3.8 Compactin

Compactin (1), Fig. 3.8-1, belongs to a group of diterpenes that attracted attention because of their
demonstrated potent inhibition of HMG-CoA reductase [1]. The discovery of compactin coincided
with developments in the understanding of the biosynthesis of cholesterol [2]. Cholesterol is bio-
synthesized in at least 25 steps. The first steps in the pathway involve the successive condensation
of three acetyl-CoA units leading to the formation of an important compound, 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA), which is reduced to mevalonate by an enzyme known
as HMG-CoA reductase. Mevalonate is then converted to cholesterol through a series of reactions
including the formation of squalene. It was shown that the step involving HMG-CoA reductase is
rate limiting in the biosynthesis of cholesterol; consequently, the enzyme was considered to be an
attractive target for potential cholesterol-reducing agents [2].

Compactin is a fungal metabolite isolated by Endo [1b] (Sankyo Company) from cultures of
Penicillium citrinum. In an independent effort, Brown [3] of Beecham Pharmaceuticals also
reported its isolation from Penicillium brevicompactum. Screening of other fungal strains led to
the isolation of a fungal metabolite lovastatin (mevinolin) (3), a compound having bioactivity simi-
lar to compactin [4]. These compounds, along with a number of related semi-synthetic and syn-
thetic compounds, are known as statins. HMG-CoA reductase catalyzes a two-step reduction that
requires NADPH. The lactone portion of the statins gives them a structural similarity to HMG-
CoA. As a result they bind very tightly to the enzyme and have K values of about 1 nM. They are
thus classified as reversible competitive inhibitors of HMG-CoA reductase.

A related structure that also attracted considerable attention is forskolin (5), a labdane diter-
pene that showed therapeutic potential in the cardiovascular area as an activator of adenylate
cyclase. Several total syntheses of this compound have been reported. Study of these syntheses
would provide insight into the various solutions to the design of the densely functionalized central
ring of this interesting compound [5].

There was tremendous activity in synthetic approaches to compactin and related compounds in
response to its proven biological activity profile [6]. In addition to the eleven or so total syntheses
that have been published, there are many formal approaches and syntheses of the decalin portion
of the molecule, which is viewed by most chemists as the core of the architectural challenge. Many
preparations of the side chain have also been reported in the literature as its attachment has fre-
quently been one of the last steps in the synthesis of the target.
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Figure 3.8-1 Compactin and related compounds.

Four approaches are featured here: in addition to the monumental accomplishment by Charles
Sih’s first attempt, Grieco’s and Hagiwara’s syntheses are discussed along with Funk’s formal syn-
thesis. Sih’s synthesis featured an enzymatic step, a very uncommon practice during the 1980s.
Funk’s approach uses the Diels—Alder reaction, as does Grieco’s in his convergent connection of
the two halves. Hagiwara’s synthesis employs a series of Michael additions to construct the decalin
nucleus. The disconnective strategies are indicated in Fig. 3.8-2.

Sih (1981) [7]. One of the pioneers in the use of biocatalysis in synthesis, Sih employed a che-
moenzymatic approach to compactin. He chose as the starting material the racemic quinone deriv-
ative 6, whose chemical reductions afforded no selectivity, but whose microbial reduction with
Aureobasidium pullulans NRRL Y-12610 provided a mixture of products, 33% of which was the
optically pure diol 8. The remaining 67% consisted of various diastereomeric diols 7, which could
be converted back to the starting material by chemical oxidation and recycled further by the enzy-
matic reduction, Scheme 3.8-1.

After the desired diol 8 was protected as its dibenzyl ether, the olefin was reacted with phenylse-
lenyl bromide. The issue in this transformation is not stereochemistry but rather the regiochemistry
of the introduction of oxygen. Because of its C,-symmetry, the product of the selenelation, trapped
as the acetate, displayed the stereochemistry shown in phenyl selenide 9. Hydrolysis and oxidation
produced an allylic alcohol via a [2,3] sigmatropic rearrangement of the selenoxide. Further oxida-
tion with Jones reagent furnished the required enone 10 in 71% yield. Addition of the side chain
as a cuprate reagent followed by trapping with methyl iodide gave 11 in 80% yield but with the
incorrect equatorial stereochemistry of the methyl group. To circumvent this problem, the inter-
mediate in the cuprate addition was trapped with formaldehyde, the product converted to its mesy-
late, and subjected to base-catalyzed elimination to the exocyclic methylene 13, which was hydro-
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Figure 3.8-2 Disconnections used in the featured syntheses of compactin. (Bond labels are listed in the order
of the bond formation.)

genated to provide 11 and 12 in almost equal ratio (55:45), accompanied by 10% yield of the mate-
rial resulting from isomerization of 13 to the endocyclic olefin. Each epimer equilibrated in sodium
methoxide in methanol to a 9:1 mixture of the epimers in favor of the undesired equatorial isomer
11. Fortunately Sih found that when the hydrogenation was conducted in the presence of pyridine
an 81% yield of 12 was produced with only 10% contamination by the equatorial epimer.

Ketone 12 was converted to its tosylhydrazone and subjected to the conditions of the Shapiro
reaction to yield olefin 14, which was debenzylated by dissolved metal reduction to the corre-
sponding diol. Attempts at selective mono functionalization with (§)-2-methylbutyric anhydride
failed and consistently delivered as the major product the ester at the undesired hydroxyl. Clearly
this was indicative of the increased steric availability of this hydroxyl group. Sih took advantage of
this fact by converting the diol to the diester, whose selective hydrolysis furnished monoester 15 in
63% yield, accompanied by 6.6% of the undesired isomer, 6.5% of the diester, and a trace of the
diol. Such a strategy is an example of clever thinking (possibly derived from Sih’s biochemical
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background as this kind of hydrolysis operates in enzymatic desymmetrization of meso diesters) in
exploiting steric hindrance of a functional group by changing the reaction type and thus the out-
come.

To introduce the required diene, alcohol 15 was converted to its mesylate and subjected to base-
catalyzed elimination. The side chain was prepared for the final steps by removal of the protecting
group and oxidation of the resulting free alcohol to aldehyde 16. Its condensation with the dianion
derived from methyl acetoacetate followed by reduction of the keto ester gave 17 as a mixture of
diastereomeric diols. From this mixture Sih was able to separate two pairs of diols, the less polar of
which provided two hydroxylactones upon treatment with TsOH. Compactin was isolated by
HPLC from this final mixture. This completed the first asymmetric total synthesis in 23 steps.

Funk (1982) [8]. The approach to the hexahydronaphthalene unit of compactin undertaken by
Funk’s group involved the use of a Lewis acid-catalyzed Diels—Alder cycloaddition. It provides an
interesting and efficient solution to the stereochemical issues associated with the decalin nucleus.
The synthesis begins with the alkylation of the anion of tert-butyl acetate with sorbyl bromide fol-
lowed by the reduction of the ester to an alcohol and conversion to an eight-carbon chloride con-
taining the 1,3-diene unit, Scheme 3.8-2.

The addition of the Grignard reagent derived from the dienyl halide to methyl 3-formylacrylate
(18) gave the functionalized hydroxybutyrate 19, the intermediate for the intramolecular Diels—
Alder reaction. Thermolysis of 19 was conducted in bromobenzene for 60 hours resulting in the
mixture (47:41:12) of stereoisomers of 20, formed in 53% yield, with the major component having
a cis ring junction and the hydroxyl and methyl groups in the opposite configuration than that re-
quired for compactin. However, in the Lewis acid-catalyzed cycloaddition in the presence of ethyl
aluminum dichloride at room temperature, the major product (55% yield) was the correctly fused
trans ring system with the o-hydroxyl, B-ester, and methyl groups as required for compactin
(55:45:1). These discouraging results were ameliorated by performing the Diels—Alder reaction on
the rert-butyldimethylsilyl ether derived from 19 in which the secondary center could impose more
steric control in the cycloaddition. Under thermal conditions (140 °C, 120 h) the desired isomer 21
was present to the extent of 65% of a mixture (65:13:22) obtained in 65% yield. At room tempera-
ture and under Lewis acid catalysis the reaction provided 21 in 65-73% yield and in a 98:2 ratio
with the isomer possessing B-stereochemistry of the silyloxy group. In this fashion all the chiral
centers of the compactin nucleus were established in the correct relative configuration.

The ester was converted to an alcohol, the silyl ether deprotected, and the resulting diol was
selectively mono-protected and treated with one equivalent of bromine to provide stereoselec-
tively dibromide 22. Note that the antiperiplanar bond alignment in 22 favors, upon 1,2 elimina-
tion, the formation of only the intermediate mono olefin 23 and that further elimination of the
bromide represents the reverse mode of HBr 1,4 addition to butadiene under “thermodynamic”
conditions. This is a very simple yet elegant solution to the regioselective installation of the diene
system as the product of the competing 1,2 elimination, proceeding via syn elimination of the
halide, makes up only about 5% of the mixture. The synthesis of the compactin nucleus required
twelve steps and constituted a formal total synthesis as 24 is equipped with sufficient functionality
to attain the target.

Grieco (1983) [9]. An interesting strategy to (+)-compactin by Grieco’s group resulted in a con-
vergent synthesis by the union of two optically pure fragments by means of a Diels—Alder reaction,
Scheme 3.8-3. The Diels—Alder reaction of nitroacrylate 26 with furan provided the known race-
mate 27 [10], which was reduced with diimide and hydrolyzed to the nitro acid 28. Reaction of this
compound with homochiral phenylglycinol provided two diastereomeric amides, which were sepa-
rated by HPLC. The less polar component was esterified with HCI and methanol and subjected to
DBU-promoted elimination of the nitro group to furnish the optically pure ester 29, the dienophile
partner in the design.
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The synthesis of the diene component commenced with triacetyl glucal (30), which was con-
verted to 31 in a series of steps including oxymercuration to establish the methyl acetal center.
Corey [11] used this procedure on a 0.5-mole scale and provided a protocol from trans diol 31 to
epoxide 32 during his approach to N-methylmaysenine, in which the asymmetry was also incorpo-
rated by the use of glucal 30 (see Chapter 5.1, Section 5.1.1). The diol to epoxide conversion is
interesting in that it uses an imidazole sulfonamide rather than a tosyl chloride, primarily for steric
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reasons. In this transformation the sulfonation of the less hindered hydroxyl is crucial in order to
set the correct stereochemistry of the epoxide in 32.

The epoxide was reduced with lithium aluminum hydride, converted to its methyl ether, and the
trityl group removed by means of a dissolved metal reduction to provide the correctly set tetrahy-
dropyranyl unit in 33. The homologation of the side chain in 33 was accomplished by tosylation,
conversion to primary iodide, and alkylation with phenylsulfonyl acetate, which, after desulfuriza-
tion, provided ester 34. The yields in this sequence were excellent. The ester was converted in two
steps to the aldehyde and its Wittig reaction with propargylic phosphorane generated the trans
enyne 35, which was desilylated and subjected to the radical addition of thiophenol to provide the
key partner, thiophenyl diene 36, for the Diels—Alder coupling with 29. The crucial cycloaddition
was performed in toluene containing 2,4-di-tert-butyl-4-methylphenol and gave a 70% yield of the
adduct 37, which clearly results from the endo mode of addition.

Grieco’s strategy called for functionalization of the allylic sulfide via its sulfoxide 38 by an S\2’
displacement; however, on oxidation of this material with mCPBA a 2,3-sigmatropic rearrange-
ment occurred to provide the sulfenate 39. This necessitated an alternative plan for the introduc-
tion of the secondary methyl group. The sulfenate was converted to the allylic alcohol with tri-
methylphosphite, the alcohol subjected to Mitsunobu inversion and the product hydrolyzed to the
allylic alcohol 40.

The next sequence of steps constitutes a unique solution to several issues. First, the alcohol was
converted to its acetate and treated with lithium dimethyl cuprate, which generated exclusively the
Sn2 product, probably because of the hindrance of approach to the Sy2’ site from the bicyclohep-
tane moiety. Reduction of the ester and conversion of the alcohol to its potassium alkoxide led to
the fragmentation of the bridge and the formation of the oxetane ring in 41. The initial displace-
ment of the ether bridge also generated the secondary alcohol center in 42 with the correct relative
stereochemistry. The overall yield of this process was 40%. Esterification and final adjustments of
the side chain, which included Fetizon oxidation to the lactone and demethylation of the ether
with BBr;, provided compactin in a total of 31 steps [Note 1].

Hagiwara (1995) [12]. This asymmetric approach is interesting as it exemplifies, in its initial
steps, the efficiency of Hagiwara’s tandem Michael reaction methodology. The primary Michael
donor synthon, enone 45, was prepared in an optically pure form in six steps from enol ether 43 via
enzymatic resolution of the allylic alcohol 44, as shown in Scheme 3.8-4. The lipase-catalyzed acet-
ylation was performed on a 20 gram scale. The method was superior to catalytic asymmetric reduc-
tion methods or chemical resolution; asymmetric reduction with Corey’s oxazaborolidine complex
[13] gave poor results, and resolution via host—guest complexation was not amenable to large scale.

Enone 45 was converted first to its kinetic enolate, which was protected with fert-butyldimethyl-
silyl chloride and from which the enolate anion was regiselectively regenerated with methyl-
lithium. When methyl crotonate was added to the solution of this enolate anion, a double Michael
sequence ensued providing in 96% yield the cis-fused decalone 46 containing five contiguous chiral
centers. It was accompanied by the trans isomer 47 as a minor product. Treatment of this mixture
with sodium methoxide in methanol furnished 91% yield of trans decalone 47, surprisingly without
the isomerization of the axial methyl ester. The efficiency of the Michael cascade is noteworthy as
it establishes all the key centers in the compactin nucleus.

After the ketone in 47 was converted to xanthate 48, the stereochemistry of the resulting second-
ary hydroxyl group was adjusted by an oxidation-reduction sequence. Note that both carbonyl
groups were reduced stereoselectively from the less hindered face to give axial alcohols and that
the intermediate diol ester generated during the reduction to the lactone cyclized on warming to
room temperature. Thermolysis of the xanthate at 210 °C generated olefinic lactone 49 in 73% yield.
The lactone was reduced and the primary alcohol protected as its pivaloyl ester to allow for a more
secure protection of the secondary hydroxyl with a TIPS group. Reduction of the pivaloate was
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followed by Swern oxidation and isomerization of the aldehyde to the more stable equatorial posi-
tion in 50, in which all of the chiral centers in the decalin portion of the target are correctly set.
The aldehyde was homologated to the primary alcohol in 51 by a sequence consisting of a Hor-
ner—-Emmons—Wittig reaction, reduction of the acrylate with magnesium in methanol, followed by
the reduction of the ester and deprotection of the silyl group to provide diol 51. After the primary
alcohol was reprotected, the olefin was subjected to a bromination—dehydrobromination sequence
via dibromide 52, in analogy with the Funk synthesis [8] with one major difference. The DBU elim-
ination gave the required diene 53 in 70% yield but, unlike in the Funk’s case, provided a different
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endocyclic diene, namely 54, in 14% yield. This diene is a product of the alternative 1,4 anti elim-
ination of HBr, unlike Funk’s minor isomer, which results from a cis elimination.

To complete the synthesis the secondary alcohol was esterified with the chiral butanoate frag-
ment and the side chain oxidation state adjusted to that of an aldehyde prior to the final steps,
which required the introduction of the lactone portion of compactin. Hagiwara followed Sih’s
strategy by condensing the dianion of methyl acetoacetate with the aldehyde or by performing the
acid-catalyzed equivalent of this reaction on the bis(trimethylsilyl) enol ether 56. The condensation
produced an inseparable mixture of hydroxy ketones, which were reduced with syn selectivity to
diols by hydroxyl-directed reduction. The diols proved difficult to separate but separation could be
effected after the HF-induced lactonization, which produced compactin and its C-3 epimer in a
ratio of 2:1.

The synthesis required 34 steps and, like other approaches that involved a linear construction of
the hydroxy lactone moiety, was not stereoselective. The key issues of compactin synthesis or the
synthesis of its derivatives clearly reside in the manner in which the side chain is introduced into
the target. Of the approaches discussed here, only that of Grieco, which was convergent, pro-
ceeded with complete control of stereochemistry at all stages.

Other notable syntheses of compactin accomplished in the last 15 years include those of Burke
(1991) [14], who constructed compactin in an asymmetric fashion by a cationic vinylsilane cycliza-
tion. In 1989 Danishefsky used a variant of the Claisen rearrangement to construct the core of
compactin and a Diels—Alder reaction between an aldehyde and the Danishefsky diene to establish
the lactone unit [15]. Clive prepared both compactin and mevinolin (3) in 1988 by an approach
that used a modification of the McMurry coupling between an aldehyde and a ketone performed
in an intramolecular fashion [16]. Kozikowski used a nitrone addition as a 1,3-diene equivalent in a
key step in his 1987 synthesis of compactin [17]. Keck’s 1986 synthesis of (+)-compactin featured
an intramolecular Diels—Alder reaction of a vinyl allene [18], and Heathcock developed a route to
compactin and several analogs in 1985 [19] [Note 2]. A biological route to compaction has been
reported; Penicillium cyclopium produced 23 grams in 50 days of operation in a bioreactor [20].

Notes

1. [Personal recollection: Paul Grieco| Our approach to compactin, wherein a rigid 7-oxabi-
cyclo[2.2.1]heptene carboxylate was employed as a dienophile, was an extension of our
earlier work on psuedoguaianolides. Needless to say, problems arose at every turn despite
the simplicity of the strategy on paper. A particularly difficult problem surfaced in the next
to the last step wherein the O-methyl ether on the lactone ring had to be cleaved. Being
unsuccessful in early attempts employing boron tribromide and with backup material being
in very short supply, we sought to find a source of natural compactin so that we could
methylate the natural material and develop a protocol for converting O-methyl compactin
into compactin.

I became aware that Professor E. H. Goh of the Department of Pharmacology at Indiana
University had some compactin, so I phoned him and asked him if he could spare 10 milli-
grams. He said no problem and within a few minutes, on his way to lunch, he stopped by the
office with his brown bag lunch. Astonished, he handed me his “brown bag lunch” and said
here is your compactin. The bag contained 10 grams of compactin. My response to him was,
“All we need is a few milligrams to work out the methylation and demethylation of compac-
tin. I said 10 milligrams, not 10 grams!” His response was, “It’s all yours. I have no need for
it.” After his departure I went into the lab with the “brown lunch bag” and presented it to
my students. They were as shocked as I had been upon meeting Professor Goh.
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With this material Bob Zelle and Randy Lis, both graduate students, proceeded to
develop a protocol for methylating the natural material so as to be able to have sufficient
O-methyl compactin to probe the demethylation. The methylation of compactin proved not
to be a trivial task, and an old procedure from the prostaglandin literature employing silica
gel and gaseous diazomethane was employed to prepare the methylated compactin.
Demethylation was finally accomplished, albeit in only 31% yield, but synthetic compactin
was finally in hand. Once again, dedication, hard work, expertise in the laboratory and
knowledge of the chemical literature paid off. I also need to acknowledge the work of Dr.
John Finn.

2. [Personal recollection: Clayton Heathcock] T first saw the structure of compactin in the
summer of 1981 when I was perusing the literature looking for good projects for the new
crop of graduate students who were scheduled to arrive in August of that year. Somewhere
I happened to run across the 1979 paper in J. Biol. Chem. by Brown and Goldstein on the
effect of compactin (ML-236B) on cholesterol levels in rats and I knew I had one of my new
projects for that fall. I offered the project to all the students I interviewed that fall and two
fell in love with it — Terry Rosen and Scott Hecker. Fortunately, by then I had also found
the 1980 Merck paper on mevinolin in PNAS. Since I had two rather different ideas on how
to approach the mevinic acid skeleton, I asked Terry to take up the compactin project by
one approach and Scott to tackle the mevinolin project by the other. Terry and Scott were
two really talented experimentalists and they executed the syntheses adroitly. We published
the synthesis of compactin in 1985 and of dihydromevinolin in 1986.

The compactin paper was submitted to JACS as a communication, in spite of the fact that
several total syntheses of the compound had already been published. The two reviewers
returned a split decision and the manuscript was rejected. The negative reviewer said:

“A considerable interest in the chemical and biological properties of compactin in recent
years has resulted in several papers in connection with the total synthesis of this compound
as well as its lactone and hexahydronaphthalene portions of the molecule. The present
paper also describes such an undertaking — an area which now, in my opinion, lacks the
element of urgency”.

I appealed to the Editor for reconsideration, as follows: “This is not just another natural
product synthesis. As I explain in the introductory paragraph, substances that might be used
to regulate de novo cholesterol synthesis are of enormous potential importance, both to
medicine and to biochemistry. In fact, the impact on society of an effective hypocholestero-
lemic drug would be far greater than any other known pharmaceutical in human history —
greater than penicillin, tagamet, or even valium. Compactin is an exceedingly potent inhibi-
tor of the key enzyme in cholesterol biosynthesis. Clinical trials carried out in Japan have
already demonstrated that it is effective in lowering plasma cholesterol levels in humans.
However, as is usually the case with new leads, there are problems of long term toxicity, and
it is doubtful that compactin itself could be used as a prophylactic drug. Thus, synthetic
investigations in the field are still very important. I think that the mevinic acids are compar-
able to the prostaglandins or leukotrienes in their general overall importance. How many
JACS communications have we had on prostaglandin or leukotriene syntheses?

“As we point out in the paper, Terry Rosen and I think that our synthetic route to com-
pactin has an element of efficiency and generality that is lacking in prior syntheses. We ac-
knowledge that ours is not the first synthesis. However, I think that the attitude that ‘this is
not the first compactin synthesis, so it is somehow not important enough for a JACS commu-
nication’ is symptomatic of what is wrong with organic synthesis these days. It is not
whether something is first that is important, but whether it is good science and whether it is
likely to be of immediate use to a sizeable segment of the readership. I am convinced that
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the disclosures of this manuscript will be of interest to the many industrial chemists who are
working on the synthesis of mevinic acid analogs.

“Furthermore, our synthesis embodies new synthetic methodology of obvious general
utility. The surprisingly high stereoselectivity in reaction of the prochiral anhydride i with
phenethyl alcohol makes available the useful chiron ii and its enantiomer. We have called
specific attention to this new methodology in the revised manuscript”.
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This argument was sufficient to convince a third reviewer, who recommended publication
and the manuscript was accepted. My predictions were largely borne out — our JACS com-
munication, even though reporting the sixth total synthesis of the natural product — was
cited 35 times in the next five years and more than 70 times to date, far more than the
average for JACS publications. Furthermore, the mevinic acids have become the most
important pharmaceuticals, with total sales of more than $10 billion per year. Indeed, even I
take my Lipitor pill every morning with my toast and coffee.

Terry Rosen and Scott Hecker went on to successful careers in the pharmaceutical indus-
try. After brief stints at Abbott and Pfizer, Terry returned to California to work for Tularik,
where he is now Vice President in charge of Medicinal Chemistry. Scott began his career at
Pfizer and then he, too, returned to California to work for a startup company named Micro-
cide. He soon became Director of Medicinal Chemistry. The company subsequently under-
went a merger and is now named Essential Therapeutics; Scott is Vice President, Medicinal
Chemistry & Natural Products.
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