Journal of Chemical Reviews, 220, Volume 2, Issuel, Pagesl-27

Review Article

A Reviewon Synthesis and Applications of Statin Family o

Check for

Drugs as a New Generations of AntBlood Medicines i

SajedehSafapoor? Hamid Yazdani®*, Parisa Shahabi®

@ Department of Chemistry, Iran University of Science and Technology, Tehran, Iran
b Department of Chemical Engineering, Payame Noor University, Tehran, Iran
¢ Department of Physicalhemistry , Alzahr&niversity, Tehran, Iran

Receive Date28 July 2019, Revise Date:15 SeptembeR019, Accept Date:15 Octobe019

Abstract:
Cardiovascular disease (CVD) represents one of the most important health problems. One of the |
factors for CVD death is the higlhalesterol levels. Statins have been shown to lowetdemsity lipoprotein
(LDL) cholesterol levels and the risk of cardiovascular disease, and are currently the foktrigaemenfor
hypercholesterolemia. Atorvastatin is one of the most effectivgsdand is part of the blood lipid lowerir
drug group.This work studies the mechanism of the use of statin family drugs and atorvastatin to de
the clinical requirements for improving the dermatology and the statins

DOI: 10.33945/SAMI/JCR.220.1.1
Keywords: Atorvastatin, High cholesterol,aidiovascular disease, Statins, Blood lipid lowering effect
Graphical Abstract:

HO  Ony
0 ¢

_CH, WIG-CoA

(holesterol

- OH O i

LAt
S

g WO W N 7
Mevalonate | | | S8 i

Biography:

SajedehSafapoorwas born in Iran, (Mazandaran), 1894 She completed he
BSc 017 degree from University dflazandaran in pure chemistry. She is at
end of her Masterds Degree in Org:¢
Technology where she is working on the synthesis of nanomaterials for biol
& catalysis application.

*Corresponding author. Hamid Yazdani Email: h.yazdani@pnu.ac.ir pagel of 26
O RORO


mailto:h.yazdani@pnu.ac.ir
http://www.jchemrev.com/
https://crossmark.crossref.org/dialog/?doi=10.33945/SAMI/JCR.2020.1.1

Journabf Chemical Reviews Review

Hamid Yazdaniwas bon in Iran, in1979 He completed her BSc degree frc
University oflsfahanindustrial in Chemical engineering. He received his Mas
and PhD in Polymer engineering at the Iran Polymer and Petrochemical In¢
He has published more than 20 papeid laooks. He is working as an Assiste
Professor at Payame Noor University, Iran. His area of research inter
materal science, polymer processing amelral network

Parisa Shahabiwas born in Iran, il995 She completed her BSc degree fr
Seman University and Payame noor university Tehran East, in applied cher
At present she is pursuing her M.Sc. Degree from Alzahra University in ph
chemistry

1. Introduction Therefore, it is appropriate for children over 10 years

Atorvastatin is a group of drugs that are known tef age. It is also strictly prohibited to be used during
inhibit ~ 3-hydroxy-3-methytglutarykcoenzyme  a Pregiancy[4]. Part X is classified and may cause fetal
reductase or statiri]. In the human liver, HMG oA death or defect, with these interpretations being used to
is converted to mevalonate acid, which is a Iimitinﬂfat adults. _ .

step in the biosynthesis of hepatic cholesterol, by tffé SOme cases, atorvastatin or Lipitor can lead to a
enzyme HMGCOA reductase. Inhibiton of this condition that results in the breddwn of skeletal
enzyme diminishes the synthesis of de n(Refers to Muscle tissue and ultimately leads to renal failure. If
the synthesis of complex molecules from simpl¥ou have muscle aches or muscle weakness, especially
molecules such as sugars or amino acids) cholestdfelou have unusual fatigue fever and dark urine, inform
and increases the expression ofddensity lipoprotein the doctor immediatele]. - _
receptors (LDL receptors) on the liver's main tissuéorvastatin may be combined with bile acids and
This increase in LDL absorption by the liveells Ccomplexing agents, increasing the cholestkretring
results in lowering the LDL cholesterol levels in th@€rformance. However, the concomitant use of
blood [2]. As with other statins, atorvastatin als@yclosporine, a fibrose antibiotic with atorvastatin, may
reduces the triglyceride secretion and increases thgrease the risk of renal failure and habdomyolysis,
high-density lipoproteir(HDL). Atorvastatin calcium, Which is not recommended. The simultaneous
the brand Lipitor®, is the first drug in the United State§onsumption of grapefruit juice also may increase the
reaching an annual turnover of $ 10 billion and iBlasma cocentration of the atorvastafui.

currently the world's leading pharmaceutical producty — siatin

Recent studies have shown that in patients with the

acute coroary syndrome, higldose statin therapy may Statin, ~ known as  -Bydroxy-3-methyliglutaryl
stabilize the role of platelets. Atorvastatin reduceg®®nzyme reductase inhibitor, is a prescription drug for
stroke and heart attacks in people with type 2 diabet&slucing the cholesterol and is part of a group of lipid
and coronary heart diseagg]. The mechanism of Iowenng-drugs_ [7]. Statin acts by |nh|b|t|ng the
action of atorvastatin is that it is rapidly absorbed frofinZyme mentioned above and required to produce
the digestive tract when taken orally. Absolut&holesterol in the livef8]. Without the help of that
bioavailability of the drug is about 14p4]. This drug €nZyme, your body cannot convert the fats that you
has liver and extrahepatic metabolism and the graft ggnsume  into cholesterol. Excessi cholesterol
the drug with the protein is very highiver is the main circulation in your arteries is dangerous as it can make
site for atorvastatin action, as it is the main synthesis Bgques that plaques prevent the proper flow of blood
both cholesterol and LDL clearance. Active dru@nd increase the risk of a heart attack.

metabolizers aressponsite for creating about 70% of Sfong evidence of statins for the treatment of
the inhibitory effect of HMG_CoA reductase. The halfcardiovascular disease in the early stagethe disease
life of the drug is about 14 h and fe¢Bkintentionally (S€condary prevention) and those at high risk but
excrete it. without the cardiovascular disedS¢.

This drug easily attaches to the protein, and studiMany types of statins are available and can be classified
have shown that it is likely to be secreted in breast milRS follows:
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A. Different statins for the nucle(i0] Also,to improve the performance of the drug, statin
B. Different statins in terms of severity combinaion with other drugs has been used, such as:
C. In terms of the nature of production Vytorin: A combination of statin (simvastatin) and
Here is a review of them: cholesterol absorption inhibitor (Ezetimibe), which

A.1l Statins of type I: The nucleus othis group of slows down the formation of cholesterol by the body's
statins is the decalin ring. The resemblance to the fikglls, and, along with isitumb, reduces the absorption
statin has been discovered so far. Due to their structuohicholesterol by 53% of the intestine.

relationship, they are often classified as faoistss Mevacor, lovastatin + niacin

statins. These statins, which ultimately extract fror@duet, which combines statin (atorvastatin) and
fungal metaboligs, exhibit the following general calcium antagonist (amlodipine)

structure, including compactin  (Mevastatin) Simcor, Simvastatin + Niacin

Lovastatin, Pravastatin, anfimvastatin (Figure 1) Regarding the patent expiry, many of the branded
[11]. statins, including atorvadia have been marketed
since 2012. Although all of the statins act in one
direction, your body may give a better response to one
type of one another because physicians sometimes try
a lot of statins to find the right type for you.

3. Effect of Statins on Gholesterol

Statins are a competitive inhibitor of the

. hydroxymethylglutaryl coenzyme reductase enzyme.
Figurel. Lovastatin, a compound isolated from Aspergillus terreus, thetéti 3-Hyd roxy.3-methy|g|utary|.Coenzyme is an
supplied tothe market. intermediate in the pathway for the formation of
A.2 Statins of Type II: Type | statins have showed amevalonate and ketone sulfgtet] (Figure 3).This
very effective performance on lowering the cholester§Pmpound is synthesized from acetyl coenzyme A and
levels; however, adverse effects and difficult synthesisetoacetycoenzymegScheme 2)
resulted in further optimization. As a result, structures

derived from the type Il statins in which the decalin NH,
ring was replaced by a larger hydrophilic section. This o on o o (fﬂf“
. . - . . . H H T 1 N /)
group of statins is synthetic and includes pltavasta.tlgws/ww\[h,n oPofo NN
cerivastatin, fluvastatin, atorvastatin, and rosuvastatin o ! o
(Figure 2)[11]. )
-og?“o-

AcetytCoA + bD + acetoacetyCoAz (S}3-hydroxy3-methylglutaryiCoA + CoA

Figure 3The structure of 3iydroxy3-methylglutaryl coenzyme and its synthesis
[1516]

3.1. HMG-CoA reductase enzyme

: : — : : Minor J. Coon Researches and Bimal Kumar Bachawat

Figure2. Fluvastatin, the second type statin with the central ring of the indole in the 1950s discovered this compound, HIZGA.

B.1 High-intensity statins such as atorvastatin An intermediate of metabolism in the metabolism of

(Lipitor®) and rosuvastatin (Crestor®), are the modirancheechain amino acids is including leucine,

effective drug in this class of drug foesting blood isoleucine, and valing 5], [16].

lipids [12]. More than 30 enzymes are involved in the biosynthesis
of cholesterol, and this path has been identified over the

B.2 Medium-grade statin such as fluvastatin decades to meet the needs. The enzyme HIMG

(Lescol®), lovastatin (Altoprev®) reductase, a synthetic pathway controlling the enzyme
Pitavastatin (Livulo®), Pravastatin (Pravachol®), angnevalonate, generates a metabolic pathway that
Simvastatin (Zocor®). produces cholesterol and other isoprenolggically,

C.1 Fermental derivatives:Some tyes of statins are in mammalian cells, this enzyme is stopped by
naturally occurring and can be found in foods such gbolesterol derivatives from the degradation of low

mushroom shellfish and brown rifE3]. dopant lipoproteins by LDL receptors, as oxidizing

C.2 Synthetic: such as atorvastatin, cerivastatincholesteol spaces. Competitive inhibitors of reductase

fluvastatin, pitavastatin and rosuvastatin induce expression of LDL receptors in the liver, which
page3 of 27
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in turn increases the catalytic metabolism of LDL |in 0 Hy Ho, .

plasma. Therefore, this enzyme is the ultimate goal ¢ /\/co;— G Cukrelactes k co0; ‘
widely available cholesterdbwering compouds that s - BT RN e
are commonly known as statins. The main isoform 0 s-ecos
HMG-CoA reductase in humans is 888 amino acidg o -nebsldnicos
|0ng_ This is a multifilament membrane protein, whil Scheme 1The reaction of 3iydroxy3-methyl glutaryl coenzyme A to mevalonic
consists of two maiareagFigure 4). acidf18].

In the human liver, the reaction of HMGOA to

mevalonic acid, influenced by the HM&o0A

reductase enzyme, is an essential step in |t Acetyl-Cod = Acetyl-CoA
biosynthesis of cholesterol, thus, the competit|ve

inhibition of this enzyme by static drugs reduces

plasma cholesterol levels. Acetoncetyl-CoA

| Y (R }-mevalonicacid
INADOH INADP+

3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA)
STATINS ©

(HMG-CoA mhibitors

Mevalonic acid

ﬂ\{ I

Y

Mevalonate-5-phosphate

Mevalonate-5-pyrophosphate

Figured. The structure of an HMGOA reductasenzyme

3.2 Effect of statin on the pathway for biosynthesis of ,J Sl
cholesterol Y

Isopentyl-5-pyrophosphate(pp)
Since statins with a structure similar to HME®A are
similar at the same molecular level, they can be locate

in the active site of the enzyme and can compete wit Dim ethylallyl-pp

the original subtrate (HMGCoA). This competition Biphosphateso l amesyldiphosphat
reduces the amount of HMGoOA reductase that can o
produce mevalonatéScheme 1)[17]. This molecule Geranyl-pp
ewventually produces cholesterq'Scheme 2) The ok l Fam esyl diph
metabolism pathway of mevalonate is a very importar -
metabolic pathway in eukaryotes and many bacteri idasin

which ultimately results in producing many important \
compounds such as cholesterol; isoprenoids (terpent / Semionmyrn
such as lycopene, carotene, squalene, eucalyptol, @ squaten

pinene).HMG-CoA reductase is activated when blood Ubiquinones | gyerol

sugar is high. L

The basic function of insulin and glucagon is [t0.,erol

maintain glucose balance, therefore, in controlling o W Ho

blood glucose, indirectly affecthe activity of HMG i AR O C /N,XVCQ e

prenylatedprotems
Heme A Dolichols

CoA reductase.
Nevertheless, the decrease in enzyme activity is caus .o

by the protein kinase activated by adenQid:ossmeasimyicos
monophosphate (AMP), which responds to an incre Scheme 2Synthesis of mevalonate and the effect of statin on inhibition of
in AMP and leptin levelsHMG-CoA reductase is ar. cholesterof20}

important enzyme fogrowth. Inhibition of its activity 4 petection and introduction of atorvastatin

and nonrcoordination of isoprenoids can be leading to _
a defect in stem cell migration and the intracerebrdhe focus of research in the 1980s was to search for the

hemorrhage. potent inhibitors of the -Bydroxy-3-methylglutaryl
coenzyme reductase enzyme, which is in the phase of

(R )-mevalonicacid

[ \
INADOH :.\}ADP'
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limiting the rate and the firstegb in the cholestero Acetate
biosynthesis pathway. With the discovery of inhibitgrs
derived from the fungal metabolites, several of fully HMG-CoA

synthesized (synthesized) inhibitors, mevastatir — Lovastatin
lovastatin, pravastatin, and simvastatin = were
discovered and developed. $hstudy explores the '
discovery and development of one of those inhibitor. v
called atorvastatin calcium currently marketed unde Lanosterol
the brand name Lipitor@Figure 5) [
This inhibitor was designed based on the comparisc
of the structural molecular models betwedhe fungal
metabolites and other derived synthetic inhibitors.

Mevalonate

Triparanol

1

- ] — o
- g g -

Ho
o0
o

Vst

N JJ\ HO HO
% Desmosterol 7-Dehydrocholesterol
—\ @ —
Q / /a A\

Figure 5Atorvastatin Calcium (Lipitor).

In addition to developthe structural activity HO

relationships that resulted in producing the calciun Cholesterol
atorvastatin, another important aspect of t Scheme 3Biosynthesis Route Choleste8]
development of this sector is the improvement in
chemistry that requires the elimination of the

CHy

complexity of increasing the synthesis of compounds

to inhibit the enzyme. Finally, the development of O

several chiral syntheses on atorvastatin calcium a
enantiomeic pure was carried out through |a O
collaborative  effort between discovery and M~ O o

development. The impact of the progress required-in : |
chemistry, as well as external factors, will be discus: F'9uré eTeriperancl (MERS).

in the internal decisiomaking on the development OfThey believed that containment could be achieved by
atorvastatin alcium. Cholesterol biosynthesis 0fyjocking the path after formation of the acetoacetate,
acetytcoenzyme A contains more than 20 biosynthetighq pefore we formed the scatenwhen deep

steps (Scheme $}9]. mechanical studies were done on teriperanol. Not
This pathway is strictly contfled and regulated by thesurprisingly, it was discovered that this rule was
number of LDL receptors on the surface of the livegorrected by controlling the pathway in the pentolytic
cells that are used as a means of ensuring that H}%duction in the pathway of biosynthesis, with the
cholesterol in the body is kept constfitf]. From the 5ccumulation of desmesterol in théeagma and the

late 1950s and early 1960s, inhibitors of biosynthesigsye of patients treated with this drug (teriperanol)

of cholesterol proved to be effective in reducing thea). Further studies have shown that desmesteroll is
plasma cholesterol, both in humd@s] and in animals i50 accumulated ithe patient's lens.

[22]. What was known was that this inhibition was), teriperanol, it only prevents the synthesis of

easily accompshed. In fact, the first drug for this cholesterol in the body from the very last stage;
purpose was introduced by Richarddderrell called powever, still desmestrol, which results in blurred
Teri Perano(Figure 6). _ vision in the eyes, is produced as biosynthesis. In spite
There were many doubts based on the experience thgtne findings of the tal of Teri peranol, the search
Teri peranol causes blurred vision and cataracts fg cholesterol biosynthesis inhibitors continued and
humans. However, the precise anigetive criteria for hoped that prscleral inhibiton would prevent

expressed by Curran and Azamoff in 1957. outcome for the treatment of hypoclostolef@i]. The
page5 of 27
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enzyme is located in an endoplasmic reticuluncreated to inhibit HMGRs, so that toxicity was
membrane and catalyzed (S)-3-hydroxy-3- unrelated to their mechanism of action (Figure 7).
methylglutaryl coenzyme A into-3R) -malonic acid
via a Hemithio acetal in a twstage conversiorn
(Scheme 4).

H-.C“‘“I.

2, Compactin (mevastatin) 3. Lovastatin (MEVACOR®)

Scheme AReduction of HM@&o0A catalyzed by HMGR.

Given that thishemiacetal is the most similar to the

structure of an intermediate in the transition state, it is

not surprising that the composition of the beer /%k

fermentation process has a structural similarity to| it.

Scientists also inspired the work of Louis feas, who

worked on microbial culture and 6,000 microbial

metabolite;s, to identify the first _proc_iuct in _th AFigure?. Fungal metabolites inhibitors of HMGR

fermentation process at the same time in two distinct

labs, named after Compac{i®6], but later Renamed The first results in this regard showed that a simpler

Mevastatin. This compound, which was the firsting shoud replace the hexahydronaftalin section of the

effective ingredient in lowering cholesterol, is, in factfungal metabolites without losing its biological activity

ring lactate (lactone). ® [20]. To begin with, thePyrrole loop system was

The second combination of fetal studies by Sankwesed, which mainly consists of 1 and 4 diketones during

Corporation was obtained from the Penicilliunthe Paaknorr condensation[31] (see Recapture

Citriniume medium, which turrteout to be a strong Synthesis irfSchemeb).

inhibitor of HMGR and competitive with other = ,, -

compounds in rat liver and sterol synthesis in the body \/\(

[27]. Shortly after the discovery of Compactin, the )’

second fungal metabolite in the methyl group with oy @V

mevastatin was found to be present in Alspergillus SO S o

trius culture byMerck Company employees (called N T )J\

Mevinolin) [28] and in the Monascus Ruber by the ——

Sankyo group (Monacolif29]. “

The efect of this compound on the rat liver was twice

as high as mevastatin; later this compound was named . J)

lovastatin.Eventually, this combination was the first ,/W ‘2{ ! N
@

M

4, Sunvastatin (ZOCORE) 5 Prinvastain (PRAVACOL &)

HMGR enzyme inhibitor that was approved by &
Food and Drug Administration for the treatment \of — :
hypercholesterolemia and was marketed by Me, SEhem:Pyroleinhibitor re retrosynthesis.

SHARP and Dohem with the Mevacor® brand. TWerhis design was very effective in practice, andraé
other strong inhibitors of fungal metabolites and finally,,mper of 1, 2, and -pyrrole3 substitutions were
the market for drugs were produced, pravastatin (E?epared. Unfortunately, this method introduced the 5
was produced by hydroxylation of the microbiahyqroxyl chemistry as a mixture of racemic, but this
mevasatin - compound, and simvastatin (5) Wagroplem was solved by selective reduction of the P
synthesized by formation of the lovastat[B0]. hydroxyl ketones compounds and by Narasan pai
Although all of these compounds are strong inhibitor@evemped[g,z] and in general, ditereomersvere

of HMGR and are one of the effective factors iRpiained with a ratio of 10: 1 anti/syn. Finally, the
lowering chdesterol, concerns in the 198@®re due ¢qrresponding lactone was obtainky refluxing in

to the encdbf commding development, as the results o5 ene  and removing the diastereomer cis by
clinical trials of toxicology created security concemngyysallize

that delayed the development of lovastatin. Transpure diastereomer opens with hydrolysis to

Therefore,  although fungal metabolites  werg,m gihydroxy acids with the biological activity of the
considered as a class and showed clinically releva}mg (Scheme 6)

clinical trials, in the early 1980s, new structures were

page6 of 27
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'-‘\a\ found that this isomer compared with the simvastatin
]\ /\H PP |\]/ was more potent inhibiton laboratory conditions
Also, on a larger scaland inbody tests, lovastatin

/“JL ) o showed greater suppression in  inhibiting
NN // hypercholesterolemia. In subsequent studies under
o h | e more precise and controlled conditions with larger
' organisms, it was determined that atorvastatin is a
~7\ H . UPCNR. ~ potent inhibitor of HMGR in réucing LDL cholesterol
"%/‘ﬂ\/"}/j\ e L/ «»4 in rabbits and guinea pigs, as well as reducing
e, L/ triglyceride in ratsWe decided to develop atorvastatin
K- as a pure enantiomer for several reasons:
e Y 1. Avoiding extra burden for the patient, that is, if the
NN use of the racemic mixtuad atorvastatin is used, 50%
: e of the inactive substance enters the patient's body,
\r/j r o /x,ﬁ r" which reduces the metabolism of the drug to half.
' et \ = 2. The tendency to reduce apparent defects (such as
s \_/ drug strength) in a compound that has been introduced
Scheme 63/nthesis of 1, 2,-Fisubstituted Pyrrole inibitors 10 vyears after inbitors derived from fungal
_ metabolites.
Unfortunately, this compound has only eteath of the
strength of mevastatin is inhibition. Given that all 2) Retrosynthesis
biological activity is present in dsomorphic,we still _
have no significant ability to achieve this goal. In this e ‘ f;‘]
case, the options forinding the category of new T%l Y i )
combinations are narrowed. ~ g/ Y 7)\(
Through experiments and reactions performed| to %ﬁ(“;}-—{ E—
replace the various substitutions in the 3rd and 4th —/ N A
positions of the various analogs Pyrrole rings, the . \/f-(i “
strength and compositional toxicity of the compadsin NN
were studied; for example, one of these analogs is the v Modelsysien
four- stroke 1, 2, 3, and Bsing Strict Chemistry, we -

could replace the cinemal ester aftercdeboxylation

(Scheme 7). \/j\ [j\ g J 4,\\@%(“9%

N

N

. /\/}i > el o COzh
e
Q\/J\(\ W - ’-\""“ ‘ o REACTION
\_--4 » or e
/\/L ) o \ HalH F\—"<w ] " AT
a0, 0Et CHOH ;
~

f— /ﬂ“\, g/l S { \;}/\
O m \Ak/ e
<§\/ p-TSA, tolnene Q\/
\

efl o
J el 712 Scheme 80ptimal retrosynthesis of (+)24 and failed model study.

Scheme 7Synthesis of 1, 2, 3;tBtra substituted pyrroles . . . .
After that, it was decided to combine two different

teams simultaneously and parallel to a chemical
synthesis from the necircular sector. Oneof the
Due to the difficulty of synthesizing thessiroke initial problems was the scalg of the 3 + 2 ringing
compounds, only 20 analogues were obtained and #@ction that was previously used; in this case,
best activity among the analogues was observed inaliditional phenylamidearbonyl phenylacetylene was
phenyl, carboxyamidophengi. After hydrolysis and needed to achieve good yields, but it was very difficult
separation of the two enantiorsef the compound, 24, to get this product on a large scal@o come

as we expected, all of the biological activity wagonceptually, the solution to this problem can be by
observed in a stereoisomer (24 [40]. Later it was using the Paaknorr that if one good amine can be

5. Preparation of Atorvastatin

page7 of 27
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properly replaced with 1,4 diketones, therexane and the 100% enantiomeric purity for-(2%
cyclodehydrate. This path can also create thwmn be obtained from the initial solution.

possibility of close synthesis using a fully develdpeHowever, due to its linear nature, this pathway has been
side chain. successful in producing pure enantiomeric compounds
So, we used the Stetter method to prepare lilgramsand has included a number of low temperature
diketones, although we were disappointed because reactions.

were not able to achieve the desired hydration ihalso has relatively low yields in some of the final
different conditions(Schemes 8).Because of our stages for final purification, but this pathway has a high
inability to influence the Padnorr condenationwith  potential for large scale and high Kg and requires little
fully substituted diketone, as an alternatiwg tested improvement.

the synthesis of the four stokes of the Pyr{8theme For this reaseo, the Holland Group had to adopt a

9). differentapproact33]. One of the major components
of this effort was a broad study of the Rmabrr
\f W condensation by Alan Miller at the Chemical
N [ | pesome e U L Development Company, which successfully applied a
W)\/ 7,4 o o X7 cyclodehydration to the model system when using a full
@)\4 - ___/ﬂco,,,,?h eq pioalic acid as a catalystScheme 10)Finally, a
<\/\ 5 \/ /} 2 pyrrole 5stokes 27 was produced at 43% efficienc
) 7 which is currently the ultimate goal in this synthesis.
» /L /\< RN
Fn - F\\/\‘p\ H
2LDA, MgBr, -78 "’“"\,,{ '==~<)

60%, 97% ee ‘Ot

/
D
\( )I{
i

_— / N,

1 eqpiv, pivalic acid = CONHPh

THF, reflox, 43%

\ 27

2) NaOCH,

\Cl/ "o /\W/O/Lf: Scheme 10Paalknorr Synthesis of pentasubstitu pyrroles

\\/\3‘, ( ; //L ) g o At the end of this study, several routes for the
SO k\)K(\ : identification of (S) imethyl 1, 4Bromo-3-
/.}A\* R — L( X hydrpxybutyrate _28, an intermediate used in the
\W DUDs Mo (f-) CONHPh previous synthe3|s, were used to control th_e _HMGR. A
et \_/ key m'germe_dlate that is much more efficient than
: ascorbic acid, as previously reported, solely derived
Scheme SSynthesis (49 24.

from steeoisomer (Schemel)

Subsequently, Mhenyl carboxamide was introducedProtecting 28 as an intermediate of the -bertyl-
which was slowly prepared by-Bromosuccininide dimethylsilyl ether after converting to nitrile prov!des
bromination after exchange of litium halide and th@& more advanced Aftermediate that can be obtained
reaction of litium heteroaryl with phenyl isocyanateffom several paths; therefore, 29 can be converted to
Then, through hydrolysis, aldehyde 26 was preparedy/drolysis by acidand through activation with N, N
Wh|Ch was previously prepared using an augmentati&ﬂrbonyl d‘|'|m|da.20|e developS aftel‘ the reaction W|th
ring reaction of [3 + 2]. All of these chges can be o

made on a high scale and acceptable returns. om0, {

Thus, the density of 26 with magnesium dianide from o M v!\/

S - (+) - 2-stooxy2,1,Xtriphenyl ethanol provides a . ’ t

ratio of 96: 4 of S, R and S, S diaterms in a 60% yield. T —

This ratio improves with a rerystdlization time to 98: p

2. o

The exchange of methoxy téstityric acid in reaction NP i J\/
with an additional litium tebutyl acetate, an 8- 1* » &
hydroxy-b-ketoestro compound previously prepared as imidael L DAAP

a racemic. The reaction with BudBaBH4, which 2)NaCN, DMSO

previously provided chfb-U-dihydroxy ester, is '

obtained after hydrolysis, acidification and \/YR\/

lactonization, pure lactone (+}24. Fortunately, N

crystallizaton is carried out without ethyl acetate ~ggeme 11syninesis of (Spethyra-bromo3-hydroxybutyrate 28

page8 of 27
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magnesium salts, potassium teutyl malonate[34]. calcium in a convergent amacceptable commercial
Provides a diasteroselective in the range of 100: 1. Witlay, which is the main prospect for the synthesis
recrystallization, this ratio is improved to 350: 1. Theleveloped in the chemistry of the discovery but in
reduction of nitrile with nickedoped molybdenum practice reduced to chemical development.

ultimately provides a 3tnember side chain with an Although you might expect the clinical improvement of
enantiomeri addition of ovel9%% (Scheme2) atorvastatin calcium and imaginegtiorward, this was
not the case. Over time, we completed preclinical

,,C\)\/CO.,CH,,L-\:--M ”\)wvﬁv”‘”‘ studies and needed a case filed by the New Drug
) Do oo, . R Application (IND) and the Food and Drug
Y 3) BUNF, HOAG.THF o Administration (FDA) in late 1989, Mevacor®,
1) NaBH, EtBoMe Zocor®, and the FDA had approved all Pravacol® for
i marketing.  Therefore, we expected that atorvastatin
, cHsom drug to be marketed nearly a decade after at least three
>< >< HMGR inhibitors and more. Fortunately, at this time,

- Hy RarNi o~ e evidence of clinical efficacy studies began, suggesting
- /\/'.\/Rk/cw Tm»:c\/'\)k\/w:m that atorvastatin calcium may be aeqyt inhibitor or
' more efficient than cholestertdwering LDL and
cholesterol than those that are derived from fungal

metabolites, at least in some aninials].

There is a shorter route to the preparation of thg Newer methods of atovastatin synthesis
compound 30, which includes the reaction of an

alcohol derived from 29 with -8 equivalent from ©-1 Atorvastatin BisatalystsSynthesis »
lithium tertbutyl acetate to prepare hydrokgtone 30 This section explores different methods of synthesizing

Scheme 12Synthesis of chiral side chains

at a yield of 7880%. (Scheme3 ato_rvastatin including, biogatalysts synthesis 'by
various enzymes.Atorvastatin has a side chain

T voob containing two chiral centers in the drudidery of its
“°\/|'N/CO-CH- 1)3 equiv. LiCH,COtBu ﬂc\/l\)l\/wﬁﬂ. molecular structurelt can even be used for chiral

R

“ precursors, through the use of metal catalysts or
preferably by the use of free or immobilized enzymes
and biocatalytic cells for asymmetric synthesis or

Fully functional ligament cleavage ring 32, with purgacemic dissociation.

stereochemistry, complete with complete diketonén bi-catalys synthesis, chiral intermediates use a wide
stoke precisely defined conditions (1eq pivalic acidange of biocatalyts, such as alcohol dehydrogenase, 2
1:4:1 toluer / heptane / THFSchemel4), Pyrrole 33 deoxyD-ribose 5phosphate aldolase, nitrilase, and

Scheme LReplacement Chain Synthesis

in Returns up to 75%. lipaseln inhibiting the enzyme reductase, the reduction
of HMG-CoA to mevalonate, which is a limitingep
) O /\/0 for the initial rate of cholesterol biosynthesis is
O 0 ! “* | reduced, resulting in a decrease in LDL cholesterol
levels.
o Conen F [ Mevalonic Acid is a producer of terpenes and steroids,
. o e O\( which has a chiral structure that enantiomer (3R) has
I — drug activity. Atorvastatin isa side chain with two
H.N/\/!\/‘R\/“:C”? N chiral centers (3/S) -dihydroxyhexanoate, resulting

in its intermediate synthesis in a competitive reaction
with 99.5% ee and 99% (23]

2

Ho. . The synthesis of this type of interfaces is done in a

O, - general way for the first time from an intermediate

combination of 4 which has a hydroxy group of
} N absolute configuratioreguired. Schemel5) was then

/ performed by performing a selective reduction of Sin

ConHPn [36] and after being protected from the hydroxy group,

L HE an isopropyl DN protected structure 2 with two centers

Scheme 14Convergent, Chiral Synthesis of Atorvastatin Calcium Estrogenic is observed. Intermediate 2 is the main

) _ ) _structural block for atorvastatin, as for athstatins
Reducing the protection and formation of hemigych as pitavastatin, rosuvastatnom the discussion
calcium salt, space chemistry of pure atorvastatinghove, it is clear that the key step in the synthesis of the

page9 of 27



Journabf Chemical Reviews Review

atorvastatin side chain is the intermediate synthesisisfreduced by the enzyme specifically to the hydroxy
chiral 4. This structure was previously synthesized Weto estrs 6 withadditional enantiomeric content of
chiral compoundsuch as maltodextrif87], L-maleic over 99.5%, and the yield of the obtained product is
acid, or by synthesized asymmetric synthesis by tfi@% during the reaction time of 24 hours. Alcohol
ruthenium and rodium complexes dehydrogease itself can recover its cofactor via 2
propanol to acetone oxidation, hence the recovery of
the cofactor from the need for additional enzymes.

a_’f A o Oxidation of 2propanol is thought to stimulate the
~ A S i %, N g driving force of the desired reaction. Hydroxy
PR, =", T T LT Ketoeste 6 can easily be converted syn to dimethyl

oo | hydroxy ester by selective reduction of the cinnamon
e and can be synthesized by increasing the number of
W AAA, Ji protection steps, intermediate 8.
Scheme 15Atorvastatin stagéragmention. R - 7 T o
All these common approaches have some problén NADPH NADP
including, the high costf@atalysts and severe reaction N
conditions such as having a metal catalyst or th @
number of process steps, as used for the synthesis S Ao Deydogense
chiral compounds
Also, an attractive strategy is the use of asymmetri y | | Retction_ P § rroestian | 11
enzyme catalysts in a kinetic reaction or soliin the | [ — — SN as (YT
synthesis for the desired intermediate, namely” p L,

Compound 4. Because of the natural selection ar

placement of high biocatalysts, formation of the latera

products has decreased. Also, most enzyme proces: v
usually act in the environmentthis redices Atorvstatn
Consumption energy by using the traditional Syﬂthﬁf&hemem New Synthetic Route for Keto ester 6 by Wolberg et al.

methods. Thus, biocatalyst synthesis methods are Myhe ynthesis of the central chiral atorvastatin site is

likely to be green than theonventional synthesis ¢,qher investigated. This process is increased by a total
methods, and this greedinessbafcatalystdncreases ¢ 24 hours using a discontinuous deatch reactor

the acceptance of this strategy ie thdustry, as well it 3 yield of more than 90% in a total reaction of 100
as some of the biocatalyst processes that can

mentioned, such dsactobicillus kefirlL Kefir) [38] Or Aﬁother approach for the symtsis of Compound 7
Acinetobacter sp[39]. Gene_zrally, the biptal cell (Scheme ) was by usingL.Kefir as whole cell
directly produces intermed@ 3 by having tWo Bigcaralyst [38]. It has been determined that this
stereogenic centers with hydroxyl groups of thgrganism consists of two different types of alcohol
configuration requiredBiocatalysts synthetic methOddehydrogenase, which in the selection and selection
for atorvastatinintermediatesusesa wide variety of ¢qjactions of the high comgition 5 was converted to
biocatalyst such as dehydrogenated alcohol, aldOIaaﬂwydroxyketoester 7 by the intermediate Bhe
nitrilase, lipase, halohydr dehydrogenase and each of oy ctor NADP(H) is recovered by the conventional
the catalytic processes of enzymes are described in fh&chanism of glucose. Compound 7 was obtained with
following section. an additional 99% enantiomer and a yield of 47.5% at

6.1.1 Alcohol dehydrogenase the reaction time of 22 hosl

Wolberg et al.[40] reported a new method for the . . o oo o P
synthesis of hydroxyketosters 6Sdhemef), a K bl NN ey | L AN
precursor to atorvastatin, using the alcehpls | o O,
dehydrogenaseenzyme Lactobacillus Brevis. Thi Scheme 1 Use ofL.KefiBiocatalyst Cell in Improvi@pmpound Synthesjg]
enzyme was used in E.coli and then cell extraction for

biocatalyst reaction3.he synthesis of 6 was carried ouf.1.2 Aldolase

on a hot scale using a large amount of antigenfe yse of gleoxyD-ribose5-phosphate aldolase is
selection and&Enantioselectiveand a reduction dfeto hown in Gijsen and Wor{g1] in a onepart reaction

este 5 catalyzed by NADP(H) dependent on alcohGi he synthesis of chiral compounds from fon
dehydrogenase. Deko ester 5 at position (carbon 5)
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circular compounds that are readily availableange of different pyranade derivatives of 14, thereby
Intermedate 11 was synthesized in a mixed reactioincreasing the versatility the process was synthesized
consisting of 133 mg of chloroacetaldehyde and 26d other mediator mediums.

mg of acetaldehyde in a total volume of 20 ml reactio%. 1.3 Nitrilase

(Scheme 1B Intermediate 12 Atorvastatin can easily ™

be obtained from oxidation 11, although Aldolas®&esearchers at Diversa Compd##] created a large
exhibits little dependence on Chloroestaldehyde andgenome collection (more than 200) of nitrilases
rapidly deactivated in a concentration above tHé#rough the extraction of DNA from specimens in
required amount of aldehyde and hence a large amodifterent naturahabitats and used them in héstcoli,

of Aldolase in the reaction is requiretinother factor and furthermore, these nitrilases used to catalyze
was that, given the nature of the reversibiliythe different types of enantioselective reactions. They
Aldol reaction, a very long reaction time of 6 day$ound from their collection that nitrilase could be
made the process more impractical. desymmetrization from the combination of 15, 3
Subsequent studies were carried out by [Bi2] and hydroxyglutaraitrile (Scheme 19to the intermediate
their colleagues; they used modified aldolase, whigif atorvastatin, the combination of 16, (&)cyane3-
resulted in an increase in yields of 12% to 43d%ydroxybutyric acid. The process was performed on a
compared to before, 25% for a wide variety of aldolas#,g scale at a concentration of 240 mM of compound
and also the redion conditionswere as befores.the 15.

reaction processwas considerablyimproved by o P .

OH oH oH CH
1 @ 1 g Nitrilase EIOH,
X Aldolase A M Aldolase LA - OH - OEt
CH,CICHD +  CH,CHO - ¢ H A &—— " H
CH

-
CH,CHO CN CN
. : al o 15 16 17

Scheme 1S5ynthesis of Intermediate 16 by Nitrilase

J, T/ Aorvstatn The isolated product of 16 with a yield of 98% and 95%
ee was obtained at a total reaction time of 22 h. The

u i next sterilized sterilization of the compound 16 is an
! intermediate of atorvastatin. When the process was

o ° carried out, more efforts were made undaore
o o practical conditions such as higher concentrations of
HNal
a S —=a L., substrates, such as 2 mole and 3 mole, e.e. vakres

89.2% and 87.6% respectively45]. This low
1 4 enantiopurity does not meet the intermediate
Scheme 18 Application of leoxyD-ribose 5phosphate aldolase in the requirement for the atorvastatin intermediate. The
synthesis of chiral compous@nd intermediate synthesis [11] possible solution is the enhancement of

[43] and his colleagues from various Companieg’nantioselectivity_ Nitrilas_e,amethod ué._r;_d:)esantis_
which, using the enzyme aldolase and the DNA libraf aI._[45] to achieve this, was a specific _evaluatlon
review and their resistance to chloroacetaldehyd&chnique that wasaded mutagenic saturation of the
resulted in increased efficiency and improved reactigit€ Of the geng46]. This technique is essentially the:
variables. All of these improvements Synthesis 12 re_placement of each single amino amds_from a protein
resulted in production at a scale of 100 g at a tot4fth any of the other naturally occurring natlya
reaction time of 3 hours with 99.9% ee and a decred&gFUIming 19 amino acids and expressing this gene in
in consumption of 10 times the catalyst. Also, thE- coli hos_t organisms. The unchan_ged'nltrllase_ species
DSM, also called DSM, is a multinational DutchiS 330 amino acids per long. Thus, in this technique, all
company active in the fields of héal nutrition ,and modified Nitriles, including_ more than 30,000 cIo_nes
materials.)  Pharmaceuticals Company made 2d eachwas screened to idgmifutant enzymes with
synthesis for the combination of 12 catalyzed bynProved enantioselectivity.

Aldolaz at an industrial scale. Jennewein andn€ most effective modified nitrilase catalyzed the
colleagues reported from the DSM drug company gyn_thesis of 16 at a concentratior) of 3 moles and 96%
altypes of improved aldolase using direct evaduat purity, and 9_8.5_%e atgtotal reaction time _of 15 hours.
and high efficacy. This is a significant improvement both terms of
Recently, researchers at DSM Corporation reported tBantiomer and in terms of reaction time in comparison
conversion of 12 to nesaturated lactone 13; inWith —the —early nitrilases ~was unchanged.
addition, they were observed by various types &ergeron et al47] of Dow Pharmaceuticals Company

nucleophiles, such as AcSH, HCN, MeNetc., a wide Used Nitrilaz from Diversa to develop a scalable
process of synthesizing 17 lesost epichlorohydrin
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primary materials; then they found a estep reaction large number of reaction steps, a large number of
to synthesize 159cheme 20aon a factory scale intermediates with high reaction time after reyme
because the exact control of the pH required to procegghthesis is a21.

with an efficient reaction is inadequate, so they devise

DU.’."\‘\\ o E o T ane
a twostep process for synthesBcheme 2 I 4/)\/%/_, @W_\/(\f . @\v .
' o Y T

OH
208k

X ON, R
b X; O, R 4:Me
Cl

IR
T
HCN, base T -] o o
aqNaCN (b) E:;;;;]\\\U/,n\\\,’,I\\\/,Jlﬁhuj,|
ctalyst (b) N W l\m b
19 l‘

1
OH

N ] (2 -
cl /wo MO CN o< .
E— J AN
HCl A s
n

CN

18 15 Scheme 21 Using a kinetic solution in the preparation of intermediate

Scheme 20(a) Synthesis of intermediate 15 in ostep (b). Synthesis of atorvastatin, the combination of 23
intermediate 15 mae efficiently in two steps.

) _ o (S) -3-Hydroxy-gammabutyrolactone, compound 24

The yield achieved for synthesis is 19, 93% fqk a synthon useful chiral carbonate in carbon 4 and is
synthesis and 15, 68% for synthesis.The Separatigged as a precsor in the synthesis of food and drugs
was carried out by extraction withr@ethylpropanel-  sych as kcarnitine. Wang and Hollingswortf49]

ol. The stage catalyzed with nitrilase was used to obtajgscribed an easy method for the synthesis of
the compound 16, 32.5 g of precursor 15 at aintermediate compounds of atorvastatin 17, of a
concentration of 3 moles. The product 16 was observegmpound of 24 at a total efficiency of about 80%.
with 98.8% ee and the overall yleld was 81% at tr@(_:heme 2) The Compound 24 was synthesized
reaction time of 16 hours.Extracting 16 from the previously with high enaiomeric purity by microbial
reaction mixture due to its solubility in water and th@eparation from the 25racemic compound and using
presence of celinass in the mixture was difficult to cell extraction from recombinant E. coli cells that

distinguish from the acidification of the medium an&ncodes genes f@nterobacter s@ndRhizobium sp.
filtering using the Celitefilter followed by Descentos

et al. Extraction with methyl ethyl ketone is used. Thi<" . N . o o
process has a larger scale (more than 200 tirhes) |t Z_)\?;me"“"‘ds.—” om'Nc\/[\/Lm
the previously reported method by Desantis et al.| T ° . o -

reduce the catalyst cost, in other words, nitrilase, in_..
variety of Pseudomonas fluorescence bacteria throv_ic_h_eme 225ynthesis of intermediate compounds of atorvastatin 17
the Pfenex expression technology developed by t%e 6) -4-
Dow Chemical Company they said. Niasle is found
in more than 50% of total protein in the protein; thi
high level of expression is directly and easily involve

in the downstream industry, resulting in a lower cost.

24

chloro-3-hydroxybutyrate hydrolyzate was
responsible for this reaction, although there was no
dication of similarity between the enzyme and lipase
r estraz. The hydrolysis lipase catalyst from the
racemic compound 25 in the aqueous phase (Scheme
6.1.4 Lipase 24) can also synthesize compound 24.

Sun et al[48] performed a combination of 21aonaha ¢

scale vith a 98% ee with a yield of 40% in a kinetcl/K,J\w - .\/\)J\ ‘ [\/I\)L ]

solution of a20 via a sterie exchan§elieme 2) using

=]

anArgribacter splipase enzyme the reaction time wa: = %

45 hours. The interstitial atorvastatin a22 wa {-HC'
synthesized with 77% efficacy by chemical methods. o

They later reported the synthesis of intermedia

atorvastatin, kaneka alcohol 23, using b20 as|: .

enzyme precursor and lipase fréiealigenes sp also,
it was observed that with the same reaction tir*-suh S eeTa A S —
decreased to 30 hours at this stage. Their desigotis S0 o e <>y nesis olampound 22 by calah/iicreaction Wit ipase enzyme

sufficiently large enough for largeale synthesis, The lipase enzyme spatially hydrolyzes only the

because not only this kinetic method results in @nantiomer S, although the resulting acid 27 is unstable
maximum of 50% theoretical, but also because of the
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and easily loses one HCI molecule obtain the the reation, compound 33 is exposed to ethanol to
corresponding lactone 24 with high enantiomeric puritgreate a pure optical compound 35, which is alkylated.
(99% e.e.); however, when the process is at a yiditimobilizedCandida Antarcticd.ipase B was used in
More than 40% is in operation, the enantiomeric purityoth stages, high efficiency amigh selectivity. The

of 24 is diminished. motionless lipase was closed to a column and the
Lee et al[50] from the LG chemial company recently reaction was circulated between successive enzymatic
reported the synthesis of 24, which uses three synthdsexls until the desired conversion was achievduk
steps (Scheme 24).The two initial steps of this desired and desired product was separated after two
synthesis were done directly. In the second stage, zistages of distillation apart from the reaction mixture

borohydride was used as a carrier of hydrogen becav=e,—

it was cheaper thaother hydrides, such as sodiumM . P gooce g
borohydride. In the third stage, that the lactone rjni oet ¢ — Lt P 0 W s
should not be hydrolyzed under reaction conditions  * » --
When the reaction was examined both in acidii .. )

conditions and irgame conditions, adverse side effect: coom *  CiHoH I CR o i

were observed; herefore, more than 15 lipases,
esterase, protease different in terms of thei

: : . Scheme 2 A 2-step enzyme process for theroduction of (R)-ethyk3-
performance in enzymatic hydrolysis. hydroxybutyrate, a compound of 35

s

C }/‘ 6.1.5 Ketoreductas_e and halohyc_irin dehydrogenase
o Researchers at BristMyers Squibb (BMS) Inc[39]

o — p = synthesized 37a, dihydroxy ethyl ester on aduale
~< o - Um — \_ with high ee (more than 97%) of the corresponding keto
o ¢ . P ~\,{_ ester a36b, by synthesizingAcinetobacter spas a

[¢] =0 . .
3 » * | whole cell biocatalys.cheme 26 Ketoreductase is

secreted from these species responsible for this high

ZaEitd, l i enantioselective reduction, followdwy the tertbutyl
ester 37b, the kaneka alcohols 38a and 23 also
(“\ synthesized.

o \_/ A complete transformation of the 36asubstrate to
§—\ ;>: produce the corresponding 3Balihydroxy esters was
(= e o performed at 99.3% e.e. and 63.3% d.e. in 24 hours.

Hydeolysis z_\ The crude product vea obtained by optical
“ U/)““*’ “ chromatography and crystallization with pure e.e. and

Scheme 24Enzymatic synthesis of compound 24 in more favorable conditions99% pure.They subsequently encoded the encoding

_ . gene ofketoredoktase, and they did this by colonizing
The besbbserved result was Candida rugosa lipase,

which wasimmobilized on Amberlite XAB7 polymer | [~ J Bt J e | i
as polymer support and then used to hydrolyze |th™> " e T8 AN s
compound 31 to obtain 24 with 99.8% ee. This enzym S
hydrolysis appears to be ngpontaneous. When ABE ‘

racemic malic acid was used, the product 24 was als \

prepared by theacemic; therefore, it was necessary|tc §
use a precursor with a chiralrhaleic acid structure for o 0

this process. This process was performed on a fol o A »\,/ﬂ\,,,

scale and the overall response rate was more than |8( SaRE

at a reaction time of 14 hours. 2 Reen

Fishman et a[39] developed a-3tage enzyme proces Scheme & Synthesis of kaneka 23 and a38 alcohols via-i&¥antermedate
for the production of (R)ethyk3-hydroxybutyrate, a Preducedbythe corresponding ketoester 36a

compound of 35 Jcheme 2p and a plurality of g coli [51]. They then used cell extraction Bf coli
kilograms. Both enantiomers 34 and 35 were found facombinant cells to reduce the 36a space cFop.
have a 99% purity and @ more than 96% and a totalefficiency was significantly higher than 99.3% for 37a
reaction efficiency of 73%. The first reaction involvesyth e e. greater than 99.9% and 99.8% for a reaction
acetic acidification of the racemic 32 with vinyl acetat§me of 3 hours.

to form the compound 34, which was performed by |enkeret al [52] tried to synthesize the atorvastatin
selective acetylation of (R22. In the second phase of(R) 41 intermediate through sequential kinetic

- SN o o 0
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solutims of the racemic mixture 39 and usinglerived from Candida magnolia amrobacterium

halohydrin dehydrogenas8oheme 2). radiobacter respectively, and for the glucose
= dehydrogenase of the two bacteBiacillus megatrium

P oj memL A e 5 and Bacillus subtilisthat were cloned separately in

K»/lm TNA, s (\,JL\M E.coli cells. The halohydrin deklyogenase was
1 NaCN . . .

o o - o R developed for this process by applying a direct
fx/xm, < evaluation approach to the production of enzymes that
4 ) ) meet the design criteria of the predetermined process.

» /T - This work is underway with  dire&valuation

S gy Deldrogense R . . . ..
[ T NeCanwio recombination along with a strategy fstatistical
o analysis of the relationship between proteins

Scheme 27A kinetic solution for the preparation of atorvastatin intermediatesSequencing activity. This combination facilitates the

from the mixture of racemic mixture 39 using halohydrin dehydrogenase optimization of the mutated enzyme. The evolved

Conversion(S) 39 to intemediate- (R) 41 atorvastatin evolutlon_ar_y halohydrin deha}logena_se, N the process
H)J combining on a catalytic basis, imprevehe

was not observed; however, the conversion of t\éolumetric: efficiency of the cyanide reaction by
enantiomer R from the compound of 39 quickly result proximately 4,0000ld. Recently, Lonza Inc. has

in an intermediate (S) 41. Therefore, the compoun&g de a good chemical contract for Pfizer, which will
(S) 39 and (S) 41 with e.e. separated more than 95% 90c . : ;
cdrry out this process on an industrial sca#iéso won

column chromatogphy from the reaction mixture. . . ) I
: the 2006 Presidential Green Chemistrynpetition
Researchers at codexis Company presented -at&po gwar d from the United States

process for the synthesis of 17 atorvastatin. F . .
conversion of the substrate 25 occurred in the first st vironmental _Protecno_n_ A@!,e”cy (USEPA) for a
reener Reaction Conditions" for the development of

of the catayst process by ceturtodecotdSeheme 2B the process. The biocatalyst's ability to convert chiral

J\)L - ]\/J\ pompou_nds to higl_valu_e qhiral mediators maintains
( ot ( - interestn r_esearch in this field. Apart from 'the onset of
AN atorvastatin, many other drug intermediates on the
=P downside of largecale production use biocatalyst. In
Glucose this regard, biocatalysts are an important method for
dhydromease producing pharmaceutical intermediates. In egah

o o ) Lo the main competition for biocatalysts is the relatively

L\/L Debydrogense /‘\ fj\ i )L low voIl_Jme_trlc activity of catalyzed en_zymes.that
( oet Nen| Y (’\ « | results in higher costs for downstream industries as
“ e e well as difficulty in speeding up. Although advances in
evolved techniques such as satutagite mutagenesis,
high-performance testing technigues, and ... increased
efficiency also led to an exponential increase in
The reaction mixture was extracted with ethyl acetatesponse time, and with each increase in the number of
at this step, then washed with sodium bicarbonagémzymes In commercial markets, the acceptance of
sulfate, and then separated. Finally evaporated undiéocatalyst reactions in éhfuture should be increased
reduced pressurend the product 17 was obtained with{53].
high chemlpal purity. The regeneration of the COfaCt%r.Z combined studies of synthetic materials on statins
NADP(H) involves the conversion of glucose tg L .

luconate catalyzed by glucose dehydrogenase. In {ﬁgnthe&s without cyanide)
gluc ) y g yarog
second step, the halohydrin dehydrogenase catalyZzBte next topic is th short synthesis of cyanide
the complete @nversion of the 26 to the cyanogeratorvastatin calciumwith enantioselective aldol
derivatives of the compound 17 through the formatiostrategy{54]. Shortlived and norcyanide synthesis of
of an intermediate epoxide, with high enantiopuritptorvastatin calcium from a 1, 4 diketone substitute,
(greater than 95.95%). Separation of product Mhich is highly commercia}l available, has started at
includes solvent extraction by filtration anda total reaction efficiency of 40%. A key step in this
evaporation. The maiadvantage of this process is theapproach is the asymmetric aldol reaction of an
easy separation of the product without the need faldehyde with dketone in the presence of a
distillation except for All enzymes used in this processombination of opewircuit chemistry Ti (ei-pr)s to
were synthesized by fermentation dE. coli create atorvastatin caleuwith spatial chemistry (R5).
recombinant cells and the encoded genes &ince itsintroduction in 1997 by Pfizer, it has been one
coturdoxacate and halohydr dehydrogenase were of the best selling drugs for treating cholesterol, leading

26

Schene 28 Intermediate synthesis 17 in a tvetep process with high chemical
purity
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to longterm safety and lonterm benefits [55]. economics for the production offfydroxy-3-oxoesters

Significant efforts have been made today to search f&7], an important building block for the synthesis

an asymmetric, efficient and economical approach emantioselective of statifthis led us to provide a nen

combining 42 and have led to the development ofyanide and short enantioselective synthesis for

large number of synthetic strategies, includingombining 42 with a new intermediate 50 by

syntheses with chirdlb6], chiral auxiliary, catalysts employing an open shiff Ti(ePru that improves the

Asymmetric and enzymatic chemistry processes. Thsymmetric aldehyde reaction of aldehyde 49 with

well-known strategy of P&&norr for the synthesis of diketone[58] . This section reports the results for this

Pyrrole, which is derived from two important structuratopic.

blocks, namely substituted diketone 43 and a-siden 6.2.1 St , ,

) ; L . . 2. udy and discussion data

amine, with 7 carbon (combining 44), with a single syn

1 and 3 diol of (S) epocholorohydrin as a chiral materidlhe retrosynthetic analysis of Compour&idScheme

is a reliable process for the asymmetric synthesis of 28 was depicted and the selective reduction of the syn

compounds in the industrial scggure?). was predicted for the key intermediate 50. Optically
active 5hydroxy-3-oxoesters, 50, can be obtained from
a 49membered asymmetric aldol reaction. Alternate
composition Pyrrole aldehyd®4an be obtained from
the sum of the two combinations of ketone 43 and the
3-carbon amino diethyl acetal 47 compounds during
the weltknown Paaknorr synthesis for Pyrrole. We
showed the asymmetric synthesis 45aheme G; the
compound 47 was providedth a side chain in carbon
44 of commercially available acrolein, the method
presented in the slightly improved article with a total
yield of 62%.
With the increase of Michael, acroleinium and sodium
nitrate in HOAc/ THF/ H20 at 0 ° C, the nitroaldehyde
45 was obtained at 98% vyield, which was combined
with triethyl orthoformide in the presence offsOH

Figure 7Composition structures 42 and intermediate 43 and 44 required in EtOH at room temperature and a total yie|d of 71%

is protected as triethyl acetal.

However, several problems with these side chains %4 , .
such as mulistage and lortgrm  sequential he hydrogenation of the compound 46 was subjected

preparation, as well as the use of high and high amouﬁ‘%sthe atmosperic pressure of 10 atmospheres from H

of high toxicity cyanide, were coupled Asymmetricon Pd/C at room temperature for 12 h, and the amino

Aldol reaction is a simple method with atomicde ethyl acetal composition was obtained at a low yield.

Pyrrole 48 in 83%

Scheme 29Calcium Atorvastatin Reconstitution Synthesis Analysis
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