. Chem. 1999, 1475—1479.
[32¢1 Q. Reiser, M. Schinnerl, M. Seitz, A. Kaiser, Org. Lett.
2001, 3, 4259—-4262.

1331 P. Lehr, A. Billich, B. Charpiot, P. Ettmayer, D. Scholz, B. Ro-
senwirth, H. Gstach, J Med. Chem. 1996, 39, 2060—2067.

B4 A Alexakis, C. Benhaim, S. Rosset, M. Human, J. Am. Chem.
Soc. 2002, 124, 5262—5263.

331 Gaussian 98, Revision A.6, M. J. Frisch, G. W. Trucks, H. B.
Schlegel, E. G. Scuseria, M. A. Robb, J. R. Cheeseman, V. G.
Zakrzewski, J. A. Montgomery, R. E. Stratmann, J. C. Burant,
S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C.
Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi,
B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, Q. Cui, K. Morokuma, D. K. Malik, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.
Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Kam-
aromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M.
A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen, M. W.
Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Re-
plogle, J. A. Pople, Gaussian Inc., Pittsburgh PA, 1998.

361 M. Locatelli, P. G. Cozzi, Angew. Chem. Int. Ed. 2003, 42,
4928—-4930.

371 D. B. Hauze, M. M. Joulli¢, Tetrahedron 1997, 53, 4239—4246.

(381381 A D. Becke, J Chem. Phys. 1993, 98, 1372—1377,
5648—5652. 3801 P, J. Stephens, F. J. Devlin, C. F. Chabalowsky,
M. J. Frisch, J Phys. Chem. 1994, 98, 11623—11627. 3% F,
Bernardi, A. Bottoni, M. Nicastro, I. Rossi, J. Novoa, X. Prat,
Organometallics 2000, 19, 2170—2178. B8 F. De Angelis, A.
Sgamellotti, Organometallics 2000, 19, 4104—4116. B8 A Bot-
toni, A. Perez Higueruelo, G. P. Miscione, J Am. Chem. Soc.
2002, 124, 5506—5513. P31 F. Bernardi, A. Bottoni, M. Garav-
elli, Quant. Struct.-Act. Relat. 2002, 21, 128148. 133 D, And-
rae, U. Haeussermann, M. Dolg, H. Stoll, H. Preuss, Theor:
Chim. Acta 1990, 77, 123—141. B8 N. Godbout, D. R. Sala-
hub, J. Andzelm, E. Wimmer, Can. J. Chem. 1992, 70,
560—571. UniChem. DGauss, Version 2.3.1, 1994, Cray Re-
search, Inc.

Received May 19, 2004

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4451



