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Compounds comprising a series of 7- [2-(4-fluorophenyl)-4,5,6,7-tetrahydr~~-ind~ol-3-y1]-3,5- 
dihydroxy-6-heptenoic acid sodium salts (18) were synthesized and tested for their ability to inhibit 
HMG-CoA reductase in a partially purified enzyme preparation and cholesterol biosynthesis from 
acetate in cultured HEP-GO cells. Changing the size of the saturated ring of the tetrahydroindazole 
nucleus did not improve potency, but incorporation of substituents a t  the 7-position resulted in 
up to 1700-fold improvement in inhibitory potency. Structure-activity studies revealed that the 
most potent compounds possess a substituted benzyl group a t  the 7-position, with a preference 
for steric bulk at the para position of the benzene ring. The most potent enzyme inhibitor (18t, 
ICs0 = 3.0 nM) is approximately 3-fold more potent than lovastatin sodium salt (2). The most 
potent cholesterol biosynthesis inhibitor in HEP-G2 cells (18q, ICs0 = 0.078 MM) is slightly less 
potent than 2 (sodium salt). Molecular modeling studies suggested that, when compared to the 
parent compound (18b) lacking the appropriate 7-substituent, 18t overlaps better with 2 and 
literature inhibitors 5 and 6 in a hydrophobic binding region adjacent to the enzyme active site. 

Introduction 
Management of hypercholesterolemia is an important 

therapeutic goal in the treatment of atherosclerosis, the 
underlying cause of coronary heart disease and thrombosis, 
diseases which are responsible for half of all deaths in the 
United State8.l The search for new methods to control 
high serum cholesterol levels led to the discovery of the 
fungal metabolite compactin (l), the first known inhibitor 
of HMG-CoA reductase, the enzyme controlling the rate- 
limiting step in cholesterol biosynthesis.2 In the clinic, 
HMGCoA reductase inhibitors have proven to be effective 
agents for the treatment of hypercholesterolemia, signif- 
icantly lowering both total and low density lipoprotein 
(LDL) chole~terol.~ To date, the fungal metabolites 
lovastatin4 (2) and pravastatid (31, as well as the semi- 
synthetic compound simvastatine (4), have been approved 
in the United States for use in humans. 

During the past 7 years, many structurally novel 
synthetic HMG-CoA reductase inhibitors have been 
disclosed in the medicinal chemistry l i terat~re .~ Com- 
pared to 2, 3, and 4, most of the synthetic compounds 
possess simplified structures in order to facilitate analog 
synthesis and allow detailed structureactivity analyses 
to be performed. Previous studies7 demonstrated that 
potent inhibitors share similar structural requirements: 
a syn-3,5-dihydroxypentanoic acid or 2,3,4,5-tetrahydro- 
4-hydroxy-2H-pyranone group connected to a central ring 
by a linking element (usually t rans-CH=CH or C H ~ C H Z ) ,  
flanked on one side by an aromatic ring (commonly 
4-fluorophenyl) and on the other side by a bulky alkyl 
substituent. A wide range of carbocyclic and heterocyclic 
systems have served as the central ring, acting as the 
framework to which the essential structural features of 
the inhibitor are attached. 

Our approach was centered around the 4,5,6,7-tetrahy- 
dro-W-indazole ring system (and the 2,4,5,6,7,8-hexahy- 
drocycloheptapyrazole and 2,4,5,6-tetrahydrocyclopen- 
tapyrazole analogs), which we viewed as a convenient 
nucleus for an investigation of structureactivity rela- 

* Abstract published in Aduance ACS Abstracts, October 1, 1993. 
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tionships. We chose to limit our study to compounds in 
which the dihydroxypentanoic acid side chain was linked 
through a trans-ethylene group to the 3-position of the 
tetrahydroindazole (and analogs). In addition, the aro- 
matic ring attached to the 2-position was limited to 
4-fluorophenyl. Molecular modeling studies of several 
literature compounds, including 2, an indole-based in- 
hibitor (fluvastatin, 5)P and a biphenyl-containing in- 
hibitor (6),’f led us to hypothesize that variations at the 
7-position of tetrahydroindazole-based compounds would 
have a significant effect on inhibitory potency. Our 
rationale depended on overlap of the 7-substituents in 
our proposed inhibitors with the “benzo” ring of 5, which 
occupied a region of space not utilized by other synthetic 
inhibitors and to which we attributed the increased potency 
of 5. 

Chemistry 
Synthesis of the inhibitors began with the appropriately 

substituted cyclic ketone 7 which, if not commercially 
available, was prepared according to one of several 
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Table I Scheme I. Methods A, B, and C5 

Method A 

7 8 
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MetWC\ 4 

b.d (p I CH(0Mekl 

" d C H 0  
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(a) For R2 = CH20Ac: AcOCH2COC1, morpholine, benzene. For 
R2 = CH20THP: NaH, cat. EtOH, THPOCH2COzEt. For R2 = 
CH(0Me)Z: LiN(SiMe3)z or LiN(i-Pr)n, 0.5 equiv of (Me0)ZCHCOZ- 
Me; (b) 4FCaHNHpHC1,  EtsN or NaOAc, MeOH or EtOH (c) 
aqueous NaOH, MeOH; (d) aqueous HCl, THF; (e) PCC, CH2C12. 

literature procedures (Scheme I).8 Ketone 7 was converted 
to diketone 8 by one of three methods, depending upon 
the nature of R' and R2: (1) acylation of the morpholine 
enamine of 7 with acetoxyacetyl chlorideg (R1 = H, R2 = 
CHzOAc); (2) reaction of 7 and ethyl (tetrahydroppan- 
yloxy)acetate1° in ether with NaH and a catalytic amount 
of EtOH" (R1 = H, R2 = CHzOTHP); (3) acylation of the 
lithium enolate of 7 with 0.5 equiv of methyl dimethoxy- 
acetate (R' # H, R2 = CH(0Me)z). Diketone 8 was further 
elaborated into aldehyde 10 by one of three routes. For 
R2 = CHzOAc or CHzOTHP, 8 was reacted with 4-fluo- 
rophenylhydrazine to form the tetrahydroindazole, fol- 
lowed by deprotection with aqueous base (method A) or 
acid (method B), respectively, to give 2-(4-fluorophenyl)- 
substituted alcohol 9 along with the corresponding 144- 
fluorophenyl) isomer. After separation by crystallization 
or medium-pressure liquid chromatography (MPLC), 9 
was oxidized with PCC12 to give the tetrahydroindazole- 
3-carboxaldehyde 10. For R2 = CH(OMe)z, reaction of 8 
with 4-fluorophenylhydrazine followed by hydrolysis of 
the intermediate mixture of dimethyl acetals afforded 
aldehyde 10 in amore straightforward fashion, after MPLC 
separation of the accompanying 1-(Cfluorophenyl) isomer 
(method C).13 

For R3 = H, allylic alcohol 12 was prepared by Wad- 
sworth/Emmons homologation of aldehyde 10 with diethyl 
phosphonoacetate to give unsaturated ester 11, followed 
by (i-Bu)zAlH reduction (Scheme 11, method D). Alter- 
natively, when R' and R3, taken together, represented a 
fused 'benzo" substituent, 12 was synthesized by a 
different method (Scheme 111, method E). Ketone 13 was 
treated with 4-fluorophenylhydrazine to form the mixture 
of hydrazones 14 which was treated with 2 equiv of LDA 
to form the hydrazone dianion.14 The dianion was reacted 
with methyl 4-(tetrahydropyranylo~y)-2-butenoate'~ to 
form the pyrazole ring, and the THP protecting group 
was hydrolyzed to give the tricyclic unsaturated alcohol 
12 (R1, RS = benzo). For both methods D and E, oxidation 
of 12 with MnOz provided the unsaturated aldehyde 15. 
For certain examples of method D, the oxidation reaction 
was accomplished with Cr03/pyridine.l6 

Elaboration of 15 into the target molecule was accom- 
plished by condensation with the sodium/lithium dianion 
of ethyl acetoacetate'' to give hydroxy keto ester 16 

n % yieldo m n  OCb& no. R' R2 
~ 

8a H CHzOCOCHs 0 53 oild@ 
8b H CHzOCOCH3 1 43 97-98t-h 
8c H CHzOTHP 2 88' oilf 
8d CH3 CH(OCHd2 1 85' oild 

C2H6 CH(OCHd2 1 85 oil 
8f n-C3H7 CH(OCHa)2 1 53 oil 
8g s-C~HO CH(OCH& 1 95 oiy' 
8h C-C&ii CH(OCH& 1 81 oil 
8i Ca.5 CH(OCH32 1 70 O& 
8j C&&& CH(OCH& 1 85 oil 
8k 2-ClC&&H2 CH(OCH& 1 79 oil/ 
81 4-ClC&&H2 CH(OCH& 1 53 oil 
8m 4-FC&&H2 CH(OCHd2 1 81 oil 
8n 3-CH30Ca4CH2 CH(OCH3)2 1 73 oil 
80 4-CHsOCS&CH2 CH(OCH3)z 1 72 oil 
8~ 3,4-(CHa0)2C&CHz CH(OCH,q)2 1 69 oil 
8q 4-CHsC&CH2 CH(OCH& 1 68 oil 
8r 4-i-CsH7CdbCHz CH(OCH& 1 66 oil 
88 4-t-GHsCeH4CHz CH(OCH32 1 92 oil 
8t 4-C&&&CHz CH(OCH& 1 96 
8u 1-naphthyl-CH2 CH(OCH& 1 96 oil 
8v 2-naphthyl-CHz CH(OCH& 1 71 oil 
8~ C&&HzCHz CH(OCHd2 1 90 oil 
8~ CsHsCHzCH2CH2 CH(OCH& 1 64 oil 
8y (E)-C&sCH=CHCH2 CH(OCHd2 1 61 oil 

(I Yield of isolated material after purification by silica gel chro- 
matography or crystallization, unless otherwise noted. b All com- 
pounds possessed 'H NMR, IR, and mass spectra coneistent with 
wigned structure, unless otherwise noted. Combustion analysee 
(C, H) within k0.4% of theoretical, unless otherwiee noted. 1H 
NhIR spectrum consistent with assigned structure. e Reference 9a. 
f 'H NMR and mass spectra consistent with assigned structure. 
8 Recryetallizedfrom EtOAc/hexanes. Reference 9b. Yield of crude 
product. j Combustion analysis consistent for 0.25 hydrate. 

Scheme 11. Method Da 
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(I (a) (EtO)&'(=O)CHzCOzEt, NaH; (b) ( i - B u ) D ,  THF; (c) MnOz 
or CrOdpyridine. 

(Scheme IV, method F). With the exception of 16z and 
16aa, each compound prepared by method F was obtained 
as an inseparable mixture of diastereomers. Stereospecific 
reduction of 16 was accomplished using EhB and NaBH4 
in 4 1  THF/MeOH% give syn-dihydroxy ester 17, which 
was determined to be free of the corresponding anti isomer 
to the limit of detection by 13C NMR spectroscopy (>lo1 
syn:anti).lg Finally, treatment of 17 with aqueous NaOH 
provided racemic sodium salt 18, which was isolated by 
lyophilization of the aqueous solution. 

Alternatively, some targets were prepared from 10 by 
a shorter, more convergent route (Scheme V, method G). 
Keto phosphonate 20, a racemic version of Heathcock's 
optically pure side-chain synthon,20 was prepared in 40% 
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Table I1 
F 
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F 

N- N 

"+CHO 

1 0  
% yielda m recrystallization 

no. R' n (method) OC%:. solvent 
loa H 0 5(A) 79-80 EqO 
10b H 1 68(A) 80-81 EhO/hexanes 
1Oc H 2 30 (B) oild 
1Od CH3 1 31 (C) 79-80 EtO/hexanes 

10f n-CsH, 1 36(C) 50-53 
loe s-CJIe 1 20 (C) oilc 
10h c-C&Iii 1 15 (C) oile 
1Oi C,& 1 19(C) 13S140 EtOAc/hexanes 
lOj CeHsCHz 1 30(C) 99-100 hexanes 

101 4-C1C&CH2 1 47(C) 126-128 EtOAc/hexanes 
10m 4-FCaCHz 1 41 (C) oild 
10n 3-CHaOC&CHz 1 37(C) foam' 
100 4-CH3OC&CHz 1 36(C) oil 

1k C2Hs 1 38(C) 72-74 

10k 2-ClC&CH2 1 23(C) glass 

lop 3,4-(CHaO)&Ha- 1 36(C) 104-110 EhO 
CHz 

1oq 
10r 
10s 
lot 
1ou 
1OV 
10W 
10s 

1 40(C) 
1 8(C) 
1 23(C) 
1 39(C) 
1 28(C) 
1 36(C) 
1 20(C) 
1 32(C) 

foame 
0ile 
124-125 EtOAc/hexanes 
148-15oC EtOAc/EqO 
116-117 EtOAc/hexanes 

89-90 EqO/hexanes 
100-102 EtOAc/hexanes 

122-123 EhO 

10y (E)-C&&H= 1 44 (C) 104-105 
CHCHI 

Overall yield from 8 of isolated material after purification by 
silica gel chromatography or crystallization. * All compounds poa- 
sessed lH NMR, IR, and mass spectra consistent with assigned 
structure, unless otherwise noted. Combustion analyses (C, H, N) 
within &0.4% of theoretical, unless otherwise noted. lH NMR 
spectrum consistent with assigned structure. e 'H NMR and mass 
spectra consistent with assigned structure. 

Scheme 111. Method Ea 
F 0 

0 

$=j 
N- N 

1 3  1 4  12 X *  CH=CHCH&H 

d l  
16 X =  CH=CHCHO 

a (a) 4-FC&"NHz.HCl, NaOAc, EtOH (b) 2.2 equiv of LiN(i- 
Pr)a, TI€POCH2CH=CHCO~Me; (c) pyridiniump-toluenesulfonate, 
MeOH (d) MnOz. 

yield from dimethyl 3- [(tert-butyldimethylsilyl)oxylglu- 
tarate21 and lithium dimethyl methylphosphonate. Re- 
action of 20 with 10 under RoushIMasamune conditions 
(LiC1, DBU, CH&N)22 gave hydroxy keto ester 21 as an 
inseparable mixture of diastereomers. Stereospecific 
reduction as described above afforded syn-dihydroxy ester 
22, which in turn was saponified with NaOH and lyo- 
philized to give racemic 18. It will be noted that, in 

Table I11 

N- N' 

"'fPCHO R3 

1 5  
5% yielda recrystallization 

no. R' R3 n (method) solvent 
1Sa H 
1Sb H 
1Sc H 
1Sd CH3 
16e CzHs 
1Sf n-C3H7 
lSg s-C& 
1Sh C-CsHii 
Uj CsHsCHz 
1Sk 2-ClC&CHz 
151 4-ClCsItCH2 

H 0 52(D) 
H 1 57(D) 
H 2 72(D) 
H 1 68(D) 
H 1 53(D) 
H 1 41(D) 
H 1 55(D) 
H 1 19(D) 
H 1 21(D) 
H 1 53(D) 
H 1 32(D) 

15m 4-FCACH2- H 1 10(D) 
1Sn 3-CHaOC&- H 1 23(D) 

H 1 37(D) 

H 1 34(D) 
H 1 60(D) 

H 1 48(D) 
H 1 25(D) 

1 33(E) 
2 28(E) 

CHz 
150 ~-CH~OC&CHI H 1 54(D) 

127-128 EqO 
122-123 EtOAc/hexanes 
92-93 EtOAc/hexanea 
145-146 EtOAc/hexanee 
99-101 
92-93 hexanea 
Oil 
Oild 
130-131 
184-185 EtOAc/hexanea 
144-145 EtOAc/hexanee 
Oil' 
97-99 

141-142 EtOAc/hexanes 
foam 

160-162 EtOAc/hexanen 
145-148 EtOAc/hexanes 

132-134 EtOAclhexanee 
Oild 

154-166 EtOAc/hexanea 
208-210 EtOAc 

Overall yield from 10 (method D) or 13 (method E) of isolated 
material after pflication by silica gel chromatography or crystal- 
lization. * All compounda possessed 'H NMR, IR, and maw spectra 
consistent with assigned structure, unless otherwiee noted. Com- 
bustion analyses (C, H, N) within *0.4% of theoretical, unless 
otherwise noted.d lH NMR and mass spectra consistent with 
awigned structure. e lH NMR spectrum consistent with aseigned 
structure. 

Scheme IV. Method Fa 
F E 

Ri* C02EI 

R3 

1 5  1 8  

Y=Et 2. y=Na 

1 7  1 8  

a (a) LiCH2C(=O)CH(Na)C02Et; (b) Et& THF/MeOH, then 
NaBh,  -78 OC to room temperature; (c) aqueous NaOH, MeOH, 
lyophilize. 

methods F and G, the syn relationship between the side- 
chain hydroxyl groups is controlled by stereospecific 
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carbon spacer) can be explained by considering the double 
bond and the phenyl ring together as a single, extended 
a-system separated by one methylene unit from the rest 
of the molecule. In this analysis, the important structural 
features for improved potency are a-electrons connected 
by a one carbon spacer to the 7-position of the tetrahy- 
droindazole. 

When electron-withdrawing substituents (18k-m) were 
incorporated into the phenyl ring of 18j, loss of potency 
was observed. In the case of electron-donating substit- 
uents, 3-methoxy (18n) and 4-methoxy (180) gave a slight 
increase in potency, whereas 3,4-dimethoxy (Up)  suffered 
a significant decrease. This pattern suggested a possible 
steric effect at the 4-position, which was verified by the 
inclusion of bulky substituents on the phenyl ring of 18j. 
The 4-methyl and 4-isopropyl compounds (18q-r) were 
approximately equal to 180, but the 4-tert-butyl analog 
(18s) was twice as potent and the 4-phenyl analog (18t) 
was 10-fold more potent. In comparison to the standards, 
18t was a better HMG-CoA reductase inhibitor than 2 
(sodium salt) and equal to 5, making it the most potent 
analog of the series (ICs0 = 3.0 nM). The 2-naphthyl analog 
(18v) was also extremely potent, consistent with the 
requirement for steric bulk at the 4-position of the phenyl 
ring. The 1-naphthyl analog (18111, while potent, was about 
3-fold weaker than 18v. 

Those compounds which were more potent than 1 pM 
in the HMG-CoA reductase assay (18j-y) were also 
evaluated in the HEP-G2 cell cholesterol biosynthesis 
as~ay.2~ As shown in Table IV, several of the tetrahy- 
droindazole inhibitors inhibited cholesterol biosynthesis 
in the 0.1 pM range, the most potent being 18q and 18s. 
Structure-activity relationships in HEP-G2 cells, however, 
did not parallel those established for the HMG-CoA 
reductase assay. For example, some of the compounds 
that were potent enzyme inhibitors were relativly inef- 
fective inhibitors of cholesterol biosynthesis (180 and My). 
Also, the methoxy-containing analogs (1811-p) were uni- 
formly weak, suggesting degradation to inactive metab- 
olites. Ultimately, although the best tetrahydroindazoles 
(18q and 18s) exhibited promising activity in whole cells, 
they were still inferior to 2 (sodium salt). 

Molecular Modeling 
Initially, 2,5,6, and 18b were studied to determine the 

structural features important for activity. Structures for 
inhibitors 5,6, and 18b were built in their bioactive open- 
chain forms as neutral acids using SYBYL.24 Although 
18b was synthesized and tested as a racemic mixture, only 
the (3R,5S) enantiomer was modeled in order to maintain 
a consistent absolute configuration in the dihydroxy acid 
side chain. The structure for 2 was retrieved from the 
Cambridge Structural Databasezs and modified by sub- 
stituting the dihydroxy acid side chain for the lactone 
ring. In our comparison, the dihydroxy acid side chains 
of the inhibitors were overlapped while maintaining an 
overlap of the ring systems (Figure la). Interestingly, when 
electrostatic isopotential maps were generated for the 
compounds in the study (MNDO charges), we found that 
the (2-methy1)butyryl ester side chain of 2 creates a 
negatively charged region (colored blue in Figure 2) in the 
same area occupied by the 4-fluorophenyl group of 5,6, 
and 18b. This indicates that the conformation of the ester 
side chain of 2 selected for this study is reasonable. 
Examination of difference volume maps shows that 5, the 
most potent inhibitor of the four, occupies volume in a 
region of space not shared by the other compounds in the 

Scheme V. Method Go 
M ~ o , c / \ ~  coat, 
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E 

1 0  2 0  

F F 

"-CO$de - . l y p v c o * y  (CY), OH OH 

2 1  y.MS L Y . k  

2 2  1 8  

(a) 2 equiv of (MeO)ZP(=O)CH2Li, -78 OC; (b) LiC1, CHSCN, 
DBU; (c) aqueoue HF, CHsCN; (d) Eta ,  THF/MeOH; thenNaBH4, 
-78 OC to room temperature; (e) aqueous NaOH, MeOH, lyophilize. 

reduction, but the relative stereochemistry at the 7-position 
of the tetrahydroindazole ring system is not controlled. 
Therefore, the target inhibitors 18 are actually inseparable 
mixtures of two diastereomers, each of which is racemic. 

Biological Results and Discussion 
The racemic sodium salts 18 were evaluated for their 

ability to inhibit partially purified rat liver HMG-CoA 
reductase in vitro; selected compounds (1%-y) were 
evaluated for their ability to inhibit incorporation of [l4C1- 
acetate into cholesterol in cultured human hepatoma 
(HEP-G2) cells (Table IV). Results were compared to 
those obtained for 2,5, and the sodium salt of 2 (prepared 
by reaction of 2 with NaOH). 

For the unsubstituted series (Ma-c, R1 = R3 = H), the 
tetrahydroindazole (n = 1) was a slightly more potent 
HMGCoA reductase inhibitor than the tetrahydrocyclo- 
pentapyramle (n = 0) and approximately equivalent to 
the hexahydrocycloheptapyrazole (n = 2). Addition of 
small straight or branched hydrocarbon chains to the 
7-position of the tetrahydroindazole (18d-g) afforded an 
approximately 2-fold increase in potency over the parent 
compound. However, introduction of a large branching 
group on the a-carbon of the 7-substituent (Ish) resulted 
in a loss in potency. Also, incorporation of phenyl at the 
7-position (18i) or fusion of a benzene ring across the 6,7- 
bond (182) gave a less potent compound. Interestingly, 
the corresponding benzohexahydrocycloheptapyrazole an- 
alog (18aa) was more potent than either 182 or its 
hexahydrocycloheptapyrazole parent (180). 

In contrast to the effect shown by a fused benzene ring, 
the addition of a linking group between the phenyl group 
and tetrahydroindazole nucleus provided compounds 
which were 10-77-fold more potent than 18b: CsH&Hz- 
CH2 (18w, 1OX more potent)< C~HSCHZCHZCH~ (18x)< 
(E)-C&I&H=CHCHz (My)< C&CHz (Mi, 77X more 
potent). Of the saturated spacers, a single methylene unit 
is preferred over two or three, which implies an optimum 
spatial arrangement of the tetrahydroindazole portion of 
the molecule and the pendant phenyl ring. The improved 
activity of 18y (which contains the unsaturated three 
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Table IV. Inhibition of Rat Liver HMG-CoA Reductase and Cholesterol Biosynthesis Inhibition in Cultured HEP-G2 Cella by 18 

Connolly et al. 

F 

N- N .. 

0 NaS 

1 8  
~~ ~ ~ 

HMG-Coceductasec cholesterol biosynthesisc 
no. R’ R3 n % yieldn (method) formulab ICm, uM ICm. uM 

~ ~~ 

18a H H O  56 (F) Cl9HzoFNzNaOpHzO 11 (2.1-54) 
18b H H 1  45 (F) CZOHZZFNZNBO~.HZO 5.3 (3.1-9.1) 

18d CH3 H 1  31 (F) CZIHZJ~”ZN~O~.HZO 2.1 (1.7-2.6) 
I& CzH5 H 1  22 (F) CzzHdNZNaOpHzO 2.0 (1.2-3.3) 

18c H H 2  40 (F) C~1HuFNzNaOp0.5Hz0 3.6 (2.6-4.8) 

18f n-CaH7 H 1  52 (F)d C=H&NzNa04.1.5HzO 3.4 (2.1-5.6) 
18g s - C ~ H ~  H 1  6 (F) Cd&NzNa04.2HzO 3.2 (1.9-5.3) 

1 1  C& H 1  33 (G) C&dNzNa04.1.25HzO 2.8 (0.73-10) 8.1 (0.73-91) 
18j C&CHz H 1  45 (F) CnH&NzNaO4*HzO 0.068 (0.0474.098) 0.17 (0.114.27) 
18k 2-ClCsH4CHz H 1  16 (F) CnHnClFNzNa04.2.5HzO 0.095 (0.026-0.34) 0.33 (0.16-0.88) 

1.1 (0.56-2.2) 181 4-ClCsH4CHz H 1  40 (F)d Cz7HnClFNzNaO4.HzO 0.14 (0.07-0.27) 
18m 4-FCsH4CHz H 1  20 (F) CmHnFzNzNaO4 0.20 (0.16-0.24) 0.40 (0.0071-23) 
1811 ~-CH&C~H&HZ H 1  31 (F) C&&NzNaO&5HzO 0.035 (0.027-0.046) 1.2 (0.44-3.0) 
Is0 4-CH3OCsH4CHz H 1  37 (F) C&&NzNaOrHzO 0.028 (0.015-0.51) 0.50 (0.15-1.7) 
18p 3,4-(CH30)2C&CHz H 1 27 (F) C&~ZFNZN~OV~HZO 0.32 (0.17-0.61) 3.6 (2.9-4.6) 
18q 4-CHsC&CHz H 1  45 (F) Cd&NzNaOcHzO 0.028 (0.018-0.042) 0.078 (0.0514.12) 
18r ~ -~-C~H~C&CHZ H 1 38 (G) C~Hd”zNaOp1.25HzO 0.040 (0.0090-0.17) 0.23 (0.15-0.33) 
18s 4-t-CfigCsH4CH2 H 1 36 (F) C31HflNzNaOp0.75HzO 0.014 (0.0040-0.053) 0.088 (0.046-0.17) 
18t 4-CsH&sH&Hz H 1  25 (G) C~H~zFNzNaO4.2HzO 0.0030 (0.0015-0.0049) 0.10 (0.0134.81) 

18v 2-naphthyl-CHz H 1  41 (G) C31HKJi”zNaOpHzO O.Oo90 (0.0050-0.016) 0.33 (0.224.48) 
1 8 ~  C&CHzCHz H 1  6 C&&NzNa04-2.5H20 0.54 (0.41-0.73) 
1 8 ~  C&CHzCHzCH2 H 1 10 (F) CzsH32FNzNaOp2.75HzO 0.16 (0.12-0.21) 0.87 (0.31-2.4) 
18y (E)-CsH&H<HCHz H 1 48 (G) CzsH&NzNa04.2.5Hz0 0.082 (0.038-0.18) 1.0 (0.70-1.4) 
182 6,7-benzo 1 28 (F) C ~ ~ F N Z N ~ O ~ . H Z O  9.4 (4.1-22) 
18aa 7,&benzo 2 32 (F) C&&NzNaOp1.25HzO 2.6 (1.8-3.7) 
2 lactone 0.40 (0.23-0.71) 0.079 (0.0614.10) 
2 sodiumsalt 0.0092 (0.0073-0.017) 0.060 (0.01Q-O.14) 
5 0.0025 (0.0015-0.0040) 0.079 (0.063-0.12) 

Overall yield from 15 (method F) or 10 (method G) of isolated material after purification of intermediates 17 (method F) or 22 (method 
G) by silica gel chromatography and saponification/lyophilization. All compounds possessed lH NMR, IR, and FAB mass spectra consistent 
with assigned structure and combustion analyses (C, H, within +0.4% of theoretical for the hydrate shown. For w a y  protocole, see the 
Experimental Section. The values shown represent the mean of several determinations; numbers in parentheses represent 95% confidence 
limits. Compound isolated as a 2:l mixture of svn:anti diols as determined by 13C NMR spectroscopy. e Compound isolated ae a 4.51 mixture 

18h C-CsH11 H 1  15 (F) CzsH3zFNzNaOp2HzO 8.5 (3.8-19) 

1811 1-naphthyl-CHz H 1  33 (G) C31HsoFNzNaOpH~0 0.028 (0.0214.036) 0.46 (0.26-0.80) 

1.7 (1.3-2.3) 

of syn:anti diols as determined by 13C NMR spectroscopy. 

study (Figure lb). Beyond this, 2,5, and 6 all share volume 
which 18b does not (Figure IC). More specifically, 
comparison of 5 and 18b reveals that, when the five- 
membered heterocyclic rings of the two molecules are 
superimposed, the fused phenyl ring of the indole moiety 
of 5 is in close proximity to the 7-position of the 
tetrahydroindazole ring system of 18b. We hypothesized 
that 7-substituted analogs of 18b would overlap better 
with 5 and the other inhibitors in the region revealed in 
Figure lb,c. Therefore, the 7-[(l,l’-biphenyl-4-yl)methyll 
substituent from the potent inhibitor 1st was incorporated 
into the structure determined for 18b. Since 18t (and 
each of the other 7-substituted inhibitors) actually exists 
as a mixture of diastereomers at the 7-position relative to 
the fixed syn stereochemistry on the side chain, structures 
for each diastereomer (7R and 7s) were built. Volume 
difference maps were generated, revealing the improved 
overlap of both diastereomers with the volume shared by 
2,5, and 6 (Figure Id). The improved potency of 18t (1700- 
fold better than 18b) and similar analogs can be attributed 
to improved overlap in the critical region occupied by the 
7-substituent, which presumably interacts with a hydro- 

phobic binding domain adjacent to the enzyme active site.m 
This model is supported by the observed trend that the 
7-substituent should contain a *-system connected by a 
single methylene group for optimum HMG-CoA reductase 
inhibitory potency (vide supra). 

Conclusions 

Compounds comprising a novel series of 7-[2-(4-fluo- 
rophenyl)-4,5,6,7-tetrahydro-W-indazol-3-y1]-3,5-~hy- 
droxy-6-heptenoic acid sodium salts were synthesized and 
tested for their ability to inhibit HMG-CoA reductam in 
vitro and in cultured HEP-G2 cells. Incorporation of a 
benzyl substituent at  the 7-position of the tetrahydroin- 
dazole nucleus resulted in an analog Cl8j) which was 77- 
fold more potent than the parent compound (18b) invitro. 
Substitution at the para position of the benzene ring 
resulted in a compound (18t) which was 1700-fold more 
potent than 18b and 3-fold more potent than the sodium 
salt of lovastatin (2). Other analogs (18q and 18s) were 
essentially equipotent to 2 in HEP-G2 cells. 
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Figure 1. Comparison of tetrahydroindazole inhibitors 18h and 1st with literature inhibitors 2 (open chain form), 6, and 6 (open chain 
form), (a) Superimposition of energy-minimized structures for 2 (red), 6 (blue), 6 (green), and 18b (magenta). (b) Difference volume 
map illustrating regions occupied by 5 (blue) that are not shared by 2 (red), 6 (preen), and Ish (magenta). Volume unique to 6 is shown 
in yellow. (c) Difference volume map illustrating regions shared by 2 (red), 5 (blue), and 6 (green) that are not occupied by 18b 
(magenta). Volume not occupied by 1% is shown in yellow. (d) Difference volume map illustrating improved overlap of (7Sb18t 
(magenta) and (7R)-18t (cyan) with the regions shared by 2 (red), 6 (blue), and 6 (green). Volume not oeeupied by (7s)- or (7R)-18t 
is shown in yellow. 

Experimental SectionZ7 
Unlm otherwise noted, materials were obtained from com- 

mercial suppliers and were used without further purification. 
Anhydrous tetrahydrofuran (THF) was purchased from Aldrich 
and used without further drying. Diisopropylamine wasdistilled 
from CaHz and was stored over 4A molecular sieves. 1,s- 
Diezabicyclo[5.4.0lundec-7-ene (DBU) was used without puri- 
fication. Dimethylformamide (DMF) was dried over 4A sieves 
prior to use. Melting points were determined on a Thomas- 
Hoover apparatus and are uncorrected. Nuclear magnetic 
resonance (NMR) spectraweremeasuredintheindicatedsolvent 
withtetramethyhilane (TMS) astheinternalstandardusing the 
following spectrometers: Bruker WP-1WY (100 MHz 'H, 25 
MHa lac), General Electric QE300 (300 MHz 'H, 75 MHa W, 
andVarianXL-400(400MHz1H, 100MHzW. NMRchemical 
shifts are expressed in parta per million (ppm) downfeld from 
internal TMS using the 6 scale. 'H NMR data are tabulated in 
order: multiplicity, (8, singlet; d, doublet; t, triplet; q. quartet; 
m, multiplet), number of protons, coup l i i  constant in hertz). 
'9c NMR data are reported for proton-decoupled spectra and 
are tabulated in order. Infrared (IR) spectra were determined 
on a Nicolet 5DXB FT-IR spectrophotometer. Chemical ion- 
ization (DCI), electron impact (EI), and fast atom bombardment 
(FAB) maas spectra (MS) were determined on a Finnegan MAT 
8230 spectrometer. Elemental analyses were carried out on a 
Perkin-Elmer 24OC analyzer. Analytical thin-layer chromatog- 
raphy (TLC) was done with Mer& silica gel 60 F m  plates (250 
Wm). Flash chromatography and medium-pressure liquid chro- 
matography (MPLC) were done with Merck silica gel 60 (23W 
400 mesh). 
Ketones 7. These compounds were prepared according to 

literature methods, if not commercially available? 
Diketones 8a,b. These compounds were prepared according 

to literature methods.s 

2-[ (2-Tetrahydropyranylo~)acetyl]cyclohept (Sc). 
A solution of 2.80 g (25 mmol) of cycloheptanone and 4.71 g (25 
mmol) ofethyl(tetrahydropyranyloxy)acetate'ain 2OmLofEtaO 
was added over the course of 1 h to an ice-cold, s t i r r i i  mixture 
of hexane-washed NaH (48 mmol, 1.15 g of 60% oil dispersion) 
and 0.12 mL (2 mmol, 0.092 g) of absolute EtOH in 10 mL of 
EbO under Nz. The light brown mixture was allowed to warm 
to room temperature and was stirred overnight. MeOH (5 mL) 
wsaadded,andthesolutionwaspouredonto200mLofsaturated 
aqueous NHJX After acidification to pH 2 with 1 N aqueous 
HCI. the mixture was extracted with EbO. The organic layer 
was washed with brine, dried over NaeS04, and concentrated to 
give5.61g(88%) ofcrude8casalightbrownoil,whichwaswd 
without purification: 'H NMR (CDCb, 100 MHz) 1.3-2.1 
(complex, 14 H), 2.3-2.8 (complex, 2 H), 3.5-4.8 (complex, 5 H), 
13.8 (br 8. 1 H). 
General Procedure for the  Synthesis of Diketones 8d-y 

(Table I). 6-(4-tart-butylbenzyI)-2-(2~-dimethoxyac~yl)- 
cyclohexanone (8s). Diisopropylamine (94.2mmo1,9.53 g, 13.2 
mL) was added under NZ to a -20 OC solution of 1.6 M n-BuLi 
in hexanes (89.7 mmol, 56.0 mL) and 75 mL of THF. After 15 
min. the solution was cooled to -78 OC and 20.9 g (85.4 mmol) 
of 2-(4-tert-butylbenzyl)cyclohexanone (7s) in 50 mL of THF 
wasaddeddropwiseovera20-minperiod. After45min,5.50mL 
(44.8 m o l .  6.01 g) of methyl dimethoxyacetate was added: the 
mixture was allowed to warm slowly to room temperature and 
was stirred overnight. The resulting solution wsa cooled to 0 "C 
and acidified to pH 3 4  with 2 N aqueous HCI. The mixture was 
diluted with Eta0 (200 mL) and washed with water and brine. 
After drying over NazSO,, the solution was concentrated to give 
26 g of amber oil. The crude product was puritied hy MF'LC 
using a solvent gradient ranging from 8 to 10% EtOAcIhexanes 
toafford 9.4 g ofrecoveredls and 14.3 g (92%) of8sasa wlorleea 
oil: 'H NMR (300 MHz) 1.30 (s, 9 H), 1.2-2.8 (complex, 8 HI, 
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Figure2. Electrostaticisopotential maps (MNDO charges) for2 (open chain form), 5,6 (open chain form), and 18b, showingnegatively 
charged regions in blue and positively charged regions in red. 

Table V 
low-energy 

no. of canformer, “tit” energy, energy 
compd conformers kcaVmol keaVmol difference 
2 500 10,191 15.436 5.245 
5 646 27.263 31.686 1.681 
6 335 13.140 16.244 3.080 
18b 569 19.834 23.366 3.532 
(IS)-lSt (I 18.806 22.573 3.767 
(7R)-18t a 18.964 22.592 3.628 

aStructures for (7.9)- and (7R)-lSt were generated from the 
reference low-energy conformer of ISb as described in the Experi- 
mental Section. 

3.1-3.5 (complex, 8 H), 4.63 (8 ,  1 H minor tautomer). 4.96 (s, 1 
H, major tautomer), 7.11 (m, 2 H), 7.29 (m, 2 H); IR (fdm) 1740, 
l707,1583cm-~;MS(DCI)m/z347,315(hase~. Anal. (CnHrnOd 
C, H. 

~[ ( l . l ’ -B ipbeny l -4 -y l )m~byl ] -Z- (2~-~e tbnxya~ty l ) cy .  
elohelanone (St). Diisopropylamine (38.8 mmol. 3.93 g. 5.4 
mL) was added under N? to a -20 OC solution of 1.6 M n-BuLi 
in hexanes (35.3 mmol, 22.0 mL) and 30 mL of THF. After 15 
min, the solution was cooled to -78 O C  and 8.88 g (33.6 mmolJ 
of2-I~l,l’-hiphenyl-4-yl)methyllcyclohexanone (71) in 50 mLof 
THF was added. After 45 min, 2.26 mL (18.5 mmol. 2.48 g) of 
methyl dimethoxyacetate was added the mixture was allowed 
to warm slowly to rwm temperature and was stirred overnight. 
Thereaultingsolution ~aseooledtoO~CandacidifiedtopH3-4 
with 2 N aqueous HCI. The mixture wasdiluted with EhO (200 
mL) and washed with water and brine. After drying over Na2- 
SO,. the solution was mncentrated to give 11.5 g of a yellow oil 
Thecrudeproduct waspurified hy MPLCusingasolventgradient 
ranging from 16to 1:5 M A C ,  hexmestoafford 4.18gofrecovered 
?tand5.94g(96T)of8tasawary,whitesoIid ’HNMR(CDCla, 
300 MHz) 1.4-2.8 (complex. 9 H), 3.33 (8 ,  3 H, minor tautomer), 
3.37 (s,3 H, minor tautomer), 3.42 (8.6 H. major tautomer), 4.63 
(s, 1 H, minor tautomer). 4.96 (8 ,  I H, major tautomer), 7.2-7.6 

(complex,9H):IR(KBr) 1739,1704,1601,1584,1488,1444em-’; 
MS (DCI) mlz 335 (base), 303. Anal. ( C z H d d  C, H. 

GeneralProeedure for the Synthesis of Carboxaldehydes 
IOa-y (Table 11). 2-(4-Flunrophenyl)-4,5,6,7-~t~hyd~Z~- 
indaznle-3-methanol (Sb). E m  (0.717 mL,0.520g.5.14mmol) 
was added to a stirring suspension of 1.00 g (5.04 mmol) of 
2-(acetoxyacetyl)cyclohexanoneDb and 0.820 g (5.04 mmol) of 
4fluorophenylhydrazine hydrochloride in 20 mL of absolute 
EtOH. The resulting solution was stirred under Nz for 4 h at 
room temperature and refluxed for 6 h. The mixture was 
concentrated, and the residue was partitioned between 100 mL 
of EhO and 50 mL of dilute aqueous HCI. The EhO layer was 
washedwith water.saturated aqueousNaHCO8, and brine. After 
drying over NaeSO,, the solution was concentrated to give 1.43 
g of light hmwn solid. Recrystallization from EtOAclhexeues 
afforded 0.753 g (52 5%) of 3-(acetoxymethyl)-2-(4fluorophenyl)- 
4.5.6.7-tetrahvdro-Windazole as a white solid m.D 128.5-129.6 
oCf1HNMR(CDCL,400MHz) 1.85(rn,4H),2.0~(~,3H),2.60 
(t, 2 €I, J = 6 Hz), 2.73 (t, 2 H. J = 6 Hz), 5.00 (s. 2 H), 7.15 (t, 
2 H, J = 9 Hz), 7.45 (dd, 2 H, J = 5,9 Hz); IR (KBr) 1740,1220 
cm-’; MS (DCI) mlz 289 (base), 228. Anal. (CI~HITFNZOZ) C, H, 
N. 

The intermediate (acetoxymethyl~indazole (24.3 mmol, 7.00 
g) was dissolved in 125 mL of MeOH and stirred while 26.7 mL 
of 1 N aqueous NaOH was added. After 30 min the resulting 
cloudy suspension was concentrated and partitioned between 
200 mL of EtOAc and 100 mL of water. The organic layer was 
washed with water and brine and was dried over NanSO,. The 
solution was concentrated to give 5.85 g of orange solid. 
Recrystallization from EtOAc gave 4.08 g (68%) of 9b as off- 
whitecrystala: mp 163-161°C;1HNMR(CDCla,400MHz) 1.80 
(m, 4 H), 2.52 (t, 1 H, J = 5 Hz), 2.86 (1, 2 H, J = 6 Hz), 2.71 (f 
2 H, J = 6 Hz), 4.52 (d, 2 H. J = 5 Hz), 7.12 (t, 2 H. J = 9 Hz), 
7.58 (dd. 2 H, J = 5.9 Hz): NMR (DMSO.de, 25 MHz) 19.8, 
23.0 (3 C ) .  52.1, 115.7 (d, JGS = 23 Hz), 116.6, 125.2 (d, JCS = 
8Hz),136.5,137.9,148.8,160.6(d,Jc.~=244Hz);lR(KBr)3200 
(broad), 1510 cm-l: MS (DCI) m/z 247 (base). Anal. (CMHM- 
FNzO) C ,  H, N. 
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benzyl)-l-(4-fluorophenyl)-4,5,6,7-tetr~ydro-~-in~le3-~- 
boxaldehyde as an off-white solid mp 139-140 "C; lH NMR 
(CDCb, 300 MHz) 1.28 (8, 9 H), 1.75 (m, 4 H), 2.36 (dd, 1 H, J 
= 13.5, 11 Hz), 2.53 (dd, 1 H, J = 13.5, 3.5 Hz), 2.72 (m, 1 H), 
3.00 (m, 1 H), 3.23 (m, 1 H), 6.77 (d, 2 H, J = 8 Hz), 7.25 (m, 4 
H), 7.54 (dd, 2 H, J = 9, 5.4 Hz), 10.07 (a, 1 H); IR (KBr) 1693, 
1514 cm-l; MS (DCI) m/z 391 (base). Anal. (CzHnFNzO) C, H, 
N. 

74 ( 1,l'-Biphenyl-4-yl)methyl]-2-(4-fluorophenyl)-4~,6,7- 
tetrahydro-2E-indazole-3-carboxaldehyde (lot). A solution 
of 8t (20.2 mmol, 5.35 g) in 100 mL of absolute EtOH was treated 
with 1.91 g (23.3 mmol) of NaOAc and 3.45 g (21.2 mmol) of 
4-fluorophenylhydrazine hydrochloride. After stirring Overnight 
under Nz, the solvent was removed by rotary evaporation and 
the orange residue was dissolved in 100 mL of THF. A 50-mL 
portion of 1 N aqueous HC1 was added, and the mixture was 
refluxed gently for 4 h. EhO (150 mL) was added after cooling, 
and the organic layer was washed sequentially with water, 
saturated aqueous NaHCO3, and brine. Drying over Na2SOl and 
concentration afforded6.74 g of orange foam. The crude product 
was purified by MPLC using 1:9 EtOAdhexanes to give 3.21 g 
(39%) of lot and 1.15 g (14%) ofthe isomeric 1-(44luorophenyl) 
compound, each as an orange solid. Compound lot was recrys- 
tallized from EtOAc/EtzO to afford analytically pure material as 
a pale orange solid mp 148-150 "C; lH NMR (CDCb, 300 MHz) 
1.6-2.0 (complex, 4 H), 2.72 (dd, 1 H, J = 10.5,13.5 Hz), 2.75-3.0 
(complex 2 H), 3.15 (m, 1 H), 3.56 (dd, 1 H, J = 4, 13.5 Hz), 
7.2-7.7 (complex, 13 H), 9.87 (a, 1 H); IR (KBr) 1510,1222 cm-1; 
MS (DCI) m/z 411 (base). Anal. (CnHdN20) C, H, N. The 
1-(dfluorophenyl) isomer was recrystallid from EtOAc/hexanee 
to provide analytically pure 7- [(l,l'-biphenyl-4-yl)methyl]-l-(4- 
fluorophenyl)-4,5,6,7-tetrahydro-1H-indazole-3-carboxalde- 
hyde as an orange solid mp 155-156 OC; 'H NMR (CDCb, 300 
MHz) 1.7-1.9 (complex, 4 H), 2.46 (dd, 1 H, J = 10.5,13.5 Hz), 
2.61 (dd, 1 H, J = 4,13.5 Hz), 2.73 (dt, 1 H, J = 16.5,8 Hz), 3.02 
(dt, 1 H, J = 16.5,4 Hz), 3.30 (m, 1 H), 6.89 (d, 2 H, J = 8 Hz), 
7.2-7.6 (complex, 11 H), 10.08 (e, 1 HI; IR (KBr) 1691,1512 cm-l; 
MS (DCI) m/z 411 (base). Anal. (CnH28N20) C, H, N. 

General Procedure for the Synthesis of Unsaturated 
Aldehydes 15 (Table 111). Ethyl (E)-3-[7-(4-tert-Butylben- 
zyl)-2-(kfluorophenyl)-4,5,6,7-tetrahydr2E-indazol-3-y1]- 
2-propenoate (11s). A solution of 1.80 mL (8.73 mmo1,2.04 g) 
of triethyl phosphonoacetate in 10 mL of THF was added 
dropwise under N2 to a suspension of 0.214 g (8.91 mmol) of 
oil-free NaH in 30 mL of THF. The resulting mixture was cooled 
to 0 OC and treated with 3.10 g (7.94 mmol) of 10s in 30 mL of 
THF. After warming slowly to room temperature and stirring 
overnight, the mixture was combined with 50 mL of saturated 
aqueous N&Cl and extracted with 150 mL of EhO. The organic 
layer was washed with brine, dried over NazSO,, and concentrated 
to give 3.75 g (- 100% ) of 11s as a brown oil which was used 
without purification: 'H NMR (CDCb, 300 MHz) 1.30 (t, 3 H, 
J = 7 Hz), 1.32 (a, 9 H), 1.4-2.0 (complex, 4 H), 2.61 (dd, 1 H, 
J = 13.5, 11 Hz), 2.70 (m, 2 H), 3.05 (m, 1 H), 3.49 (dd, 1 H, J 
= 13.5,4 Hz), 4.22 (9, 2 H, J = 7 Hz), 6.20 (d, 1 H, J = 16 Hz), 
7.e7.6 (complex, 9 H); MS (DCI) m/z 461 (base). 

(@-3-[7-(4- tert-Butylbenzyl)-2-(4-fluorophenyl)-4,5,6,7- 
tetrahydro-2H-indazol-3-yl]-2-propenol (12s). A 1.5 M so- 
lution of (i-Bu)&H in toluene (19.8 mmol, 13.2 mL) was added 
slowly under Nz to an ice-cold solution of 3.75 g (7.9 mmol) of 
11s in 30 mL of THF. After 30 min, 3 mL of MeOH was added 
dropwise, followed by 100 mL of 1 N aqueous HC1. The mixture 
was stirred for 10 min and extracted with 150 mL of EhO. The 
organic layer was washed with water, saturated aqueous NaHCO3, 
and brine and dried over NazSOr. Concentration gave 3.7 g of 
orange oil which crystallized upon addition of EhO to yield 1.46 
g (44%) of 12s as a white solid mp 141-142 "C; lH NMR (CDCb, 
300 MHz) 1.32 (s,9 H), 1.4-2.0 (complex, 5 H), 2.6 (m, 3 H), 3.05 
(m, 1 H), 3.50 (m, 1 H), 4.27 (d, 2 H, J = 5 Hz), 6.17 (dt, 1 H, 
J = 16, 5 Hz), 6.43 (d, 1 H, J = 16 Hz), 7.1-7.5 (complex, 8 H); 
IR (KBr) 3270 (broad), 1513 cm-'; MS (DCI) m/z 419 (base). 
Anal. (CnHslFN20- 0.33 HzO) C, H, N. The mother liquors 
gave 2.03 g (56%) of less pure 12s as a tan foam. 
(@-3-[7-(4-tert-Butylbenzyl)-2-(4-fluorophenyl)-4,5,6,7- 

tetrahydr0-2H-indazoI-3-yl]-2-propenal(lSs). A mixture of 
3.29 g (7.86 mmol) of 12s and 10 g of MnOz was refluxed in 75 
mL of benzene under Nz for 2 h. After cooling, the black solids 

2-(4-Fluorophenyl)-4,5,6,7-tetrahydro-2H-indazole-3-~r- 
boxaldehyde (lob). CompoundSb (14.8mmol,3.64g) wasadded 
in small portions over a 5-min period to a suspension of 4.74 g 
(22.0 mmol) of pyridinium chlorochromate in 50 ml of CHzClZ. 
The resulting mixture was stirred at room temperature for 4 h. 
A 300-mL portion of Et0 was added, and the mixture was filtered 
through a pad of Florisil. The tarry residue remaining in the 
flask was sonicated twice with 100 mL of EhO, and the organic 
solutions were also filtered through Florisil. The Florisil pad 
was washed thoroughly with EhO, and the combined filtrates 
were dried over NazSOc and concentrated, giving 3.57 g of off- 
white solid. The crude product was recrystallized from EhO/ 
hexanes to afford 1.71 g (47%) of 10b as a white solid mp 80-81 
OC ; lH NMR (CDCb, 400 MHz) 1.85 (m, 4 H), 2.77 (t, 2 H, J 
= 6 Hz), 2.88 (t, 2 H, J = 6 Hz), 7.20 (m, 2 H), 7.45 (m, 2 H), 9.86 
(a, 1 H); IR (KBr) 1670, 1575 cm-l; MS (DCI) m/z 245 (base). 
Anal. (CllH13FN20) C, H, N. The mother liquors were con- 
centrated to give an additional 1.67 g (46%) of 10b as a white 
solid which was judged to be pure enough to carry on. 
2-(4-Fluorophenyl)-2,4,Ei,6,7,8- hexahydrocycloheptapyra- 

zole-3-methanol (Sc). Crude 8c was combined with 3.07 mL 

rophenylhydrazine hydrochloride in 60 mL of absolute EtOH. 
The resulting solution was stirred at room temperature under NP 
overnight and was refluxed for 4 h. A 30-mL portion of 1 N 
aqueous HC1 was added, and the mixture was refluxed for an 
additional hour. The mixture was cooled and extracted with 200 
mL of EhO. The organic phase was washed with water, saturated 
aqueous NaHC03, and brine and was dried over NazSO4. The 
solution was concentrated to give 5.50 g of a 1:1.2 mixture of 9c 
and 1-(4-fluorophenyl)- 1,4,5,6,7,8hexahydrocycloheptapyrazole- 
3-methanol as a brown oil. The crude product was crystallized 
from EtOAc/EhO to afford 0.97 g (18%) of 9c as an off-white 
solid mp 177-178 "C; lH NMR (CDCl3,300 MHz) 1.72 (m, 4 H), 
1.85 (m, 2 H), 2.60 (m, 2 H), 2.80 (m, 2 H), 4.51 (d, 2 H, J = 5 
Hz), 7.15 (m, 2 H), 7.60 (m, 2 H); IR (KBr) 3240 (broad), 1513, 
1223 cm-l; MS (DCI) m/z 261 (base). Anal. (CISH17FN20) C, H, 
N. 

2-( 4-Fluorophenyl)-2,4,5,6,7,8-hexahydrocycloheptapyra- 
zole-3-carboxaldehyde (1Oc). Compound 9c (11.6 mmol, 3.03 
g) was added in small portions over a 15-min period to an 
ultrasonically agitated suspension of 3.76 g (17.5 mmol) of 
pyridinium chlorochromate in 40 mL of CHzClZ. The resulting 
mixture was sonicated for 2 h, diluted with 200 mL of EhO, and 
filtered through a Florisil pad. The remaining tarry residue was 
sonicated three times with 50 mL of EhO, and the washings were 
also filtered through Florisil. The combined organic solutions 
were washed with saturated aqueous NaHC03 and brine, dried 
over NazSOd, and concentrated to give 2.93 g of yellow oil. 
Purification by MPLC using 1:9 EtOAc/hexanes yielded 2.68 g 
(89%) of pure 1Oc as a pale yellow oil: lH NMR (CDC13, 100 
MHz) 1.75 (complex, 6 H), 2.92 (complex, 4 H), 7.1-7.5 (complex, 
4 H), 9.86 (8, 1 H). 

7-( 4-tert-Butylbenzyl)-2-( 4-fluorophenyl)-4,6,6,7-tetrahy- 
dro-2E-indazole-3-carboxaldehyde (10s). A solution of 14.0 
g (39.3 mmol) of 88 in 200 mL of MeOH was treated with 3.61 
g (44.0 mmol) of NaOAc and 6.65 g (39.7 mmol) of 4-fluorophen- 
ylhydrazine hydrochloride. After stirring overnight at room 
temperature under N2 and refluxing for 2 h, the mixture was 
concentrated by rotary evaporation and the orange residue was 
dissolved in 150 mL of THF. A 75-mL portion of 1 N aqueous 
HC1 was added, and the mixture was refluxed gently for 4 h. 
EhO (250 mL) was added after cooling, and the organic layer was 
washed sequentially with water, saturated aqueous NaHCO3, and 
brine. Drying over NazSO4 and concentration afforded 16.6 g of 
brown oil. The crude product was purified by MPLC using 8% 
EtOAc/hexanes to give 3.47 g (23%) of 10s and 10.9 g (71 %) of 
the isomeric 1-(4-fluorophenyl) compound, each as an off-white 
solid. Compound 10s was recrystallized from EtOAc/hexanes to 
afford analytically pure 10s as a white solid mp 124-125 "C; 'H 
NMR (CDCb, 300 MHz) 1.32 (a, 9 H), 1.4-2.0 (complex, 4 H), 
2.63 (dd, 1 H, J = 11,13.5 Hz), 2.7-3.0 (complex, 2 H), 3.08 (m, 
1 H), 3.48 (dd, 1 H, J = 4, 13.5 Hz), 7.1-7.3 (complex, 4 H), 7.33 
(d, 2 H, J = 8 Hz), 7.48 (dd, 2 H, J = 5,9 Hz), 9.86 (a, 1 H); IR 
(KBr) 1680,1513 cm-l; MS (DCI) m/z 391 (base). Anal. (C&n- 
FN20) C, H, N. The 1-(dfluorophenyl) isomer was recrystallized 
from EtOAc/hexanes to give analytically pure 7-(4-tert-butyl- 

(22 mm01, 2.23 g) of Et3N and 3.45 g (21.1 mm01) of 4-fluo- 
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were fiitered through Celite and washed with CH2C12. The 
combined fiitrates were concentrated to give 2.70 g of crude 
aldehyde as a green oil. Crystallization from EtOAc/hexanes 
afforded 1.21 g (37%) of 15s as an off-white solid mp 145-148 
OC; lH NMR (CDCb, 300 MHz) 1.32 (s,9 H), 1.4-2.0 (complex, 
4 H), 2.65 (m, 3 H), 3.07 (m, 1 H), 3.49 (dd, 1 H, J = 13.5,4 Hz), 
6.48 (dd, 1 H, J = 16, 7.7 Hz), 7.1-7.5 (complex, 9 H), 9.52 (d, 
lH, J = 7.7 Hz); IR (KBr) 1681,1513 cm-l; MS (DCI) mlz 417 
(base), 391, 241. Anal. (CnHdNzO) C, H, N. The mother 
liquors were purified by MPLC using 1:9 ethyl acetate/hexanes 
to give an additional 0.75 g (23%) of 15s as a green foam. 
(E)-3-[2-(4-Fluorophenyl)-2,4b,6,7,ghexahydrobenz[ 6,7]- 

cyclohepta[ lf-c]pyrazol-3-yl]-2-propen-l-ol(12aa). 1-Ben- 
zosuberone (25 mmol, 4.10 g, 3.74 mL) was added dropwise under 
N2 to a stirring suspension of 4.23 g (26 mmol) of 4-fluorophen- 
ylhydrazine hydrochloride and 2.13 g (26 mmol) of NaOAc in 15 
mL of absolute EtOH. The mixture was refluxed for 3 h and 
allowed to stir at room temperature overnight. Solvent was 
removed by rotary evaporation, and the residue was partitioned 
between water and EhO. The organic phase was washed with 
saturated aqueous NaHCOs and brine, dried over NazSO4, and 
concentrated to give 6.68 g of crude hydrazone 14aa as an orange 
solid. The crude product was dissolved in 25 mL of THF and 
added dropwise under N2 to a solution of (i-Pr)zNLi (made by 
adding 7.34 mL (52.3 mmol, 5.29 g) of diisopropylamine in 20mL 
of THF to 33.7 mL (52.3 mmol) of 1.6 M n-BuLi in hexanes) at 
-10 OC. The resulting dark brown solution was stirred for 30 
min, and a solution of methyl 4-(tetrahydropyranyloxy)-2- 
butenoate16 in 5 mL of THF was added dropwise. After 1.5 h, 
42 mL of 3 N aqueous HCl was added to the cold solution, which 
was then refluxed for 15 min. EhO (150 mL) was added, and the 
organic layer was washed with saturated aqueous NaHCOa and 
brine. After drying over NazSO4, the mixture was concentrated 
to give 12 g of light brown oil. The crude residue was dissolved 
in 50 mL of MeOH and was refluxed under Nz for 8 h with 0.31 
g (1.25 mmol) of pyrdinium p-toluenesulfonate. The solution 
was concentrated, and the residue was partitioned between EhO 
and water. The organic phase was washed with saturated aqueous 
NaHC08 and brine, dried over NazSO4, and concentrated to give 
9.2 g of brown oil. Purification by MPLC using 1:3 EtOAc/ 
hexanes afforded 3.35 g of yellow solid which was recrystallized 
from EtOAc/hexanes to give 3.00 g (36%) of 12aa as a white 
solid: mp 127-128 "C; 1H NMR (CDCls, 300 MHz) 2.15 (m, 2 H), 
2.84 (m, 4 H), 4.30 (m, 2 H), 6.16 (dt, 1 H, J = 16,5 Hz), 6.44 (d, 
1 H, J = 16 Hz), 7.2, (complex, 5 H), 7.50 (m, 2), 8.07 (m, 1); IR 
(KBr) 3300 (broad), 1515,1223 cm-l; MS (DCI) mlz 335 (base), 

(E)-5[2-(4Fluorophenyl)-2,4y5,6y7y~~~y~~nzo[ 6,7]- 
cyclohepta[ l,2-c]pyrazol-3-yl]-2-prope~nal(15aa). A mixture 
of 2.20 g (6.58 mmol) of 12aa and 10 g ofMnO2 was refluxed in 
75 mL of benzene under Nz for 2 h. After cooling, the black 
solids were filtered through Celite and washed with CH2C12. The 
combined filtrates were Concentrated to give 2.02 g of crude 
aldehyde as a yellow solid. Recrystallization from EtOAcafforded 
1.70 g (78%) of 1Saa as a pale yellow solid mp 208-210 OC; lH 
NMR (CDCla, 300 MHz) 2.18 (m, 2 HI, 2.92 (m, 4 HI, 6.49 (dd, 
1 H, J = 7.5, 16 Hz), 7.25 (complex, 6 H), 7.50 (dd, 1 H, J = 5, 
9 Hz), 8.12 (m, 1 H), 9.54 (d, 1 H, J = 7.5 Hz); IR (KBr) 1676, 
1620,1511 cm-l; MS (DCI) mlz 333 (base). Anal. (CZIH~~FN~O) 
C, H, N. 

General Procedure for the  Synthesis of Dihydroxyhep- 
tenoates 18 (Table IV). Ethyl (E)-(3RSY5SR)-7-[7-(4-tert- 
Butylbenzyl)-2-( 4-fluoropheny1)-4,5,6,7-tetrahydro-2H-in- 
dazol-3-yl]-3,5-dihydroxy-6-heptenoate (17s). Ethyl 
acetoacetate (5.05 mmo1,0.657 g, 0.644 mL) was added dropwise 
under Nz to a stirriig suspension of 0.124 g (5.16 mmol) of oil- 
free NaH in 10 mL of THF. The mixture was stirred for 30 rnin 
and cooled to -10 "C in an ice/acetone bath. n-BuLi in hexanes 
(1.6 M, 5.05 m o l ,  3.16 mL) was added slowly, producing a pale 
yellow solution. After 15 min, a solution of 1.83 g (4.39 mmol) 
of 15s in 20 mL of THF was added, and the resulting yellow 
solution waa stirred overnight. Saturated aqueous NH&1 (50 
mL) was added, and the mixture was extracted with 100 mL of 
EhO. The organic solution was washed with brine, dried over 
NazSO4, and concentrated to give 2.48 g of yellow-orange foam 
(impure 16s) which was used without purification. The crude 
material was dissolved in a mixture of 5 mL of MeOH and 15 mL 

317. Anal. (C2iHisFN20) C, H, N. 
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of THF. A 1.0 M solution of EtsB in THF (4.84 mmol,4.84 mL) 
was added, and 20 mL of air was bubbled into the solution via 
syringe. The solution wae stirred under N2 for 2 h and was cooled 
to -78 OC. NaBH4 (4.84 mmol, 0.182 g) was added in one portion. 
The mixture was allowed to warm slowly to room temperature 
and wae stirred overnight. Saturated aqueous NItCl(75 mL) 
was added, and the mixture was extracted with 100 mL of EhO. 
The organic solution was washed with brine, dried over NazSO4, 
and concentrated. The resulting oil was diesolved in 50 mL of 
MeOH and stirred vigorously under air overnight. The solution 
was concentrated to give 2.55 g of a yellow foam which was purified 
by MPLC using a solvent gradient ranging from 1:2 to 2 3  EtOAcl 
hexanes to give 0.89 g (37%) of 17s ae a white foam: lH NMR 
(CDCb, 300 MHz) 1.27 (t, 3 H, J = 7 Hz), 1.32 (8,9 H), 1.4-2.0 
(complex, 6 H), 2.48 (d, 2 H, J = 6 Hz), 2.6 (m, 3 H), 3.03 (m, 
1 H), 3.6-3.9 (complex, 3 HI, 4.17 (q,2 H, J = 7 Hz), 4.28 (m, 1 
H), 4.48 (m, 1 H), 6.01 (dd, 1 H, J = 16, 6 Hz), 6.44 (d, 1 H, J 
= 16 Hz), 7.1-7.5 (complex, 8 H); 19C NMR (CDCla, 75 MHz) 
14.1, 21.5, 22.8, 27.8, 31.4 (3 C), 34.4, 36.2,40.2,41.4,42.7, 60.9, 
68.4,72.5, 115.6, 116.0 (d, JGF = 23 Hz), 118.0, 125.0, 127.5 (d, 
JGF = 9 Hz), 129.0,134.9,135.4,136.2, 137.5,148.6,153.4,161.7 
(d, JGF = 247 Hz), 172.6; IR (KBr) 3320 (broad), 1733,1513 cm-'; 
MS (DCI) mlz 549 (base), 531,513. Anal. (C~H.,tlFN204) C, H, 
N. 

(E)-(3RS,SSR)-?-[ 7-(4-tert-Butylbenzyl)-2-(4-fluoro- 
phenyl)-4,S,6,7-tetrahydro-2H-indaz01-3-y1]-3~b~hydrox~ 
6-heptenoic Acid Sodium Salt (18s). Aqueous NaOH (0.25 N, 
1.02 mmol, 4.07 mL) was added slowly to an ice-cold solution of 
570 mg (1.04 mmol) of 17s in 11 mL of MeOH. The solution was 
stirred for 15 rnin at 0 OC and 45 min at room temperature. The 
solution was concentrated to dryness using a rotary evaporator, 
and the residue was dissolved in 50 mL of water. The slightly 
cloudy solution was suction fiitered through a coarse frit, frozen 
in a -78 OC bath, and lyophilized. The product was dried in a 
vacuum oven over Drierite to provide 550 mg (97 % of 18s as a 

1.3-1.8 (complex, 6 HI, 1.88 (dd, 1 H, J = 15, 8.5 Hz), 2.07 (dd, 
1 H, J = 15,3.5 Hz), 2.55 (m, 3 H), 2.91 (m, 1 H), 3.32 (m, 1 H), 
3.76 (m, 1 H), 4.26 (m, 1 H), 5.14 (bra, 1 H), 6.06 (dd, 1 H, J = 
16,5.5 Hz), 6.35 (d, 1 H, J = 16 Hz), 7.16 (d, 2 H, J = 8 Hz), 7.31 
(d, 2 H, J =  8 Hz), 7.35-7.5 (complex, 4 H); IR (KBr) 3350 (broad), 
1577, 1513 cm-l; MS (FAB+) mlz 521 (base). Anal. (CslH&3- 
FNZNaOl. 0.75 H2O) C, H, N. 

Methyl (E)-( 3Rm-74 74  (l,l'-Biphenyl-4-yl)methyl]-2-( 4- 
fluoropheny1)-4Py6,7-tetrahydro-2a-indaz 
5-oxo-6-heptenoate (21t). A 1.10 g (2.68 mmol) portion of lot 
was combined with 0.131 g (3.08 mmol) of LiCl and 1.18 g (3.08 
mmol) of 20 in 15 mL of CHsCN. DBU (2.95 mmol, 0.449 g, 0.441 
mL) was added, and the resulting clear orange solution was stirred 
under Nz for 6 h. The mixture was diluted with 100 mL of EhO 
and washed successively with 50 mL of 5% aqueous NaHSO,, 
water, and brine. After drying over NazSO4, the solution was 
concentrated to give 2.00 g of orange oil. The crude mixture was 
diesolvedin25mLofCH&N, treatedwith2.5mLof48% aqueous 
HF, and stirred for 5 h. EhO (100 mL) was added, and the acid 
was neutralized by careful addition of saturated aqueous NaHCOa. 
The ethereal solution was washed with brine, dried over NazSO4, 
and concentrated to give 1.54 g of orange foam. The crude product 
was purified by MPLC using 1:2 EtOAc/hexanes to afford 0.22 
g (15%) of 21t as a yellow solid and an additional 0.50 g (34%) 
as a pale yellow solid which crystallized directly from the 
chromatography fractions: mp 137-138 "C; IH NMR (CDCb, 
300 MHz) 1.4-2.1 (complex, 4 H), 2.56 (d, 2 H, J = 6 Hz), 2.71 
(m, 3 H), 2.80 (d, 2 H, J = 6 Hz), 3.15 (m, 1 H), 3.47 (d, 1 H, J 
= 4 Hz), 3.56 (dd, 1 H, J = 4, 13.5 Hz), 3.71 (8, 3 H), 4.52 (m, 1 
H), 6.51 (d, 1 H, J = 16 Hz), 7.1-7.7 (complex, 14 H); IR (KBr) 
3450 (broad), 1734,1603,1512 cm-'; MS (DCI) mlz 553,451 (base). 

Methyl (E)-(SRS,SSR)-7-[7-[ (l,l'-Biphenyl-4-yl)methyl]- 
2-( 4-fluorophenyl)-4,Sy6,7-tetrahydro-2H-inda~ol-3-yl]-3,S- 
dihydroxy-6-heptenoate (22t). Compound2lt (1.21 mmol,0.67 
g) was dissolved in a mixture of 1.5 mL of MeOH and 5 mL of 
THF and treated, dropwise, with 1.33 mL (1.33 mmol) of a 1.0 
M solution of E t a  in THF. Air (5 mL) was bubbled into the 
solution via syringe; the resulting solution was stirred under NZ 
for 2 h and then cooled to -78 OC. Solid NaBK (0.050 g, 1.33 
mmol) was added in one portion; the resulting mixture was allowed 

white, fluffy solid: 'H NMR (DMSO-&, 300 MHz) 1.27 (8,9 H), 

Anal. (C%H&"204) C, H, N. 
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to warm slowly to room temperature and was stirred overnight. 
EhO (100mL) and saturated aqueous NKCl (50 mL) were added. 
The ethereal solution was washed with brine, dried over NazSO4, 
and concentrated to give a yellow oil. The oil was dissolved in 
MeOH, stirred vigorously under air overnight, and concentrated 
to provide 0.74 g of pale yellow foam. Purification by MPLC 
using 4555 EtOAc/hexanes afforded a white foam which crys- 
tallized upon addition of EkO, giving 281 mg (42 % ) of 22t as a 
white solid mp 118-119 "C; lH NMR (CDCb, 300 MHz) 1.4-2.0 
(complex, 6 H), 2.49 (d, 2 H, J = 6 Hz), 2.6-2.8 (complex, 3 H), 
3.10 (m, 1 H), 3.56 (dt, 1 H, J = 13.5,3.5 Hz), 3.62 (8, 1 H), 3.71 
(8, 3 H), 3.78 (8, 1 H), 4.28 (m, 1 H), 4.48 (m, 1 H), 6.01 (dd, 1 
H, J = 6,16 Hz), 6.45 (d, 1 H, J = 16 Hz); 13C NMR (CDCb, 75 
MHz) 21.6,22.8,27.9,36.2,40.3,41.3,42.7,51.9,68.3,72.5,115.7, 
116.0 (JGF =: 23 Hz), 118.0, 127.0, 127.3 (JGF = 8 Hz), 128.7, 
129.8, 135.0, 135.3, 136.1, 138.8, 139.8, 141.1, 153.3, 161.7 (JGF 
= 247 Hz), 172.9; IR (KBr) 3400 (broad), 1734, 1513 cm-l; MS 
(DCI) m/z 555 (base), 537,523. Anal. (C&dN204) C, H, N. 
The mother liquors gave an additional 77 mg (12%) of 22t as a 
white foam. 

(E)-(3ES,SSR)-I-[?-[ (l,l'-Biphenyl-4-yl)methyl]-2-(4-flu- 

6-heptenoic Acid Sodium Salt (18t). Aqueous NaOH (0.25 N, 
0.392 mmol, 1.57 mL) was added slowly to an ice-cold solution 
of 2% (0.400 mmol, 222 mg) in 10 mL of MeOH. When the 
addition was complete, the solution was allowed to warm to room 
temperature and was stirred for 2 h. The solution was concen- 
trated to dryness using a rotary evaporator, and the residue was 
dissolved in 40 mL of water. The slightly cloudy solution was 
suction filtered through a coarse frit, frozen in a-78 OC bath, and 
lyophilized. The product was dried in a vacuum oven over Drierite 
to provide 219 mg (93% ) of 18t as a fluffy, white solid 'H NMR 
(DMSO-de, 400 MHz) 1.3-2.0 (complex, 7 H), 2.05 (dd, 1 H, J 
= 4,15 Hz), 2.4-2.7 (complex, 4 H), 3.01 (m, 1 H), 3.40 (m, 1 H), 
3.75 (m, 1 H), 4.26 (m, 1 H), 5.13 (broad 8, 1 H), 6.07 (dd, 1 H, 
J = 5,16 Hz), 6.36 (d, 1 H, J = 16 Hz), 7.2-7.7 (complex, 13 H); 
IR (KBr) 3400 (broad), 1577, 1513 cm-I; MS (FAB+) m/z 535, 
563,541,167,115 (base). Anal. (CssHs~FNzNaOc2 HzO) C, H, 
N. 

Methyl (3RS)-3-[(tert-Butyldimethylsilyl)oxy]-6- 
(dimethoxyphosphiny1)-6-oxohexanoate (20). A solution of 
5.82 mL (52.1 mmol, 6.67 g) of methyl dimethylphosphonate in 
10 mL of THF was added dropwise under NZ to a mixture of 29.7 
mL (47.4 mmol) of 1.6 M n-BuLi in hexanes and 50 mL of THF 
at -78 OC. The mixture was stirred for 30 min, becoming a white 
slurry. A solution of 6.89 g (23.7 mmol) of dimethyl 3-[(tert- 
butyldimethylsilyl)oxy]glutarateaO. (19) in 10 mL of THF was 
added over a 5-min period, and the resulting mixture was stirred 
for 30 min. The clear, pale yellow solution was placed in a -20 
OC bath for 10 min, recooled to -78 OC, and quenched with 50 
mL of 1 M aqueous Ha04.  The yellow slurry was warmed to 
room temperature and extracted with three 1WmL portions of 
EBO. The combined organic layers were washed with water and 
brine, dried over NazSO,, and concentrated to give 7.62 g of 
colorleas liquid. Purification by MPLC using 1:4 acetone/hexanes 
and 90 g of silica gel afforded 2.78 g (31 % ) of pure 20 as a colorless 
liquid, for which the 'H NMR spectrum was consistent with data 
previously reported for the 3R enantiomer.20b An additional 0.89 
g (9%) of slightly less pure 20 was isolated from later chroma- 
tography fractions. 

Biological Assays. HMG-CoA Reductase Inhibition As- 
say. Compounds were assayed for HMG-CoA reductase inhib- 
itory activity using partially purified enzyme, which was isolated 
in the following manner. Livers were harvested frommale Wistar 
rats (250 g) following a 5-day feeding with powdered rat chow 
containing 2.0% cholestyramine in order to increase the liver 
concentration of HMG-CoA reductase. A liver microsomal 
fraction enriched in solublized HMG-CoA reductase was prepared 
by slow freezing and thawing according to the method of Heller 
and Shrewsbury." HMG-CoA reductase activity was measured 
in 200 pL of an assay medium containing the followins pH 7.0 
phosphate buffer, 50 mM; sucrose, 0.2 M dithiothreitol, 10 mM, 
NaC1,7mM NADPH, 2.8 m M  enriched microsomal fraction, 90 
pL. Test compounds were preincubated with the away medium 
for 10 min and the reaction was initiated by the addition of 0.025 
pmol(O.045 pCi) of [14ClHMG-CoA so that the final substrate 
concentration was 0.1 mM. After the solution was incubated for 
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20 min at 37 OC, the reaction was terminated and the reaction 
product was purified by the procedure of Edwards et aL20 The 
ability of test compounds to inhibit HMG-CoA reductase activity 
was determined by measuring the percent inhibition of product 
formation VB vehicle alone. Prior to use, the integrity of each 
microsomal preparation was verified by determining an ICm value 
for an in-house standard inhibitor (compound Mi). Minimal 
variations were observed in the preparations; the average ICW 
value for three batches used was 68 + 6.1 nM. 

Inhibition of Acetate Incorporation into Cholesterol in 
Cultured Hep-G2 Cells. Hep-G2 cells obtained from the 
American Culture Collection were maintained in MEM 
(minimal essential medium, obtained from GIBCO) containing 
Earle's salta and supplemented with 10% HI-FBS (heat- 
inactivated fetal bovine serum). For cholesterol biosynthesis 
experiments, cells were plated into T25 flasks. When the cells 
were two-thirds confluent, they were fed MEM containing Earle's 
d t a  and delipidated serum protein (DLP)ao at 5 mg/mL and 
then incubated for a period of 24 h. The DLP medium was then 
removed, and 3.3 mL of medium containing the test compound 
was added. Monolayers were incubated with test compound for 
2.5 h; [14C]NaOAc (0.2 mCi/l2 mmol) was added, and the cells 
were incubated for an additional 3 h. The reaction was stopped 
by the addition of 0.2 mL of 12 N H2SO4; C3Hlcholesterol and 
[3H]01eic acid were added as internal recovery standards. The 
samples were saponified by incubation at 55 OC with 0.8 mL of 
95% KOH and 4 mL of absolute EtOH. Fatty acids were 
extracted, and digitonin-precipitable sterols were recovered 
according to the procedure of Kandutach and Saucier?l To adjust 
for cell number per flask, the cholesterol synthesized was 
normalized to the fatty acids synthesized, and the resulta were 
expressed as percent inhibition versus control. 

Molecular Modeling. Structures for 5,6 (open chain), 18b, 
and 18t were constructed in SYBYLu by the method described 
below. The open-chain structure for 2 was derived from the 
X-ray crystal structure of 2 (lactone form)% by removing the 
lactone moiety and appending the dihydroxy acid side chain. 
The flexible side chains of all of the compounds were set in an 
extended conformation. Dihedral angles for rotatable bonds 
extending from the central ring were initially set at 9 0 O  to 
minimize steric interactions. Each rotatable bond was 
SEARCHed independently using the ENERGY option. In this 
way a 2D map of angle vs energy was created. The minima for 
each rotatable bond were set up as ranges in the SEARCH 
program, resulting in the generation of conformers representing 
all combinations of the minima. The energy cutoff was set to 100 
kcal/mol while the VDW cutoffs were set to 0.7 for general 
interactions, 0.6 for 1,4 interactions, and 0.5 for H-bond inter- 
actions, thus excluding conformers with unfavorable interactions. 
Each of the resulting conformers was minimized in SYBYL using 
MAXIMIN. The lowest-energy structure found in this way was 
used as the reference low-energy conformer. 

The following method was used to find a common dihydroxy 
acid side chain conformation for each inhibitor. Maps of the 
distances between a centroid and a normal of the central ring 
and the two hydroxy oxygens and the carbonyl carbon were 
generated by SEARCH using a 0.2-A grid size. These maps were 
then intersected to give a combination map consisting of two 
distance tuples. Families based upon torsion angles were 
generated, and the lowest-energy conformer from each family 
was minimized. The minimized conformers were overlapped, 
and the rotatable bonds were modified using TWIST to give the 
best overlap of the side chains. Pertinent data relating to the 
conformer search procedure are summarized in Table V. 

Structures for each diastereomer of 18t were built from 18b 
in the following way. First, two puckers of the cyclohexenyl 
portion of the ring system were generated. Next, the (1,l'- 
biphenyl-4-y1)methyl group was added to the 7-position of each 
ring pucker in both pseudoaxial and pseudoequatorial orienta- 
tions, thus generating the 7 s  and 7R isomers for each ring 
conformer. Because of ita distance from the groups at the 2- and 
3-positions, we assumed that the 7-substituent would have a 
negligible effect on the orientation of the groups at thoee positions. 
Therefore, the conformations of the dihydroxy acid side chain 
and 4-fluorophenyl group found in the low-energy conformer of 
18b were also used for 18t. In addition, the effect of ring pucker 
on the dihydroxy acid side chain conformation was assumed to 
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be minimal as evidenced by the fact that the energy difference 
between the different pucker conformations of 18b is only 0.17 
kcal/mol. 

Each of the four structures was SEARCHed for low-energy 
conformations of the (l,l’-biphenyl-4-yl)methyl substituent. The 
low-energy conformer given by SEARCH was minimized using 
MAXIMIN. The lowest-energy conformers for the 7s and 7R 
configurations were used as the reference low energy conformers; 
in each case, the 7-substituent occupied a pseudoequatorial 
orientation. The reference low-energy conformers for (75)- and 
(7R)-l8t differedinenergyby0.16 kcal/mol. The“fit”conformers 
for 18t were built by transferring the “fit” side chain conformations 
of both the dihydroxy acid and 4fluorophenyl groups of 18b to 
the low energy conformers of (7s)- and (7R)-18t (Table V). 
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