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Inhibitors of Cholesterol Biosynthesis. 1. 3,5-Dihydroxy-7-(N-imidazolyl)-6-
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3,5-Dihydroxy-7-(N-imidazoly)heptanoates 4 and the corresponding heptenoates 5 were synthesized
as novel classes of potent HMG-CoA reductase (HMGR) inhibitors in which members of the latter
series possess enzyme inhibitory activity greater than that of lovastatin 1 and pravastatin 2.
Structure-activity studies show that the 7-(N-imidazolyl)heptenoates 5 are more active than the
corresponding heptanoates 4. For both imidazolyl series, the 4-fluorophenyl group is preferred
at C-5, and a broad range of aryl substituents which promote widely different lipophilicities is
tolerated at C-4. While the CF; group is preferred at C-2 in the heptanoate series, the 2-(1-
methylethyl) substituent is optimal in the heptenoate series. The 2-(1-methylethyl) and 5-(4-
fluorophenyl) groups can be interchanged in the latter series as exemplified by 5ab. Enzyme
inhibitory activity resides principally in the 8R,5S series. These potent HMGR inhibitory activities
by members of the heptenoate series translated well into whole cell activities in HepG2 cells.
X-ray crystallographic studies on the active enantiomer 28 reveal noncoplanarity of the heptenoate
C-C double bond with the imidazole ring; this finding provides an explanation for the high acid

stability of the heptenoate series.

Hypercholesterolemia is a primary risk factor in coronary
heart disease which is the major cause of death in the
Western World.2? Clinical studies with lipid lowering
agents have established that lowering elevated serum
cholesterol levels reduces the incidence of cardiovascular
mortality.? In humans 70% of total body cholesterol is
derived from de novo biosynthesis in the liver, and it has
been established that one of the most effective approaches
to lower serum cholesterol levels is by inhibiting its
biosynthesis. The fungal metabolite lovastatin 1, the
microbially transformed product pravastatin 2, and the
semisynthetic analog, simvastatin 3, are potent hypo-
cholesterolemic agents! which are finding use in the clinic.
This class of compounds inhibits 3-hydroxy-3-methylgl-
utaryl CoA reductase (HMGR), a major rate limiting
enzyme in cholesterol biosynthesis, and has been shown
toinduce the expression of hepaticlow-density lipoprotein
(LDL) receptors which mediate the clearance of LDL
cholesterol from the plasma.
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In designing structurally simplified analogs of these
inhibitors, emphasis has focused on the replacement of
the chiral decalin moiety.>” These studies revealed that
awide range of achiral substituted cycloalkenyl, aromatic,®
and heteroaromatic’ groups including the C-linked imi-
dazolyl group’s- could be incorporated while retaining
good HMGR inhibitory activity. Herein we report the
synthesis and biological activity of appropriately substi-
tuted 3,5-dihydroxy-7-(N-imidazolyl)heptanoates 4 and
the corresponding heptenoates 5 as novel classes of highly

[0}
ONa
HO

HO

A—-B
Rs N/
Lo
g N

4 AB = CH,CH,
5 A-B = (E)-CH=CH

active HMGR inhibitors in which members of the latter
series possess enzyme inhibitory activity greater than
lovastatin 1 and pravastatin 2. In the accompanying
paper,® we present a novel series of 3,5-dihydroxy-7-(N-
pyrrolyl)-6-heptencates with potent HMGR inhibitory
activity.

Chemistry

Scheme I shows the convergent approach adopted for
the synthesis of the heptanoate series. Wittig methyl-
enation followed by oxidative hydroboration of aldehyde
6° provided the homoalcohol 7. Reaction of the anion of
imidazole 81° with the triflate of 7 at 0 °C yielded the
coupled product 9. Under these conditions, unsymmet-
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¢ (a) PhyP—CH,, THF; (b) 9-BBN, THF then 30% H20;, aqueous NaOH; (c) Tfz0, 2,6-lutidine, 0 °C; (d) KN(TMS),, THF; (¢) TFA-
H,0-THF; (f) N-icdosuccinimide, TBAI, CH;Cl,, room temperature; (g) 1 equiv of 0.1 M aqueous NaOH. Regioisomers were separated by

chromatographic methods at a convenient stage.
Table I. 3,5-Dihydroxy-7-(N-imidazoly)heptanoates 4
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ONa
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K HO Ay
X Lo
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A, N
molecular molecular
no. Rz Ary formula® ICs® M) no. R. Arg formula® ICs0® (nM)
4a CF; Ph CasHa FN2NaOy 31 4n CFg Ph CosHy F(NoNaO, 201
4b CF; 3-CICeH, CosH2CIF N2NaOy 17 40 CF; 3-CIC¢H, CosHa,CIF (NoNaO ¢ 41
4c CF; 3-MeCeH, CaH2sF(N2NaOy 29 4p CFg 3-MeCgH, CaHosF N2NaO, 74
4d CFy 3-MeOCgH, CoHoF (N:NaOs¢ 20 4q CF; 3-MeOCgH, CaHasF N2NaOs¢ 135
de CF; 4-FCeH, CasHooF5N2NaO4 38 d¢ CFy 4-FCgH, CasHooFsNeNaO, 38
4f CF3 4-MeC¢H, CaHosF (NoNaOy 43 4r CFy 4-MeCgH, CoHosF (N2NaO, 760
4g CF; 4-MeOCgH, CoHosF (N2NaOg* 68 48 CFy 4-MeOCgH, Co4HzsF N2NaOs® 418
4h CFs 4-CF3CqH, CoHoF7NaNaOy 200 4t CFy 4-CF3Cg¢H, CoHooF7N2NaOy. >1000
4 CF; 3,5-Me;CeH3 CosHasF NoNaQOy 24 4u CF; 3,5-MeoCqHj; CosHasF (N2NaOy a8
4j CF; 3,5-Mez-4-FCgH; CasHaFsNoNaO, 32 4v CF; 3,5-Meg-4-FCgH; CosHoFsNoNaO¢ 31
4k CF3 thien-2-yl C21H19F{N2NaO,S 64 4w CFy thien-2-yl C21H19F N2NaO,S 215
41 CFs pyrid-3-yl CogHgoF (N3NaOy¢ 66 4x CFy pyrid-3-yl CogHooF (N3NaO,¢ >1000
4m Me:CH 4-FCgH, CasH1F2NoNaO© 316 4m Me;CH 4-FCeH, CosHFaNoNaO,¢ 316

¢ Analytical results are within £0.4% of theoretical values unless otherwise noted. ® ICs; values were determined on at least two occasions
with five dose levels of each inhibitor in duplicate and agreed within 15%. Pravastatin sodium salt was used as reference (5 nM; variation
+5%). See the Experimental Section for details. ¢ Analytical data not obtained; correct high-resolution mass spectral data were obtained.? H:

caled, 5.28; found, 4.08.

rically substituted imidazoles 8 (R4 > R;) gave mixtures
of N1- and N3-alkylated products which were separated
by column chromatography or HPLC ata convenientstage.
Deprotection of 9 with aqueous TFA followed by selective
oxidation of the resultant lactol 10, using N-iodosuccin-
imide and tetra n-butylammonium iodide,! afforded the
lactone 11; saponification provided the sodium salt 4 for
biological testing.

The structure of regioisomers derived by alkylation of
4-(fluorophenyl)imidazoles was determined by NMR
spectroscopy. For a regioisomeric pair 11a and 11n (see
Tables I and II for definitions of these letters), triplets in

HO o HO o]

11a 11n
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Table II. 3,5-Dihydroxy-7-(N-imidazolyl)heptenoates 5

Chan et al.

o
(Na
HO
RS__N
I )—R2
R N
molecular ICso® (nM) ICs° (nM)

no. R. Ry Rs formula® vs HMGR in HepG2 cells log D8
Se CF; 4-FCgH4 4-FCe¢H, CosHi1gFsNoNaO, 13 15.8 0.73
5m Me;CH 4-FCgH, 4-FCeH, C2zsH2sF2N;NaOyf 2 5.3 0.72
By Me 4-FCgH, 4-FC¢H, CasHg FaNoNaO,e >100

5z MesC 4-FC¢H, 4-FCe¢H, CogHgF2N2NaO, 7

5aa Me:N 4-FCgH, 4-FCe¢H, CaHauF'2NsNaOy¢ 9

Sab 4-FCe¢H, 4-FCe¢H, MeCH CysHosFoN2NaOy 1 0.83
Bac Me;CH 4-FC¢H, 3-CIC¢H, CosHasCIFNoNaO &8 8

5ad Me,CH 4-FC¢H4 3,5-CloCgHg CosHo(CloFNoNaO ¢ 22

bae Me;CH 4-FC¢H, 3,5-Me2CgH3 Co1HgoFNoNaO4¢ 56

Saf Me;CH 4-FCe¢H, 2-Me-4-FC¢H; CogH2F3sN2NaO, 4 0.86
5ag Me.CH 4-FCgH, 3,5-Meg-4-FCgH, CaHeF2NoNaO4¢ 30

S5ah Me:CH 4-FCgH, 3,5-Et2-4-FCgH> CosHygFaNzNaO» 100

Sai Me;CH 3,5-Me2-4-CIC¢H, 4-FC¢H, C7HzCIFNoNaO4 2 0.9 227
5aj Me:CH pyrid-3-yl 4-FCe¢H, CoHpsFN3NaO, 1 —0.43
bak Me:CH 3-MeS0O,CeH, 4-FC¢H, CogHz6FN2NaQgSe 2 —0.60
5al Me;CH 3-MeNHCgH, 4-FCeH, CogH2eFN3sNaO,¢ 3 -0.05
28 Me;CH 4-FC¢Hy 4-FCe¢H, CasHzeF3sNO/ 1 2.5

30 Me:CH 4-FCgH4 4-FC¢H, CasHagF N0/ nd’

31 Me;CH 4-FCeH, 4-FC¢H, CosHzeF2N:Of 700
32 Me:CH 4-FCgH, 4-FCgH, CasHogF2N,O/ 2000

1 lovastatin/ 3 7
2 pravastatin 5 452
35 2.6*

¢ Analytical results are within £0.4% of theoretical values unless otherwise noted. ® ICs; values were determined on at least two occasions
with five dose levels of each inhibitor in duplicate and agreed within 15%. Pravastatin sodium salt was used as reference (5 nM; variation
+5%). See the Experimental Section for details. ¢ ICso values were determined twice with at least 5 inhibitor concentrations in triplicate and
agreed within 15%. Lovastatin sodium salt was used as standard. ¢ log D was measured in n-octanol-water system in which the compound
was dissolved in pH 7.4 aqueous borax—phosphate buffer saturated with n-octanol and eluted through a column of n-octanol physically bonded
to fractionated hyflosupercel in a HPLC system. ¢ Analytical data exceeded error limit; high-resolution mass spectral data were obtained.
f Analytical data were obtained for the free acids. # N: caled, 5.02; found, 4.55. » H: calcd, 6.88; found, 5.66. | nd = not determined. / Sodium

salt of the corresponding dihydroxy acid was used. * Data from ref 7g.

the 'H NMR spectrum!? for each compound assigned to
the protons ortho (Hc) to the fluorine of the 4-fluorophenyl
ring resonated at §7.40 and 7.06 ppm. NOE!# experiments
on the isomer having He resonating at 7.40 ppm showed
signal enhancement to the Hb protons upon irradiation
of Ha or Hd. Rotating Overhauser enhancement spec-
troscopy'® (ROESY) on the other isomer having Hc
resonating at 7.06 ppm showed enhancements between
Ha or Hd and He. Therefore Hc in 4-(4-fluorophenyl)-
imidazole 11n and 5-(4-fluorophenyl)imidazole 11a res-
onate at 7.06 and 7.40 ppm, respectively. For pairs of N1-
and N3-alkylated regioisomers a Aé =~ 0.3 ppm for the He
protons was consistently observed. Compounds in which
the He proton resonates at a lower value were therefore
assigned as the 4-(4-fluorophenyl)imidazole isomers (vide
infra).

Our approach to the heptenoate series is shown in
Scheme II. Three routes to the key intermediate vinyl-
ogous aldehyde 15 were established. Unsymmetrically
substituted imidazoles 8 (R4 > Rg) gave mixtures of N1-
and N3-alkylated products which were separated at a
convenient stage. In method A]4 alkylation of the
appropriately substituted imidazole 8 with methyl pro-
piolate gave the unsaturated ester 12 as a mixture of
geometrical isomers which, if desired, could be separated
by column chromatography. DIBAL-H reduction of 12
provided the allylic alcohol 13, manganese dioxide oxi-
dation of which followed by iodine-induced double bond

isomerization afforded the (E)-aldehyde 15. Direct cou-
pling of 8 with propiolaldehyde followed by double bond
isomerization with iodine also yielded the aldehyde 15
(method B). Neither method was applicable to the highly
electron-deficient 2-(trifluoromethyl)imidazole 8e (R; =
CFj3), (see Tables I and II for definitions of these letters).
In this series, however, base-induced alkylation of 8e with
2,3-dibromopropionitrile in DMF gave exclusively the (E)-
isomer of the unsaturated nitrile 14e, DIBAL-H reduction
of whichfollowed by aqueous workup yielded the aldehyde
15e (method C). This method was used exclusively with
2-(trifluoromethyl)imidazole 8¢ (R2= CF;3); no reaction
occurred with 2-isopropylimidazoles (8, Ry = i-Pr).

In the case of 4-(3-pyridyl)imidazole 8aj (see Tables I
and IIfor the definitions of these letters), the corresponding
pyridine N-oxide was prepared (MCPBA) and used in the
alkylation step in order to avoid competitive side reactions.
The derived unsaturated ester 12 was reduced in one pot
with DIBAL-H to the allylic alcohol 13aj.

Condensation of the vinylogous aldehyde 15 with the
dianion of methyl acetoacetate afforded the aldol product
16. Stereoselective reduction!® using in situ generated
methoxydiethylborane and sodium borchydride in tet-
rahydrofuran—-methanol at =78 °C gave the syn-diol 17;
saponification yielded the sodium salt 5.

Modifications to the established route were adopted for
the synthesis of methylsulfonyl and methylamino deriv-
atives 8ak and 5al respectively. Sulfone 5ak was syn-
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CH=CCHO, A; () BrCH,CH(Br)CN, K:CO3, Et;N, DMF, 3d, room
temperature; (g) NaH, n-BuLi, MeCOCH;CO:Me, THF, 0 °C; (h)
Et3B, MeOH, NaBH,, THF, -78 °C; (i) 1 equiv of 0.1 M aqueous
NaOH. Regioisomers were separated at a convenient stage.
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¢ (a) 30% aqueous H20,, SeO3, MeOH, room temperature. See
Scheme II for the preparation of 18.

thesized from the sulfide 18 (prepared via method A) by
oxidation with 30% aqueous hydrogen peroxide—selenium-
(IV) oxide in methanol!® (Scheme III) followed by sa-
ponification of the derived sulfone 17ak. Forthesynthesis
of the methylamino derivative 5al, the protected 4-(3-
aminophenyl)imidazole 22 was prepared as outlined in
Scheme IV. Elaboration of 22 using method A followed
by deprotection of the derived diol ester 23 gave 5al.
Unambiguous assignment of N1- and N3-alkylated
products in nonsymmetrically substituted imidazoles
possessing a 4-fluorophenyl substituent was made possible
following NMR studies on 13m. Thus, heteronuclear
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multiple bond correlation!” studies (HMBC), optimized
for 5-Hz coupling, using the inverse method showed
correlations of carbon b (125.7 ppm) with protons Ha (6.62,
d) and He (7.25, dd). ROESY spectroscopy showed no
signal enhancement between the vinyl and aromatic
protons but established that Hec was adjacent to Hd (7.1,
t) and that He (7.4, dd) was adjacent to Hf (6.9, t). These
studies confirmed that the 3 and 5 protons of the 4-(4-
fluorophenyl) ring resonate at lower § value (ca. 6.9, t)
compared with the corresponding protons in the 5-(4-
fluorophenyl) ring (7.1, t). These findings were consis-
tently observed for pairs of N1- and N83-alkylated isomers
and compounds in which the 3 and 5 protons of the
4-fluorophenyl ring resonate at a lower value were assigned
to the 4-(4-fluorophenyl)imidazole series (vide supra).

In the 5-(4-fluoro-2-methylphenyl)imidazolyl series, the
intermediate esters 16af and 17af together with the derived
sodium salt 5af were each isolated as a 1:1 mixture of two
components. As N1 and N3 regioisomers were separated
at the aldehyde stage (15af), these two components were
assigned as rotamers due to restricted rotation of the
2-substituted phenyl ring attached to the 5-position of
the 1,2,4,5-tetrasubstituted imidazole. Confirmation of
this was established by high temperature 1H-NMR studies
on 5af which caused coalescence of the two sets of signals
at 135 °C in dg-DMSO.

Asymmetric aldol condensation!® was employed in the
syntheses of chiral acids 28 and 30 (Scheme V). Con-
densation of 15m with the dianion of (S)-2-acetoxy-1,1,2-
triphenylethanol, generated with 2 equiv of lithium
dicyclohexylamide, in THF at —40 °C gave the aldol
product24in94 % yield and high diastereofacial selectivity
(86% de). Transesterification followed by Claisen con-
densation of the resultant methyl ester 25 with lithiated
tert-butyl acetate afforded, after crystallization, the 58
hydroxy ketoester 26 in which none of the other enantiomer
was detected by chiral HPLC (see the Experimental
Section). Stereoselective reduction!® using in situ gen-
erated methoxydiethylborane and sodium borohydride in
tetrahydrofuran-methanol at =78 °C gave, after crystal-
lization, the syn-diol ester 27 (syn:anti > 99:1 by HPLC)
in 60% yield. Hydrolysis yielded the crystalline 3R,5S
acid 28 (99% ee). Triacetoxyborohydride reduction!® of
26 gave, after crystallization, the anti-diol ester 29 in good
yield (83%) and high diastereoselectivity (anti:syn 96.4:
3.6 by HPLC); hydrolysis yielded the 35,58 acid 30. The
(3S,5R) and (3R,5R) enantiomers 31 and 32 were similarly
prepared using (R)-2-acetoxy-1,1,2-triphenylethanol.

0 0
OR OR
HO HO
HO
F F
QW Qs
N N
| />—< | />—<
o o
F F
31 R=H 32 A=H
33 A= ‘Bu 34 R= Bu

Single-crystal X-ray crystallography (Figure 1) con-
firmed the 3R,5S absolute stereochemistry of the more
potent enantiomer 28. The torsional angle between the
heptenoate carbon—carbon double bond and imidazole ring
is 59.3° (atoms C6, C7, N8, C12). Those between the
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dioxan, room temperature; (d) NaH, Mel, DMF, room temperature, 3 h; (¢) TBAF, THF, A, 5 h; (f) see Scheme II and text; (g) TFA, anisole,

0°C.

imidazole ring and the 5-(4-fluorophenyl) and 4-(4-
fluorophenyl) rings are 68.78° (atoms N8, C12, C13, C14)
and 32.71° (atoms C12, C11, C19, C24), respectively. This
lack of coplanarity between the imidazole ring and the
heptenoate carbon—carbon double bond explains the high
acid stability of these compounds in which 5m was
recovered after 3 days at 37 °C in pH 2 buffer.?% It is
interesting to note that C-linked biphenyl and indolyl
derivatives are known to undergo acid-catalyzed decom-
position.2!

Biological Results and Discussion

The sodium dihydroxycarboxylates listed in Tables I
and Il were evaluated for inhibitory activity against washed
rat liver microsomal HMGR using a published procedure??
modified as described in the Experimental Section.
Selected 7-(N-imidazolyl)heptenoates 5 were also tested
for their ability to inhibit cholesterol biosynthesis in
HepG?2 cells.

A general comparison of the activity data contained in
Tables I and II immediately reveals that the 7-(N-
imidazolyl)heptenoates are more active than the corre-
sponding heptanoates.2®> Within the heptanocate series,
Table I, replacement of the 1-methylethyl substituent at
C-2 by CF; resulted in a considerable increase in potency
asillustrated by activity associated with 4e when compared
with that for 4m. Incorporation of a wide range of
substituted phenyl groups and heteroaryl substituents at
C-4 provides compounds with equivalent enzyme inhib-
itory activities (4a—4g, 4i-41). The preferred structural
features at C-5 are more narrowly defined; phenyl groups
incorporating p-fluoro (4e), m-chloro (40), and m-methyl
(4p, 4u, 4v) substituents promote good enzyme inhibitory
activity.

Inagreement with literature findings,™* optimal activity
resides in compounds possessing the 2-(1-methylethyl)
substituent (compare 5m with 5e, 5y, 52, 5aa) in the 7-(N-
imidazolyl)heptenoate series, Table II, and SAR derived
from modifications to the substituents at C-4 and C-5
largely paralleled those found in the heptanoate series.

The (4-fluorophenyl) group is preferred at C-5, and when
this group is retained potent HMGR inhibitory activity
is observed when aryl groups which confer widely different
lipophilicities were incorporated at C-4 (5m, 5ai, 5aj, 5ak,
5al). Potent activity was retained when the 2-(1-meth-
ylethyl) group and a 5-(4-fluorophenyl) group were in-
terchanged as in 5ab. In accordance with previous
studies,® enzyme inhibitory activity resided principally
in the (3R,55) enantiomer 28. Members of the 7-(N-
imidazolyl)heptenoate series (5m, 5ab, 5ai, 5aj, bak, 28)
are more potent than lovastatin 1 and pravastatin2. The
C-linked imidazolylheptenoate 35 is reported to possess
ICsp of 2.6 nM.™8

o

35

Selected compounds were investigated for their ability
toinhibit the incorporation of [14C]acetate into cholesterol
in HepG?2 cells (Table II). The HMGR ICs; values of 5e,
5m, Bai, and 28 translated well into whole cell activities.
Indeed 8ai (ICso = 0.9 nM) and 28 (ICso = 2.5 nM) are
more potent than lovastatin 1 in HepG2 cells; pravastatin
2 is considerably less active in this system as has been
reported previously.? Similarrat hepatocyte studies using
[“Clacetate showed potent inhibition of cholesterol
biosynthesis by 8m (ICso = 1.5 nM). However using [*H]-
mevalonolactone (which labels the cholesterol biosynthesis
pathway beyond HMGR) 5m did not inhibit incorporation
of this label into cholesterol at 100 nM (data not shown).
Thus this compound does not significantly inhibit the



Inhibitors of Cholesterol Biosynthesis. 1

Scheme V*
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Figure 1. X-ray crystallographic structure of 28.

microsomal conversion of mevalonate to cholesterol,
confirming the site of action of 5m to one of the early steps
of the biosynthetic pathway.

Conclusion

3,5-Dihydroxy-7-(N-imidazolyl)heptanoates 4 and the
corresponding heptenoates 8 have been synthesized and
shown to inhibit HMGR. The heptenoate series is more
active than the corresponding heptanoateseries. Members
of the former series have been shown to possess more potent
HMGR inhibitory activity than lovastatin 1 and pravas-
tatin 2. At the C-2 position of the imidazole ring, CF; is
preferred in the heptanoate series but 2-(1-methylethyl)
is optimal in the heptenoate series. In the latter series,
the 2-(1-methylethyl) and 5-(4-fluorophenyl) substituents
can be interchanged without loss of activity. SAR at C-4
and C-5 of the imidazolyl system are similar in both series.
Retaining the preferred 4-fluorophenyl group at C-5 in
the heptenoate series, potent HMGR inhibitory activity
is observed when aryl groups are incorporated at C-4 which
promote widely different lipophilicities. The inhibitory
activity of the heptenoate series resides principally in the
3R,58 series. These potent HMGR inhibitory activities
by members of the heptenoate series translated well into
whole cell activitiesin HepG2 cells. X-ray crystallography
of 28 shows the lack of coplanarity between the heptenoate
C—C double bond and the imidazole ring; this finding
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provides an explanation for the high acid stability of the
heptenoate series.

Experimental Section

Dry tetrahydrofuran was obtained by distillation from po-
tassium or sodium ketyl of benzophenone under nitrogen. Dry
dichloromethane and dimethylformamide were obtained by
distillation from calcium hydride and stored over 4-A molecular
sieves under nitrogen. Dry methanol was obtained by distillation
from magnesium turnings and stored over 4-A molecular sieves
under nitrogen. Unless otherwise noted, all reagents were
purchased commercially and used without purification. Organic
solutions were dried over MgSOy, and column chromatography
was performed on silica gel 60 (Merck, Art. No. 7734 or 9385).
Ry values were determined on TLC plates precoated with 0.25-
mm-thick silica gel 60 Fy;54 (Merck, Art. No. 5714) with appropriate
solvent systems and were visualised with UV light, 5% phos-
phomolybdicacid in 95% ethanol, or p-anisaldehyde in ethanol-
sulfuric acid—-acetic acid. Melting points were determined on a
Reichert apparatus and are uncorrected. UV spectra were
recorded on a Nicolet 556XC FT IR spectrophotometer. NMR
spectra were recorded on a Varian XL 200, Bruker AM 250 or
Varian VXR 400 spectrometer using TMS as internal standard.
Accurate masses were determined by high-resolution -ve FAB
mass spectrometry performed on a Kratos Concept 1H mass
spectrometer. Elemental analyses were determined with a
Perkin-Elmer 240C or a Carlo-Erba 1106 elemental analyzer.
Optical rotations were measured on an Optical Activity Ltd type-
AA-10 polarimeter. Unless otherwise stated, chiral HPLC was
performed on an Enantiopac AGP 100-mm X 4.6-mm column
using 0.02 M sodium dihydrogen phosphate pH 4 buffer
containing up to 3% isopropyl alcohol as eluant. Routine HPLC
was performed on a spherisorb ODS-2 column using 0.06 M
aqueous ammonium acetate—acetonitrile as mobile phase.

Biological Methods. Enzyme Preparation. A rat liver
microsomal preparation of HMGR was obtained from male Wistar
rats. The animals were housed in a light-controlled room where
the dark period was from 0200 to 1400 h and they had free access
to normal chow and water.

Rats (100-120 g) were killed at 0800 h, the diurnal high of
HMGR activity. Livers were removed and placed in ice-cold
buffer A (50 mM potassium phosphate, pH 7.4 containing 250
mM NaCl, 10 mM EDTA, 1 mM dithiothreitol). The livers were
chopped with scissors and washed to remove blood. Sufficient
buffer A was added to give a 20% (w/v) homogenate, and the
livers were homogenized in a precooled Potter-Elvehjem ho-
mogenizer using 6 strokes of a motor driven Teflon pestle.

The homogenate was centrifuged at 10000g for 30 min. The
resulting supernatant was removed via a pipette in order not to
disturb the mitochondria-rich pellet and centrifuged at 105000g
for 1 h. The supernatant was removed, and the pellets were
washed and resuspended in buffer A using a hand-held homog-
enizer and then respun. Allof the above procedures were carried
out at 4 °C. The final pellets were resuspended in buffer A at
a protein concentration of 10-20 mg/mL, stored in 100-uL aliquots
at =70 °C, and used within a month.

Assay Conditions. This is a modification of the procedure
reported by Shapiro et al.22 Assays were conducted in buffer A.
Enzyme plus inhibitor (50 uL) were preincubated at 37 °C for
10 min followed by the addition of 25 uL of cofactor/substrate
solution containing 2.25 mol of glucose 6-phosphate, 0.15 I.U. of
glucose 6-phosphate dehydrogenase, 225 nmol of NADP+*, and
2.5 nmol of DL-3-(hydroxymethyl)-[3-14Clglutaryl CoA (sp. act.
1.92 GBq/mmol).

The reaction was carried out within the linear range for time
and protein and terminated by the addition of HCl (2.5 M, 10
uL). Following lactonization for 30 min at 37 °C, the samples
were centrifuged in a. Microfuge to sediment denatured protein.
An aliquot (50 xL) of supernatant was added to 450 uL of buffer
B (55 mM sodium acetate/acetic acid, pH 4.6) and applied to a
3-mL AG 1-X4 (200-400 mesh) chloride form anion-exchange
column (Bio-Rad). Labeled mevalonate was eluted directly into
scintillation vials with 2.5 mL of buffer C (buffer B containing
50 mM NaCl). Scintillation fluid (Packard Pico-Aqua, 10 mL)
was then added to each vial. In preliminary validation exper-
iments a standard sample of R,S-[2-1¥C]mevalonolactone was
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carried through the column chromatography. Recoveries were
>94%. Compounds were tested for their inhibitory character-
istics at five concentrations, induplicate. Assayswere performed
on at least two occasions and ICg values agreed within 15%.

Inhibition of Acetate Incorporation into Cholesterol in
HepG2 Cells. Cells were maintained in modified Minimum
Essential Eagles Medium (MEM) supplemented with 10% fetal
calf serum and grown to 80% confluency. The medium was
changed to serum-free MEM prior to incubation with test
compounds. Inhibitor and sodium [“C]acetate were added
simultaneously, and the incubation continued for 3 h. The
mixture was saponified and extracted with petroleum ether.
Evaporation of organic solution under a stream of nitrogen gave
aresidue which was dissolved in methanol/propan-2-ol (1:1, v/v).
[14C]Cholesterol was separated by HPLC (Spherisorb 5-um
ODS-2 column eluted with methanol/propan-2-ol, 4:1, v/v) and
quantified using Betacord 1208 radioactivity monitor with a 0.5-
mL flow cell after mixing the column eluant with Optiphase Safe
scintillant (LKB). Incubations were performed twice in triplicate
with at least five inhibitor concentrations, and ICs, values agreed
within 15%.

2-[48-[[(1,1-Dimethylethyl)dimethylsilyl]Joxy]-28-meth-
oxytetrahydro-2H-pyran-6a-yl]ethan-1-o0l (7). To a stirred
suspension of methyltriphenylphosphonium bromide (23.72 g,
66.30 mmol) in dry THF (500 mL) at 0 °C under nitrogen was
added n-butyllithium (1.6 M in hexanes, 14.6 mL) dropwise over
10 min. The resultant solution was stirred for a further 0.3 h at
0°C. Asolution of 6° (13.99 g, 50.98 mmol) in dry THF (50 mL)
was added dropwise over 5 min, and then the mixture was stirred
at0°Cforafurther 2h. Thereaction was quenched with acetone,
and then the mixture was evaporated to dryness to give a purple
solid. This was chromatographed on silica gel eluting with ethyl
acetate—hexane (1:9) to give a pale yellow oil (10.79 g).

To a solution of this oil (5.0 g, 18.35 mmol) in dry THF (180
mL) at 0 °C under nitrogen was added gradually a THF solution
of 9-BBN (0.5 M, 112 mL), keeping the temperature below 3 °C.
The mixture was stirred at 0 °C for 3 h and then at 20 °C for 18
h. After the mixture was cooled to 0 °C, water (10 mL) was
added followed, when effervescence had subsided, by aqueous
sodium hydroxide (3M, 22.3 mL) and then 30 % aqueous hydrogen
peroxide (26.8 mL), keeping the temperature below 50 °C. After
the addition the mixture was heated at 50 °C for 3.5 h, cooled,
and saturated with solid potassium carbonate. The mixture was
filtered, and the filtrate was extracted with ethyl acetate (2 X
250 mL). The combined extracts were washed with brine, dried,
and evaporated. The residue was chromatographed on silica gel
using gradient elution with ethyl acetate~cyclohexane (1:10 to
3:10) to give 7 (5.34 g, 82%) as a pale yellow oil: NMR (CDCly)
§0.03,0.05 (28, 6H), 0.85 (s, 9H), 1.80 (m, 6H), 2.68 (m, 1H), 3.30
(s, 3H), 3.79 (m, 2H), 4.03 (m, 1H), 4.31 (m, 1H), 4.68 (m, 1H).
Anal. (C,H30,8i) C, H.

1-[2-[45-[[(1,1-Dimethylethyl)dimethylsilyl Joxy]-25-meth-
oxytetrahydro-2H-pyran-6a-yljethyl]-5-(4-fluorophenyl)-4-
phenyl-2-(trifluoromethyl)-1 H-imidazole (9a) and the Cor-
responding N3-Alkylated Isomer (9n). 5-(4-Fluorophenyl)-
4-phenyl-2-(trifluoromethyl)-1H-imidazole!® 8a (1.50 g, 4.90
mmol) was dissolved in dry THF (30 mL), and the resultant
solution was cooled to —20 °C under nitrogen. A THF solution
of sodium bis(trimethylsilyl)amide (0.5 M, 12.5 mL) was added
dropwise with stirring to afford a solution of the imidazole anion
which wasstored at—20 °C. Trifluoromethanesulfonic anhydride
(1.0 mL, 6.06 mmol) was added dropwise to a stirred solution of
7 (1.50 g, 5.16 mmol) and dry pyridine (0.93 mL, 11.40 mmol) in
dry dichloromethane (20 mL) under nitrogen at -20 °C. After
0.5 h hexane (20 mL) cooled to -20 °C was added, and the
suspension was stirred vigorously at —20 °C for 10 min before
centrifugation. The supernatant liquid was set aside at -20 °C
while the solid was washed with cold hexane as before, centrifuged,
and the supernatant liquid separated. To the combined hexane
solutions stirred at —20 °C was added dropwise the mixture
containing the previously prepared imidazole anion. After9min
at —-20 °C the mixture was evaporated, and the residue was
chromatographed on silica gel eluting with ethyl acetate—
cyclohexane (1:8) to give a mixture of 9a and 9n (1.80 g, 60%)
as a light brown gum: NMR (de-DMSO) 6 0.88 (s, 9H), 3.18 and
3.20 (2 s, 3H), 4.54 (m, 1H), 6.90 (t, 1H, J = 9 Hz2), 7.15-7.55 (m,
9H); MS (C3H3sFN20;Si) caled 579.2666, found 579.2680.
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[2a8,48]-6a-[2-[5-(4-Fluorophenyl)-4-phenyl-2-(trifluo-
romethyl)-1H-imidazol-1-yl]lethyl]tetrahydro-2H-pyran-
2,4-diol (10a) and the Corresponding N3-Alkylated Isomer
(10n). A mixture of 9a and 9m (0.15 g, 0.26 mmol) in trifluo-
roacetic acid-THF-water (3:2:2, 7 mL) was stirred at 20 °C for
2.5h. The reaction mixture was diluted with ether (20 mL) and
neutralized with saturated aqueous sodium bicarbonate. The
organic phase was washed with water, dried, and evaporated.
The residue was chromatographed onsilica gel eluting with ethyl
acetate—hexane (2:1) to afford a mixture of 10a and 10n (0.027
2,23%): NMR (CDCl;) 4 2.50, 2.68, 2.89 (3 m, 1H), 3.60—4.30 (m,
4H), 4.82, 4.97, 5.18 (3 m, 1H), 6.80-7.60 (m, 9H). Anal
(CosHgFN:2Os) C, H, N.

trans-6-[2-[5-(4-Fluorophenyl)-4-phenyl-2-(trifluoro-
methyl)-1H-imidazol-1-yl]ethyl]-4-hydroxytetrahydro-2H-
pyran-2-one (11a) and the Corresponding N3-Alkylated
Isomer (11n). A mixture of 10a and 10n (0.052 g, 0.12 mmol)
in dichloromethane (2 mL) was added to a solution of N-io-
dosuccinimide (0.078 g, 0.35 mmol) and tetra-n-butylammonium
iodide (0.043 g, 0.12 mmol) in dichloromethane (4 mL). The
mixture was stirred in the dark for 2.5 h, diluted with dichlo-
romethane, washed twice with water, dried, and evaporated. The
residual oil was chromatographed onsilica gel plates eluting with
ethyl acetate—hexane (3:1) to afford 11a (0.017 g, 31%) which
crystallized from diethyl ether to give white crystals: mp
176-178 °C; R; 0.53 (SiOy/ethyl acetate~hexane, 3:1); NMR (de-
DMSO) § 1.50-1.63 (m, 2H), 1.76~1.86 (m, 2H), 2.32 (dd, 1H, J
= 16.5 and 2.5 Hz), 2.58 (dd, 1H, J = 16.5 and 5.5 Hz), 3.97-4.06
(m, 2H), 4.11-4.18 (m, 2H), 4.40-4.49 (m, 1H), 5.10-5.16 (br s,
1H), 7.16-7.28 (m, 3H), 7.34 (d, 2H, J = 6.5 Hz), 7.40 ({, 2H, J
=8.5Hz), 7.57 (dd,2H,J =8.5and 6 Hz). Anal. (CysHF4N20s)
C, H, N. Further elution gave 11n (0.024 g, 44%) which was
crystallized from THF-hexane to give colorless crystals: mp 152-
154°C; R;0.43 (SiO2/ethyl acetate—hexane, 3:1); NMR (de-DMSO)
51.48-1.60 (m, 2H), 1.75-1.90 (m, 2H), 2.29 (dd, 1H,J = 16.5and
3 Hz), 2.56 (dd, 1H, J = 16.5 and 5 Hz), 3.97-4.04 (m, 2H), 4.11-
4.19 (m, 1H), 4.39-4.48 (m, 1H), 4.8-5.2 (br s, 1H), 7.06 (t, 2H,
J = 8 Hz), 7.36 (dd, 2H, J = 8 and 6 Hz), 7.49-7.53 (m, 2H),
7.56~7.62 (m, 3H).

(+)-erythro-3,5-Dihydroxy-7-[5-(4-fluorophenyl)-4-phen-
yl-2-(trifluoromethyl)-1H-imidazol-1-yl]heptanoic Acid, So-
dium Salt (4a). To a stirred solution of 11a (0.014 g, 0.031
mmol) in THF (3 mL) was added aqueous sodium hydroxide (0.1
M, 0.35 mL). The mixture was evaporated, taken up in water,
washed twice with ether, and freeze-dried to give 4a (0.015 g,
99%) as a brown solid: NMR (D20) 6 1.30-2.00 (m, 4H), 2.28 (m,
2H), 3.86 (m, 1H), 4.12 (m, 2H), 7.10-7.50 (m, 9H). Anal. (free
acid, CasH2FN20,) C, N; H: caled, 4.76; found, 5.17.

General Procedures for the Preparation of Vinylogous
Aldehyde 15. Method A. (E) 3-[4,5-Bis(4-fluorophenyl)-
2-(1-methylethyl)-1 H-imidazol-1-yl]-2-propenoic Acid, Meth-
yl Ester (12m). A mixture of 4,5-bis(4-fluorophenyl)-2-(1-
methylethyl)-1H-imidazole!? 8m (2.00 g, 6.7 mmol) and methyl
propiolate (2.55 g, 30.4 mmol) in dry THF (40 mL) was heated
at reflux under nitrogen for 65 h. The reaction mixture was
allowed to cool to room temperature and then purified by flash
column chromatography on a silica gel column. Elution of the
column with ethyl acetate—cyclohexane (3:17) gave the trans-
12m (1.02 g, 40%): IR (CHBrs) 1713, 1643, 1513, 1250, 1226
em; UV Anax 248.4 (¢ 22 180) nm in methanol; NMR (CDCls)
5 1.46 (d, 6H, J = 7.5 Hz), 3.24 (septet, 1H, J = 7.5 Hz), 3.72 (s,
3H), 5.29 d, 1H, J = 15 Hz), 6.91 (t, 2H, J = 9 Hz), 7.18 (t, 2H,
J =9 Hz),7.31 (dd, 2H, J = 9 and 6 Hz), 7.40 (dd, 2H,J = 9 and
6 Hz), 7.80 (d, 1H, J = 15 Hz). Anal. (C22HyF:N.;02) C, H, N.
Further elution provided cis-12m (0.9 g, 35%): NMR (CDCly)
81.37 (d, 6H, J = 5 Hz), 2.97 (septet, 1H, J = 5 Hz), 3.58 (8, 3H),
5.96 d, 1H, J = 9 Hz), 6.78 (d, 1H, J = 9 Hz), 6.90 (t, 2H, J =
9 Hz), 7.05 (t, 2H, J = 9 Hz), 7.23 (dd, 2H, J = 9 and 6 Hz), 7.43
(dd, 2H, J = 9 and 6 Hz).

(E)-3-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-1H-im-
idazol-1-y1]-2-propenol (13m). Toasolutionoftrans-12m (1.15
g 3 mmol) in dry dichloromethane (30 mL) at -78 °C under
nitrogen was added DIBAL-H (1 M solution indichloromethane,
6.62 mL). The mixture was stirred at —78 °C for 2 h and then
allowed to warm to room temperature, quenched with saturated
aqueous ammonium chloride, and extracted with dichlo-
romethane. The extracts were combined, dried, and evaporated
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to give a white solid which was purified by flash column
chromatography, eluting with ethyl acetate—cyclohexane (2:3) to
give 13m (0.866 g, 81%) as an off white crystalline solid: IR
(CHBr;) 3592, 1661, 1591 em-!; NMR (CDClg) 6 1.40 (d, 6H, J
=7 Hz), 1.63 (t, 1H, J = 5 Hz), 3.14 (septet, 1H, J = 7 Hz), 4.16
and 4.17 (2t, 2H, J = 5 Hz), 5.51 (dt, 1H, J = 15 and 5 Hz), 6.60
(dt, 1H, J = 15 and 2 Hz), 6.89 (t, 2H, J = 9 Hz), 7.09 (t, 2H, J
=9 Hz), 7.25 (dd, 2H, J = 9 and 6 Hz), 7.38 (dd, 2H, J = 9 and
6 Hz). Anal. (C2HyF:N:0) C, H, N.

(E)-3-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-1H-im-
idazol-1-yl]-2-propenal (15m). Manganese(IV) oxide (2.101
g, 7 X w/w) was added to a stirred solution of 13m (0.301 g, 0.85
mmol) in dichloromethane (30 mL). After 1 h, the reaction
mixture was filtered, and the residual manganese(IV) oxide was
washed sequentially with ethyl acetate—cyclohexane (1:1) and
ethyl acetate. The filtrate was evaporated to give 15m (0.225 g,
75%) as a white solid: IR (CHBr3) 1680, 1637, 1514, 1232 ¢cm-);
UV Amax 260.9 (¢ 20 051) nm in ethanol; NMR (CDCls) § 1.49 (d,
6H, J = 7 Hz), 3.25 (septet, 1H, J = 7 Hz), .63 (dd, 1H, J = 15
and 7 Hz), 6.92 (t, 2H, J = 9 Hz), 7.21 (t, 2H, J = 9 Hz), 7.33 (dd,
2H, J = 9 and 6 Hz), 7.41 (dd, 2H, J = 9 and 6 Hz), 7.51 (d, 1H,
J =15 Hz), 9.41 (d, 1H, J = 7 Hz). Anal. (C;H,sF:N;0) C, H,
N.

Method B. (E) 3-[4,5-Bis(4-fluorophenyl)-2-(1-methyl-
ethyl)-1 H-imidazol-1-y1]-2-propenal (16m). To a solution of
8m (492 mg, 1.65 mmol) in dry THF (35 mL) under nitrogen was
added propiolaldehyde (0.97 mL), and the reaction mixture was
heated to reflux. Further quantities of propiolaldehyde were
added in portions (3 X 1.1 g) during successive 2-h periods. The
reaction mixture was concentrated, and the deep-red residue
was purified by flash column chromatography, eluting with ethyl
acetate—cyclohexane (1:4) to give an off-white solid of 15m (398
mg) as a 1:1 mixture of geometric isomers by !H-NMR. This
isomeric mixture was dissolved in carbon tetrachloride (150 mL)
and heated at reflux with iodine (0.1 g) for 18 h using a 200-W
tungsten lamp. After this period, activated charcoal (6 g) was
added, and heating was continued for a further 1 h. The mixture
was filtered, and the resulting pale yellow solution was evaporated
to yield 15m (384 mg, 66%) as a dull-white solid whose
spectroscopic properties were in accord with those described
above.

Method C. (E)-3-[4,5-Bis(4-fluorophenyl)-2-(trifluoro-
methyl)-1H-imidazol-1-yl1]-2-propenenitrile (14e). Trieth-
ylamine (5.2 mL, 37.31 mmol) was added to a mixture of 4,5-
bis (4-fluorophenyl)-2- (trifluoromethyl)-1H-imidazole!? 8e (3.045
g, 9.4 mmol), 2,3-dibromopropionitrile (5.33 g, 25 mmol), and
anhydrous potassium carbonate (3.1 g, 22.4 mmol) in DMF (19
mL) at room temperature under nitrogen. The resulting solution
was stirred for 4 days at room temperature. The reaction was
quenched with brine, extracted with dichloromethane (5X) and
dried. Removal of the solvent gave a brown liquid which was
purified by flash column chromatography eluting with ethyl
acetate—cyclohexane (1:9) to give 14e (1.45 g, 41%) as a white
solid: IR (CHBr;) 2229 cm-!; NMR (CDCls) 6 5.11 (d, 1H, J =
15Hz),6.96 (t,2H,J =9 Hz),7.2-7.5 (m, 7TH). Anal. (CzsH0FsN3)
C,H,N.

(E)-3-[4,6-Bis(4-fluorophenyl)-2-(trifluoromethyl)-1H-
imidazol-1-y1]-2-propenal (15e). DIBAL-H (1 M in dichlo-
romethane, 2.2 mL) was added to a solution of 14e (484 mg, 1.29
mmol) in dry THF (15 mL) at —-78 °C under nitrogen. The
resulting mixture was stirred at —78 °C for 1.5 h. The reaction
was quenched with saturated aqueous ammonium chloride,
extracted with dichloromethane (4X), and dried. Rotary evap- -
oration gave a brown gum (0.53 g) which was purified by flash
column chromatography, eluting with ethyl acetate—cyclohexane
(1:9) to give 15e (263 mg, 54 % ) as a yellow solid: IR (Nujol) 1692,
1226 cm-!; NMR (CDCly) 6 5.77 (dd, 1H, J = 14.7 and 7.4 Hz),
6.95 (t, 2H, J = 8.7 Hz), 7.2-7.3 and 7.31-7.46 (2 m, 6H), 7.55 (d,
1H, J = 14.7 Hz), 9.47 (d, 1H, J = 7.4 Hz).

(£)-(E)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-1H-
imidazol-1-yl]-5-hydroxy-3-0xo0-6-heptenoic Acid, Methyl
Ester (16m). To a slurry of sodium hydride [60% dispersion in
oil, 0.10 g, 2.5 mmol, washed with dry THF (3 X 3 mL)] in THF
(2 mL) at -3 °C under nitrogen was added methyl acetoacetate
(0.028 mL, 0.26 mmol). After 5 min, n-butyllithium (1.4 M in
hexanes, 0.26 mL) was added, and the resultant solution was
stirred at -3 °C for 10 min. 15m (0.10 g, 0.28 mmol) in THF (9
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mL) was cannulated into the methyl acetoacetate dianion solution
at -3 °C. After 0.5 h at—3 °C the cooling bath was removed and
after a further 10 min the mixture was recooled to 0 °C and then
quenched with saturated aqueous ammonium chloride (50 mL).
The solution was extracted with dichloromethane (50 mL X 4),
and the extracts were combined, dried, and evaporated to give
a dark orange oil. This material was purified by flash column
chromatography eluting with ethyl acetate—cyclohexane (2:3, 1:1)
to give 16m (0.054 g, 41% ) as an orange solid: R;0.18 (SiOy/ethyl
acetate—cyclohexane, 2:3); IR (CHBr;) 3560, 1742, 1713 cm™!;
NMR (CDCly) 6 1.41 (d, 6H, J = 7 Hz), 2.62 (d, 2H, J = 5 Hz),
2.93 (br s, 1H), 3.12 (septet, 1H, J = 7 Hz), 3.46 (s, 2H), 3.77 (s,
3H), 4.63 (m, 1H), 5.27 (dd, 1H, J = 15 and 5 Hz), 6.72 (dd, 1H,
J =15 and 2 Hz), 6.91 (t, 2H, J = 8 Hz), 7.11 (t, 2H, J = 8 Hz),
7.24 (dd, 2H, J = 8 and 5 Hz), 7.42 (dd, 2H, J = 8 and 5 Hz). Anal.
(C2sHgeF2N2Oy) C, H, N.

(+)-erythro-(E)-7-[4,5-Bis (4-fluorophenyl)-2-(1-methyl-
ethyl)-1 H-imidazol-1-y1]-3,5-dihydroxy-6-heptenoic Acid,
Methyl Ester (17m). To a solution of triethylborane (1 M in
THF, 0.36 mL) in THF (1.7 mL) at room temperature under
nitrogen was added dried methanol (0.35 mL), and the mixture
was stirred for 1 h. The solution was then cooled to -78 °C, and
16m (52 mg, 0.11 mmol) in THF (4 mL) was added. The mixture
was stirred for 1 h, after which time sodium borohydride (5 mg,
0.13mmol) wasadded. After6 hofstirringat—78°C, thereaction
mixture was diluted with ethyl acetate (10 mL), and the reaction
was quenched with saturated aqueous ammonium chloride
solution (10 mL) at -78 °C. The mixture was allowed to warm
to room temperature overnight, extracted with ethyl acetate (5
X 20 mL), and dried. Rotary evaporation gave a residue which
was azeotroped with methanol (4 X 30 mL) to give the crude
product as an orange film. Purification by flash column
chromatography eluting with ethyl acetate—cyclohexane (2:1) gave
17m (46 mg, 88%) as a clear colorless film: R 0.20 (SiOz/ethyl
acetate—cyclohexane, 2:1); NMR (CDCl) é 1.3-1.8 (m, 2H), 1.4
(d, 6H, J =7 Hz), 3.8-4.0 (br s, 2H), 4.10-4.21 (m, 1H), 4.37-4.46
(m, 1H), 5.31 (dd, 1H,J = 15 and 5 Hz), 6.66 (dd, 1H,J = 15 and
2 Hz), 6.90 and 7.09 (2 t, 4H, J = 9 Hz for both), 7.03-7.12 and
7.35-7.44 (2 m, 4H). Anal. (CeH2sF2N2040.42H:0) C, H, N,
H:0.

(+)-erythro-(E)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methyl-
ethyl)-1H-imidazol-1-yl1]-3,56-dihydroxy-6-heptenoic Acid,
Sodium Salt (5m). To a stirred solution of 17m (44 mg, 0.093
mmol) in THF (0.5 mL) under nitrogen was added aqueous
sodium hydroxide (0.1M, 0.84 mL). After 0.6 h the solution was
rotary evaporated to remove all organic solvent. The residual
aqueous solution was diluted with water (10 mL) and extracted
with ether (4 X 20 mL). The aqueous phase was filtered,
concentrated (ca. 5 mL), and subjected to freeze-drying overnight
to give 5m as a beige solid (37 mg): IR (Nujol) 3345, 1570, 1518,
1461, 1224 cm™!; NMR (ds-DMSO) 6 1.00-1.50 (m, 2H), 1.30 (d,
6H, J = 7 Hz), 1.70-1.82 and 1.94-2.03 (2 m, 2H), 3.16 (septet,
1H,J = 7 Hz), 3.47-3.6 (m, 1H), 4.13-4.23 (m, 1H), 5.15-5.28 (br
s, 1H), 5.48 (dd, 1H, J = 15 and 5 Hz), 6.55 (d, 1H, J = 15 Hz),
7.06 (t, 2H, J = 9 Hz), 7.22-7.43 (m, 6H). Adjustment of the
aqueous solution of 5m to pH 4 with 2 M hydrochloric acid
followed by extraction of the ammonium sulfate saturated
aqueoussolutiongave the freeacid: Anal. (CysHzeF2N2040.3H20)
C,H,N,F.

(E,38)-5-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-1H-
imidazol-1-y1]-3-hydroxy-4-pentenoic Acid, (S)-1,1,2-Tri-
phenylethyl Ester (24). A solution of dry dicyclohexylamine
(2.49 mL, 12.5 mmol) in dry THF (30 mL) under nitrogen at 3
°C was treated dropwise with a solution of n-butyllithium (1.55
M in hexanes, 8.06 mL). After 25 min the solution was cannulated
dropwise into a stirred suspension of (S)-2-acetoxy-1,1,2-tri-
phenylethanol'® (1.828 g, 5.5 mmol) in dry THF (60 mL) under
nitrogen at —40 °C, plus washings (10 mL). When the addition
was complete the mixture was allowed to warm to 3 °C. After
20 min the solution was cooled to —40 °C and treated with a
solution of 15m (1.762 g, 5 mmol) in dry THF (40 mL). After
4 h the reaction mixture was treated with saturated aqueous
ammonium chloride solution (20 mL) and allowed to warm to
room temperature. Water (200 mL) was then added, and the
mixture was extracted with ethyl acetate (3 X 100 mL). The
combined extracts were dried and evaporated and purified by
flash column chromatography with ethyl acetate—cyclohexane

Chan et al.

(7:3) togive 24 (3.234 g,94 %), as a light brown foam: IR (CHBr3)
3638, 2971, 1729, 1517, 1224, 840 cm-!'; NMR (CDCl;) § 1.36 and
1.38 (2d, 6H, J = 7 Hz for both), 2.30 (d, 2H, J = 6 Hz), 2.68
(d, 1H, J = 4.5 Hz), 2.78 (s, 1H), 3.05 (septet, 1H, J = 7 Hz),
4.32-4.45 (m, 1H), 5.38 (dd, 1H, J = 14 and 5 Hz), 6.58 (dd, 1H,
J = 14 and 2 Hz), 6.72 (s, 1H), 6.89 (t, 2H, J = 9 Hz), 7.0-7.2,
7.23-7.43, and 7.5-7.6 (3 m, 21H). SS:SR = 93:7 by 'H-NMR.
Anal. (CHsF2N2040.7H;0) C, H, N.
(E,3S)-5-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-1H-
imidazol-1-y1]-3-hydroxy-4-pentenoic Acid, Methyl Ester
(25). A stirred suspension of 24 (3.11 g, 4.54 mmol) in methanol
(30 mL) was treated with a solution of sodium (110 mg, 4.78
mmol) in methanol (20 mL) plus methanol washings (2 X 5 mL).
The resulting orange solution was stirred at room temperature
for 2.5 h, and then the reaction mixture was concentrated. This
was dissolved in dichloromethane (150 mL), and then the solution
was washed with water (50 mL) and brine (2 X 50 mL). The
combined washings were extracted with dichloromethane (50
mL), and the combined organic phases were dried and evaporated
to a pale buff solid (3.13 g). This was purified by column
chromatography eluting with ethyl acetate—cyclohexane, 1:1, to
give 25 (1.588 g,82%) as a white crystalline solid: [«]*°p = +10.3°
(0.3% in CHCly); IR (Nujol) 3176, 1739, 1512, 835 cm™!; NMR
(CDCly) 6 1.42 (d, 6H, J = 7 Hz), 2.3-2.5 (m, 2H), 3.11 (d, 1H,
J =5 Hz), 3.13 (septet, 1H, J = 7 Hz), 3.71 (s, 3H), 4.50-4.61 (m,
1H), 5.30 (dd, 1H, J = 14.5 and 5.5 Hz), 6.71 (dd, 1H, J = 14.5
and 2 Hz), 6.90 and 7.09 (2 t, 4H, J = 9 Hz for both), 7.23 and
7.39 (dd, 2H, J = 9 and 5.5 Hz for both); MS (CoH3sF2N20;3)
calcd 427.1833, found 427.1824.
(E,58)-7-[4,6-Bis(4-fluorophenyl)-2-(1-methylethyl)-1H-
imidazol-1-yl1]-5-hydroxy-3-oxo-6-heptenoic Acid, 1,1-Di-
methyleth-1-yl Ester (26). A solution of dry diisopropylamine
(0.77 mL, 5.49 mmol) in dry cyclohexane (15.6 mL) at 3 °C under
nitrogen was treated dropwise with n - butyllithium solution (1.55
M in hexanes, 3.54 mL). After 15 min tert-butyl acetate (0.74
mL, 5.49 mmol) was added dropwise. After 30 min the mixture
was cannulated into a solution of 25 (334 mg, 0.78 mmol) in dry
THF (7.8 mL) at 3 °C under nitrogen over 15 min. After 1 hthe
mixture was quenched with saturated aqueous ammonium
chloride solution (3.5 mL) and then diluted with water. The
mixture was then extracted with ethyl acetate (3 X 20 mL). The
combined extracts were dried and evaporated to a gummy solid
(518 mg) which was treated with ether (4 mL) and then
cyclohexane (4 mL) and cooled in an ice bath. The solid was
collected, washed, and dried to give 26 (239 mg, 60% ) as a white
powder: [a]®p =-7.7°(1.04% in CHCl,); IR (CHBrs) 3660, 1728,
1707, 1517, 1224, 840 cm-1; NMR (CDCls) 6 1.41 (d,6H, J = 7.5
Hz), 1.46 (s, 9H), 2.59 (d, 2H, J = 5.5 Hz), 3.02 (br s, 1H), 3.14
(septet, 1H,J = 7.5 Hz), 3.35 (8, 2H), 4.57-4.68 (m, 1H), 5.39 (dd,
1H, J = 14 and 7 Hz), 6.70 (d, 1H, J = 14 Hz), 6.90 and 7.10 (2
t, 4H, J = 9 Hz for both), 7.24 and 7.38 (2 dd, 4H, J = 8 and 5.5
Hz for both). About 8% of enol form was present: 3 includes
2.29 (d, J = 5.5 Hz), 4.51 (m), 4.89 (s), 5.38 (dd, J = 14 and 7 Hz),
6.64 (d,J =14 Hz). Anal. (C3HsoFsN2:0,)C,H,N. Chiral HPLC,
performed on an AGP column (4-mm diameter X 100-mm length)
at ambient temperature using 20 mM NaH.PO, pH 4.0 buffer
containing 3% propan-2-ol as eluant at 0.3 mL/min, detected
none of the other enantiomer possessing the longer retention
time at 230-nm wavelength (tg = 11.9 and 14.8 min for the
corresponding racemate). A second crop of 26 (56 mg) was also
obtained.
(E,3R,585)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-
1H-imidazol-1-y1]-3,5-dihydroxy-6-heptenoic Acid, 1,1-Di-
methyleth-1-yl Ester (27). A solution of dry THF (16 mL) and
dry methanol (4 mL) under nitrogen at room temperature was
treated with a solution of triethylborane (1.0 M in THF, 2.32
mL). After 1 h the mixture was cooled to -78 °C and treated
with a solution of 26 (1.075 g, 2.1 mmol) in THF (15 mL) plus
washings (5 mL). After a further 1 h at -75 °C the mixture was
treated with sodium borohydride (88 mg, 2.3 mmol). After 2.5
h the mixture was quenched with saturated aqueous ammonium
chloride solution (2 mL) and allowed to warm to room temper-
ature. The mixture was then diluted with water (100 mL) and
extracted with ethylacetate (3 X 70 mL). The combined extracts
were dried and evaporated, and the residue was azeotroped with
methanol (3 X 30 mL). This gave a pale yellow solid (1.076 g)
which was crystallized from ether—cyclohexane to give 27 (739
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mg, 68% ) as white fluffy crystals: [«]?p=-70° (0.7% in CHCls);
NMR (CDCly) 6 1.31-1.57 (m, 2H), 1.43 (d, 6H, J = 7.5 Hz), 1.50
(s,9H), 2.38 (d, 2H, J = 7 Hz), 3.17 (septet, 1H, J = 7.5 Hz), 3.78
(s, 1H), 3.81 (8, 1H), 4.09-4.17 (m, 1H), 4.40-4.46 (m, 1H), 5.31
(dd, 1H, J = 14 and 5 Hz), 6.69 (d, 1H, J = 14 Hz), 6.91 (t, 2H,
J =9 Hz), 7.09 (t, 2H, J = 9 Hz), 7.27 (dd, 2H, J = 9 and 5§ Hz),
7.50 (dd, 2H, J = 9 and 5 Hz). Anal. (C»Hs,F,N20,) C, H, N.
HPLC showed >99:1; syn:anti.
(E,3R,58)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-
1H-imidazol-1-y1]-3,5-dihydroxy-6-heptenoic acid (28). A
solution of 27 (726 mg, 1.4 mmol) in redistilled THF (40 mL) was
treated with 0.1 M aqueous sodium hydroxide solution (14.5 mL).
After 30 min the mixture was concentrated to ca. 10 mL and then
diluted with water (50 mL). The mixture was acidified to pH 2
with 2 M hydrochloric acid and brought back to pH 4 with aqueous
sodium hydrogen carbonate solution, ammonium sulfate was
added, and then the mixture was extracted with ethyl acetate (3
X 50 mL). The combined extracts were dried and concentrated
to ca. 4 mL when a solid crystallized. The crystals were collected
and dried togive 28 (500 mg, 77%): mp 172-3°C; [a]*°p = +15.7°
(1.02% in DMSO); IR (Nujol) 3402, 1692, 1519, 1223, 845 cm™;
NMR (de-DMSO) 6 1.20-1.40 and 1.45-1.59 (2 m, 2H), 1.28 (d,
6H, J =7 Hz), 2.19 (dd, 1H, J = 15 and 8 Hz), 2.29 (dd, 1H, J
= 15 and 5 Hz), 3.18 (septet, 1H, J = 7 Hz), 3.67-3.83 (m, 1H),
4.10-4.24 (m, 1H), 4.60-4.80 (br s, 1H), 5.00 (d, 1H, J = 4.5 Hz),
5.46 (dd, 1H, J = 14 and 6.5 Hz), 6.59 (d, 1H, J = 14 Hz), 7.05
(t, 2H, J = 8.5 Hz), 7.21-7.43 (m, 6H). Anal. (CaHzFiN10,) C,
H, N, F. RS:SR = 99.5:0.5 by HPLC.
(E38,5R)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-
1H-imidazol-1-y1]-3,5-dihydroxy-6-heptenoic Acid, 1,1-Di-
methyleth-1-yl Ester (33) was prepared by procedures similar
to that described for the preparation of 27 using
(R)-2-acetoxy-1,1,2-triphenylethanol: mp 164 °C; [a]?p = -30°
(1% in MeOH); NMR was identical to that described for
compound 27. Anal. (CgHsF.N,0,0.2H;0) C, H, N.
(E,3S,5R)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-
1 H-imidazol-1-y1]-3,5-dihydroxy-6-heptenoic Acid (31). Com-
pound 31 was prepared from compound 33 by a procedure similar
to that described for the preparation of 28: mp 169 °C; [a]®p
=-15° (1% in DMSO); NMR was identical to that described for
compound 28. Anal. (Cy;HzF2:N20,) C, H, N. HPLC showed
0.6% anti isomer. Chiral HPLC showed the absence of 28.
(E,3R,5R)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-
1H-imidazol-1-y1]-3,5-dihydroxy-6-heptenoic Acid, 1,1-Di-
methyleth-1-yl Ester (34). Tetramethylammonium borohy-
dride (4.3 g, 48 mmol) was added over 10 min to acetic acid (110
mL) while the temperature was kept at ca. 20 °C with an ice—-
water bath. After the evolution of hydrogen, the solution was
stirred for 10 min. (E,5R) 7-[4,5-Bis(4-fluorophenyl-2-(1-
methylethyl)-1H-imidazol-1-yl]-5-hydroxy-3-oxo-6-heptenoic acid,
1,1- dimethyleth-1-yl ester (prepared by a procedure similar to
that described for 26) (6 g, 11.7 mmol) was added over 3 min and
stirred for 1 hat 15-20 °C. The reaction was quenched carefully
with water (45 mL), and the mixture was stirred with ethyl acetate
(215 mL) and saturated brine (25 mL) for 5 min. The organic
solution was separated and washed with aqueous sodium bicar-
bonate solution (7 X 55 mL) until the aqueous extract remained
alkaline and brine (40 mL). Removal of solvent gave a solid
which was dissolved in ethyl acetate (15mL) at 60 °C. Petroleum
ether (60-80 °C, 90 mL) was added over 5min. The solution was
allowed to cool to 5 °C over 2 h. The crystallized solid was
collected by filtration and washed with petroleum ether—ethyl
acetate (6:1) (2 X 10 mL) and petroleum ether (10 mL) to give
34 (5.0 g, 83%): IR (Nujol) 3468, 3391, 1718, 1697, 1512, 1213,
1147, 840 cm-!; NMR (CDCly) 4 1.36 (d, 6H, J = 7 Hz), 1.42 (s,
9H), 1.52-1.71 (m, 2H), 2.17-2.40 (m, 2H), 3.10 (septet, 1H,J =
7 Hz), 3.29 (br s, 1H), 3.61 (br s, 1H), 3.89-4.07 (m, 1H), 4.42 (br
s, 1H), 5.34 (dd, 1H, J = 14.5 and 5 Hz), 6.64 (dd, 1H, J = 14.5
and 1.5 Hz), 6.81 (t, 2H, J = 9 Hz), 7.03 (t, 2H, J = 9 Hz), 7.20
(dd, 2H, J = 9 and 5.5 Hz), 7.33 (dd, 2H, J = 9 and 5.5 Hz). Anal.
(C20HaF2N20,) C, H, N. HPLC showed 3.6% of the syn isomer.
(E3R,5R)-7-[4,7-Bis(4-fluorophenyl)-2-(1-methylethyl)-
1H-imidazol-1-y1]-3,5-dihydroxy-6-heptenoic Acid (32). Com-
pound 32 was prepared from compound 34 by a procedure similar
to that described for the preparation of 28: mp 122 °C; [a]®p
= +11° (1% in DMSO); IR (Nujol) 3390, 1675, 1517, 1219, 846
cm-!; NMR (de-DMSO) 4 1.11-1.44 (m, 2H), 1.30 (d, 6H,J = 7
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Hz), 2.12-2.38 (m, 2H), 3.16 (septet, 1H, J = 7 Hz), 3.91-4.08 (m,
1H), 4.12-4.30 (m, 1H), 4.90 (br s, H), 5.51 (dd, 1H, J = 14 and
6 Hz), 6.58 (d, 1H, J = 14 Hz), 7.03 ({, 2H, J = 9 Hz), 7.19-7.48
(m,6H). Anal. (CzsHzF2N20,-0.15H,0) C,H, N. Chiral HPLC
showed the absence of 30.

(E38,58)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-
1H-imidazol-1-yl]-3,5-dihydroxy-6-heptenoic Acid, 1,1-Di-
methyleth-1-yl Ester (29). Compound 29 was prepared from
26 by a procedure similar to that described for the preparation
of 34 except that sodium borohydride was used instead of
tetramethylammonium borohydride: mp 135 °C; IR and NMR
were identical to that described for compound 34. Anal.
(Csts4F 2N204-0.2H20) C, H, N. Chiral HPLC showed 94.3%
purity.

(E,38,58)-7-[4,5-Bis(4-fluorophenyl)-2-(1-methylethyl)-
1H-imidazol-1-y1]-3,5-dihydroxy-6-heptenoic Acid (30). Com-
pound 30 was prepared from compound 29 by a procedure similar
to that described for the preparation of 28: mp 122 °C; [a]®p
= -8° (0.5% in DMSO); IR and NMR were identical to that
described for compound 32. Anal. (CasHzsF2N200.5H20) C,
H, N. Chiral HPLC showed 99% purity.

(x)-erythro-( E)-3,5-Dihydroxy-7-[5-(4-fluorophenyl)-2-
(1-methylethyl)-4-[3-(methylsulfonyl)phenyl]-1 H-imidazol-
1-yl1]-6-heptenoic Acid, Methyl Ester (17ak). To a mixture
of 18 and the corresponding N3-alkylated regioisomer (40 mg,
0.08 mmol), prepared by a procedure similar to that described
for the preparation of 17m, in methanol (7 mL) was added
selenium(IV) oxide (9 mg, 0.08 mmol) and 30% hydrogen peroxide
solution (0.05mL). The mixture wasstirred atroom temperature,
and after 2 and 4 h further additions of 30% hydrogen peroxide
solution (0.1 mL) were made. The mixture was stirred at room
temperature for 18 h and was then evaporated. The residue was
purified by column chromatography, eluting with ethyl acetate—
methanol (19:1) to give a pale yellow gum (45 mg).

Preparative HPLC on a Zorbax-NH; column eluting with 80 %
(cyclohexane—dichloromethane-methanol (75:20:5)): 20% (cy-
clohexane—dichloromethane (80:20)) gave 17ak (16 mg, 38%):
Ry 0.23 (SiOg/ethyl acetate); NMR (CDCls) 6 1.3-1.6 (m, 2H),
141 (d, 6H, J = 7 Hz), 2.46 (d, 2H, J = 7 Hz), 2.97 (s, 3H), 3.15
(septet, 1H, J = 7 Hz), 3.67 (br s, 1H), 3.71 (br s, 1H), 3.74 (s,
3H), 4.09-4.24 (m, 1H), 4.39-4.50 (m, 1H), 5.35 (dd, 1H, J = 14
and 5 Hz), 6.69 (dd, 1H, J = 14 and 1 Hz), 7.12 (t, 2H, J = 9 Hz),
7.26 (dd, 2H, J = 9 and 5.5 Hz), 7.36 (t, 1H, J = 7.5 Hz2), 7.61 (d,
1H, J = 7.5 Hz), 7.71 (d, 1H, J = 7.5 Hz), 8.10 (s, 1H). Further
elution gave the regioisomer of 17ak, (+)-erythro-(E)-3,5-
dihydroxy-7-[4-(4-fluorophenyl)-2-(1-methylethyl)-5-[3-
(methylsulfonyl)phenyl]-1H-imidazol-1-y1]-6-heptenoic acid,
methyl ester (9.4 mg, 22%): R;0.29 (SiOz/ethyl acetate); NMR
(CDCly) 6 1.47-1.7 (m, 2H), 1.41 (d, 6H, J = 6.5 Hz), 2.49 (d, 2H,
J =6Hz), 3.07 (s, 3H), 3.15 (septet, 1H, J = 6.5 Hz), 3.71 (s, 3H),
3.76 (br s, 1H), 3.87 (br s, 1H), 4.15-4.30 (m, 1H), 4.43-4.54 (m,
1H), 5.41 (dd, 1H, J = 14 and 6 Hz), 6.68 (d, 1H, J = 14 Hz), 6.93
(t, 2H, J = 9 Hz), 7.40 (dd, 2H, J = 9 and 5 Hz), 7.51-7.59 (m,
2H), 7.82-7.92 (m, 2H).

4(5)-(3-Aminophenyl)-5(4)-(4-fluorophenyl)-2-(1-methyl-
ethyl)-1-[2-[ (trimethylsilyl)ethoxy]lethyl]-1 H-imidazole (20).
A solution of 19'° (40.35 g, 124 mmol) in dry THF (1320 mL) was
treated dropwise with a toluene solution of potassium bis-
(trimethylsilyl)amide (0.5 M, 297 mL) under nitrogen at —78 °C.
When the addition was complete, the mixture was stirred at -78
°C for 0.5 h, and then [2-(trimethylsilyl)ethoxy]lmethyl chloride
(24.6 mL, 139 mmol) wasadded. The mixture was allowed to stir
and warm to room temperature over 2.25 h. Brine was added to
quench the reaction, and the mixture was extracted three times
with ethyl acetate. The combined extracts were dried and
evaporated to give a brown liquid. Purification by filtration
chromatography eluting with ethyl acetate—cyclohexane (1:4) gave
an impure sample of the SEM protected imidazole (64.1 g,
quantitative) in a (2:5) ratio as a brown liquid: Ry 0.51 (SiOy/
ethyl acetate—cyclohexane (1:1)); NMR (CDCls) é 0.00 and 0.03
(28,9H), 0.88 and 0.99 (2 dd, 2H, J = 8.5 and 8 Hz), 1.49 (d, 6H,
J = 7.5 Hz), 3.21 (septet, 1H, J = 7.5 Hz), 3.39 and 3.48 (2 dd,
2H, J = 8.5 and 8 Hz), 5.06 (s, 2H), 6.93 and 7.20 (2 t, 2H, J =
8.5 Hz), 7.3-7.8 (m, 4H), 7.99 and 8.28 (2 dm, 1H, J = 8.7 Hz).

THF (130 mL) was added dropwise to a stirred mixture of
sodium borohydride (17.16 g, 0.45 mol) and sulfur (41.40 g, 1.29
ml) at 0 °C. The resulting slurry was stirred for 0.5 h at room
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temperature, and thena solution of the SEM protected imidazole
(64.1 g, 0.141 mol) in THF (800 mL) was added. The mixture
was stirred at room temperature for 18 h, heated at reflux for 2.5
h, and then allowed to cool. The solution was cooled to 0 °C, and
5% aqueous sodium hydroxide solution (2000 mL) and ethyl
acetate (1000 mL) were added simultaneously over 1 h. The
organic phase was separated, and the aqueous phase was extracted
into 2 M hydrochloric acid (3 X 750 mL). The acidic aqueous
layers were combined, washed with ethyl acetate (1000 mL), and
then basified using 3 M aqueous sodium hydroxide solution. The
product was extracted into ethyl acetate (3 X 1000 mL), and the
extracts were washed with water (1000mL), dried, and evaporated
to give 20 (47.12 g, 79%) in a 2:3 ratio as a brown gum: R;0.51
and 0.21 (SiO/ethyl acetate—cyclohexane (1:1)); NMR (CDCls)
50.03 (s, 9H), 0.85 and 0.86 (2 t, 2H, J = 8 Hz), 1.46 and 1.47 (2
d, 6H, J = 7 Hz), 3.20 and 3.21 (2 septet, 1H, J = 7 Hz), 3.37 (t,
2H, J = 8 Hz), 5.05 and 5.10 (2 s, 2H), 6.45-7.00 (m, 4H), 7.15
and 7.25 (2 t, 2H, J = 9 Hz), 7.38 and 7.51 (2dd, 2H,J =9 and
5.5 Hz).
N-[3-(4(5)-(4-Fluorophenyl)-2-(1-methylethyl)-1-[2-[ (tri-
methylsilyl)ethoxyJethyl]-1H-imidazol-5(4)-yl)phenyl]car-
bamic Acid, 1,1-Dimethyleth-1-yl Ester (21). Water (470 mL)
was added to a stirred solution of 20 (47.2 g, 0.111 mol) in 1,4-
dioxan (700 mL). To the resultant solution was added di-tert-
butyl dicarbonate (28.99 g, 0.133 mol) followed by anhydrous
sodium carbonate (23.38 g, 0.22 mol). After 21 h at room
temperature, the reaction mixture wasseparated into two portions
and each partitioned between ethyl acetate (1000 mL) and water
(1000 mL). The organic phases were separated and the aqueous
phases extracted with ethyl acetate (2 X 750 mL). The combined
organic phases were dried and evaporated to give a brown/orange
liquid which was purified by column chromatography, eluting
with ethyl acetate—cyclohexane ((1:19), (1:9), (3:17), and (1:4)) to
give 21 (49.03 g, 84%) in a (3:7) ratio as a yellow solid: Ry 0.35
and 0.21 (SiO,/ethyl acetate—cyclohexane (1:4)); NMR (CDCls)
4—0.02 and 0.04 (28, 9H), 0.84 and 0.86 (2 t, 2H, J = 8 Hz), 1.46
(d, 6H, J = 7 Hz), 1.54 and 1.55 (2 s, 9H), 3.20 and 3.21 (2 septet,
1H, J = 7 Hz), 3.34 and 3.37 (2 t, 2H, J = 8 Hz), 5.05 and 5.10
(2, 2H), 6.40 and 6.53 (2 br s, 1H), 6.85-7.20 (m, 4H), 7.30-7.55
(m, 4H).
N-[3-(4(5)-(4-Fluorophenyl)-2-(1-methylethyl)-1H-imida-
zol-5(4)-yl)phenyl]-N-methylcarbamic Acid, 1,1-Dimethyl-
eth-1-yl Ester (22). Sodium hydride (5.59 g of 60% dispersion
in oil, 0.14 mol) was added over 5 min to a stirred solution of 21
(48.95 g, 93.2 mmol) in dry DMF (460 mL) at 0 °C. The mixture
was stirred at 0 °C for 0.5 h and at room temperature for 1 h.
Methyliodide (19.87 g,0.14 mol) was then added, and the solution
was stirred at room temperature for 3 h. The mixture was then
quenched with water and partitioned between water (1700 mL)
and ethyl acetate (1700 mL). The phases were separated, and
the aqueous phase was extracted with ethyl acetate (2 X 850
mL). The combined organicsolutions weredried and evaporated,
and the residue was purified by suction flash chromatography
eluting with ethyl acetate—cyclohexane ((0:1), (1:19), (3:17), (1:
4)) to give a brown/orange gum (53.36 g). This crude product
was heated with tetra-n-butylammonium fluoride (900 mL of a
1.0 M solution in THF, 0.9 mol) at reflux for 5 h then allowed
to cool overnight. The mixture was concentrated to /3 volume,
diluted with ethyl acetate (1700 mL), and washed with water (2
% 2000 mL). The organic phase was then dried and evaporated,
and the residue was purified by column chromatography, eluting
with ethyl acetate—cyclohexane ((3:7), (1:1)) to give 22 (34.91 g,
88%) as a mixture of tautomers as a yellow foam: R;0.30 (SiO2/
ethyl acetate—cyclohexane (1:1)); NMR (CDCly) § 1.34 (d, 6H, J
= 7 Hz), 1.45 (s, 9H), 3.07 (septet, 1H, J = 7 Hz), 3.18 (s, 3H),
6.96 (t, 2H, J = 8.5 Hz), 7.06-7.50 (m, 6H), 9.66 (v br s, 1H).
(+)-erythro-(E)-3,5-Dihydroxy-7-[5-(4-fluorophenyl)-4-
[3-(methylamino)phenyl]-2-(1-methylethyl)-1 H-imidazol-1-
yl]-6-heptenoic Acid, Methyl Ester (17al). Trifluoroacetic
acid (25 mL) was added to a stirred solution of 23 [prepared by
aproceduresimilar to that described for 17m] (1.046 g, 1.8 mmol)
in anisole (9 mL) at 0 °C. After 0.5 h, ethyl acetate (150 mL) was
added, and the reaction was quenched with saturated aqueous
sodium hydrogen carbonate solution and solid sodium hydrogen
carbonate until the aqueous phase was pH 8. The aqueous phase
was extracted with ethyl acetate (2 X 300 mL), and the combined
organic phases were dried, evaporated, and purified by column
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chromatography eluting with ethyl acetate—cyclohexane ((1:1),
(17:3), (1:0)) and then ethyl acetate-methanol (9:1) to give 17al
(0.777g,90% ) as a pale yellow foam: Ry 0.12 (SiO2/ethyl acetate—
cyclohexane (4:1)); NMR (CDCly) 6 1.40 (d, 6H, J = 7 Hz), 1.30—
1.60 (m, 2H), 2.44 (d, 2H, J = 6 Hz), 2.70 (s, 3H), 3.13 (septet,
1H, J = 7 Hz), 3.32 (br s, 3H), 3.72 (s, 3H), 4.1-4.2 (m, 1H),
4.35-4.45 (m, 1H), 5.30 (dd, 1H, J = 15 and 6 Hz), 6.42 (dd, 1H,
J =15and 2 Hz), 6.60-6.80 (m, 3H), 6.95-7.10 (m, 3H), 7.20-7.30
(m, 2H).

X-ray Crystallography of 28. Crystaldata: CosHzsN,OF;,
M = 456.49, orthorhombic, a = 5.688 (1), b = 18.119 (4), ¢ =
23.064 (7) A, V = 2377 (2) A3 (by least-squares refinement on
diffractometer angles for 12 automatically centred reflections, A
= 1.54184 A). Space group P2,2:2; (No. 19),Z =4,D,=128¢g
cm=, F(000) = 960, u(Cu Ka) = 7.8 cm-’; crystallizes from ethyl
acetate as colorless needles, data crystal approximately 0.20 X
0.08 X 0.04 mm. .

Data collection and processing: three-dimensional, room-
temperature (295K) X-ray data collected on a Siemens R3m/V
diffractometer with monochromatized Cu-Ka X-radiation; 26/w
mode with scan range (w) 1.14° plus Ka separation and a variable
scan speed (1.95-14.65 deg min-!); a total of 3128 reflections
measured (0 < 26 < 115°, min hkl -6 0 0, max hkl 6 19 25); 2937
unique reflections [R(s) = 0.060, Friedel opposites merged]; 883
reflectionswith > 3.0 o(I). No absorption correction wasapplied.
Two control reflections monitored every 98 reflections showed
no appreciable decay during 45.8 h of exposure of the crystal to
X-rays.

Structure analysis and refinement: direct methods re-
sulted in the location of all the non-hydrogen atoms; full matrix
least-squares refinement with anisotropic thermal parameters
for all non-hydrogen atoms; hydrogen atoms bonded to carbon
were refined in riding mode; H atoms bonded to oxygen were
refined freely without constraints; individual weights were applied
according to the scheme w = [¢2(F,) + 0.0025\F2]-!, refinement
converged at R = 0.050, R, = 0.051, goodness-of-fit = 0.91.
Refining the Rogers eta parameter? [y = 0.7 (6)] gave as expected
a poor indication of absolute structure due to the absence in the
molecule of a strong anomalousscatteringatom. Allcomputations
were carried out using the SHELXTL PLUS (x-VAX II) system
of programs.*

Acknowledgment. We are indebted to Miss L.
Aryaeenia, Mrs. L. Baxter and Miss J. MacKenzie-Dodds
for their technical assistance with the HMG-CoA reductase
assays; Drs. R. A. Fletton, R. J. Upton and Mr. A. D.
Roberts for NMR studies; and Mr. I. M. Mutton, Dr. C.
D. Bevan, and Mr. D. Sugden for assistance in the chiral
HPLC analyses. Finally, we thank Mrs. A. Qakley-Smith
for her patience and hard work in preparing the manu-
script.

Supplementary Material Available: NMR, microanalyses,
accurate masses, and X-ray data (13 pages); observed and
calculated structure factors (11 pages). Ordering information is
given on any current masthead page.

References

(1) Part of this work was presented at the 6th RSC-SCI Medicinal
Chemistry Symposium, Churchill College, Cambridge, England,
8-11 September 1992: Chan,C.; Bailey, E. J.; Hartley, C. D.; Hutson,
J.L.; Jones, P. S,; Kirk, B. E.; Lester, M. G.; Procopiou, P. A.; Ross,
B. C.; Steeples, 1. P.; Watson, N. S. Imidazole and Pyrrole
Derivatives as Novel, Potent Inhibitors of HMG-CoA Reductase.
Poster 10.

(2) Grundy, S. M. Cholesterol and Coronary Heart Disease: A New
Era. J. Am. Med. Assoc. 1986, 256, 28492858,

(3) Thelle, D. S. Hypercholesterolemia: Importance as a Coronary

Heart Disease Risk Factor and Rationale for Treatment. Drug

Invest. 1990,2 (Suppl. 2), 1-8.

(a) Alberts, A. W. Effects of HMG CoA Reductase Inhibitors on

Cholesterol Synthesis. Drug Invest. 1990, 2 (Suppl. 2), 9-17. (b)

Endo, A. Compactin (ML-236B) and Related Compounds as

Potential Cholesterol-Lowering Agents That Inhibit HMG-CoA

Reductase, J. Med. Chem. 1985, 28, 401-405. (¢) Tamachi, H.;

Shigematsu, H.; Hata, Y.; Goto, Y. J. Am. Med. Assoc. 1987, 257,

3088-3093. (d) Alberts, A. W. Discovery, Biochemistry and Biology

of Lovastatin. Am. J. Cardiol. 1988, 62, 10J-15J.

“

~



Inhibitors of Cholesterol Biosynthesis. 1

(5) (a) Neuenschwander, K.;Regan, J.; Scotese, A.; Kosmider, B.; Bruno,
J.; Amin, D,; Gustafson,S Wemacht J. Perrone,M HMG-CoA
Reductase Inhxbltors. 1. Synthesm and Blologlcal Activities of Aryl
Substituted Cycloalkenes. Abstracts of Papers; 200th National
Meeting of the American Chemical Society, Washington, DC,
August 26-30, 1990; MEDI 125a. (b) Neuenschwander, K.; Regan,
J.; Scotese, A.; Amin, D.; Gustafson, S.; Perrone, M. HMG-CoA
Reductase Inhibitors: 2. Synthesis and Biological Activities of
Diarylcycloalkadienes. Abstracts of Papers; 200th National Meeting
of the American Chemical Society, Washington, DC, August 26—
30, 1990; MEDI 125b.

(6) (a) Sata, A.; Ogiso, A.; Noguchi, H.; Mitsui, S.; Kaneko, I.; Shimada,

Y. Mevalonolactone Derivatives as Inhibitors of 3-Hydroxy-3-

methylglutaryl-coenzyme A Reductase. Chem. Pharm. Bull. 1980,

28,1509-1525. (b) Stokker, G.E.; Hoffman, W. F.; Alberts, A. W.;

Cragoe, E. J., Jr.; Deana, A. A.; Gilfillan, J.L.; Huff, J. W.; Novello,

F. C; Prugh, J. D.; Smith, R. L.; Willard, A. K. 3-Hydroxy-3-

methylglutaryl-coenzyme A Reductase Inhibitors. 1. Structural

Modification of 5-Substituted 3,5-Dihydroxypentanoic Acids and

their Lactone Derivatives. J. Med. Chem. 1985, 28, 347-358. (c)

Hoffman, W. F.; Alberts, A.W.; Cragoe, E. J., Jr.; Deana, A. A.;

Evans, B. E;; Gilfillan, J. L.; Gould, N. P.; Huff, J. W.; Novello, F.

C.; Prugh, J. D,; Rittle, K. E; Smith, R. L.; Stokker, G. E., Willard,

A. K. 3-Hydroxy-3-methylglutaryl-coenzyme A Reductase Inhib-

itors. 2. Structural Modification of 7-(Substituted Aryl)-3,5-

Dihydroxy-6-heptenocic Acids and their Lactone Derivatives. J. Med.

Chem. 1986, 29, 159-169. (d) Stokker, G. E.; Alberts, A. W;

Anderson, P. S.; Cragoe, E. J., Jr.; Deana, A. A.; Gilfillan, J. L.;

Hirshfield, J.; Holtz, W. J.; Hoffman, W. F.; Huff, J. W_; Lee, T.-J.;

Novello, F. C.; Prugh, J. D.; Rooney, C. S.; Smith, R. L.; Willard,

A. K. 3-Hydroxy-3-methylglutaryl-coenzyme A Reductase Inhib-

itors, 3. 7-(3,5-Disubstituted[1,1’-biphenyl]-2-yl)-3,5-dihydroxy-

6-heptenoic Acids and their Lactone Derivatives. J. Med. Chem.

1986, 29, 170-181. (e) Stokker, G. E.; Alberts, A. W.; Gilfillan, J.

L.; Smith, R. L. 3-Hydroxy-3-methylglutaryl-coenzyme A Reductase

Inhibitors. 5. 6-(Fluoren-9-yl)- and 6-(Fluoren-9-ylidenyl)-3,5-

dihydroxyhexanoic Acids and their Lactone Derivatives. J. Med.

Chem. 1986, 29, 852-855. (f) Prugh, J. D.; Alberts, A. W.; Deana,

A. A Gilfillan, J. L.; Huff, J. W.; Smith, R. L.; Wiggins, J. M.

3-Hydroxy-3-methylglutaryl-coenzyme A Reductase Inhibitors. 6.

trans-6-[2-(substituted-1-naphthyl)ethyl (or ethenyl)]-3,4,5,6-tet-

rahydro-4-hydroxy-2H-pyranones. J. Med. Chem. 1990, 33, 7568—

765. (g) Wint, L. T.; McCarthy, P. A.; Synthesis of Tritium Labelled

(3R*, 58%)-3,5-dihydroxy-9,9-diphenyl-6,8-nonadienocate. JJ. La-

belled Compd. Radiopharm. 1988, 25, 1289-1297. (h) Balasubra-

manian, N.; Brown, P. J.; Catt, J. D.; Han, W. T.; Parker, R. A,;

Sit, S. Y.; Wright, J. J. A Potent, Tissue-selective, Synthetic

Inhibitor of HMG-CoA Reductase. J. Med. Chem. 1989, 32, 2038-

2041. (i) Sit, S. Y.; Parker, R. A.; Motoc, I.; Han, W.; Balasubra-

manian, N.; Catt, J. D.; Brown, P. J.; Harte, W. E.; Thompson, M.

D.; Wright, J. J. Synthesis, Biological Profile and Quantitative

Structure-activity Relationship of a Series of Novel 3-Hydroxy-

3-methylglutaryl-coenzyme A Reductase Inhibitors. J. Med. Chem.

1990, 33, 2982-2999. (j) Jendralla, H.; Granzer, E.; Kerekjarto, B.;

Krause, R.; Schacht, U.; Boader, E.; Bartmann, W.; Beck, G.;

Bergmann, A.; Kesseler, K.; Wess, G.; Chen, L.-J.; Granata, S.;

Herchen, J.; Kleine, H.; Schiissler, H.; Wagner, K. Synthesis and

Biological Activity of New HMG-CoA Reductase Inhibitors. 3.

Lactones of 6-Phenoxy-3,5-dihydroxyhexanoic acids. J. Med. Chem.

1991, 34, 2962-2983.

(a) Sliskovie, D. R.; Picard, J.R.; Roark, W. H.; Roth, B. D.; Ferguson,

E.;Krause, B. R.; Newton, R. S.; Sekerke, C.; Shaw, M. R. Inhibitors

of Cholesterol Biosynthesis. 4. trans-6-[2-(substituted quinolinyl)-

ethenyl/ethyl]-tetrahydro-4-hydroxy-2H-pyran-2-ones, a Novel Se-

ries of HMG-CoA Reductase Inhibitors. J. Med. Chem. 1991, 34,

367-373. (b) Roth, B. D.; Ortwine, D. F.; Hoefle, M. L.; Stratton,

C. D,; Sliskovie, D. R.; Wilson, M. W.; Newton, R. S. Inhibitors of

Cholesterol Biosynthesis. 1. trans-6-(2-pyrrol-1-ylethyl)-4-hydrox-

ypyran-2-ones, a Novel Series of HMG-CoA Reductase Inhibitors.

1. Effects of Structural Modifications at 2- and 5-Positions of the

Pyrrole Nucleus. J. Med. Chem. 1990, 33, 21-31. (c) Roth, B.D,;

Blankley, C. J.; Chuckolowski, A. W.; Ferguson, E.; Hoefle, M. L.;

Ortwine, D. F.; Newton, R. S.; Sekerke, C. S.; Sliskovic, D. R.;

Stratton, C. D.; Wilson, M. W_; Inhibitors of Cholesterol Biosyn-

thesis. 3. Tetrahydro-4-hydroxy-6-[2-(1H-pyrrol-1-yl)ethyl]-2H-

pyran-2-one Inhibitors of HMG-CoA Reductase. 2. Effects of

Introducing Substituents at Positions three and four of the Pyrrole

Nucleus. J. Med. Chem. 1991, 34, 357-366. (d) Jendralla, H.;

Baader, E.; Bartmann, W.; Beck, G.; Bergmann, A.; Granzer, E.;

Kerekjarto, B, V.; Kesseler, K.; Krause, R.; Schubert, W.; Wess, G.

Synthesis and Blologlcal Actmty of New HMGwCoA Reductase

Inhibitors. 2. Derivatives of 7-(1H-pyrrol-3-yl)-substituted-3,5-

dihydroxyhept-6(E)-enoic (-heptanoic) Acids. J. Med. Chem. 1990,

33,61-70. (e) Sliskovic, D. R.; Roth, B, D.; Wilson, M. W.; Hoeﬂe,

M. L.; Newton, R. S. Inhibitors of Cholesterol Biosynthesis. 2. 1,3,5-

@

~

Journal of Medicinal Chemistry, 1993, Vol. 36, No. 23 3657

trisubstituted[2-tetrahydro-4-hydroxy-2-oxopyran-6-yl)ethyllpyra-
zoles. J. Med. Chem. 1990, 33, 31-38. (f) Beck, G.; Kessler, K.;
Baader, E.; Bartmann, W.; Bergmann, A.; Granzer, E.; Jendralla,
H; Kerek]arto B.V,; Krause, R.; Paulus, E Schubert W, Wess,
G. Synthesm and Blologlcal Actmty of New HMG-CoA" Reductase
Inhibitors. 1. Lactones of Pyridine- and Pyrimidine-substituted
3,6-dihydroxy-6-heptenoic (-heptanoic) acids. J. Med. Chem. 1990,
33, 52-60. (g) Sandoz, U.S. Pat. 89/4808607, 1989. (h) Sandoz,
U.S. Pat. 88/4755606, 1988, (i) Sandoz, Pat. WO 86/07054, 1986,
(j) Bayer, EP 90/378850A, 1990. (k) Bayer, DE 92/4023308A, 1992.
(1) Bayer, EP 89/334014A,1989. (m) Rorer, U.S. Pat. 90/4929851A,
1990. (n) Rhone—Poulenc, EP 90/391796, 1990. (o) Shionogi, EP
91/435322, 1991. (p) Fujirebio, EP 91/446827A, 1991. (q) Rorer,
U.S. Pat. 90/4946860, 1990. (r) Squibb, U.S. Pat. 92/561069924A,
1992. (s) Zambon, EP 90/352864A, 1990. (t) Zambon, EP 91/
433842A, 1991. (u) For a recent review, see: Kathawala, F. G.
HMG-CoA Reductase Inhibitors: An Exciting Development in the
Treatment of Hyperlipoproteinemia. Med. Res. Rev. 1991, 11,121-
146.

(8) Procopiou, P. A.; Draper, C. D.; Hutson, J. L.; Inglis, G. G. A.; Ross,
B. C.; Watson, N. S. Inhibitors of Cholesterol Biosynthesis. 2. 3,5-
Dihydroxy-7-(N-pyrrolyl)-6-heptenoates, a Novel Series of HMG-
poA Reductase Inhibitors. J. Med. Chem., following paper in this
issue.

(9) Rosen, T.; Taschner, M. J.; Heathcock, C. H. Synthetic and
Biological Studies of Compactin and Related Compounds. 2.
Synthesis of the Lactone Moiety of Compactin. JJ. Org. Chem. 1984,
49, 3994-4003.

10) Lombardmo, J. G.; Wiseman, E. H. Preparation and Anti-
inflammatory Actmty of Some Nonacidic Trisubstituted Imida-
zoles. J. Med. Chem. 1974, 17, 1182-1188.

(11) Hanessian, S.; Wong, D. H.-C.; Therien, M. Oxidation of Alcohol
with N-Halosuccinimides - New and Efficient Variants, Synthesis
1981, 394-396.

(12) de-DMSO was used as NMR solvent. For full spectroscopic data,
see the Experimental Section.

(13) (a) Noggle, J. H.; Schirmer, R. E. The Nuclear Overhauser Effect
- Chemical Applications; Academic Press: New York, 1972. (b)
Kessler, H.; Griesinger, C.; Kerssebaum, R.; Wagner, K.; Emnst, R.
R. Separation of Cross-Relaxation and J Cross-Peaks in 2D
Rotating-Frame NMR Spectroscopy. J. Am. Chem. Soc. 1987, 109,
607-609 and references therein.

(14) Kashima, C.; Tajina, T. Preparation of 8-(1-Imidazolyl)-enones.
Synthesis 1980, 880~1.

(15) Chen, K.-M.; Hardtmann, G. E.; Prasad, K.; Repi, O.; Shapiro, M.
J. 1,3-Syn Diastereoselective Reduction of g-Hydroxyketones
Utilizing Alkoxydialkylboranes. Tetrahedron Lett. 1987, 28, 155—
158.

(16) Drabowicz, J.; Mikolajezyk, M. A Facile and Selective Oxidation
of Organic Sulphides to Sulphoxides with Hydrogen Peroxide/
Selenium Dioxide System. Synthesis 1978, 758-759.

(17) Bax, A.; Summers, M. F. 'H and 13C Assignments from Sensitivity-
Enhanced Detection of Heteronuclear Multiple-Bond Connectivity
by 2D Multiple Quantum NMR. J. Am. Chem. Soc. 1986, 108,
2093-2094.

(18) Braun, M.;Devant,R. (R)-and (S)-2-Acetoxy-1,1,2-triphenylethanol
- Effective Synthetic Equivalent of a Chiral Acetate Enolate.
Tetrahedron Lett. 1984, 25, 5031-5034.

(19) Evans, D. A,; Chapman, K. T. The Directed Reduction of
B-Hydroxyketones Employing Me,NHB(QAc)3. Tetrahedron Lett.
1986, 27, 5939-42.

(20) After treatment with pH 4 buffer for several hours at room
temperature, 1-vinyl-1H-imidazole was found to decompose to
baseline material by TLC (SiOy/chloroform-methanol, 49:1).

(21) Stokker, G. E.; Pitzenberger, S. M. Synthesis and Characterization
of a Novel 6-Heteroaryl-3,6-dihydro-2H-pyran-2-acetic Acid. Het-
erocycles 1987, 26, 157-162. We thank one of the referees who
brought this paper to our attention.

(22) Shapiro, D. J.; Nordstrom, J. L.; Mitschelen, J. J., Rodwell, V. W.;

chimke, R. T. Micro Assay for 3-Hydroxy-3-methylglutaryl-CoA
Reductase in Rat Liver and in L-cell Fibroblasts. Biochim. Biophys.
Acta 1974, 370, 369-371.

(23) After the completion of our work, Zambon Group S.p.A published
a patent covering the area of substituted 3,5-dihydroxy-7-(N-
imidazolyl) heptanoates. EP436851A.

(24) Cohen, L. H,; van Vliet, A.; Roodenburg, L.; Jansen, L. M. C.;
Griffioen, M. Pravastatin Inhibited the Cholesterol Synthesis in
Human Hepatoma Cell Line Hep G2 less than Simvastatin and
Lovastatin, Which is Reflected in the Upregulation of 3-Hydroxy-
3-Methylglutaryl Coenzyme A Reductase and Squalene Synthase.
Biochem. Pharmacol, 1998, 45, 2203-2208.

(25) Rogers, D. Acta Crystallogr. 1981, A37, 734-741.

(26) Sheldrick, G. M. SHELXTL release 3.4. Copyright 1988 Nicolet
Instrument Corporation.



