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In spite of a number of successes, the treatment of
arteriosclerosis is still a challenge for medicine. In addition
to a high LDL-C (low density lipoprotein cholesterol) level, a
low HDL-C (high density lipoprotein cholesterol) level is a
further, main independent risk factor for coronary heart
disease. Whereas the regulation of the LDL-C level by
blockade of cholesterol biosynthesis with HMG-CoA reduc-
tase (3-hydroxy-methylglutaryl coenzyme A) inhibitors[1] is
established medical practice, the increase in HDL-C levels
offers a new and promising therapeutic principle. HDL
absorbs cholesterol from the periphery, including the coro-
nary arteries, and carries it to the liver for metabolic
degradation. The action of cholesteryl ester transfer protein
(CETP) leads to a transfer of cholesteryl ester molecules from
HDL to LDL in a triglyceride exchange. The disadvantageous
net effect is a reduction in HDL-C level and an increase in
LDL-C level.[2]

Compounds of structure 1 have been identified as highly
active CETP inhibitors (IC50� 3 nmol Lÿ1).[3] The complexity
of this class of structures and the substance requirements for

further testing demanded an efficient synthesis in order to
pave the way for applying this innovative principle. We have
tried a number of different strategies and with the example of
1b we present here a multigram synthesis which features a
new domino reaction as the key step.

Three structural elements are the main contributors to the
complexity of 1 b : the spirocyclobutyl system, two stereo-
centers in sterically demanding positions, and a central,
pentasubstituted benzene ring. The first retrosynthetic trans-
formation consisted of interconversion of the stereocenters to
a diketone system. Diketone 2 b thus becomes a key
intermediate (Scheme 1). Disconnection of the central ben-
zene ring into approximately equally large fragments gives the
greatest possible simplification of 2 b. The Mukaiyama ± Mi-
chael addition is recognized as one of the most reliable

Scheme 1. Retrosynthesis of 1b.

methods for the synthesis of 1,5-diketones.[4a] In addition to
the obvious 1,5-diketo structure, 2 b contains a strategic
carbonyl group concealed behind a ªKekuleÂ double bondº
of the central arene. The translation of the resulting synthones
into starting materials with alternating acceptor ± donor polar-
ization leads to the reagents 3, 4, and 5 (Scheme 1).

The enolate formed by the Mukaiyama ± Michael addition
has already been trapped with aldehydes, acetals, and
orthoformates, or by a second, intramolecular Michael
acceptor.[4b,c, 5] An intermolecular Mukaiyama ± Michael/Mi-
chael/aldol cascade has to our knowledge not been previously
published. The underlying domino concept has already been
realized,[6] but the example illustrated here is unique in the
degree of substitution and the steric hindrance of the acceptor
components, especially 4.

The following concept (Scheme 2) was devised for 2 b : silyl
enol ether 6 and 4 yield the enolate 7 under Mukaiyama
conditions. Its selective intermolecular 1,4-addition to the
chalcone 5 leads to the enolate 8, which gives 9 in an
intramolecular aldol condensation. The cyclization ends a

[5] B. M. Trost, Tetrahedron 1977, 33, 2615; B. M. Trost, Acc. Chem. Res.
1980, 13, 385. The allyl esters are used as protecting groups for
carboxylates and can readily be removed by Pd0 in the prescence of a
nucleophile: P. D. Jeffrey, S. W. McCombie, J. Org. Chem. 1982, 47, 587;
S. F. Bochnitschek, H. Waldmann, H. Kunz, J. Org. Chem. 1989, 54, 751.
For a recent example, see A. CotteÂ, B. Bader, J. Kuhlmann, H.
Waldmann, Chem. Eur. J. 1999, 5, 922.

[6] These X-ray crystal structure analyses will be published elsewhere.
[7] K. Moseley, P. M. Maitlis, Chem. Commun. 1971, 1604.
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Scheme 2. Concept for the synthesis of the key compound 2b.

reaction sequence in which the complete carbon framework
of 2 b is constructed. The silyl enol ether 6 was formed from
ketone 3 in the usual manner.[7] The (E)-chalcone 5 was
obtained in 95 % yield by the acid-catalyzed aldol condensa-
tion of 4-(trifluoromethyl)acetophenone and 4-fluorobenzal-
dehyde. Following preliminary investigations with cyclohex-
enone the sterically demanding spiro compound 4 was
synthesized (Scheme 3). To this effect, the cyclobutanone 10
was first transformed into the enone 11 in a Wittig reaction.

Scheme 3. Synthesis of 4. a) Ph3P�CHCOCH3, silicon oil, 100 8C, cat.
PhCO2H, 87%; b) CH2(CO2Me)2, NaOMe, MeOH, 65 8C; c) aq. KOH,
reflux, 20% hydrochloric acid, pH 3 ± 5, 99 %; d) isobutanol, toluene, cat.
p-TsOH, azeotropic distillation; e) RedAl (65 % in toluene), 40 ± 50 8C,
77% relative to 12. Ts� 4-methylphenylsulfonyl, RedAl� sodium bis-
(2-methoxyethoxy)aluminum hydride.

The addition of dimethyl malonate and cyclization by Claisen
condensation followed by hydrolysis and decarboxylation
gave the dimedone analogue 12. Enol ether synthesis and an
ensuing reduction with RedAl gave the desired starting
material 4. In the key reaction, 6 and 4 in dichloromethane at
about ÿ5 8C were transformed into rac-13 by successive
addition of four equivalents of TiCl3(OiPr) in dichlorome-
thane and 5 (Scheme 4).[8] After aqueous workup, the product
is readily isolated diastereomerically pure in 42 % yield by
simple crystallization from petroleum ether. The all-equato-
rial arrangement of the substituents and the axial position of
the hydroxyl functionality were confirmed by X-ray structure
analysis.[9] Until now the formation of only one additional
diastereoisomer was detected to an extent of 10 % or less.[10]

The aldol condensation to 9 illustrated in Scheme 2 was not
observed in spite of the antiperiplanar arrangement of the
hydroxyl group and the H atom a to the carbonyl group.[9] The
correct establishment of the required connectivities was all
that was needed to be achieved. Therefore, the excess of
molecular complexity which was produced with the stereo-

Scheme 4. Synthesis of 1 b : a) TiCl4/Ti(OiPr)4 (3/1; i.e., 4 equiv of
TiCl3(OiPr)), dichloromethane, ÿ5 8C, 42 %; b) pyridine, SOCl2, 0 8C,
83%; c) NCS, cat. (PhCO2)2, dichloromethane, RT, 85%; d) DBU, dioxane,
5, 96 8C, 64 %; e) (1R,2S)-1-aminoindan-2-ol (0.3 equiv), BH3ÿNEt2Ph
(3 equiv), THF, RT, 78%; 94% ee for the crude product; f) TBDMSCl,
NEt3, DMAP, DMF, 70 8C, 80 %; g) LAH, THF, 0 8C!RT, 55% 17,
>99 % ds ; h) MnO2, dichloromethane, RT, 77% 16 ; i) DAST (Et2NSF3),
toluene, ÿ708C!ÿ 60 8C, 75%; j) TBAF, THF, RT, 87 %, >99% ee,
>99 % ds. NCS�N-chlorosuccinimide, DBU� 1,8-diazabicyclo[5.4.0]un-
dec-7-ene, TBDMS� tert-butyldimethylsilyl, DMAP� 4-(dimethylami-
no)pyridine, LAH� lithium aluminum hydride, TBAF� tetra-n-butylam-
monium fluoride.

selectively generated stereopentad was dismantled by subse-
quent aromatization with removal of all stereocenters. The
sterically highly loaded cyclohexanol derivative 13 was thus
subjected to a double halogenation ± elimination sequence
with subsequent oxidation at the cyclohexadiene stage (see
Scheme 4).

The system resisted shorter aromatization strategies, for
example the catalytic dehydrogenation at the cyclohexene
stage, because of the all-trans arrangement of the hydrogen
atoms and the large increase in steric interactions. Only
reaction in a sulfur melt also afforded the arene 2 b success-
fully.
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A mixture of the elimination products 14 and 9 was
obtained rapidly and in high yield by treatment of rac-13 with
thionyl chloride in pyridine. Allylic halogenation gave a
regioisomeric mixture which provided 2 b after elimination in
the presence of an oxidizing agent. To introduce the stereo-
centers 2 b was next regio- and enantioselectively reduced to
the oxoalcohol 15. A variant of the Corey ± Bakshi ± Shibata
(CBS) reduction makes use of cis-1-aminoindane-2-ol as the
source of chirality.[11] With this procedure, the tetralone
system in the highly sterically hindered 2 b was reduced with
high enantioselectivity (94 % ee in the crude product) and
yield (78 % of 15 after crystallization) with complete differ-
entiation of the two oxo groups. After protection of the
hydroxyl functionality as the TBDMS ether (16) the internal
1,5-induction of the stereocenter mediated by the biphenyl
system permitted a diastereoselective reduction of the second
oxo function with LAH in favor of the desired isomer 17
(17:epi-17� 2.3:1). This was isolated from the mixture by
crystallization. The alcohols remaining in the mother liquor,
17 and epi-17, could be reconverted into 16 by oxidation of the
double benzylic position with manganese dioxide. By reaction
of the unprotected hydroxyl functionality with DAST
(Et2NSF3) 17 is converted with inversion into the fluoro
compound 18. The final deprotection with TBAF yields the
target compound 1 b in diastereomeric and enantiomeric pure
form (>99 % ds, >99 % ee after crystallization).

The present synthesis of 1 b, in its longest linear sequence 14
steps, can be carried out without any chromatographic
purification and can be converted in a kilogram-scale process.
The way is thus open for the in-depth evaluation of CETP
inhibition as a therapeutic principle.

Experimental Section

rac-13 : To a solution of 6 (72 mmol) and 4 (60 mmol) in dichloromethane
(40 mL) are added simultaneously TiCl4 (183 mmol) and Ti(OiPr)4 within
30 min under argon atÿ7 toÿ1 8C. After 5 min solid 5 (60 mmol) is added,
during which time the temperature increases to 3 8C. The reaction mixture
is stirred for 5 min with cooling, then for 2 h at room temperature. After
workup with 1n hydrochloric acid, washing with water, drying over sodium
sulfate, and removal of the solvent the residue is crystallized from
petroleum ether. The product rac-13 is obtained in 42 % yield.
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