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Abstract

The aim of the project is to produce fluorinatedamycin analogues using precursor
directed biosynthesis in order to have a betteretstdnding of the binding of
rapamycin with FKBP12 and FRAP forming togetheemmary complex responsible for
rapamycin ’s immunosuppressant and anticancerigctiluorinated starter units must
be synthesised and fed $ hygroscopicuMG-210 a modified organism that does not
produce the natural starter unit derived from th&isiic acid pathway. The straig.
hygroscopicuG-210 was produced and providedBiptica Technology Ltd.
3-Fluorocyclohexanecarboxylic acid, 4-fluorocyclgheecarboxylic acid and 3-
fluorocyclohexenecarboxylic acid were first syniked and fed tdS. hygroscopicus
MG-210, but no incorporation was observed. Previeeslings carried out bBiotica
Technology Ltacorrelated to the non incorporation of the fluated starter units led to
the conclusion that a fluorinated starter unit doahly be incorporated if a hydroxyl
group is present in position 3 or 4 of the fluordoyexanecarboxylic acid. A range of
six fluorohydrins (1R*, 3S*, 4S*)-ethyl 4-fluoro-Bydroxycyclohexanecarboxylate,
(1R*, 3S*, 4S*)-ethyl 3-fluoro-4-hydroxycyclohexarerboxylate, (1R*, 3R*, 4R*)-
ethyl 4-fluoro-3-hydroxycyclohexanecarboxylate, {1RBR*, 4R*)-ethyl 3-fluoro-4-
hydroxycyclohexanecarboxylate, (1R*, 3R*, 4S*)-dthy  3-fluoro-4-
hydroxycyclohexanecarboxylate and (1R*,  3S*, 4Ry  3-fluoro-4-
hydroxycyclohexanecarboxylate were synthesisedfedido S. hygroscopicus1G-210
producing for the first time 6 different fluorinat@rerapamycin analogues, with various
production levels. The incorporation levels indec#tat for optimum incorporation the
hydroxyl group has to be in position 4 and thathbester and hydroxyl group must
stand in the equatorial position. The best incafeat molecule was the all equatorial
(1R*, 3R*, 4R*)-ethyl 3-fluoro-4-hydroxycyclohexaoarboxylate. It was fed at a larger
scale and the corresponding fluorinated prerapamgoialogue was isolated and its

structure characterised using various 2D NMR tempines.
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1 INTRODUCTION

1.1 Pharmaceutical Drugs and Natural Products.

Pharmaceutically active natural products have he@ise since ancient times to prevent
or cure illnesses. They have also found use ap®iand for recreational purposes.
One early example was the use of curare, extrdobed plants of the Amazon (by the
indigenous South Americans), as a poison with whicboat arrow tips.In controlled
doses, the neuromuscular inhibitory property o$ tompound and its derivatives has
found a modern use as an anaesthetic. Around twalrbd years ago, Friedrich
Sertiirner, a young pharmacist, isolated morpHiri€ It was the first time a natural
product was isolated. Morphind.1 could therefore be precisely dosed for
pharmaceutical usage as an analgesic to relieveres@ains. Historically the majority
of patented pharmaceutical drugs are derived frataral product$. Though many of
these natural products and derivatives are prepsyethetically, a few commercially
important natural product derived drugs are stiliracted from their original natural
source. One such example is morphihd produced by opium poppieBapaver
somniferunf or tetrahydrocannabindl.2 (THC) from the cannabis plar€annabis
sativa Other medicinally important natural products gm@duced using enhanced
biological techniques in order to improve the yseldor example the industrial
generation of plant cell cultures in order to pregluaxol 1.3 (it was originally
extracted from the bark of the European y&axus brevifolia but it was not a
sustainable sourfeor deep-tank fermentation for mass productiopeicillin G 1.4

erythromycinl.5and other antibioticdgure 1.1).
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N -
CO,H
:H Morphine 1.4: R: H Penicillin G
: Me Codeine 1.7: R: NH, Ampicillin

H,CO :
OH

1.5: R: H Erythromycin A 1.3: R1: Ph R, Ac Paclitaxel or Taxol
1.8: R: CH; Clarythromycin

Figure 1.1 Example of unmodified natural products and semilsstic derivatives.

A large number of drugs are semi synthetic denestiof the natural metabolites, such
as codeinel.6, ampicillin 1.7 or clarythromycin1.8 (see Figure 1.1). Originally
isolated from opium poppies like morphifiel but in much smaller quantities, codeine
1.6 is produced industrially by phenoli@-methylation of morphine 1.13
Clarythromycin1.8 is produced byO-methylation of erythromycin A.5 Ampicillin

1.7 is an aminated derivative of penicilin G4. An alternative to the traditional
chemical semi synthetic route is an efficient tweps one-pot enzymatic synthesis of
ampicillin 1.7 from penicillin G 1.4 recently reported by Lin and coworkers using a
Penicillin acylase in the presence Dfphenylglycine methyl ester in the presence of
organic solvents and watér.

Parts of the pure synthetic drugs mimic the stmectid natural products, such as aspirin
1.9. Salicylic acidl.1Q the active form is also obtained as a metabolitealicin1.11

present in willow bark (used by ancient civilisaioas a pain killeFigure 1.2).*
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QYO Q\fo HOO&&QW

O OH OH OH H O OH
Y OH
O

Aspirin Salicylic acid Salicin

1.9 1.10 111

Figure 1.2 Chemically synthesised aspirin and natural prodabcilin have salicylic
acid as their common active metabolite.

More recently, some natural products have also lgeduced through biosynthetic
engineering. This often involves introducing a gesegjuence from the wild type
organism coding for the synthesis of the metabdatita host organism. Human insulin
is mainly synthesised in modifidd@scherichia coliby pharmaceutical companies, the
traditional alternative being extracting similarsutiin exclusively from animal
pancreas.

Biosynthetic engineering has also been used marently on molecules, for which
biosynthetic genes have been sequenced to genesatedesigner natural product
analogues. This involves genetically modifying teequence responsible for the
synthesis of the metabolite introducing, replaciing, deleting genes to obtain a
modified metabolite. Most of these compounds o&tgnfrom polyketide biosynthesis
and NRPS. Simvastatih.12 an analogue of Lovastatih13 was produced using an
engineered biosynthetic approach by Tang and c&evsrusing a modified strain of
Aspergillus terreus(produced traditionally in a semi synthetic manférhe Nystatin
analoguel.15also obtained in this manner is currently in datitrials and is showing
an improved antifungal activity and lower toxictpmpared to the parent compound
1.14(Figure 1.3.

1.12 R: CH3 Simvastatin 1.14 R;: COOH Ry: single bond Nystatin HO OH

1.13 R:H Lovastatin 1.15 R;: CH;  R,: double bond Nystatin anangueNH2
Figure 1.3 Example of analogues obtained biosynthetically byogngineered

organism.
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Although very promising, producing new analogues; bsing combinatorial
biosynthesis is very time consuming and complicateaking the new analogues fairly
expensive to produce.

An alternative approach which combines chemistrg &mosynthesis is precursor
directed biosynthesis. This usually consists otliieg an exogenous alternative starter
unit to the natural producing microorganism to obt# incorporated, a mixture of the
natural metabolite and the new analogue. Once Ithability of the starter unit is
demonstrated, the yields can be improved by bioesging a modified microorganism,
inhibiting the production of the natural precursanich previously is in competition
with the exogenous one. The alternative startet cem then be fed to the modified
microorganism, obtaining the new analogue in a dmnglield. Some substrates
previously not significantly incorporated by thedviype organism, can be incorporated
by the mutant because of the lack of competiticih Wie natural starter unit.

This procedure entitled ‘mutasynthesis’ was fieparted in 1969.Neomycin B1.19
and C1.20analogues naturally produced 8ireptomyces fradiasere produced in this
manner by Shier and coworkerScheme 1.1’ A mutant strain ofStreptomyces
fradiag, in which the production of the natural precursteoxystreptamine was
abolished, successfully incorporated endogenousydeeptaminel.l16, streptamine
1.17andepistreptamind..18 This resulted in the production of the expectedmycin

B 1.19 and C 1.20 when deoxystreptamin&.16 was fed, but also hydroxylated
analogues1.20 and 1.21 when streptaminel.17 was fed, and diastereomeric
hydroxylated analoguek.23 and 1.24 when epistreptaming.18 was fed. The mutant
strain at the time had been obtained by a randontatron caused by chemical

mutagenesis through the usd\smethylN'-nitro-N-nitrosoguanidine§cheme 1.1

CH,NH,
HO
Rl
HOCH 2
HZNRl NH2
SO Ro
NH» |H N
Starter unit R, Antibiotic R4
1.16 Deoxystreptamine H H 1.19 Neomycin B H CH5NH,
1.16 Deoxystreptamine H H 1.20 Neomycin C CH,NH, H
1.17 Streptamine H OH 1.21 Hybrimicyn A1 H CH5NH,
1.17 Streptamine H OH 1.22 Hybrimicyn A2 CH,NH, H
1.18 Epistreptamine OH H 1.23 Hybrimicyn B1 H CH5NH,
1.18 Epistreptamine OH H 1.24 Hybrimicyn B2 CH,NH, H

Scheme 1.1First precursor directed biosynthesis.
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At this time mutant organisms were obtained usualith mutagenic chemicals or
radiation by random screening. Until the 1990s ysmr directed biosynthesis
combined with mutagenesis was not a common metmthe mutations occurred in a
random manner. More recently the progress of gegaecing technology means that
specific mutations can be made based on known eegsgtherefore the method of
mutasynthesis is more frequently used. The gengsonsible for production of a
precursor can be easily localised and inhibited, the range of synthetic molecules and
methods to produce them have advanced.

Erythromycin D1.31 and analogue$.32 1.33were obtained and reported by John R.
Jacobsen and co-workerScheme 1.2in 1997 using mutasynthe$isThe exogenous
precursors 1.25 1.26 1.27, 1.34 were fed to a modified mutant of the
deoxyerythronolide B synthase enzyme (DEBS) withirdnbited production ofthe
natural precursomM-acetyl cysteamine. Naturally DEBS produces 6-dEB8 an
intermediate to erythromycin D. Exogenous N-aceygteaminel.25was incorporated
producing 6-dEBL.28 Three other alternative starter urit26, 1.27, 1.34ave three
new analogues of 6-dEB29 1.30and1.350ne of whichl.35had an extended lactone
ring from fourteen to a sixteen membered ofeheme 1.2 The two fourteen-
membered lactone analogu229, 1.30and 6-dEB1.28 produced by the modified
DEBS were then fed to an engineered strairs@aécharopolyspora erythre@atural
producer organism of Erythromycin D) in which theguction of 6-dEB was inhibited.
This enabled the glycolisation of the macrocyclgttgomycin D 1.31 and two new

analogued.32and1.33were obtained in this mann&dheme 1.2
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HO =
OH
1.25 R: CH3 1.28 R: CH ; 6-dEB 1.31 R: CH3 Erythromycin D
1.26 R: n-Propyl 1.29 R: n-Propyl O 1.32 R: n-Propyl

1.27 R: Phenyl 1.30 R: Phenyl . 133 R:Phenyl
H OH
OH o] J/N\[( GM DEBS
MS @) "/OH
) "OH
1.34 1.35

Scheme 1.2First reported erythromycin analogues producegregursor directed

biosynthesi$.

Rapamycin1.36 (Scheme 1.8 like erythromycin, is a biologically active naal
product of polyketide origin. It is currently used an immunosuppressive for kidney
transplant patients. Two semi-synthetic derivatiVessirolimus1.37 and Everolimus
1.38 with a modified cyclohexyl moiety have recentlyebeaccepted as an anticancer
treatment $cheme 1.3 Precursor directed biosynthesis produced anakgof
rapamycin with a modified cyclohexyl ring were fireported by Leadlay, Staunton and
coworkers in 1998.Exogenous deuterated synthetic putative startiés Lir89was fed
to the natural producing microorganiSnhygroscopicug/hich led to the production of
deuterated rapamycin analogi&Q in parallel with normal rapamycih.36 (Scheme
1.3). Precursor directed biosynthesis was also usedaike pipecolinate analogues of
rapamycin by Leadlay and coworkers in 198®roline1.41 was fed to wild types.
hygroscopicusand an engineered variant with reduced produatiothe pipecolinyl
acid. In both cases the proline rapamycin analdgé2was produced3cheme 1.3*°
Wild type S. hygroscopicugslemonstrates a level of substrate flexibility. Nied
strains ofS. hygroscopicugyenerated biotica Technology Lig in which production
of the starter unit responsible for the formatidrthe cyclohexyl moiety is inhibited,
have been used for this research. Exogenous stauitsrcan then be fed to the modified
S. hygroscopicum order to create a bigger range of rapamycinogues. The activity
of the new analogues can then be investigated.
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H S. hygroscoplcus

1.42
S. hygroscop|cus
W|Id type wild type

N
H
1.41
Hooc
1.39

1.36 R: H Rapamycin
Semi-synthetic analogue R:

OH

1.37 Temsirolimus R: (@]

1.38 Everolimus  R: ~OH

Scheme 1.3Rapamycin, two semi-synthetic rapamycin analoguesently used for
cancer treatment and two different examples ofypsar directed biosynthetic
analogues obtained with the wild type microorganism

In addition to its anticancer and immunosuppresgreperties, rapamycin shows
promising results for treatment of a whole rangeafditions from autism to tuberous
sclerosis. It was recently reported in Nature tapamycin could extend the life of
mice!* Rapamycin has great therapeutic potential, buag only due to the
perseverance of Sehgal, the researcher who dismbvapamycin, that it was ever

developed.

1.2 The History of Rapamycin

Rapamycin is a secondary metabolite producedStneptomyces hygroscopusn
actinomycete originally discovered in a soil samgfl®apa-Nui (the native name of the
Easter Island}” *® It was first isolated in 1972 by Ayerst Reseatatboratories in

18



Montreal, and its structure was published in 1&7Rapamycin is a 31-membered
macrolactone polyketide featuring a cyclohexyl mpigerived from the shikimic acid
pathway, a pipecolinyl ring and a triene in itaustare. It was first developed for its
antifungal proprietied? but was abandoned when it was shown, that it chasephy

of the thymus and the spleEhAlthough it was dropped as a potent antifungalyas
found to have immunosuppressive and antiprolifegatactivity but this was not
exploited at the time. Dr Suren Sehgal who was @faitte Ayerst team of scientists that
isolated rapamycin, believed it could have antieamroperties and sent a sample to the
National Cancer Institute (NCI). The NCI found titatad a remarkable activity against
solid tumours and it was placed on their priorigy. lIt was the first potential anticancer
agent with cytostatic and not cytotoxic activityfté difficulties by Ayerst to develop
an intravenous formulatiofor clinical trials the rapamycin project was dregpafter
financial restructuration of the company. In 198%erst merged with Wyeth and
changed management. This, combined with the fattRK506, structurally related to
rapamycin, was identified as a potential immunoseggve drug, led to rapamycin
being tested on animals under the direction of Dne8 Sehgal. The results convinced
Wyeth-Ayerst to redevelop rapamycin as an immunpsgsant, and continue
investigating its antitumor and antiproliferativeoperties. In 1999 it was approved as
an anti-rejection drug under the name Rapamunée farticularly used for kidney
transplants as it presents very little nephrotéxic@ompared to cyclosporin A and
FK506, which were generally used previously.

Moreover after a range of semi-synthetic rapamyaimalogues were tested as
inmmunosupressives and potential anticancer agemts,compounds were approved
after clinical trials as anticancer drugs, Temsitom1.37 in 2007, sold as Torisel by
Wyeth and Everolimu4.38in 2009 sold as Afinitor by NovartiS¢heme 1.8 They
are both used more specifically against kidney earteveromilus had previously been
approved as an immunosuppressive for kidney transplunder the name Certican.

2 RAPAMYCIN'S SPECIFIC IMMUNOSUPPRESSIVE
PATHWAY

2.1 Natural Products and Immunosuppression

The natural product cyclosporin A43 produced by the funguBeauveria nivedirst

isolated from a soil sample in Norway revolutionigeansplantationHigure 1.4). It
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allowed successful heart and liver transplantadiod turned kidney transplantation into
a fairly common procedure in spite of its nephritqroperties-> Previously a mixture
of azathioprine and steroids were used for kidmagsplants, but only around 50% of
people would live more than a year. Other trangptéons such as heart or liver were
experimental and would always lead to rejectionhef organ and death of the subject.
Later FK5061.44 also known as Fujimycin produced 8{reptomyces tsukubaensias
isolated from a soil sample in Japdfigire 1.4)." This was found to have similar
activity to cyclosporin in heart and renal transpgaand even had enhanced results in
liver transplant at a lower dosafjeAn ethyl analogue of FK506 named FK52@5
also showed immunosuppressive activity. It was peed byS. hygroscopicusike
rapamycin. FK520 is mainly used for treating dertizatRapamycirnl.36 FK5061.44
and FK5201.45are structurally relatedr{gure 1.4).

HO,,

MeO

In red: common structure
of Rapamycin and FK506 N
binding to FKBP12.

OMe

1.44 FK506, R =CH,-CH=CH
1.45 FK520, R = Et

Cyclosporin A
1.43

Figure 1.4 Main natural products with immunosuppressive\vatgti
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2.2 Comparison between Rapamycin, FK506, Cyclospori n

Immunosuppressive Pathways.

2.2.1 T lymphocyte: the base of the immune response

The T lymphocyte is the most important cell invalvie an immunological response.
Most research on immunosuppressive compoundsdstdad toward establishing the
mechanism of inhibition of the T cell.

In its early stages the T cell travels in the thgrand the glycoprotein antigen receptor
present on its surface either reacts with a sdlfan and will receive an apoptotic
signal resulting in cell death (negative selection)it develops and interacts with a
foreign antigen presented by MHC (major histocorabpgity complex) and will receive

a survival signal (positive selection). The celllwhen migrate to the peripheral lymph
nodes and will be able to initiate an immune respomhen its receptor associates with
a foreign antigen presented by MHC. The immune arese involves a cascade of
intracellular signalling events leading to an aafion and proliferation of T- cells and
other cells also involved in the process and thmdygetion of a variety of effector
molecules like interleukin-2 (IL-2Y° The signalling pathway of the immune response is

not yet fully known in intimate detail.

2.2.2 Differences and similarities in their proteom ic targets and pathway.

A) The proteomic targets

Due to their common structure it was first believieat the immunosuppressive mode of
action of rapamycin and FK506 were similar. Moraovapamycin and FK506
antagonise each others action probably through etitive binding to a common
receptor. Early crystal structures of binary compi’ confirmed that rapamycin shares
the same cellular target as FK506, an immunopljgeptidyl-prolyl isomerase) called
FKBP12 (FK506 binding protein) due to their comnstructure Figure 1.4) whereas
cyclosporin A binds to a different type of immundjhcalled cyclophilint® FKBP12
and cyclophilin are two different enzymes, bothabating the isomerisation aiis and
trans amide bonds of peptide and protein substratéoth rapamycin and FK506
inhibit FKBP12’'s peptidyl-prolyl isomerase activitglthough FKBP12 is inhibited by
both immunosuppressants, FKBP12 was found notreettli implicated in the immune
response. Both molecules were found to inhibitedéht pathways. Although FK506
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and cyclosporin A bind to a different immunophitimeir mode of action is identical,
they both inhibit calcineurin, whereas rapamycihiliits FRAP, also nhamed mTOR
(mammalian target of rapamycitf).FRAP is a serine/threonine protein kinase that
regulates cell growth, cell proliferation, protsynthesis and transcription.

Cyclosporin A binds with cyclophilin and calcineurand FK506 binds with FKBP12
and calcineurin: the formation of both ternary ctemps results in the inhibition of
calcineurin. Calcineurin intervenes in the earbgstof the immune response interfering
with a calcium dependant signalling pathway. Byibiting calcineurin the T cell cycle
is stopped from GO (resting phase of the €&fjure 1.5 to G1 (growth of the cell
synthesising all the enzymes necessary for DNAm@gisFigure 1.5).

Rapamycin binds with FKBP12 and FRAP. The formatainthis ternary complex
results in the inhibition of FRAP. FRAP interveniesthe later stage of the immune
response interfering with a calcium independemalimng pathway. As a result of the
inhibition of FRAP, the cell cycle is stopped fro@l to S (DNA replicatiorFigure

1.5.

G, M
(Gap 2) (mitosis)
Gy
S phase (Gapl)

(DNA replication)
Figure 1.5 Cell cycle diagram

B) The immune response and its inhibition by cyclgorin A, FK506 and

rapamycin.

The binding of the antigen with the T cell receptads to the activation of different
kinases that activate various enzymes by phospditongl them. This results later, in the
production of IR (Inositol trisphosphate). ¥is responsible for the opening of Ta
channels. This leads to an increase in the cytoptaevel of calcium, which activates
calcineurin® FK506 and cyclosporin disrupt the activation dtigeurin.

Activated calcineurin will normally activate NFATijclear factor of activated cells)
by dephosphorylating i#£ NFAT is a transcription factor regulating intefkému 2 (IL-2).
Once dephosphorylated, NFAT translocates into theell nucleus by diffusion and
associates with other transcription factors from A&P1 family in order to transcript
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interleukin-2 (IL-2). IL2 once produced will bina tIL-2 receptors on various cells
including T-lymphocytes. Once IL-2 binds to its gtb factor receptor, a multiprotein
complex called CmTOR1 containing FRAP (also calledor) is activated. If
Rapamycin-FKBP12 is present it will disrupt theieation of the FRAP complex, by
binding to FRAP.

The FRAP complex (CTOR1), once activated, can phogpate the p70 ribosomal
protein S6 kinase (P78) on threonine 389 within its hydrophobic mdfif.?* This
phosphorylation is necessary for its activation. cOnactivated P70% will
phosphorylate a serine residue on the 40S riboseuatalnit S6 protein responsible for
translating certain m RNA’s encoding for ribosonpabteins and elongation factors
which are essential for the cell cycle to progffessy G1 to S Figure 1.6).%

When rapamycin is present this pathway is inhibaed results in the non proliferation

of the T cells and therefore immunosuppression.

TCR
T-cell receptor

1P3
Ca?*——calceuneurin

p7058K +cyclindependent

kinase
FKBP12-FK506

NFAT or Cyp - CsA

FKBP12-
rapamycin

Ca®* dependant Ca?* independant GFR signallling
TCR signalling

G0— -Gl Gl— -5

Figure 1.6 Pathways inhibited by rapamycin, cyclosporin &#$06°
Calcineurin is usually specific to T cells wherdd8AP is a pivotal regulator of cell
growth and proliferation of different types of aelhcluding T cell€? It is present in
many cells from yeast to humans and binds to grdadtors such as IL-2 receptors as
previously seen, IL-3 receptors, platelet-deriveaagh factor, epidermal growth factor,
and insulin receptors. Therefore this confers ramamnot only immunosuppressive
activity but also antifungal and antitumor actiegti as it blocks the proliferation of

various cells. Those cells can be tumour cellseadthy cells, T cells as seen previously
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or fungal cells. Moreover in cancer cells the mEanalling pathway is stimulated,
with in certain cases like breast cancer, an oxpression of p7%".?* More recently
this pathway was shown to be involved in aging. d&aycin extended the life
expectancy of mice living in aseptic conditidns™

The activity of rapamycin is linked to its capacityinhibit FRAP, by binding with it
and with FKBP12. FKBP12 or rapamycin on their owm mbt inhibit FRAP. The
capacity of rapamycin to form this ternary comphath FRAP and FKBP12 is essential

for its immunosuppressive activity.

2.3 The Origin of Rapamycin’s Immunosuppressive Act Ivity:

Structure and Activity of the Ternary Complex.

2.3.1 Crystal structure of the ternary complex comp ared to the binary

complex.

Before rapamycin and the 12 kDa protein FKBP12 Himd~RAP to form a ternary
complex they first bind to each other. Choi and edkers observed from a crystal
structure of the FKBP12-rapamycin binary complexatthhapamycin binds to a
hydrophobic pocket of FKBP12, leaving about 50%itsf surface exposed on the
exterior of the comple®

The FKBP12-rapamycin complex binds to FRAP throagh00 amino acid domdih
called FRB that can be expressed as a 12 kDa soproitein’® The entire FRAP
protein is 289 kDa.

Once the FKBP12-rapamycin-FRB ternary complex whtioed, Choi solved the
crystal structure using a combination of molectitmorphous replacemerffsThe
crystal structure showed that FRB and FKBP12 biodether with rapamycin
occupying two different hydrophobic binding pockstsiwultaneously, one in the FRB
domain and the other in FKBP12. Both binding poskate composed of aromatic
residues. The structure showed extensive interactimetween rapamycin and both
proteins in both binding pockets, but fewer betwtgenproteins themselves.

The ternary complex was described by Choi as ahlgugctangular shape with overall
dimensions of 60 A, 45 A and 35 A. The size of Rl FKBP12 is roughly

equivalent and rapamycin is almost completely lwlbietween both proteins.
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Figure 1.7: Structure of the ternary complex resolved by Gimal coworkers showing

in red the FRB domain, in blue the FKBP12 and ipegrrapamycif®

FKBP12 contains a largesheet composed of five anti- parapettrands pressed
against a short amphipathicelix. Together th@ sheet and helix form the
hydrophobic pocket in which rapamycin binds. THoegs surround and contribute to
the binding pocket; the 40s loop described as gebmlp5,2® the 50s loop linking5 to

a, and the 80s loop connectifig to 3 (Figure 1.7).2° Choi described the structure of
FKBP12-rapamycin in ternary complex as very simitathe one of the binary complex
without rapamycin.

Choi described the structure of the FRB domain RAFP as a bundle of four helices
linked to each other through short underhand caiorec All four helices (ignoring the
first 10 residues oé 3) are about 26 A long, each helix containing leetw 16 to 19
residues. Thel anda2 helices seem almost parallel (interhelical amgl22°), and so
do a3 ando4 (20°). The crossing angle betwegh a2 anda3, o4 ranges from 30° to
60°2° The parallel helices are closer to each other sirav the shortest interhelical
distances. Most of the hydrophobic and aromatiddues are found in the interhelical
regions, and the hydrophilic residues are exposexblvent. Choi determined that the
crossing ofal anda4 formed close to its crossing point a deep crelilmed by six
aromatic side chains constituting the hydropholaicket in which rapamycin binds to
FRB
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in hydrophobic contacts
Figure 1.8 Structure from Choi and coworkers showing thernacttions of rapamycin
with FKBP12 and FRE?®

Rapamycin’s interactions with FKBP12 in the terneoynplex are very similar to those
of the binary complex. The crystal structure showiledt rapamycin has extensive
hydrophobic contacts with aromatic residues of FKBPand establishes five hydrogen
bonds Figure 1.8) with FKBP12. Trp59 forms the base of the bindpugket and is in
contact with the most buried portion of rapamydia pipecolinyl ring. C3C4 and C5
of the pipecolinyl ring are involved in hydrophoboontacts with FKBP12. Other
hydrophobic contacts with FKBP12 involve the metggbups on C29, C31, C35 and
C11. C41 and C42 of the cyclohexyl moiety are aswlved in hydrophobic contacts
with FKBP12 and so is C9. Three of the five hydmodgends involve hydroxyl groups
on C10, C28 and the C40 of the cyclohexyl moietlge Two final hydrogen bonds
concern the double bonded oxygens on C1 and=@@ie 1.8and1.9).%°
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FKBP12
AN
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FRB

FKBP12

Figure 1.9 Rapamycin with regions extensively in hydrophatmotacts with FKBP12
and FRB indicated in blue, and in red atoms invdlvehydrogen bonding with
FKBP12.

Choi observed a slight change in conformation glaraycin in the binary complex
compared to the ternary complex. The triene armsisally planar with the 3 double
bonds conjugated but in the ternary complex thgugation is slightly lost with a
rotation of -15° between C18 and C19 and aboutk#&tveen C20 and C21, allowing
the part of the molecule containing the triene aadgeper in the hydrophobic pocket of
the FRB domain. The most buried part of the mokednlFRB is the methyl group on
C23 that goes into a small crease between a Phetidd8eu 2031 of the FRB domain
(Figure 1.8 and1.9).

Choi believes rapamycin’s macrocyclic loop, which eight carbons longer than
FK506’s macrocycle, and its triene arm, reduce dbeformational flexibility of the
loop. This difference with FK506 is believed toresponsible for rapamycin’s capacity
to bind in a deep pocket of FRB compared to FK%@6 tloes not bind to FRE.
Rapamycin interacts with FRB through close contadgts aromatic residues, and a
series of interactions along the triene arm of magan from C16 to C23, but does not
establish any hydrogen bonds with FRB. The hydrbphdinteractions concern the
methyl of the methoxy group on C16, the methyl grom C23 and the alkenyl groups
on C19, 20, 21, 22 of the triene. Thirty three patoof the solvent accessible surface

area of rapamycin participates in the interactigth the FRB domairi®
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2.3.2 Interactions between both proteins.

Rapamycin has numerous binding interactions wittBPFK2 and FRB but very few
interactions were observed between FKBP12 and FiRBe ternary complex from the
crystal structure. Choi identified two regions dfetcomplex showing interaction
between both proteins the 40s loop of FKBP12 whiho4 helix of FRB, and the 80s
loop of FKBP12 with thexl a2 region of FRB. In the first region Choi found tltae
hydroxyl group of Tyr2105 from FRB and the oxygednLgs47 from FKBP12 make a
short contact. There is also a water-mediated ksadge. In the second region Choi
discovered that the amine group of Arg2042 from FR&kes short contacts with the
hydroxyl group of Thr85 and the oxygen of Gly86F{BP12, and there are two water
mediated interactions. In that same region Cha &tsind that FKBP12's structure
differs from the binary complex in the 80’s loopthva major change around 11e90 with
both side chains and main chain angle deviatings @eviation moves the FKBP12
away from the FRB domain showing a possible repalbietween both proteins.

In order to measure the binding constants and te\metter understanding of the
interactions between FKBP12, FRAP and rapamycinaBaynski’ and coworkers ran
a series of experiments using 3 different phydieahniques: Fluorescence Polarization
Assays, Surface Plasmon Resonance and 3D NMR exgets. Previously the
dissociation constant between rapamycin and FKBRitRbeen measured by Schreiber
and coworkers Kd= 0.2 nif. The binding constants were obtained independersilyg
two different types of methods.
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Figure 1.1Q Rapamycin analogues used in the experiments wdBaski’

Fluorescence Polarization Assays involve the etiaitaof fluorescent molecules, and
the detection of the resulting fluorescence po#ian signals emitted by those
molecules, allowing them to be quantified. The htdayroup on the C40 of rapamycin
was esterified with a fluorescein group. This hygtaon C40 was chosen as it is found
on one of the most distant parts of the molecldenfFRB in the crystal structure of the
tertiary complex. The new rapamycin tracer was rmarkrapamycinl.46 (Figure
1.10. A fixed concentration of Fl-rapamycin was addedvarious concentrations of
FRB, and formation of the Fl-rapamycin FRB compleas quantified by measuring the
increase in polarization. Once FRB was complexedh wkl-rapamycin various
concentrations of rapamycin were introduced in ptdeestablish a competition binding
experiment. The substitution of Fl-rapamycin widpamycin in the binary complex
involving FRB will correspond to a decrease in pdya The results were only partial
because of rapamycin solubility issues. The pada&th was fitted to a mathematical
model, the best fit corresponding to Kd rapamyd®BE 5.2 uM. The same studies
were repeated adding FKBP12 in order to estabhghbinding constant of FKBP12-
rapamycin with FRB. The competition results wereomplete because the fluorescein
group on C40 interferes with the binding to FKBRiIRthe hydroxyl group on C40 of
rapamycin is involved in hydrogen bonding with FKEBPand both methylene groups
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of C41 and C42 are involved in hydrophobic intamatt with FKBP12. However using
another mathematical fit and considering the previcesult Kd rapamycin-FRB= 5.2
UM as a primary dissociation constant, they fousich @econdary dissociation constant
Kd FKBP12rapamycin-FRB= 6.2nM.

In order to validate the method and the mathemidiisathe Kd of FKBP12-rapamycin
had to be measured. This could not be achieved ®ittapamycin as previously
because of the proximity of the fluorescein groapthie cyclohexyl moiety which is
involved in the bonding to FKBP12. A molecule wasthesized which included a
fluorescein moiety spaced from a diketone linkea tpipecolinyl ring (in redigure
1.10 and was named FI-SLE47 (Figure 1.10. The diketone and the pipecolinyl ring
are common to rapamycin and are involved in thelibopto FKBP12. The pipecolinyl
ring as previously reported in the crystal struefuis the most buried portion of
rapamycin in FKBP12. The experiments used FI-SLEampetition with rapamycin to
bind FKBP12. After using their mathematical mode¢ tbest fit was Kd FKBP12-
rapamycin = 0.35nM, this was in the same rangéhassalue previously found in the
literature 0.2 nM®

In order to confirm these results Surface PlasmesoRance (S.P.R.) was used to
establish the different dissociation constants..FS.Pmeasures the adsorption of
molecules and proteins to a surface. The experistanted by immobilizing rapamycin
molecules on separate chips and exposing thenilbovaof FRB measuring the change
in adsorption. In order to immobilize rapamycin @t#-LC moiety was fixed on the
hydroxyl group of C40. Biotin-LC-rapamycii.48 (Figure 1.10 was fixed to a
Neutrividin, which was itself fixed to a chip vianae coupling. The LC part, an
aminohexanoic acid spacer, is there to limit thesgae interactions between FRB and
Neutrividin. After using Bio evaluation software aysis on the results, Banaszynski
and coworkers found that Kd rapamycin-FRB was 268H1M.

In order to measure the affinity of FRB to FKBPIBP12 to rapamycin and
FKBP12-rapamycin to FRB, FKBP12 had to be immobiizon separate chips. A
Glutathione S-transferase-FKBP{QST-FKBP12) fusion protein was fixed to an anti-
GST antibody immobilized on the dextran surfacéhefchip. The interactions between
FRB and FKBP12 were too small to be detected. Afsang the Bio evaluation analysis
software the value of Kd rapamycin-FKBP12 was fotmde 0.27 kDa very similar
value to the previous results. In order to calautae affinity of FRB to the rapamycin-

FKBP12 binary complex, the immobilized FKBP12 wasusated with rapamycin and
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then later exposed to FRB. It was found that KdFKBRpamycin-FRB was 12 + 0.8
nM.

The final set of experiments carried out by Banasky were 3 dimensional NMR
correlating experiments using°C and >N labeled FRB exposed to different
concentrations of rapamycin and FKBP separatelyretaiing those results with the
crystal structuré§ suggested that Van der Vals interactions existvéen rapamycin
and FRB as a binary complex and confirmed thatritezactions between both proteins
without rapamycin were minimal.

Both Fluorescence Polarization Assays and Surfdasntdn Resonance show very
similar results on the binding of FKBP12 to rapamywhich is close to the previous
literature valué® suggesting that they are reliable methods forbéisting binding
constants. Banaszynski found that FRB binds tomgpan but the affinity is too small
for them to bind in physiological conditions. Frothe NMR experiments they
established that stabilizing Van der Waals inteoast between both FRB and
rapamycin existed. In the first experiment FRB wmsind to rapamycin-FKBP12
roughly a thousand fold more than with just rapamyan its own and the second
experiment demonstrated a 2000 fold increase idifg The second experiment also
showed that the interactions between FRB and FKB®itBout rapamycin were
negligible and this was confirmed by the NMR expemts. Banaszynski concluded
that this 1000 to 2000 increase in binding of rapamwith FKBP12 to FRB compared
to rapamycin on its own with FRB suggests stroadpiizing interactions between both
proteins in the ternary complex. Although Choi aotvorkers from the crystal structure
of the ternary complex had only found 2 zones tdractions between both proteins in
the ternary complex and found some possible repndsiBanaszynski’'s experiments
suggest many more stabilizing interactions thantatdé&zing ones between both

proteins in the tertiary complex.

2.3.3 Chemical modification on rapamycin and conseq uences on its
binding and activity.

Sedrani, Kallen and coworkéfamethylated the hydroxyl group on C28 of rapamycin.
They ran competitive binding assays betweenO28ethylrapamycin1.49 and
rapamycinl1.36 (Figure 1.11) toward FKBP12, and were surprised to find tha th
binding of the new analogue to FKBP12 had not $icgmtly reduced compared to
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rapamycin. The hydroxyl on C28 of rapamycin is liguavolved in hydrogen bonding
with Glu54 of FKBP12 Figure 1.8). Kallen expected that the potential loss of aste
one of the 5 hydrogen bonds involved between rapamgnd FKBP12 and the sterics
of the methyl group in proximity to FKBP12 wouldedt the binding in a more severe
manner. 289-Methylrapamycin 1.49 was then tested for its immunosuppressive
activity. It was found to be reduced of a 1000 fotanpared to rapamycin, although the
binding was hardly affected. A crystal structuretlod new analogue bound to FKBP12
was then obtained and compared to the crystaltaneiof the binary complex FKBP12-
rapamycin. Sedrani found that the conformation ke thethoxy group on C40 had
hardly changed compared to the previous hydroxyugrof rapamycin. The rest of the
macrocycle was also unchanged except for the atient of the cyclohexyl moiety.
Two hydrogen bonds involving hydroxyl groups in aapycin disappeared because of
the C28 hydroxyl becoming a methoxy and the difier@rientation of the cyclohexyl
moiety including the hydroxyl group on C40 that aléy establishes a hydrogen bond
with GIn 53 of FKBP12. The loss of hydrogen bondwith the methoxy group on C28
was expected as it was previously a hydroxyl grduy,the loss of hydrogen bonding
of the hydroxyl group on C40 and the shift in ota&ion of the cyclohexyl moiety was
not expected. Sedrani had two possible explanafimnghe loss in activity. The first
was due to an unfavourable steric interaction efdyclohexyl ring, in its new position
with FRAP. The alternative one was that the cyckghenoiety and possibly the ethyl
side chain could play a functional role in targetagnition, making it part of the
effector domain.

In order to discriminate between the two hypotheSedrani oxidatively cleaved the
cyclohexyl moiety of rapamycinF{gure 1.11).3° Hydroxyls at position 28 and 40 of
rapamycinl.36 were first silylated, the 4@-triethylsilyl protecting group was then
selectively removed and the resulting free hydroxgk oxidised to the ketone using a
Swern oxidation, then oxidised to the lactone-dcébmough a Baeyer-Villiger
oxidation. The ring was then cleaved by mild acillidrolysis leading to the acid-
aldehyde. The acid was then esterified, and thehalte selectively reduced and finally
the triethylsilyl protecting group of the hydroxyl position 28 was removed resulting

in the cleaved rapamycih50(Figure 1.11).%°
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1.36 rapamycin (R=H) 1.50 Cleaved rapamycin
1.49 28-O-methylrapamycin (R=CHs)

In red part of the molecule involved in major
conformational changes when 28-O-methylrapamycin
binds to FKBP12

Figure 1.11 28-O-Methylrapamycin, rapamycin and oxidativelgaved rapamycin.

The cleaved rapamycih.50 was found to have a 6-fold loss in binding withBHKL2
compared to rapamycin, but its immunosuppressive@igcwas reduced by 380 fold.
This loss of activity could be due to the decreaaéfthity between the FKBP12-
rapamycin complex and FRAP. This loss of affinignnot be explained by steric
factors. The new cleaved cyclohexyl ring is not enbindering than the cyclohexyl
moiety. Sedrani deduced from the crystal structidrde tertiary complex, by Choi that
the cleaved cyclohexyl moiety should fit betweerBIFK2 and FRB without disturbing
the formation of the ternary complex. The most pible explanation is that part of the
cyclohexyl ring is necessary to bind strongly erfotg FKBP12 so that it can strongly
bind to the FRB domain and inhibit FRAP. The effigeof rapamycin in binding
proteins FKBP12 and FRAP is postulated to be linked the compounds
immunosuppressive activity. Sedrani postulated thatcyclohexyl moiety is probably
part of the effector domain. The hydroxyl group @40 of rapamycin is involved in
hydrogen bonding with GIn 53 of FKBP12 and both mylgne groups of C41 and C42
are involved in hydrophobic interactions with FKER1
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3 BIOSYNTHESIS OF RAPAMYCIN

3.1 Starter Unit of the Polyketide Synthesis

3.1.1 The shikimic acid pathway

The main structure of the rapamycin macrocycliogris derived from polyketide
biosynthesis, using as a starter uni®,(8R)-4,5-Dihydroxy-cyclohex-1-enecarboxylic
acid derived from the shikimic acid pathway.

In the first step catalysed by 3-deoRyarabino-heptulosonate-7-phosphate (DAHP)
synthase, phosphoenol pyruvdi&l reacts with erythrose-4-phosphate sub&d to
produce 3-deoxy-arabino-heptulosonate-7-phosphate DAHPBS5 (Scheme 1.3
Isotopically labelled enol pyruvate experiments i¢ated that the P-O bond of
phosphoenol pyruvaté.51 is first substituted by a C-O bond before beingackd
(Scheme 1.3 * The enzyme, through a carboxylic group, performsueleophilic
addition on the most substituted part of the doudaed to produce intermediate52

Then the phosphate group eliminates to form thgreezassociated oxiacrylaie53.
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Scheme 1.4Shikimic acid biosynthesf¥.
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In the second step DAHP.55 dephosphorylates to intermedidi®6 and then cyclises
to 3- dehydroquinaté&.57. Knowles suggested a mechanism for step 2 invglidAHP
1.55in its hemi-ketal form $cheme 1.5%" 3 In this mechanism one of the hydroxyl
group’s of hemi-ketal .55is oxidised to keton&.60 by NAD". The phosphate ih.60
acts as an internal base and abstracts the protaheocarbon in alpha of the ring
oxygen (L.61), facilitating the elimination of the phosphat®gp 1.62). The ketone of
1.62is reduced back to the alcohollh63by NADH. After a base deprotonation of the
alcohol on the carbon in between the double borttithe carboxylate group, the ring

opens 1.64), and rearranges to form 3-dehydroquinkte?’ after cyclisation $cheme

1.9.

>

DAHP
1.55
HQ
) OH
0,03 0N, o
OH
1.55
HO O
_ o  NADH HQ
, —  0L=<G "0,C\ -0
A .0 OH
164 § H 163 162
“ CO,
HO O 2
'OZCWH %
N
@z 0 N
. 1.64 BH

1.57 1.57

Scheme 1.5Plausible mechanism betwek®5and1.57 proposed by Knowle¥: 3
The third step transforms 3-dehydroquinatg?7 into 3-dehydroshikimat#&.58through a

syn elimination of water. The suggested mechanignvian (Schemel.6) starts with

the condensation of 3-dehydroquin&tb7by an enzyme forming the imirie65
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OH ENZz- NH2 HNJ HN* OH

1.57 ENZ 1.65 ENZ | 1.66
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ﬁ)\ _-ENZ-NH, /@\

1.58 ENZ 167

Scheme 1.6Suggested mechanism for the syn elimination démiay Manrn- 34

A base-mediated deprotonation of the proton alghdahe imine, is followed by a
rearrangement to forrh.66 followed by the elimination of a hydroxide to forl.67.
Finally the enzyme is hydrolysed and 3-dehydroshdie 1.58 is obtained $cheme
1.6). The final step is the reduction of the keton&-afehydroshikimate into the alcohol
yielding shikimic acid in its carboxylate forin59(Scheme 1.1

3.1.2 Route from shikimic acid to the determination of the true starter unit

The shikimic acid pathway has been well definedki8fic acid can undergo various
biosynthetic conversions into aromatic amino acasd secondary metabolites.
Previously Floss and coworkéts had investigated the biosynthesis of the
cyclohexanecarboxylic acid starter unitwfcyclohexyl fatty acids irAlicyclobacillus
acidocaldariuswhich isalsoderived from shikimic acid. The first step of tharser unit
from shikimic acid toward cyclohexanecarboxylicdagvas identified as the first step
toward rapamycin’s starter urift.After isotopic incorporating experiments Reynolds
and coworkers identified the rest of the pathwaglieg to the starter unit of rapamycin
and FK506* This was confirmed by further isotopic incorponatiexperiments led by
Leadlay, Staunton and coworkers the stereochemidtthe mechanism was defined
(Scheme 1.y %
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Polyketide synthey(
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HO/, ~ HO/,, HO/, HO/,
IO O Wi O
HO CO,H HO COH HO CO,H HO CO,H

1.68 1.69 1.70 1.71
Shikimic acid
a: Stereospecific 1,4 anti-elimination of watesyn reduction of the double bond and isomerisatifon

the remaining double bond from and an anti redaatiaeduction of the final double bond.

Scheme 1.7Biosynthetic pathway to DHCHC1 in FK520 and rapamyciff.

The first stefa is the 1,4 anti- conjugate elimination of watemfr shikimic acidl.68to
yield 3,4-dihydroxy-cyclohexa-1,5-dienecarboxylic adid9 this is followed by the
syn reduction of the double bond and a suprafdgc@allylic rearrangement to yield
4,5-dihydroxy-cyclohex-1-enecarboxylic acid7Q Finally an anti reduction of the
conjugated double bond was established to vyieldR (13R, 4R)-3,4-
dihydroxycyclohexanecarboxylic acid71(Scheme 1.Y.

Leadlay, Staunton and coworkers defined the stberocstry of the mechanism
involved in stepa (Scheme 1.Y by feeding stereospecifically deuterated shikiacod
1.72and1.73 (Figure 1.12)No deuterated rapamycin was produced by feedig
but deuterated rapamycin was obtained whef8 was fed, proving that the prig
proton eliminates in anti.

In order to determine which of these molecules Wasoriginal starter unit, feeding
experiments of deuterated labelled compounds wisecarried by Leadlay, Staunton
and coworkers on 1.68 1.69 1.70 and 1.71 (Scheme 1.y deuterated analogues
respectively namedl.73 1.74 1.75and1.76 (Figure 1.12. They were synthesised and
fed separately t5. hygroscopicu®: ** 3° The specific incorporation o1.73 was
measured at 25%.,.7479%,1.7587%, andl.76 52%.1.75was the most incorporated

and1.70could be the true starter unit.
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Figure 1.12 Deuterated molecules incorporated and competéigeriments in

Streptomyces hygroscopicus.

From the previous results and the structure ofmgean only1.700r 1.71can be the true
starter unit for the rapamycin polyketide synthesiorder confirm that.70is the starter
unit, 1.70and1.71 were incorporated in competition, in cross experita betweend.75
and1.7]1, and1l.76 and1.70for different concentrations-{gure 1.12. Experiments tend
to show thatl.70 has higher incorporation levels tharv1 for identical conditions and
that 1.70 even at small concentrations compared 1t@6, strongly inhibits the
incorporation ofl.76 The incorporation ol.75was not inhibited by the presence of a
four times more concentrated solutionlofl 4, 5-Dihydroxy-cyclohex-1-enecarboxylic
acid 1.70is the true starter unit. The observation th&3 1.69 1.70and1.71 can be
directly incorporated using wild tyf®. hygroscopicuseems to indicate a broad substrate
specificity that would allow the production of rapgcin analogues by feeding different

starter units.

3.2 The Polyketide Biosynthesis

3.2.1 Common elements between fatty acid biosynthes is and PKS Type 1,
2,3

Fatty acid biosynthesis and polyketide biosynthesige strong homologié8 they are
both used by nature for chain extension, and hagenamon group of precursors and
catalytical domains that are used for chain assgmbl

All fatty acid synthases have the same set of ylitatlomains: the ketosynthase (KS),
acyl carrier protein (ACP), ketoreductase (KR),\akhtase (DH), enoyl reductase (ER),
thioesterase (TE) and a malonyl-acetyl transfeflsl#eT). *° MAT is the only domain that
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is not common to polyketide synthase (PKS). Inst&d8 has an acyl transferase (AT) in
order to transfer various acyl units usually fromeanodule to another. It also has CoA
ligase (Col) in order to load the starter unit. €ary to fatty acid synthase not all those
modules are involved in all PKS, and are not alw@yshe same protein. PKS have been
classified into three groups PKS I, Il and 1.

PKS | are single large multifunctional enzymes argad into modules and are ACP
dependant. Each module is responsible for chaimgalion. PKS | has been subdivided
in modular PKS | and iterative PKS I. In modular $K all the modules are used
successively only once. The number of chain exteissis equal to the number of
modules making the biosynthesis potentially prediiet. Iterative PKS | only has one
module repetitively used, but the chain extensihaan vary and not all the domains are
reused for each chain extension making it diffi¢altpredict. PKS Il are multienzyme
complexes, each enzyme only corresponding to ormeantoused repetitively or not. PKS
Il are also ACP-dependent. PKS Il are single rfurlitional enzymes with multiple
modules, repetitively used but does not use AR itycle.

Modular PKS | due to their non iterative mechantmumid more complex structures, than

the other iterative PKS. Rapamycin results from ohadPKS I.

3.2.2 Rapamycin’s PKS

The extension cycles of rapamycin are similar ttyfacid synthesis. The first module of
the rapamycin PKS once the starter unit is loadedery similar to the fatty acid first
extension cycle.

Fatty acids are built from LQunits by repeated head to tail linkage, until airchat
required length is assembl&dA starter acyl on a KS domain77is condensed with a
malonyl unit on an ACR..78in a similar fashion to a Claisen condensat®cheme 1.8
The ACP-malonyll.78goes through a decarboxylation and condenseseocativonyl of
KS-acyl 1.77, resultingin the transfer of the acyl group from KS to the ACRin1.79
(Scheme 1.8 The resulting beta ketoesterl¥9is then reduced to the hydroxyl group
of 1.80through a keto reductase domain (KR), using NAGRH cofactor. Catalysed by
a DH domain the new hydroxyl group dehydratesaBdis obtained. Finally the double
bond of1.81, resulting from the dehydration, is reduced by & uUsing NADPH as a
cofactor. The resulting chain df.82 is then 2 carbons longer than the origital7

(scheme 1.8

39



-C KR DH
R T T ONADPH T o He0 T
~9
O) R

1.77 1.78 1.79 1.80 181 H 1.82

®
~(®)

®

6
o)
®
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Scheme 1.8Similarities between first extension cycle of th#y synthase and the first

cycle of chain extension catalysed by module Japamycin's polyketide synthesis.

The differences between the first extension cydiebath fatty acid synthesis and
polyketide synthesis of rapamycin are the starntétswand the extension unitSgheme
1.8). The starter unit of rapamycin being the dihygayclohexyl moiety and the
extender unit identified as methyl malonggeheme 1.8

Isotopic labelled acetate and propionate units i@dleto S. hygroscopicuby Demain
and co-worker&' The experiment identified that during the PKS assemblyamycin
incorporates seven acetate and seven propionateinriis structureRigure 1.13.4% 4
The 7 Propionate (P) and 7 acetate (A) units arerporated in this sequence (A): P-A-P-
P-A-P-P-A-A-P- A-A-P-A.

OMe

HO,,

MeO

_/ propionate N

— acetate

Figure 1.13 Acetate and propionate units incorporated in ragan‘s/ structure.

Propionate and acetate units are first carboxyl&debrm the more reactive malonyl

and methyl malonyl CoA derivatives.
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In order to achieve the carboxylation of acetatd propionate, both first associate to

coenzyme A (CoA) in an ATP dependant react®cheme 1.9%

ATP  AMR+PPi

o} u 0
X + CoA X
OH SCoA

HH HH
O

Rapamycin extension unit X= H or CH; o- IID o- FI> 0O
I} I} N
N S 5 ><'\ﬂ/ \/\[( V\SH

CoA:

|
HO OFI’O

o
Scheme 1.9Reaction between the carboxylic acid and CoA.

Once associated with CoA the starter units candmbozylated through a carboxylase
enzyme (acetyl-CoA carboxylase or propionyl-CoAbcaiylase). Those enzymes are
biotin-dependant, and have two catalytic activitiesiotin carboxylase and
carboxyltransferase. The first uses a carbongbeaduce CQ@ and biotin in order to trap
it as a carbamate. A pyruvate group from ATP i ats/olved in the mechanism
(Scheme 1.1p

_ADP
CO (0]
|
=P-0 0=P-0 o ?
O o ! I 0=P-0
o S c &
ey 22— S
o T g ?
He N H-N" “NH ~L
N” “NH H4  NH
- (e o] L
; CONHBiotin
s~ ~(CH,)sCONHBiotin o S o( Has g~ (CH2)sCONHBiotin
\ 3
B N )
“N” NH 0 X
U\ F N7 NH
IS (CH2)5CONHBIOtIn (O
&~ ~(CH,)sCONHBiotin

Biotin Carboxylase

Scheme 1.10Biotin carboxylase trapping G@rom carbonaté’

The second catalytic role is as a carboxyltranséerdhe carboxylated biotin releases
CO, and acts as a base with the acyl-CoA allowingoitcondense on the GO
transforming acetyl-CoA into malonyl-CoA and prapyCoA into methylmalonyl-CoA
(Scheme 1.1}l These substrates undergo decarboxylative coatienanediated by the
PKS.
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Scheme 1.11Carboxyltransferase releasing £&hd carboxylating the acetylCoA

The organization of the biosynthetic gene cluster fapamycin in Streptomyces
hygroscopicuswas determined by Leadlay, Staunton and cowofRefhe different
domains identified in the rapamycin PKS are CoAudig (CoL), enoyl reductase (ER),
acyl carrier protein (ACP), ketosynthase (KS), kedoictase (KR), dehydratase (DH),
and acyltransferase (AT). No thioesterase (TEni®lved. In total fourteen modules
were identified. Each module contains three domeagsiired to catalyse one cycle of
chain extension KS, AT, ACP, as well as a variaeleof the other 4 domains.

The structural genes responsible for rapamycinkaige synthase are a cluster formed
by three very large open reading frames encodiagrhlti enzymes RAPS 1 (900 kDa, 4
modules), RAPS 2 (1.07 MDa, 6 modules) and RAP&8 kDa, 4 modules). In total the
three proteins contain 70 catalytic functions, mgkihis one of the most complex

multienzyme systems identified in natufégure 1.14.%°
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Figure 1.14 Domain organisation of PKS by Wiseman and Stauffto
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The domain in grey ifrigure 1.14,DH, ER, KR in module 3, and DH and KR in module
6 all appear to be active but do not intervenéhergolyketide chain synthesis. Staunton
suggested a possibility that these sites are iegbla a later oxidation of the molecule
after the macrocycle has form&Before the first extensionapA encodes for 3 domains
CoL (CoA-ligase), ER and ACP. These load the gstartet and probably reduce the
double bond of the starter ufiftAs it has been previously established by Leadlay,
Staunton and coworkéfsthe true starter unit still had a double bond.t#¢ end of

module 14 the pipecolic ring is still not featuredhe structure.

3.3 The Pipecolic Ring

Leadlay and coworket3produced a modifie8. hygroscopicustrain suppressing a gene
namedrapL L-lysine Cyclodeaminase, believed to be respoedinl the formation of the
pipecolic ring in rapamycin. The production levefsapamycin were very low, but once
exogenous pipecolic acid was fed the productioelsewent back to wild type levels.
This experiment demonstrates that pipecolic acttiesprecursor of the pipecolic ring in
rapamycin, and thaapL is responsible for the synthesis of pipecolic A8id

Paiva and coworkers fed exclusively isotopicallpelded L*“C-lysine and D,L*H-
pipecolate in separate experimentStdiygroscopicusultivated in medium deprived of
natural lysiné”® They observed the production of isotopically [&#zbrapamycin in both
cases, proving that pipecolic acid is the originhaf pipecolic ring in rapamycin and that
lysine is the precursor of pipecolic acid in theamycin biosynthesis.

Walsh and coworkers later expressapl coding for L-lysine Cyclodeaminasekn col.
Walsh observed lower levels of NAIN the overexpressedplL compared to the normal
levels in rapamycin biosynthe$fsin order to understand the mechanism of the fdomat
of pipecolic acid from lysine Walsh fed differegpes of isotopically®N and?H labeled
lysines, with extra NAD to L-lysine Cyclodeaminase in separate experimértbeled
lysines1.83 1.84and1.85were fed and the corresponding pipecolic ati@§ 1.87 and
1.88were obtainedScheme 1.1p
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In blue **N nitrogen and in red deuterium 2H

Scheme 1.12Feeding experiments by Walsh and coworkers.

The results indicated that the nitrogen presenthening of pipecolic acid originates from
the amine on the-carbon of L-lysine. The stereochemistry on dhearbon was retained.

Walsh proposed the mechanism bel@shieme 1.18*

NH
2 NAD* NADD NADD
Li “NHs
NH, — °»
N cooH COOH H COOH
HZN [i)COOH

Scheme 1.13Mechanism proposed by Walsh merging the resfilisedabelled

incorporation experimenf§: *’

The amine performs a nucleophilic attack on théaaw to the carboxylic acid assisted
by the oxidation by NAD resulting in cyclisation. The amine group elimastas
ammonia assisted by the ring nitrogen. The doubledhs finally reduced by NADH
restoring the hydrogen and tlseconfiguration on the carbom to the carboxylic acid
(Scheme 1.12and1.13.

3.4 The Assembling of the Macrocycle and the End of  the
Biosynthesis of Rapamycin.

Within the polyketide synthase genes is a genedepP, this has sequence similarities
with non ribosomal polypeptide biosynthe$is*® It codes for a protein called pipecolate-
incorporating enzyme (PIE). PIE is believed to lgatathe formation of ester and amide
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bonds to pipecolic acid. The pipecolic acid firss@ciates with PIE through a thioester
bond. The amine group on the pipecolic rindL.&3 attacks the carbonyl of the thioester
linking the polyketide structure to PKS module L84 releasing module 14 and linking
the polyketide structure to the pipecolic thioeditgted to PIE obtainind..85 Next the
terminal hydroxy group attacks the thioegteform the macrolidé.86 releasing it from

PIE Scheme 1.14%

-H*

1.85

-PIE-SH

1.86

Scheme 1.14Formation of macrocyclic structure of rapamy&in.
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In the macrolacton&.86the hydroxyl on carbon 14 attacks the ketone onaral0

forming a 6 membered lactone.

1.86 Prerapamycin 1.87

Oxidations
+ Methylations

OMe =

HO,,

MeQO" 39 Y “,

Rapamycin 1.36

Scheme 1.15Final steps of the biosynthesis of rapamycin.

This molecule1.87 is called prerapamycin and was first isolated bgadlay and
coworkers $cheme 1.15* They first produced a modifiestrain of S. hygroscopicus
named MG-210 with the regiaaplJKLMNOQ of the rapamycin cluster, which encode
the processing genes, removed using a double recatidn strategy.

At first no rapamycin related compound was produ&dhygroscopicus1G2—-10 was
then independently complemented with full-lengtpies of each of the genes which had
been removed using integrative expression plasfidiee only productive strain was
found wherrapK was reintroduced leading to the production ofggamycin. The strain

was name@. hygroscopicuslRRL5491.
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Black+ blue + red: Rapamycin 1.36
Black+ red: 16-O-desmethyl-27-desmethoxyrapamycin 1.88
Black: Prerapamycin 1.87

Figure 1.15 16-O-desmethyl-27-desmethoxyrapamycin, prerapamycinrapamycin.

Sheridan and coworkers discovered th&t hygroscopicusMG-210 produced
prerapamycin if the exogenous starter anitl was fed cheme 1.16 Sheridan deduced
thatrapK was responsible for the biosynthesis of the shikawid derivative starter unit.
Previously Reeves and cowork®produced 183-desmethyl-27-desmethoxyrapamycin
1.88 using a strain of. hygroscopicusvith rapQONML genes knocked out, feeding
pipecolic acid because of the lackrapL (Figure 1.15. They identified thatapJ and
rapN coded for two cytochrome P450 monooxygenases negge for oxidation of C27
and C9.Rapl, rapMandrapQ code for thre®-methyl transferases, probably responsible
for the methylation of the hydroxyl groups on C82,7 and C16.

Sheridan and coworkers later assigned each*yesiieg MG-210, first complementing it
with rapK and rapL allowing the production of prerapamycin, and thetroducing
separatelyap |, J, M, [N, O], Qand analysing individually their production by 3NMR
and MS.RapNandrapO were always associated &pO andrapN are translationally
fused. RapO codes for a ferridoxin that supports electron dfanto the cytochrome
encoded byapN.**

The genes were also sometimes reintroduced twavbyrt order to confirm the results.
Twenty four analogues were obtained in this mamamer structurally elucidated by MS
and NMR. In order to verify the results the genesenseparately expressed3nlividans
TK24 feeding the appropriate previous analoguesevied in order to confirm their
function. Sheridan proposed thapl first O-methylates the hydroxyl on C39. Nea=ipJ
introduces the keto group on CBRapM O-methylates the hydroxyl on C1l&apN
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hydroxylates C27 in collaboration witapQ. Finally rapQ O-methylates the hydroxyl on

C27, forming rapamycin.

Sheridan and coworkerBiptica Technology Lidalso found that different types of
substrates were incorporated by MG-230bstrate4.71, 1.89 1.9Q 1.9], 1.92and1.93
were then fed and different prerapamycin analoguesse obtained, showing high
substrate flexibly compared to the wild ty[@clieme 1.16 Sheridan also observed that
some of the starter units89 1.9Q 1.92and1.93had been hydroxylated during the

process$cheme 1.16

Starter units cyclohexyl moiety R of prerapamycin analogue

HO,,, HO,,,

HO COOH HO

i
|
3

HO,,

COOH

0
|
O

COOH HO

|
e

COOH

(@)
| =
'@i >©§>
= o

low levels of incorporation

Q\ HO\Q“»
COOH
1.92
, hydroxylated
from the mass spectrometer
COzH structure not fully elucidated
1.93 low levels of incorporation

Scheme 1.16Alternative starter units that were successfultylbg Biotica Technology
Ltd.*

No hydroxylation was obtained for tetrahydnd-pyran-4-carboxylic acid1.91
Previously the norbornane moiety93 had not been incorporated 8y hygroscopicus
wild type. The removal of competition allows greatsubstrate flexibility. S.
hygroscopicusMG-210 can potentially produce a whole new rangeragamycin
49



analogues by feeding new starter units and alsoebyroducing some genes, both

techniques can be combined.

In order to have a better understanding about tygrolylation process and the
importance of the hydroxyl group for incorporatistarter units with hydroxyl groups in
different positions were fed t8. hygroscopicust-Hydroxycyclohexanecarboxylic acid
1.94 3-hydroxycyclohexanecarboxylic acldd5 2-hydroxycyclohexanecarboxylic acid
1.96 3-hydroxycyclohex-1-enecarboxylic acld97 was fed toS. hygroscopicuMG-
210 Gcheme 1.1y

~ AH
HOOCOZH AR

S. hygroscopicus

1.94 MG-210 B,
A: OH
COzH B: H A "y
HO 1.95 S. hygroscopicus
MG-210
COH — No
incorporation
1.96 OH S. hygroscopicus
MG-210
___~ AOH
CO-H B H
S. hygroscopicus
HO 1.97 VG210

Scheme 1.17Hydroxylated starter units fed & hygroscopicuslG-210 and produced

prerapamycing?

4 AIMS OF THE PROJECT

The cleavage of the cyclohexyl moiety of rapamydig Sedrani and workers
corresponded with a slight loss in binding with FKE combined to a huge loss of
activity in the inhibition of FRAP, and therefore lass in its immunosuppressive
activity. > This suggests that the cyclohexyl moiety of rapeimys part of the effector
domain. The crystal structure of the ternary complg Choi and coworkers indicate that
a crucial hydrogen bond is established between ZLwibFKBP12 and the hydroxyl
group on C40. This hydrogen bond is believed to dvacial to rapamycin’s
immunosuppressive activity. A fluorine carbon b@hdB9 A) is isosteric to a hydroxyl

50



group (1.43 A), but fluorine is only a hydrogen bond acceptampared to a hydroxyl
group that is also a donor. By replacing the hygdrgxoup by fluorine this could provide
clues as to the origin of rapamycin’'s immunosuppwes activity. The presence of
fluorine could also possibly enhance rapamycints/iy.

Around 20 to 25% of pharmaceutical drugs contamerfhe in their structure, the most
famous being Prozac.Although fluorine is the most abundant of halogensearth only
thirteen fluorinated natural products have beefaisd out of more than 3000 isolated
halogenated natural produtand only one enzyme with the capacity to fluoenhas
been isolated: a fluorinase fraBireptomyces cattleya Out of those thirteen fluorinated
compounds 8 are-fluorinated homologues of long chain fatty acididaives found as
co-metabolites in the seeds of the same pfa@inly six original fluorinated natural

compounds have been isolated without the eight fmgues Figure 1.16.>*

(@] (@] OH HO,C OH
Hko_ H{ K'\(co2 HOzCQ‘\/CC)z
F F F o NHg' F

Fluoroacetate Fluoroacetone 4-Fluorothreonine Fluorocitrate
NH,
N N
<1 )
o) N™ °N
HZN\g/O
I @)
(0] e U U U P U e o)
F F
OH OH
Nucleocidin w-fluorooleic acid

Figure 1.16 Main fluorinated natural products.

The hydroxyl group of rapamycin on carbon 40 cduddsubstituted with a fluorine, but
the fluorine can also be placed in other positiareund the ring creating a range of
fluorinated rapamycins that could be tested foivagtand could result in a better
understanding of its mechanism.

There are potentially four routes available throughich to access fluorinated
analogues of rapamycin. The first one is to fluatnrapamycin chemically. Rapamycin
is fairly acid and base labile and attempts towgirdct fluorination have been reported
as unsuccessful. The second solution is total sgigh Five total syntheses of
rapamycin have been published so far: Nicoladl'Schreiber's’ Danyshefsky's®
Smith’s®® and more recently Ley®. Nicolaou was the first to successfully synthesise
rapamycin. His retrosynthetic analysis of rapamyansists of assembling five main
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blocks Scheme 1.1B Block A and B were first assembled then E, tBeand finally C
(Scheme 1.18

TBDPSO,,.

TBDPSO,,

MeO

a. Swern Oxidation
b. HF.pyridine
¢ Swern Oxidation
d HF, CH3;CN

Scheme 1.18Nicolaou’s Retrosynthetic analysis of rapamyaial ghe final steps of his

synthesig?

The last 2 steps of Nicolaou’s synthesSelfeme 1.1Binclude first a deprotection step

followed by a Stille reaction integrating block @g closing the molecule obtaining
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rapamycin. Nicolaou’s synthesis is over 40 stepwgyldSteven Ley’s synthesis is the
most recent total synthesis of rapamycin to havenbeompleted and is less linear
(Scheme 1% Ley’s reported retrosynthesis bellow containagments. Fragment B

and C were first assembled, then A was added, &)ethen D, then E and finally F at
the same time as a catechol moiety is introduced.

f e TBSOIJO\/'\4
-28
OH (0] 2

29 Br
MeO

O OPMB OPMB

R 8 : 22
OMe
R: H or NOMeMe
21 C
CHl;
D

OMe =

a) LIHMDS, THF, -78 to -20<C, 78%; b) [Pd(PPh 3),], dimedone, THF, RT, 80%;
c¢) PhiI(OAc),, MeCN/H,0 (10:1), 0C; d) DMP, Py, CH ,Cl,, RT, 61% over 2 steps;
e) HF-Py, THF, 50C, 61%. DMP=Dess—Martin periodinane

Scheme 19Ley’s retrosynthesis of rapamycin and final stephis synthesi&

In the final steps of Ley’s synthesis the introdiicatechol group is used to achieve a
remarkable and original ring-closure. The cateclooice introduced, formed a
macrocycle through both his alcohol groups linkiregpectively carbon 9 and 10
(Scheme 1% Then using a base C9 is deprotonated and attatRsring closing the
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main frame of the rapamycin macrocycle expelling ¢latechol out of the macrocycle.
Although very interesting synthetic methodology baen developed, the syntheses are
very complex and fairly long: both Ley's and Nicoles total synthesis are over 40
steps long and would have to be modified in oradeintroduce fluorine. The third
method would be to introduce fluorinase enzymes the biosynthesis of rapamycin
specifically to introduce fluorine in the wantedsgmn, but this challenge is not
realistic. Only one fluorinase enzyme is availadohel has a narrow substrate specificity
for Sadenosyl methionine and its close analogti@e final method, the one used in
this project, is mutasynthesis. This is the feedifhg range of fluorinated starter units to
a modified Streptomyces hygroscopicuacking therapK gene responsible for the
production of the shikimic acid derivative startemt. The fluorinated starter units will
then not be in competition with the natural startarits and can have a better
incorporation. The incorporation rates of the statnits will give us some indications
on the rules of incorporation d. hygroscopicusThe Goss group had previously
produced a fluorinated analogue of erythromycimggrecursor directed biosynthesis
feeding potassium 4-fluorobutyrate to a modifi&hkccharopolyspora erythraea
ERMD1 strain Scheme 1.2p%

o HiCO &

H
\)J\OK — R:CH,CH3 Erythromycin A
o]

NJ\OK R:(CH,)3F 16-Fluoroerythromycin A

F
Scheme 1.20Production of fluorinated erythromycin by Gossl aoworkers using

precursor directed biosynthesis.

A range of alternative fluorinated starter unitslagous to the previous incorporated 6
membered rings will be synthesised and fe8.tbygroscopicusiG-210.
The first series of starter units targeted willrbeno fluorinated cyclohexanoic acids or

esters and possibly difluorinated cyclohexanoids@r esters. Fluoro cyclohexenoic
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acid or esters could also be fed. Finally fluoratryayclohexanoic acids or esters will
be targeted by synthesis and fedbtdiygroscopicusiG-210 in order to produce for the

first time a range of fluorinated prerapamycikg(re 1.17).

COOR  coorR  COOR  GOOR R
OH
F F

E F F/

COOR COOR COOR

F
- F
FF OH
R=H, Me or Et

Figure 1.17 Fluorinated compounds targeted for feedin§teeptomyces hygroscopicasd
rapamycin fluorinated analogues

In the fluorohydrins, in particular, the stereoclwny of the starter units could be
modified to create a bigger range of fluorinatedrgpamycins and to understand the
stereochemical criteria necessary for incorporation

Once prerapamycins have been produd&dtica Technology Ltccan then produce
fluorinated rapamycin using the same starter urdtaamodifiedS. hygroscopicucking
only the geneapK. The fluorinated rapamycin analogues’s binding tteen be tested
with FKPB12 and FRAP in order to have a better wstdading of the mechanism of

action of rapamycin and possibly to produce a fhaied rapamycin with enhanced

activity.
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All compounds were synthesised as racemic mixt{@esept for the molecules with a

plane of symmetry).

1 SYNTHESIS TOWARD MONOFLUORINATED AND
DIFLUORINATED CYCLOHEXANECARBOXYLIC ACIDS
AND 3-FLUOROCYCLOHEXENECARBOXYLIC ACID.

Previous feeding experiments carried ouBigtica Technology L demonstrated that
4-hydroxycyclohexanecarboxylic acid94 3-hydroxycyclohexanecarboxylic acld95
and 3-hydroxycyclohex-1-enecarboxylic acitl97 had been incorporated b$.
hygroscopicusMG-210, and produced prerapamycin analogdéhe hydroxyl group
will be substituted by fluorine. Monofluorinated camlifluorinated analogues will be

targeted FFigure 2.1).
COOH COOH COOH
Incorporated hydroxylated
molecules OH OH

OH
1.94 1.95 1.97

COOH COOH COOH

Fluorinated targeted
analogues with a fluorine
instead of a hydroxyl group

F
2.1 2.2 2.3
COOH COOH

Difluorinated targeted
analogues =

FF F
2.4 25
Figure 2.1 Previously incorporated starter units and tamyéteorinated analogues.
4-Fluorocyclohexanecarboxylic aci2ll, 3-fluorocyclohexanecarboxylic acid.2, 3-
fluorocyclohexenecarboxylic aci@.3, 4,4-difluorocyclohexanecarboxylic aciti4 and

3, 3-difluorocyclohexanecarboxylic aczds were first targeted.
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Previously the Goss group, in order to produce &Il monofluorinated
cyclohexanecarboxylic acids had tried to reduce dbeble bonds of the equivalent
fluorinated aromatic3> ® using hydrogenation at high pressure, using aerafignetal
catalysts, but it resulted in an inseparable metwith over 90% of product with a
cleaved fluorine group.

A literature synthesis of 4-fluorocyclohexanecandmxacid 2.1 already existed prior to
the start of the projeéf. The fluorinating step was clearly the limiting fac of the
synthesis. The displacement of the hydroxyl groypflborine using diethyl amino
sulphur trifluoride (DAST) only resulted in a 6. Afield (Scheme 2.1

DAST, RT, 2h

methylene chloride
OH

T

R: 6.7%
Scheme 2.1Previous fluorination step by LANG and coworkkrading to the

synthesis of 4-fluorocyclohexanecarboxylic a2id®*

DAST is usually one of the most efficient reageimtorder to substitute a hydroxyl
group with fluorine. DAST’s sulphur is very elegbtulic because of the three fluorines
bonded to it and will readily be attacked by nupleites such as alcohols or even
ketones that are not good nucleophiles. The raadtas to be carried out at a higher
temperature in order to fluorinate ketones. Onc¢ackéed by the alcohol, DAST will
release a fluorine anios¢heme 2.2 Ketones are usually difluorinated; DAST releases

two fluorine anions in that cas8c¢heme 2.2
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Scheme 2.2Fluorination mechanism of alcohols and ketongh WAST.

Once the fluorine is released it can then substithé hydroxyl group through a3
type of substitution, inverting the configuratiohtbe molecule in case the alcohol is on
a stereocenter. DAST due to its high reactivity thesdisadvantage of being unstable to
heat and explosive in contact with water.

This poor yield of 6.7% during the fluorination wihighly reactive DAST can be
explained by Midleton’s hypothesis.The generation of fluorocyclohexanecarboxylic
acids is not trivial; if the hydroxyl group is imaaxial position the approach of the
fluorine in an {2 type of substitution will be difficult due to sie hindrance $cheme
2.3). If the hydroxyl group is in an equatorial positj then the hydroxyl group can be
substituted by fluorine, but the fluorine anion calso act as a base leading to

elimination of the previous hydroxyl groufcheme 2.3
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H \UH F
H\ % SF,NEt,

H Hindered attack

(OSF,NEt, H
LI R
HH =
(OSF,NEL,
LI [
HH dehydration
=

Scheme 2.3Explaination for poor yields in the fluorination sdibstituted

cyclohexanols, adapted from Mange and MiddIéfon.

We therefore set out to develop an alternative @gugir, to access these compounds, by
fluorinating a flattened intermediate compound earing one or more $arbons in

its 6-membered ring, therefore limiting the stdrindrance and dehydration. The ring
could contain a ketone or a double bond to be mdidater. A literature procedure
towards the synthesis of 3-fluoro-cyclohex-1-enbkaaylic acid2.3 already existed in
the literature with a reported fluorination stepthwa 69% vyield® The double bond
could be possibly reduced and 3-fluorocyclohexarmpeylic acid 2.2 could be
accessed. In order to access 4-fluorocyclohexabexglic acid2.1 it was decided to
fluorinate 4-hydroxycyclohexanon2.8 and to try and transform the ketone into a
carboxylic acid. The synthesis of 4-fluorocycloheaearboxylic acid2.1 was first

investigated $cheme 2.1

1.1 Synthetic Route Toward 4-Fluorocyclohexanecarbo  xylic

Acid 10 and 4,4-Difluorocyclohexanecarboxylic Acid 14.

The route investigated could allow us to access rieture of cis and trans 4-
fluorocyclohexanecarboxylic acid.1 and 4,4-difluorocyclohexanecarboxylic a4
using cyclohexane-1,4-dion2.6 as a cheap, stable, commercially available startin
material(Scheme 2.3
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Diketone 2.6 would be monoreduced using sodium borohydride into 4-
hydroxycyclohexanong.7, then fluorinated using DAST or HF (complexed toigiyre

or triethylamine) to give 4-fluorocyclohexanoe3, followed by the transformation of
ketone2.8 using tosyl methyl isocyanide into 4-fluorocyclaheecarbonitrile2.9, and
finally hydrolysing the cyano group to give 4-fleayclohexanecarboxylic aciil

In a similar fashion diketon2.6 could be difluorinated using DAST to give 4,4-
difluorocyclohexanon@.1Q then transformed using tosyl methyl isocyanide ih,4-
difluorocyclohexanecarbonitrile 2.11 and finally hydrolysed into 4,4-

difluorocyclohexanecarboxylic acii4.

o) o) CN COOH
0 / ow W g W g Mg
N 27 2.8 2.9 2.1
) o CN COOH
Vv
o) \
2.6 — —
vi) Vii)
F F FF FF
2.10 2.11 2.4

Scheme 2.4Second potential synthetic route toward 4-fluordalgexanecarboxylic

acid2.1and 4,4-difluorocyclohexanecarboxylic a@id

1.1.1 The reduction step (literature proceduréy.

o OH OH o
NaBH, @ R ¢ R ¢
MeOH

i OH o o

2.6 2.12 2.7 2.6
Scheme 2.5Reduction of the diketon26 using NaBH

Only one literature procedure was available in ptdereduce cyclohexane-1,4-dione
2.6in 4-hydroxycyclohexanon2.7.°” The reported procedure was vague and claimed a
60% yield. When the procedure was repeated it madylted in a 24% yield.

This is a non-selective reduction and results imiature of starting material.6,

monoreduced compouril7, and the di-reduced di@l.12(Scheme 2.k The formation
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of all 3 compounds was easily followed by TLC (i1@0% ethyl acetate;R12 0.15,
Ri2.7. 0.26 R2.6. 0.50). In order to optimise the yield toward theno reduced

compound this reaction was carried out a numbetimés varying the number of

equivalents of NaBl] the reaction temperature, the time taken for dddition of
NaBH,, and the reaction tim& éble 2.1).%’

Exp. N° of T (°C) Time | Addition Isolated yield (%)

n° equivalents| RANGE (h) time of

of NaBH, NaBH4
1 1/4 -16 2.5 1s 3
2 1/4 -16to 25| 10 + 10 1s 47
3 1/4 -16t028 10+1 1s 11
4 1/4 -10 2.5 5 min. 24
5 1/3 -10 2.5 5 min. 36
6 4/10 -10 2.5 5 min. 27
7 1/3 -10 2 5 min. 21
8 1/3 -10 3 5 min. 32

4impurities observed b{H NMR

Table 2.1:Summary of the main reduction attempts on diket6aevith NaBH,

The key factor seems to be the temperature comtell6°C hardly any reduction

occurs. When the temperature of the reaction asvaitl to rise to room temperature, a

high production of dioR.12is observed and some new impurities with similatoRhe

monodiol2.7 appear. The yield is optimal at around -10°C. NaBHdst be added very

slowly in order to control the reaction temperatuf@added too fast the temperature

goes up and the selectivity of the reaction drapsg, more dioR.12is produced. The

reaction was optimised using 1/3 of an equivaléMNaBH, (addition of more NaBH

resulted in higher amounts of ddl12 and a reaction time of 2.5 hours. The optimised

yield in our hands was 36%.
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1.1.2 The monofluorination step. ®®

o o)
DAST
CH,Cl,
0C
OH E
2.7 2.8

Scheme 2.6Fluorination of the alcoh@.7 using DAST

A range of three fluorinating agents were testedomder to fluorinate2.7. HF
pyridine,® HF triethyl aminé" and diethyl amino sulphur trifluoride (DASY3.Only

DAST resulted in fluorination 02.7, due to its high reactivity, but elimination pradu
was still detectedScheme 2.6 and 2)7% ®°

=
H H
H + /SFzN(Et)Z F
H ? — NH

(OSF,N(E), H
= — T
0 F o
(OSF,N(EY),

— T
i

Scheme 2.7Fluorination and Elimination mechanish.

In order to optimise the yield toward the mono finated compound the reaction was

carried out a number of times varying the conceiomaof DAST, the concentration of
starting material and the reaction timrf@ble 2.2.
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Experiment [2.7] [DAST] Reaction Isolated yield
number (mmolL™) (mmolL™) | time at 0°C (%)
(min.)
1 187 7572 (neat) 30 1
2 21.9 132 60 18
3 19.7 132 60 21
4 21.4 86.2 60 20
Table 2.2 Summary of the most representative fluorinatioaratits on compouna.7
using DAST.

In experiment 1, neat DAST was added to a relatigehcentrated solution of starting
material in DCM and was stirred at 0°C until contigle for 30 minutes. After workup,
this gave a mixture of the fluorinated compoundn@nj, elimination product (major)
and various other impurities. After purificationlpri% of compound was isolated. In
experiment 2, 3 and 4 the reaction went to commtetind the desired product was the
major one. In these experiments much less elindnatiompound was observed on
TLC. In all 4 experiments the product was purifieg flash chromatography on silica
gel using a 90:10 Petrol/ Ethyl acetate mixture.ilprovement in yield was obtained
by dilution of the DAST® this is the key factor in reducing levels of unteghside
products. Dilution of DAST prior to addition allowthe reaction temperature to rise
gently, maintaining the selectivity of the fluortiem and reducing the elimination. A
yield of 21% for the fluorination step was an imygment on the previously reported
6.7% linked to the fact that 4-

hydroxycyclohexanedion.7 is slightly less sterically hindered than a cyewane

yield for fluorinatio?* probably
ring, due to the flattening of the ring by the mmese of the spcarbon of the ketone.
The hydrogens on the carbons adjacent to the ketanpseudo equatorial and pseudo

axial this allows a slightly less hindered approtartthe fluorine.

In order to access the final compound the ketoneldvbave to be transformed into an
acid. This could be achieved over two steBmtica Technology Ltchad attempted

Wittig reactions on similar systems previously kuith little success. Nevertheless the
Wittig
(methoxymethytriphenylphosphonium chloride andiam bis(trimethylsilyl)amide in

reaction was attempted for this particular oletule adding

THF at 0°C to the compound, but no reaction wagmesl Scheme 2.87? The next
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method investigated was a Knoevenagel type reattamsforming the keton2.8 into

the nitrile2.9.
o MeO
CH3OCH,(PPh,)Cl ]\
[(CH3)3S|]2NNa [ ]
L THF 0°C e
F
2.8 2.13

Scheme 2.8Failed Wittig reaction

1.1.3 Knoevenagel type reaction converting the keto

of the monofluorinated compound. "

/
(“) N
Q —< >—§J CN
o)
DME
t-BuOK/t-BuOH
F
F
2.8 2.9

Scheme 2.9Knoevenagel type reactibh

ne group into a nitrile

Experiment Crude Purification Degradation | Isolated yield
number Yield (%) method during after
purification purification
(%)
1 87 Silica Yes 0
Column
2 90 Basified silica Yes 9
column
3 92 Filtration in No 8¢
ether

2trace impuritiesH NMR
Table 2.3 Summary of the different Knoevenagel type reanrstiand purification

attempts.

The reaction was successful and went to compldiignthe product degraded during
purification by flash chromatography on silicdaple 2.3 Experiment 1). The
purification by flash chromatography was next @ariout on silica previously
neutralised with a little triethylamine in the seht mixture. This was also unsuccessful
as most of the compound degrad@édlfle 2.3 Experiment 2). The TLC indicated that
the crude mixture had one main impurity and theNMR spectrum of the crude

mixture indicated it was aromatic. By dissolving timixture in various solvents it was
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observed that most of the impurity could be remadisdolving the crude compound in
cold diethyl ether in which only the desired compdwas soluble. The impurity was
removed by filtration and the organic solution veasporated to yield the almost pure
compound as a mixture ofs andtrans compound with a 45 : 55 ratio as suggested by
the proton ratio of the hydrogen adjacent to theb@eylic acid from the'H NMR
spectrum Table 2.3Experiment 3). Finally, the nitrile group was hyigsed to yield
the 4-fluorocyclohexanecarboxylic acids.
1.1.4 Hydrolysis of the nitrile into the acid. "

CN COOH
1) EtOH/H,0,0H" reflux

2) H*/ extraction
F
2.9 2.1

Scheme2.10 Hydrolysis of the nitrile group into the carboxyhcid.
This reaction was carried out five times in ordeioptimise the yield. In each case all
the starting material was consumed. The factorsneed were the quality of the
starting material, the reaction time, the tempeggtand the pH of the solution during

extraction Table 2.4.

Exp. T of oll pH Time Starting Yield after Pure
Number | bathin (h) material in | purification mixture of
(°C) freezer (%) both acids

1 96 0.5 1.5 | 2days crude 0

2 88 1.5 2 2 days crude 35 No
3 84 2 2.5 | 0days crude 42 No

4 85 2 3.5 | 9days crude 0 No
5 82 1.5 4 4 days pure 60 Yes

Table 2.4 Summary of the different hydrolysis reaction.

Initially the starting material was not purifiedetiefore the reaction was carried out on
the crude starting material. It was believed thegt impurities could be removed by
extraction of the basic solution prior to the afgdition of the solution in order to

extract the acid. The longer the impure startingemia@ was kept in the freezer before
being reacted the worse the reaction yield. Theisgamaterial as an impure mixture
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would start degrading in the freezer. It was albseoved that no product was detected
in experiment 1 compared to 2. The absence of ptoduexperiment 1 could be
explained by degradation possibly due to the higbemperature of the reaction or the
very low pH of the solution when acidified prior éxtraction. The final product using
the crude starting material contained impuritielse product could be purified using an
exchange resin but due to the small quantity inshand the success of a partial
purification of the starting material the experirheras repeated on the purified mixture.
In experiment 5, the starting material was 4 ddgsbot had been previously purified
by filtration (with cold ether) as previously deibed and théH NMR spectrum on the
day of the reaction showed that the starting maltérad not degraded. Experiment 5
gave a pure mixture of both targeted isomers 0% §ield. In order to optimise the
reaction, the starting material should be purifite oil bath temperature should be
controlled, and so should the pH of the solutiofotee extraction. Compoung.1 was
fed as thecis andtrans mixture toS. hygroscopicuby Biotica Technology Ltd.

1.1.5 Difluorination of the ketone  "®

Cyclohexane-1,4-dion2.11 was also used as starting material in the firgp gif the
synthesis toward 4,4-difluorocyclohexanecarboxgbitd 2.4. DAST as previously seen
in Scheme 2.Zan also difluorinate keton®sand was chosen as fluorinating agent in
this synthesis. In the literature cyclohexanone beeh difluorinated in that manner in
DCM at room temperature by Dolbier and cowork&rbut no yield was mentioned.
Similar conditions were used in this step. In orgeoptimise the reaction, the reaction
was repeated varying the number of DAST equivalethis reaction temperature, the
concentration of the reactants, and the purificatieethod Table 2.5.

0
DAST
CH,Cl,
24h
o FF
2.6 2.10

Scheme 2.11Difluorination of the diketon@.6 using DAST.
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Exp. [2.6] N° of T. Presence| Separation | Yield

N° (molL™) | equiv. (°C) of [2.10] (%)
of after
DAST work up

1 0.17 1 20 Yes Silica 0
2 0.45 0.89 20 Yes Basified Silica 10
3 0.45 1 20 Yes Filtration 6
4 0.11 1 45 No None 0

Table 2.5 Summary of the different fluorination attempts.

The reaction was followed by TLC and GCMS. It wastfcarried out at 0°C and 10°C
but no product formed. It was left to reach roormperature and was stirred under
anhydrous conditions for 24 hours. After 24 hotwes degradation of the product would
increase faster than its production. Fluorinatioould not occur at lower than room
temperature because of the lower nucleophilic g@teof the oxygen of the ketone
compared to the previous alcohol.

The crude product was yielded as a mixture of dyekane-1,4-dion€.6 and 4,4-
difluorocyclohexanone2.10 no tetrafluorinated compound was detected buteroth
unidentified impurities were also present. At theegher temperatures DAST degrades,
and the unstable difluorinated compound generadadtso start to break down.

During purification, the product degraded on sili€@n neutralised silica (neutralised
with triethylamine) the compound was partially fied, but some new degradation
spots appeared on the TLC. A partial purificaticesvachieved by dissolving the crude
mixture in cold hexane (some impurities would nasdlve).The partially purified
product degraded after 10 days in the freezer uNgleFhe purification by filtration had
the advantage of being very fast and allowed usdot the unstable product in the next
step. The rest of the synthesis should be carngdnoa short period of time because of
the speed of product degradation. The compounduwsigble at room temperature and
no carbon NMR spectrum was obtained (product degraud CDC}).

1.1.6 Knoevenagel type reaction on the difluorinate  d compound.

In order to transform the ketone into the carbaxglkid the same method as previously

used was appliet.
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o < > 2 CN
(@)
DME
F F t-BuOK/t-BuOH =
2.10 2.11

Scheme 2.12Transformation of the ketor#10into cyano produc2.11

Experiment [28] Starting Number of Time Product
number mmolL™* material equivalents (h) detected
purified by
1 28 column 11 4.5 No
2 52 filtration 2.5 2.5 Yes
3 69 filtration 2.2 12 Yes

Table 2.6 Summary of the different Knoevenagel type reansio

In experiment 2 and 3 the starting mategidlOwas reacted straight after being worked
up and purified by filtration Table 2.6. The reaction was followed by GCMS and
TLC. A mixture of 4,4-difluorocyclohexanecarbon#ri2.11, an aromatic compound,
and other unidentified impurities were obtaindalfle 2.6§. Purification with column
chromatography on silica and neutralised silicaulted in total degradation of the
product. Some impurities were removed, as descpbedously, dissolving the mixture
in cold diethyl ether and filtering out the impig&. The product was still impure, but

most of the aromatic impurity had been removed.

1.1.7 Hydolysis attempt of the nitile group in the acid of the difluorinated

compound.
CN COOH
NaOH/H,0, EtOH
FF FF
2.11 2.4

Scheme 2.13Hydrolysis of the cyano group.
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The impure compound was hydrolysed in similar chods as previously used for the
monofluorinated compound,but only traces of hydrolysed compound were detect
by mass spectrometry. The final difluorinated aeichs purchased byBiotica
Technology Ltd10 mg) fromMatrix Scientific.No incorporation was observed $

hygroscopicusMG-210. The feeding results led to abandoningsthehesis.

COOH
Qﬁ Qj @ @
OH i) F ii) F
6% 2.7
COOH

i : Vil
10% )

2.10 2.112 2.4

i) NaBH,4, MeOH, -10C, 2,5h ii) DAST, DCM, 0%C, 1hiii) TO SMIC, DME, t-BuOK,
t-BuOH, 25<C, 3h iv) EtOH, NaOH/ H ,0 v) DAST, DCM, 25<, 24h vi) TOSMIC, DME,
25<C, 3h vii) EtOH, NaOH/ H ,O

2 impure compound P traces detected

Scheme 2.14Summary of the synthesis of 4-fluorocyclohexaneasybc acid2.1and

attempted synthesis of 4,4-difluorocyclohexaneceyhbo acid 2.4.

4-Fluorocyclohexanecarboxylic acid was successhiyhthesised in 4 steps (Scheme
2.14), with an improved fluorination step compatredhe previous literature procedure.
Another method to access compountlis to synthesise 3-fluoro-cyclohex-1-

enecarboxylic aci@.3,and to attempt a reduction of the double bond.

1.2 Synthesis of 3-Fluoro-cyclohex-1-enecarboxylic Acid and
Attempt to Reduce its Double Bond.

1.2.1 Synthesis of 3-fluoro-cyclohex-1-enecarboxyli ¢ acid. %

In order to synthesise 3-fluoro-cyclohex-1-enecayhio acid 2.3 all four steps of the
synthesis were repeated from a literature procedwosen Bridge, O’'Hagan and
coworkers>® The fluorination step using DAST in DCM has a need yield of 69%
yield.®® Such a high yield compared to the previous flumtions with DAST can be
explained by the strongly flattened cyclohexeng wompared to a cyclohexane ring.
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The cylohexene ring contains 2s@arbons. There is relatively little steric hindrarfor

the fluorine to approach.

CH,OH COOH
F F
2.19 2.2
A /
/: LiAIH,
CO,Me CO,Me CO,Me CO,Me COOH
o o AL O 9!
o) OH F 60% F
49% 60% 96%
2.14 2.15 2.16 2.17 2.3

i) CrO3, Benzene, acetic acid and acetic anhydride, RT, 45 min ii) CeClz, NaBH,;, MeOH, RT, 15 min

iiiy DAST, DCM, 0T, 3.5 h iv) NaOH, EtOH, RT, 3h.
Scheme 2.15Synthetic route towards 3-fluorocyclohex-1-enbocaylic and

3-fluorocyclohex-1-anecarboxylic acid.

Methyl cyclohex-1-enecarboxylat®.14 was oxidised with Cr@® to methyl 3-
oxocyclohex-1-enecarboxyla®15in a 49% yield® This was then reduced to methyl
3-hydroxycyclohex-1-enecarboxyla16 in a 60% vyield,” followed by fluorination
using DAST in methyl 3-fluorocyclohex-1-enecarbatgl2.17 with a 96% vyield®
Finally the ester was hydrolysed to 3-fluoro-cy@rfi-enecarboxylic acid.3, but the
acid was slightly impure (purification with an exatge resin may improve thi®) The

ester and the acid were fed Biptica Technology Lttb S. hygroscopicus1G-210°>2

1.2.2 Double bond reduction attempt.

The reduction of the double bond was then attemeptethe ester. The Goss group had
previously tried hydrogenation using various catyRu/C, Pd/C, Ru/Al, Ru/C, but

these conditions led to no reduction or reductiath Voss of the fluorine.
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Hydrazine was then tested in order to reduce thgbldobond, forming a diimide

intermediat€® Traces of compound were detected by GCMS and gattion of the

reaction was attempted, changing various conditiaesction time, temperature,

solvents, number of equivalents of hydrazine, cotragion of the starting material,

adding various catalysts Cu(ll) (CupQacetic acid associated with sodium periodate

(Table 2.7).78

COZMe

2.17

Hydrazine/solvent

H,0,

CO,Me

2.18

Scheme 2.16Reduction of the double bond using hydraZine

Exp. | Time | NH,NH, [2.17] Solvent CuSO, CH3;CO-H H,0, T Product
n° (h) (equiv.) | (mmolL™) solution and addition C) detected
NalO, Time by GCMS
1 4 22 46.0 EtOH No No 5 min 0 Yes
2 4 100 24.4 MeOH Yes Yes 5 min 25 No
3 4 22 232 EtOH Yes No 10s 25 No
4 4 22 244 EtOH No No 10s d No
5 4 25 45 MeOH No No 5 min 0 No
6 16 22 47 EtOH Yes No 15h ( Yes
7 80 22 88 EtOH Yes No 15h ( Yes

Table 2.7 Summary of the different reduction attempts usigdrazine

In experiment 1, 6 and 7 the main product had asm&471, and the possible reduced

product with a mass M+1 of 161 was detected asnther product. Experiment 7

according to the GCMS seems to be the most optimisthanol seemed to be the best

solvent; the addition of #D, should be performed slowly and at low temperataver

a long period of time, under nitrogen. The yieldserevvery poor, and not enough

product was present to observe it'"bByNMR, to confirm if it was the reduced product.
A nucleophilic attack on the double bond was sugaeby hydrazine. In order to avoid

this problem azodicarboxylate as a source of diémis tried next using protic and
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aprotic solvent£® but no reduction was observed. All these expertmarere repeated
on the acid instead of the ester but the reactdiiynot change.

Another way to reduce the double bond would be ¢tdu of the double bond and the
ester to the alcohol, using an excess of lithiunmahium hydride (LiAIH;) and then
oxidation of the resulting alcohol in the acid. Tieeluction of the ester with LiAlHto

the alcohol was carried out from -10°C to 0°C. A0>C no reaction occurred, but
carried out at 0°C the reaction resulted in thaxdge of the fluorine bond.

As the reduction of the double bond failed a défearsynthesis was attempted to access
3-fluorocyclohexanecarboxylic acRi2 using the same method to the prior synthesis of
4-fluorocyclohexanecarboxylic aci@.1 using as starting material cyclohexane-1,3-
dione.

1.3 3-Fluorocyclohexanecarboxylic Acid Synthesis.

3-Fluorocyclohanoic acid would be accessed usiagédme method as previously
except that cyclohexane-1,3-dione was first pretefore being reducédDirect
reduction using NaBlddid not work because of the acidic protons betwszh

ketones, NaBllacting as a base instead of a reducing adegti(e 2.2).

S O O,

Figure 2.2 Stabilisation of the deprotonated compound.

o) COO o) o) NC HOOC
TP ; if) D i) D iv) V) \Q
O O OH F F
2 1

F
29% 4% 5% 32% 52%

2.20 2.21 2.22 2.23 2.24 2.2
i) (CH,OH),, p-TsOH, CgHg, relux, 3.5 hii) NaBH,, MeOH, -10C, 1h then HCI iii) DAST,

DCM, 0C, 4h iv) TOSMIC, DME, t-BuOK, t-BuOH, 25T, 1.5h v) EtOH, NaOH/ H ,0, 3h,
reflux

Scheme 2.17Synthesis toward 3-fluorocyclohexanecarboxyliclac

Diketone2.20was protected with ethylene glycol to afford 1,4»@-spiro[4.5]decan-7-
one2.21in a 29% vield® The ketone was then reduced ussinglium borohydride and
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the alcohol deprotected with HCI to give 3-hydroygiohexanone2.22 in a 24%
yield.®” 2.22 wasthen fluorinated using DAST to give 3-fluorocyclota@one2.23in a
15% yield®® The fluorination wagollowed by a Knoevenagel type reaction using tosyl
methyl isocyanide to transform the ketoBe€23 in a mixture ofcis and trans 3-
fluorocyclohexanecarbonitril®.24 in a 32% yield Finally the cyano group was
hydrolysed to a mixture afis andtrans 3-fluorocyclohexanecarboxylic acii2 with a

1: 1 ratio in a 52% vield'

The fluorination step and the Knoevenagel typetreadiad lower yields than observed
for the previous procedure with the 1, 4 diketoh®. This is probably due to
elimination occurring in the fluorination step atidring the Knoevenagel type reaction.
This is due to the acidic protons adjacent to thke and to the carbon linked to the
hydroxyl group or the fluorine, facilitating theirination of the the hydroxyl group or
the fluorine Echeme 2.18

)
I =7
. N 5
R
R=H or SFzN(Et)Z

e S

P

Scheme 2.18Possible elimination occurring during the syntbes
Similar methods were used to produce 4 and 3 fmmlohexanecarboxylic acid. The
same method was tested in regard to the synthésisfloorocyclohexanecarboxylic
acid.

1.4 Attempt to synthesise 2-fluorocyclohexanecarbox ylic acid.

In order to compare fluorination rates the synthexdi 2-hydroxycyclohexanon2.26
was first attempted using NaBten the diketon@.25 as previously described, but no
reduction was observed even at room temperaturapoAoprotection oR.25was then
attempted as previously performed with 3-fluoroohelxanecarboxylic acid, using
ethylene glycol, but no protected prod27 was observed. The failure of both

reactions must be due to fact that both ketoné&s2aiare conjugated and therefore non
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reactive. The mono alcoh@l26 was finally obtained following a literature proceeu
resulting from the oxidation of cyclohexe@e28 using potassium permanganate and
copper sulphate itert-butanol in a 21% yiel&®

MeO

% 232 Tl
o 0 CN COOH
Selectfluor e
MeOH

229 g9 2.30 2.31 2.33
o) o)
HO
Of KMnO4©
2.25\\ NaBH, 2.26 2.28
/ N\ . cl
HO OH \‘/™\ - (e -
o_ 0 N
o)
\I\ij Selectfluor: [Sj
A
N'BE,
2.27 F

Scheme 2.19Synthesis attempted toward 2-fluorocyclohexanemaylic acid2.33

The fluorination of 2-hydroxycyclohexano2e26 was next attempted using DAST in
similar conditions as previously for 4- and 3-hydroyclohexanone, but no fluorination
was observed. Although the sterics were more faldarto the approach of the DAST
than for 3-hydroxycyclohexanone (15% vyield for tlfleorination step) and 4-
hydroxycyclohexanone (22% yield for the fluorinatistep; the flatter the 6 membered
ring the Dbetter the vyield of the fluorination as setved with 3-
fluorocyclohexenecarboxylic acid: 96% yield for th#8uorination step), 2-
hydroxycyclohexanone didn’t react with DAST. Thelaof reactivity of the alcohol as
a nucleophile, not attacking the electrophilic swip of DAST must be due to the
tautomeric equilibrium between the ketone and tyardxyl (Figure 2.3), therefore no
reaction is observed. HF pyridine in DCM, neat kEthylamine were also tested but

without any success.
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OH

(@]
i OH @/OH

Figure 2.3: Keto-enol tautomerism of 2-hydroxycyclohexanecastio acid2.26

2-Fluorocyclohexanon2.30was finally obtained following a literature proced using
Selectfluor® an electrophilic fluorinating agenhy oyclohexanon@.29in methanol, in

a 78% vyield®™ The product must not be kept for too long, as itairly unstable under
nitrogen at -20°C (degrades after 10 days).

The Knoevenagel type reaction was attempted ordhgound using the same method
as previously> no product2.31 was detected and the starting material degraded. A
Wittig reaction was also attempted 2r80to obtain2.31but failed as previouslyThe
method was not applicable in order to synthesise ZHluorocyclohexanecarboxylic
acid2.33 Different literature syntheses already existdoess the final compourd33

This compound was not considered for feeding asdtsvalent hydroxylL.96 had not

been incorporated. Therefore the synthesis wapursued.

2 SYNTHESIS TOWARDS FLUOROHYDRIN
CYCLOHEXANOIC ESTERS.

Fluorohydrins are structurally closer than fluorgclohexane acids to the original

shikimic acid pathway starter unit containing 2 toyd/l groups in position 3 and 4

(Figure 2.4).
HO CO,H HO CO,H

1.70 1.71
Figure 2.4: Natural starter units
Compound.35has the same relative stereochemitirgompoundL.71.It should have
the best chance of incorporation compared to comgp@u34 to produce fluorinated
rapamycin Figure 2.5).
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RO (@) RO\:&O
and
’ F ’/F
OH OH
2.34 2.35

Figure 2.5 New targeted starter units

In order to access those compounds, the followymghesis was planned:

O
_0 Ho._O RO (0] RO O RO\&O
: o F ‘F
| OH OH

Scheme 2.20Planned synthesis in order to obtain compo2u3d and2.35

Previous feedings of non fluorinated starter ubjBiotica Technology Ltduggested
that incorporations were similar between the me#éimd ethyl esters, and the acid of the
same molecule (unpublished results). The fluormhatarter units will be fed as esters

avoiding a hydrolysis step.
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2.1 Synthesis towards 4-Hydoxy, 3-Fluorocyclohexano ic Methyl
Ester.

2.1.1 Synthesis towards (1R*, 3S*, 4S*)-methyl 3-fl uoro-4-
hydroxycyclohexanecarboxylate.

0
_O HO._-O 0.0
i i ii)

) n q .

: 0
83 % 96 % | 40 %

2.36 2.37 2.38 2.39
iv)

F OH

OH E 241
78 :22
13% isolated not isolated

i) Ag,O/ H,0, NaOH/ HO, 1h, RT ii) NaHCQ@ H,0, I, KI /H,0 16h, RT iii) THF, MeONa/ MeOH, 16
h, RT iV) (HF) NEt; 24h, RT
Scheme 2.21Synthetic route toward R*, 35* 4S*)-methyl 3-fluoro-4-

hydroxycyclohexanecarboxylate.

Cyclohex-3-enecarbaldehyd2.36 was oxidised with silver oxide to cyclohex-3-
enecarboxylic acff 2.37 (literature procedure) in a 80% yield, then redcteith
potassium iodide and iodine give (IR*, 4R*, 5R*)-4-iodo-6-0xa-bicyclo[3.2.1]octan-
7-one2.38(literature procedure) in a 96% yi€ldThe product was next reacted with
sodium methoxide in methanol to form the epoxidB®*(13R*, 6S*)-methyl 7-oxa-
bicyclo[4.1.0]heptane-3-carboxyla®39 in a 40% vyield® The epoxide was opened
using HF triethylamin® creating a mixture of fluorohydrins R, 3S*, 4S*)-methyl 3-
fluoro-4-hydroxycyclohexanecarboxylage40 and (R*, 3R*, 4R*)-methyl 4-fluoro-3-
hydroxycyclohexanecarboxyla41in a 76% yield. After integration of the hydrogen
adjacent to the fluorine in thé! NMR spectrum a ratio of 78 : 22 @f40: 2.41was
found. Both compounds had very similay & TLC, a slight separation was apparent
after multiple developments (4 times) in DCM anbyktacetate (95 : 5). The mixture
was purified by flash chromatography on silica ielgitwith DCM (100%) to start and
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an increasing gradient of ethyl acetate(1%, 2%, 8%, 5%max). Three columns were
necessary to isola@40in a 13% yield, most of the compound remaining fieapas a
mixture. The'H, **C, COSY and accurate mass confirmed that the &blatoduct was
3-fluoro-4-hydroxy-cyclohexanecarboxylic acid mdthgster 2.40 The coupling
constants of the hydrogen adjacent to the fluodided,J = 49.1, 8.3, 6.9, 3.9 suggest
that the fluorine occupies the equatorial positideducing from the expected relative
stereochemistry that the hydroxyl group also ocesigthe equatorial position and that
the ester group occupies the axial position. Thas wonfirmed later with the synthesis,

isolation and characterisation of the ethyl estgrivalent.

CO\ ROOC on N COOR
ROOCXK I - ‘ F; L-OH
HF R= Me 2.40
5 OH ROOC
Roocsz( ) - ROOC<>§> - Homp
HF F R=Me 2.41

Scheme 2.22Possibleopening of the epoxide

Compound2.4Q, the major product, originates from the expectiedidl opening of the
epoxide by the fluorine (se8cheme 2.22 The coupling constants of the hydrogen
adjacent to the fluorine, in tHel NMR spectrum Table 2.13 suggest that the fluorine
group occupies the equatorial position, indicatithgt a chair flip occurred after
formation of the fluorohydrin. This could be explad by hydrogen bonding between
the hydrogen of the hydroxyl group and the fluorimtabilising those groups in
equatorial positions and lowering the global enenfyhe molecule. Similar bonding
has been observed in cyclohexane fluorohydrinkérpast’

In the *H NMR spectrum of the mixture, the coupling constanf the hydrogen
adjacent to the fluorine belonging to the minor poond2.41 (dddd,J = 50.85, 10.38,
8.46, 5.12 Hz) suggest that the fluorine also iean equatorial position. Compound
2.41 was assumed to be the all equatoriaR*1 3R* 4R*)-methyl 4-fluoro-3-
hydroxycyclohexanecarboxylate resulting from aliive opening of the epoxide. This
would imply a twist boat intermediate conformatioh high energy, flipping to the
thermodynamically more stable all equatorial mitompound $cheme 2.2 The
structure of the minor compourfi41 would later be confirmed in later experiments

synthesising and isolating the ethyl ester equivadé2.41 2.47
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As both compounds were very difficult to separdteraative methods for the opening
of the epoxides were investigated.

In order to selectively gét.40,and therefore avoiding a separation fram1, different
fluorinating agents (HF pyridine and HF triethylax®) were tested at different

temperaturesTable 2.8.%®

G- G

2.39 2.40 241

Scheme 2.230pening of the epoxide using fluorine as a nucldeph

Yield as pure Ratio of
Fluorinating Temperature Time of . P isomers
: mixture of
agent completion 2 40 and 2.41 2.40/2.41 by

' ' 'HNMR

HF pyridine 0°C 0.5h 36% 50 :50
(HF)sNEts 20°C 20 h 76% 78:22
(HF)sNEt; 5°C 72 h 73% 82:18

Table 2.8: Summary of the different attempts to open the efmselectively

Using HF pyridine at -78& and at @C resulted in fluorination. The ratio of kinetic
product2.40 was more favourable at -8 compared to @. This result was not an
improvement on the HF triethylamine fluorinatingioaUsing HF triethylamine at°&

a slightly improved ratio of 82 : 18 betwe2”0: 2.41was obtained. As a consequence
of the lower temperature the reaction time triplBh reaction occurred at’0O and
under. No major improvement was found towards thethesis of compoun@.40
varying the reaction temperature and the fluorigaagent. Compoun2.47s ratio was
best using HF pyridine as a fluorinating agent. @oond 2.41 is still present and
difficult to separate, but if isolated will be fed a new precursor. Using HF pyridine as
a fluorinating agent would divert the synthesis @aodvproduction oR.41if necessary

for a large scale feeding experiments.
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2.1.2 Epimerisation attempt on the methyl ester.

o._.0O

'/,F Q’/,F

OH
2.40

00

OH
2.42

Scheme 2.24Epimerisation of the methyl ester

The epimerisation of the methyl ester compoundgisodium methoxide will maintain

the methyl ester. More than 1 equivalent of sodmethoxide was used because the

hydroxyl proton had a lower pKa than the targetemtqm adjacent to the ester group.

The reaction was quenched with saturated ammonibloride solution, then pH 7

phosphate buffer. No epimerisation was observedTh and NMR for either

temperatureTable 2.9.

Reaction NaOMe Quenching .
] Temperature Time Result
number equivalents temperature
1 4 0°C 0°C 6h No reactig
2 11 0°CtoRT RT 4h No reactid

n

Table 2.9: Epimerisation attempt using sodium ethoxide.

At that point the only proof of relative stereochsiry was deduced from the

mechanism and the coupling constants on the flapmmo NOESY interactions were

observed between the methyl group of the ester thadhydrogen adjacent to the

fluorine.

Better NOESY interaction might be observed betw#en hydrogens on the methyl

group of the ethyl ester and the hydrogen adjaternhe fluorine Figure 2.6). The

epimerisation could be facilitated with the ethybygp that is slightly more hindered

than the methyl group and could more easily flipl @tabilise itself in the equatorial

position during the epimerisation. So it was dedid® target the ethyl ester

fluorohydrins instead and stop the investigationstloe epimerisation of the methyl

ester.
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Figure 2.6 Possible NOESY interaction between E&Nd H of ester group

2.2 Fluorohydrin Ethyl Ester Synthesis.

2.2.1 Synthesis towards (1R*, 3S*, 4S*)-ethyl 3-flu  oro-4-
hydroxycyclohexanecarboxylate.

MeO.__O EtO._0O
F HO.__O “F
OH OH
) i) 44 %
240  — , 2.44
F
OH
2.43

iy NaOH, H,0, RT, 3h i) H,SO, ,EtOH, RT, 22h

Scheme 2.25Conversion of the methyl ester in the methyl ester

The remaining methyl este2.40 was converted to the ethyl estdrd4 It was
hydrolysed to the aci@.43in a sodium hydroxide aqueous solution, and d&drto
the ethyl este2.44 using ethanol and sulphuric acid. This was perémmvith an
overall yield of 44% over both stepSagheme 2.2h This method could not be used
reliably to produce gramme quantities of compoueddise of the difficulty to separate
the mixture of both compounds40 and 2.41, and the addition of two extra steps.
Therefore it was decided to redirect the synthésigards the ethyl este2.44 by
opening the iodolacton2.38 using sodium ethoxide instead of methoxide in ptde
access the ethyl ester epoxiid5 followed by the opening of the epoxide in a sanil

way to that which we had previously utilised witF ktiethylamineé®*
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EtO._

EtONa
(0]
THF EtOH

48 % 7%
2.38 2.45 2.46

Scheme 2.260pening of the iodolactone

Two ethyl ester epoxide2.45 and 2.46 were isolated from the opening of the
iodolactone: the expected major compoundR*1 3R*  6S*)-ethyl-7-oxa-
bicyclo[4.1.0]heptane-3-carboxylaed5 (in a 48% yield) and the minor oneR?, 3S*,
6S*)-ethyl-7-oxa-bicyclo[4.1.0]heptane-3-carboxyla?ed6 (in a 7% yield) (Scheme
2.26. On the TLC using an 80 : 20 petroleum etheryleacetate system the minor
epoxide2.46 had an Rf of 0.42 and the major dhd5 of 0.34. The stereochemistry of
the major epoxid®.45 and the minor epoxid2.46 was confirmed by NOESY NMR.
For the minor epoxide a lack of interaction betw#enproton adjacent to the ester and
the proton adjacent to the epoxide was observedlHigeire 2.7). This was in contrast
to the interactions observed for the major epoxide.

Eto\%o
z H H
Q- e
~ EtOOC O/ 3
‘0 COOEt
245 one of the enantiomeres interaction on NOESY between H1 and H3
: 0/ —COOEt _ 1@(:005
: o) 3
H
O one of the enantiomeres no interaction on NOESY between H1 and H3
2.46

Figure 2.7: Stereochemistry of both epoxides minor and majonahg characteristic

observed and non observed NOESY interactions.

The formation of the major epoxide can easily bplared Scheme 2.2y, but the

formation of the minor epoxide is surprising. Asdison ethoxide is present in the
reaction one plausible explanation for the fornmatiof the minor epoxide is
epimerisation on the carbon adjacent to the e$tearn of the main epoxide. In order to

confirm this epimerisation, the major epoxide wdaced in ethanol with sodium
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ethoxide, and after a few hours minor epoxide fatmmonfirming the origin of the

minor epoxide.

‘OR

Or COOR RO©
O ROOC /O COOR
S #&O R
| D COOR 1

Scheme 2.27Stereochemistry of the major epoxide formation stiepne of the

enantiomers.

\/O\/O

"'OH

2.45 2. 44 2. 47
(i) EtsN HF, RT, 16 h, 76 % as a mixture of 2.44 and 2.47

Scheme 2.280pening of the ethyl ester

Epoxide (R*, 3R*, 6S9)-ethyl 7-oxa-bicyclo[4.1.0]heptane-3-carboxylaBe45 was
opened with HF triethylamifféto yield a mixture of both isomersRY, 3¢, 4S+)-ethyl
3-fluoro-4-hydroxycyclohexanecarboxylage44 and (1%, 3St, 4S9)-ethyl 4-fluoro-3-
hydroxycyclohexanecarboxyla47in a 4 : 1 mixture. This mix of both compounds
was isolated after a first fast flash chromatogyaph silica column in a 76% vyield. At
first TLC revealed both compounds only as one sapet. After using multiple
developments TLC (after 3 developments) 2 spotsningn very close could be
identified. The separation using flash chromatolgyapnly resulted in very partial
separation, most of the compound staying as a neixflhe major fluorohydrir2.44
was only isolated in a 10% vyield after multiple waohs, the rest of the compound
staying as a mixture d.44 and2.47 like the previous methyl ester compouri40
and2.41 In order to obtain a crystal structure to conftire relative stereochemistry of
compound2.44, ap-nitro benzoyl ester derivativ2 48 of the alcohol was synthesised.
The PNB derivative2.48 was obtained in a 63% yield, by reacting the oadi
fluorohydrin 2.44 with 4-nitro-benzoyl chloride in pyridin®. The crystal structure of
2.48 demonstrates relative orientations of the flugrimgdroxyl group and ester group

on the ring and confirms the relative stereochemst2.44 (Figure 2.8).
84



Figure 2.8: X-ray structure of ($*, 25*, 4R*)-4-(ethoxycarbonyl)-2-fluorocyclohexyl
4-nitrobenzoat®.48

In the®H NMR spectrum of the original fluorohydrih44 the coupling constants of the
hydrogen adjacent to the fluorine and the NOESerattions suggested that the
fluorine and the hydroxyl group are in equatoriakitions, and the ethyl ester in the
axial position (se@able 2.13. This conformation is possibly stabilised by hygkn
bonding between the hydrogen of the hydroxyl gramgd the fluorine as previously
mentioned.

The NOESY interaction between the hydrogen of thi @ the ethyl group and the
hydrogen adjacent to the fluorine, confirmed thed ethyl ester compour2l44 was
easier to work with than the methyl ester equivial2@O that had no NOESY

interaction to confirm the stereochemistry.

\/O\?O \/O\_/O
+
:Ol Y OH
E
Sole product
2.46 2.49 2.50

Scheme 2.290pening of the alternative epoxide

The alternative epoxide was opened in a similar wsing HF triethylaminé* The

opening of the epoxide resulted in the formatiord a@solation of the expected

85



fluorohydrin (IR*, 3S* 4S*)-ethyl 4-fluoro-3-hydroxycyclohexanecarboxylag49
resulting from the diaxial opening of the epoxi@eifficient quantities of fluorohydrin
2.49were synthesised to enable feeding studies Suithygroscopicus1G-210 in order

to produce another fluorinated prerapamycin anaogu

In order to obtain a crystal structure to confirhe trelative stereochemistry of the
compound g-nitro benzoyl ester derivative of the alcohol vegsthesised. The PNB
derivative2.51 was obtained in a 59% yield, reacting the origithabrohydrin with 4-
nitro-benzoyl chloride in pyridin& The relative stereochemistry of the compound was

confirmed Figure 2.9).

0142

C13

Cc12

C9

(\ 010

o7

Figure 2.9 X-ray structure of ($* 2S5* 5R*)-5-(ethoxycarbonyl)-2-fluorocyclohexyl
4-nitrobenzoat@.51

In the '"H NMR spectrum of the original fluorohydrin the ging constants of the
hydrogen adjacent to the fluorine and the NOESrattions, suggested that the
fluorine occupies the equatorial position, the loygt group occupies also the
equatorial position, and the ethyl ester the axaskition (seeTable 2.13. This
conformation is probably stabilised by hydrogen ding between the hydrogen of the
hydroxyl group and the fluorine as previously dssed.

Alternative opening
In order to form the unfavourable all equatorialoflohydrin2.50 the product has to go
through the very high energy double twisted boaindition state. Therefore an
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alternative fluorinating agent was tested: HF pwyedat various temperatures from -78

°C to room temperature but only compouhd9was obtained.

2.2.2 THP protection and optimisation of the separa  tion between both

isomers.

In order to improve the separation between botmess2.44and2.47, it was decided
to explore the introduction of a THP protectingwan the alcohol. By adding a THP

group, an extra stereocenter is created, formirg diastereoisomers for each original

OR OR OR

Figure 2.1Q THP protecting group

molecule Figure 2.10.

OTHP*
~OTHP*
© DHP_ + starting material mixture
NHZSO3H

COOEt COOEt COOEt COOEt
2.44 2.47 2.52 2.53 2.47+2.44
4 : 1 mixture 52% 15% 24%
N J

Y

100%

Scheme 2.30THP protectiorf®
The purified mixture oR.44and2.47was stirred in 3, 4-dihydro-2H-pyran (DHP) with
a sulfamic acid catalyst for 4 d&ijsThe reaction did not go to completion, 24% of the
starting material was recovered (DCM : Ethyl aeet@® : 5 solvent system Rf 0.30).
The mixture of diastereocisomers THP derived frone fbrotection of the major
compound2.52was isolated after 3 long separations using colahromatography in a
52% vyield and the diastereoisomeric mixture of TéP protected minor compound
2.53 was isolated in a 15% yiel&&¢heme 2.30 Both diastereoisomers of the main
derived isomer were isolated in very small quasdithind were characterised separately
(DCM : Ethyl acetate 95 : 5 solvent system Rf Ogbitd 0.48), the main part of the
mixture was inseparable. The minor mixture was @higracterised as a mixture (DCM
: Ethyl acetate 95 : 5 solvent system Rf 0.37).
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OTHP* OH

oF
@\ |||) ©\\\F

COOEt COOEt
2.52 2.44

F OH
o HO.,, @ F., @ 52% 99%
2. .
COOEt COOEt COOEt  s1HpO,, @ ihHo-, ©
2.45 2.47 2.44 —

76% as a purified mixture : :
COOEt COOEt

2.53 2.47
15% 76%

i) NEts. 3HF, RT, 40 h i) DHP, NH,SO3H, RT, 4 days iii) p-TSOH, EtOH, RT, 2h

Scheme 2.31Protection, separation and deprotection using a giéBp

The major mixture was hydrolysed witRTsOH in ethanol in a 99% yield, and the
minor mixture in a 76% yield’

The overall yield from the epoxid2.45 to the isolated compound.44 over the
fluorination, THP protection, and deprotection guiralent to 39%. This compares
favourably to the previous 10% yield obtained (fination followed by a very difficult
and incomplete separation). The THP protection led alcohol allowed a better
separation quadrupling the amount of isolate®*(13R*, 4R*)-ethyl 3-fluoro-4-
hydroxycyclohexanecarboxyla44 and isolating for the first time the all equatbria
(1S*, 3S*, 4S%)-ethyl 4-fluoro-3-hydroxycyclohexanecarboxylé&el7 that can directly
be fed toS. hygroscopicuss an all equatorial shikimic acid fluorinated @gale

(Figure 2.11).
HO:©\ =
HO CO,H HO” i ~COOEt

1.71 2.47

Figure 2.11: Shikimic acid derivativd..71and fluorinated analoguz47.

Following the successful isolation of the minorditahydrin 2.47, a p-nitro benzoyl
ester derivative of the alcohol was synthesisedrder to obtain a crystal structure to
confirm the relative stereochemistry. The fluorotiyd.47 was reacted with 4-nitro-
benzoyl chloride in pyridin& The PNB derivative.54 was obtained in a 63% yield.

The compound would not crystallize and thereforeXa@y structure was available. In
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the 'H NMR spectrum of the original fluorohydrid.47 the coupling constants of the
hydrogen adjacent to the fluorine, the hydroxylugrand ethyl ester and the NOESY
interactions suggest that the fluorine, the hydr@rpup and the ethyl ester are all in
equatorial positions (sedable 2.13. This conformation is the most stable,

thermodynamically.

2.2 Epimerisation of the Ethyl Ester

As the first attempt of epimerisation on the metkgter was unsuccessful, it was
decided to try the epimerisation on the ethyl eatewell as a range of derivatives of the
alcohol. The THP alcohol derivati&52and the PNB derivative.48had already been
synthesised. A pivalic ester derivative of the hlid®.55was also synthesised. It was
believed that the bulky substituent would prefeigdiyt occupy the equatorial position
thus forcing the ethyl ester to occupy the axiasifpon. This could add selectivity
towards the formation of the epimerised compound

The pivalic esteR.55was prepared in one pot by combining pivalic aand thionyl
chloride in DCM yielding pivaloyl chloride. This waeacted with compoun2i44 to
form (1R*, 3S* 4S*)-ethyl 3-fluoro-4-(pivaloyloxy)cyclohexanecarboay 2.55 in a
35% It was believed that such a bulky substituemild/ position itself in equatorial.

EtO.__O EtO.__O EtO
5"/F &"/F ,’/F
OH

o
/,/F
OTHP (@) O
(@] O

2.44 2.52 2.48 2.55

Et0O.__O

Scheme 2.32Range of compounds tested for epimerisation.

The epimerisation was first attempted, using onéwedent of sodium ethoxide for the
THP, PNB and pivalic acid derivatives and two eaqilewnts for the free alcohol

compound, because of the deprotonation of the aldohthe alkoxide. The reactions
were attempted at -20°C and room temperature. &aetions were quenched using pH

7 phosphate buffer. No epimerised compound wastkete
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2.2.1 Epimerisation kinetic conditions

Previously sodium methoxide was used unsuccessfultyder to epimerise the methyl
fluorohydrins. Sodium hydride a stronger base wasdunext for deprotonation
purposes in THF at -20°C. The reaction was quenghigdsterically hindered proton
donors also introduced at -20°C. Phthalamide &ed-butanol were used. No
epimerisation was observed usitgrt-butanol introduced at -20 °C in diethyl ether
possibly because of solubility problems, but uspighalamide some epimerisation
occurred on the non protected moleculakfle 2.1Q. After a scale up of the reaction
and separation using two successive columns, 63%hef starting material was

recovered and the epimerised compound was isolai@@3% yield.

N . Suggested
Compound H Coupling .
stereochemistry of o
F constants of H _ Epimerisation
o S the OR, fluorine

OR adjacent to the _ Ratio (%)
g and ester group in

fluorine _ _
the starting materia

R: H 49.1,8.1,6.8,39 e,e a 23

R: THP mixture of 47.9,6.0,6.0,3.4 | a, a, e

0
2 Diastereoisomers 47.2,4.8,4.8,2.7| a, a, e
a, a, e(confirmed by
R: PNB 47.4,6.4,6.1, 3.5 0
X-ray structure)
R: COC(CH)3 47.0,4.6,4.3,43| a,a, e 0

Table 2.10:Correlation between conformation of the startiregenal and

epimerisation in kinetic conditions.

Surprisingly the epimerisation was only successfuthe non protected alcohol. In the
'H NMR spectrum of the THP derivative the couplimmstants of the proton adjacent
to the fluorine, and X-ray structure of the PNBidative suggest that both compounds
have their fluorine group in the axial positionsuling in axial derivatised alcohols and
equatorial ethyl esters. The proton NMR spectrunthef pivalic derivative was then

investigated. It was expected that the stericaltgéred pivalic ester would occupy the
equatorial position, leaving the ethyl ester in #x@al position. However the coupling

constants of the proton adjacent to the fluorirgicate that the fluorine occupies the
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axial position, therefore indicating that the pigadster occupies the axial position and

the ethyl ester the equatorial position as witthipevious derivatised compounds.
F

H F
NaH_ EtO
Etooc/‘ﬁ‘ a m Etooc/%

OR

H
Ring flip H F
Na*O OR
EtO—~ %&
O'Na*

H

H F
e0oc. 47 o

H By« No product detected
Ring flip H F
EtOOC OR
R: PNB or THP or COC(CH3);

OR
%O OEtF
NH or +OH

OR

Scheme 2.33Possible mechanisms explaining the epimerisatiarton epimerisation
in kinetic conditions with the ethyl ester occupgyihe equatorial position in the starting

material.

The sterically hindered OR group and fluorine grdopan axial position are not
favourable to the epimerisationS¢gheme 2.3B Both axial hydrogens of the
cyclohexane ring adjacent to the desired epimeetre, and the axial sterically
hindered OR group in the case of the PNB, THP awdlip ester derivative sterically
hinder the approach of the bulky proton donor inaqgrial (see&scheme 2.3and2.34).

The favourable axial approach leads to the non eps®d starting materiaSEheme

2.33. A ring flip, putting the fluorine and the hingéer OR group into the equatorial
position, would be the only way the epimerised pidwould be favoured. It is
unlikely but the low temperature kinetic conditiomsght be unfavourable to this ring
flip, and could explain the lack of epimerised campd. To investigate this possibility
the reactions were repeated at a higher temperafu@e®C, but the starting material
degraded (cleavage of the fluorine). The most grtebaxplanation would be that the

deprotonation on the epimeric carbon did not oe¢u20°C.
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Na* F F
H o F
o
NaH FEt© BH _
O-Na* O W ONa' OH

H
F F F
NaH F + |H i
COOEt COOEL COOEt

H
O H F =
Etoocwm BH,  gooc. /7 oH
o

Na*

Scheme 2.34Mechanism of the epimerisation 2#4 under kinetic conditions.

In the case of the free alcohol, the ethyl estetupres the axial position. This
conformation is favourable due to the approachhefdterically hindered proton donor
phthalamide, to give the epimerised compou8dheéme 2.3% The approach on the
opposite side resulting in the starting materialngavourable. Both protons in the axial
position adjacent to the desired epimeric centneldr the approach of the bulky proton
donor Scheme 2.3% A majority of epimerised compound was expectedt the
epimerisation only appeared in a 23% yield. 70%stafting material was recovered
with traces of phthalamide. However separatingpgh&lamide was very difficult and
the yields were not reproducible. The fact thatrok@% of starting material did not
epimerise could be rationalised from the first dégpnation of the alcohol group. This

would have stopped the stabilising hydrogen bonbigtgveen the alcohol group and the
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fluorine. Without this bonding, the ethyl ester webwant to position itself in equatorial
(Scheme 2.34 Even at -20°C it is possible that part of thedurct ring flipped before
the deprotonation of the carbon in alpha of theregtnother explanation would be that
only part of the starting material was deprotonatedhe epimeric centre.

As the epimerisation using sodium hydride in kioetonditions was unsuccessful
another base, n-BuLi in THF, was used in similarekic conditions from -78°C to -
20°C. No epimerised compound was detected but stegeadation was observed. As
the kinetic conditions were not satisfactory (theld/ being fairly low and not always
repeatable), it was decided to test different bamed an acid in thermodynamic
conditions: t-BuOK, EtONa, pyridine and-TsOH. The all equatorial epimerised
compound is the more thermodynamically stable. édperiments were followed by

TLC to track the formation of the epimerised compeuThe temperature was increased

every 20 minutes by 10°Téble 2.11).

Reagent | Number of | Solvent | Temperature| Identified | Degradation | Presence
equivalents range of Side of
reactions products epimerised
(°C) compound
p-TsOH | Catalytical| Toluene 20-110 No Yes 0
Pyridine 1.3 Ethanol 20-79 No Yes 0
1.3 Toluene 20-110 No Yes 0
EtONa 1.2-1.4 Ethanol 20-79 Epoxides  Yes Traces on
acids TLC
t-BuOK 1.3 Toluene 20-110 Epoxides  Yes Yes
acids
None 0 Toluene 110 No No 0

Table 2.11:Range of epimerisation attempts2of4 using various reagents with

thermodynamic conditions.

Epimerised compound.50was observed with ethoxide in ethanol by TLC impMew

concentration, but after work up, a mixture of nhaiboth epoxides?2.45 and 2.46

obtained previously (opening of the iodolactone)d atarting material was isolated.

The epimerised compound seems to be relativelytil@knd during the work up traces

of epimerised compound might have evaporated Withethanol as an azeotrope.
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Epimerisation of2.44 only started occurring in thermodynamic conditionsing
potassiuntert-butoxide between 70 and 110 °C (reflux). The hsglepimerisation rate
was observed at reflux. However some degradatiohsate products formed even at
lower temperatures. Both epoxid2gl5and2.46that had formed as expected products

in the opening of the iodolactone previousBckeme 2.3bwere also identified as side

products.
F

F

o)

WO- I Etoocﬁ - 9 )

Etooc
COOEt o F
COOEt F
Alcoxyde of 2.44 2.45 2.46

Scheme 2.35Side reaction formation of the epoxides.

The formation of the epoxide can only proceed éf étkoxide and the fluorine are in the
axial position. This suggests that part of the males as an alkoxide ringed flip to the
diaxial fluorine alkoxide, due to the breaking bé&thydrogen bond.

The reaction was left to cool down then exposedh® moisture in the air, when
guenched a small dark solid formed. This solid was soluble in CDG| but was
solubilised in CROD and analysed by NMR. ThiH NMR spectrum identified a
mixture of acids resulting in the hydrolysis of théhyl ester of both epoxides and
starting material. This hydrolysis could be duehydroxide formed from the 1.2

equivalents ofert-butoxide coming into contact with moisture in tie

2.2.2 Thermodynamic epimerisation using potassium t ert-butoxide.

As the pKa values ofert-butanol (29.4 in DMSO) and the hydrogen on theirdds
epimeric centre are very close (approximativel\b28.DMSO), the deprotonation will
become reversible if the reaction is carried ou& dtigh temperature (toluene reflux,
thermodynamic conditions) and the equilibrium betwenon epimerised compound
2.44 and epimerised compound.50 should displace itself strongly toward the
thermodynamically more stable compound, accumugatire epimerised compound
2.50

In order to epimerise the fluorohydrih44 one equivalent of base is necessary to
deprotonate the hydroxyl group (lower pKa than phetons on the desired epimeric
centre andtert-butanol) and a catalytic amount of base is necgs$ar the

epimerisation (0.1-0.2 equivalents).
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COOEt COOEt
1 eq. t-BuOK

//,F /,'F
OH OK*
244

Scheme 2.36Deprotonation of the hydroxyl to the alkoxide.

The thermodynamicconditions can be compared to a catalytic cycleagi§i.1 to 0.2

equivalents of bas&theme 2.3).

/,,F ,'/F
0.1 eq+ 4’7 1
OK OH
COOEt COOEt
: oS
Q.
OR OR

R:K* or THP

Scheme 2.37Catalytical mechanism of the thermodynamic episagion.

The reaction was repeated on fluorohyd2ii4 using different temperatures (between
70 and 110°C), different amounts of potassiusrtputoxide between 1.1 and 1.5
equivalents) and different reaction times (betw&érand 60 minutes). The best yield
was obtained at reflux for 30 minutes, with 1.2 ieglents of potassiuntert-butoxide
with a yield of 34%. After 30 minutes at reflux tlanount of degradation products
increases very quickly (after 50 minutes most @ $tarting material and the product
would have degraded). This makes the reaction qdiffecult to reproduce in a
reasonable yield due to the starting material drel groduct degrading during the
reaction.

Previously the opening of the epoxide gave a 4 toidture of two isomer2.44 and

2.47 that were very difficult to separate and had topbstected with a THP group in
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order to facilitate the separation, followed by epibtection. The unwanted isomer is

already all equatorial and should not epimeriser(ttodynamically more stable than if

epimerised).
COOEt COOEt COOEt COOEt
* —_— +

@O'F Q"'OH QF Q"'OH
OH F OH F

A 3 1,

100% 24% not isolated

2.44 2.47 2.50 2.47

Schemes 2.38Epimerisation of the mixture.

The mixture was epimerised and after optimisatiaotal yield of 24% was obtained
avoiding the protection and deprotection step.hesdtarting mixture had a ratio of 4 to
1 this means that 30% of proda#4epimerised.

There are limits to this method, however as pathefproduct degrades and conditions
for this reaction are not easy to reproduce. Jui#wa minutes extra reaction time
reduces the yield considerably, and the entire ymbdnd the starting material could
degrade if the time is doubled. This reaction soalifficult to follow by TLC as both
compounds of the original mixture have very simBaronly multiple development can
separate them.

The epimerisation on the free alcohol has 3 magadyantages:

1- The formation of the epoxides as side products.

2- Using more than 1 equivalent BBuOK per molecule due to the presence of the
proton on the hydroxyl group. This excess base ontact with water produces
hydroxides potentially responsible for some oftilgdrolysis of the esters and acids and
other degradation. Boiling the compound in dry évle without presence of base
showed no degradation.

3- The direct production of the more volatile epirsed compound in a high boiling
point solvent toluene. The evaporation of the swive vacuohas to be done very
carefully at a low temperature, and controlled wedpressure.

Kinetic conditions (low temperature) had failed\poeisly because of the conformation
of the protected molecules (the ethyl ester stapdm the equatorial position). In
thermodynamic conditions the ring could flip andinegrisation could occur. The
thermodynamic conditions were tried on the THP gutad diastereoisomeric mixture,

which was originally produced for separation pugmsAs a result of using 0.2
96



equivalents of-BuOK in toluene at reflux for 40 minutes the comapd epimerised in a
53% vyield, and 46% of starting material was receuet.ittle degradation was observed
on TLC, only appearing after an hour reflux. Th@rdeection was performed with
TsOH in methanol, instead of ethanol because of wbktility issues with the
deprotected product; this resulted in a 93% yiéMlhen ethanol was used as a solvent

in the deprotection and removéa vacuo some compound was lost, because of its

volatility.
COOEt gOOEt COOEt gOOEt COOEt
+ L —— —_— _—
’/,F '//F //,F '//F ’/,F
OH OH OTHP OTHP OH
2.44 2.47 2.52 2.56 2.50

52% 53% 93%

26%

Scheme 2.39Epimerisation of the THP mixture.

Compared to the previous epimerisation, the reactesults are easily reproducible.
Nearly all the remaining starting material was rewed. The overall yield is slightly

improved, 26% over 3 steps instead of 24% vyield/iptesly achieved. This method

compared to the previous one is fully reproducibie, starting materials are recovered
and the product does not degrade under the conglitised. The starting material can
also be recycled. The THP protection is not an ddstep as it is necessary for the
separations of both isomers (compounds have tedad a pure racemic mixture).

This method was chosen for the gramme scale syatfe@squantitative feeding of the

all equatorial compound.

A PNB derivative of2.50 was synthesised as previously described. Theivelat

stereochemistry of epimerised fluorohyd@rb0 was confirmed by X-ray structure of

the PNB derivativ®.57,all 3 groups positioned in equatori&igure 2.12).
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0142

Figure 2.12 X-ray structure of (%*, 2S*, 45*)-4-(ethoxycarbonyl)-2-fluorocyclohexyl
4-nitrobenzoat®.57

At that point in time four fluorohydrins had begmthesisedKigure 2.13.
COOEt COOEt  COOEt COOEt

o Pl G

2.47 2.50

Figure 2.13 Range of fluorohydrins synthesised.

Qualitative feeding indicated that only the epimed compound2.50 was well
incorporated. For a better understanding abouint@poration of the fluorohydrins by
S. hygroscopicyswo more molecules were targe@88and2.59 (Figure 2.14).

COOEt COOEt

0.0,

OH OH
2.58 2.59

Figure 2.14:New targets.

In order to access compoun?2$8and2.59 the hydroxyl group of the non epimerised

2.44and the epimerised compouBd0need to be inverted.

98



2.3 Alcohol Inversion

COOEt COOEt
0 C
OH OH
2.50 2.58
COOEt COOEt

?

F <
OH OH
2.44 2.59

Scheme 2.40Inversion of the hydroxyl group.

The Mitsunobu reaction is a classic method for ihmg a hydroxyl group. However it
is generally not very successful on alcohols inesically hindered environment. The
inversion was attempted on the less sterically évied all equatorial fluorohydria.50
without any success, since no reaction occurred| #oe starting material was
recovered?

Alternatively in order to invert the hydroxyl groughe hydroxyl needs to be
transformed into a good leaving group, allowingeit to be displaced through an2S
mechanism by a hydroxyl group or a group that cahyadrolysed to a hydroxyl group.
Mesyl chloride was first used in order to transfotime hydroxyl group into a good

leaving group (-OMs).

COOEt COOEt
i et
Q"/F Q’/,F
OH OMs
2.50 2.60

i) MsCl, DMAP, Hunig's base, DCM, -10°C, 60%

Scheme 2.41Mesylation step of the alcohol.

Fluorohydrin 2.50 was transformed using mesyl chloride t&113S*, 4S*)-ethyl 3-
fluoro-4-(mesityloxy)cyclohexanecarboxyl&es0in a 60% yield®
In order to displace the mesylate group, cesiunse® °*sodium acetat& were tried
at various temperatures, and in some cases undeswave conditionsT@able 2.19. In
order to displace the hydroxyl group, formic &tidas tried on the free alcohgl50
(Table 2.12)
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Reactive Solvent T Problems time Product | Predicted
mixture (°C) occurring detected | groupin
product
CsOA¢ | 18-Crown-6 Reflux No reaction 24h None Acetate
Toluene 110
CsOA¢ | 18-Crown-6| Microwave | Explosion or| 10 min. | 2.61traces| Acetate
Toluene 250 degradation
NaOA¢ DMF Reflux Does notgo| 3days | 2.6112% Acetate
H,O 120 to completion isolated
NaOA¢ DMF Microwave | Explosion 2.61traces| Acetate
250
HCOOH’ DCM Reflux 3 days None formate ar
DCC CuCl 40 OH.
DMAP

2 inversion on mesylat2.60," inversion on free alcoh@.50.

Table 2.12 Main inversion attempts on the mesylaté0and the free alcoh@.50

The microwave reactions would lead some times faredictable explosions due to a

sudden rise in pressure in the vial, whilst usimgtate salts, this possibly due to

decarboxylation. The best result was obtained wthenmesylate2.60 was heated at

reflux with sodium acetate in an 80 :20 mixtureDdIF and waterP? However the best

yield observed for the isolated acetate compoursllivated to 12% after optimisation.

COOEt

OMs

2.60

F z
Oj/é

2.61

COOEt

O’/,F

i) NaOAc, DMF : H,0 8: 2, reflux, 12%

Scheme 2.42Displacement of the mesylate with sodium acetate

The reflux temperature and the solubility of sodiacetate are a limiting factor. A
better leaving group is needed than the mesylate.

In sugar chemistry the most activated leaving gresgd for inverting alcohol groups is

the triflate. The lipophilic tetrabutylammonium leate would be a very good

nucleophile in an aprotic solvent such as tolu&®nzoate also has the advantage to be
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UV active (easily followed by TLC) and a solveriditoluene can be heated at reflux

(110°C) if necessary.

COOEt COOEt COOEt COOEt COOEt
i) N O |||) O
//'F
OH OTf OBZ
2.50 2.62 2.63 2.58 2.59

(i)Triflic Anhydride, Pyridine, DCM, 0°C, 2 h, 67% (ii) BuyN*BzO", toluene, RT, 16 h, 61 %
(iii) Na, EtOH, RT, 16 h, 88 % 2.58, 4 % 2.59.

Scheme 2.43Alcohol inversion o.50through a triflates

(1S, 3, 4SY)-Ethyl 3-fluoro-4-hydroxycyclohexanecarboxyla2es0was transformed
using triflic anhydride to (&, 3s, 4S¥)-ethyl 3-fluoro-4-
(trifluoromethylsulfonyloxy)cyclohexanecarboxyla®62 in a 67% crude yield. The
compound was not purified at that stage becaustabflity issues with the triflate. The
triflate was then displaced and inverted usingateityl ammonium benzoate toR¥,
25, 43)-4-(ethoxycarbonyl)-2-fluorocyclohexyl benzo&e3in a 61% yield. Finally
the alcohol was deprotected using ethoxide t8% (1S, 4R*)-ethyl 3-fluoro-4-
hydroxycyclohexanecarboxylat2.58 in an 88% vyield. Some epimerised compound
(1R*, 3S$, 4R¥)-ethyl 3-fluoro-4-hydroxycyclohexanecarboxyl&2eés9was isolated in a
4% vyield.

The same method was applied toward the syntheglRdf 3S+, 4R*)-ethyl 3-fluoro-4-

hydroxycyclohexanecarboxylate.

COOEt COOEt COOEt COOEt COOEt
- O 020, 0

F “F —"F g Y F
oTf OBz OH OH

2.44 2.64 2.65 2.59 2.58

() Triflic Anhydride, Pyridine, DCM, 0°C, 2 h, 76 % (ii) BuyN*BzO", toluene, RT, 16 h, 65 %
(iii) Na, EtOH, RT, 16 h, 57 % 2.59, 33 % 2.58

Scheme 2.44Alcohol inversion oR.44through a triflate

(1R*, 3S, 4S¥)-Ethyl 3-fluoro-4-hydroxycyclohexanecarboxyla2et4 was transformed
to (IRY, 3S, 4S)-ethyl 3-fluoro-4-(trifluoromethylsulfonyloxy)cylohexane

carboxylate2.64in a 76% crude yield (not purified for stabilitysues as previously),
then was inverted using to B4, 2S*, 4R*)-4-(ethoxycarbonyl)-2-fluorocyclohexyl
benzoate2.65in a 65% yield. Finally the alcohol was deprotdcte (1IR*, 3St, 4R*)-
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ethyl 3-fluoro-4-hydroxycyclohexanecarboxylaB59 in a 57% vyield, and a large
amount of epimerised compound R 3S*  4R*)-ethyl 3-fluoro-4-
hydroxycyclohexanecarboxyla58was isolated in a 33% yield.

2.4 Confirmation of the Stereochemistry of Fluorohy drin
cyclohexane Methyl and Ethyl Esters.

All the fluorohydrins were assigned usifig, **C, DEPT, COSY, HSQC and NOESY
NMR. Table2.13 shows the coupling constants found in the NMR spectrum of
hydrogens situated on the stereocenters, when abl@il and the NOESY NMR
interactions, also when availabl€aple 2.13. This allows us to deduce the relative
stereochemistry of the racemic mixtures in CPCInly one of the enantiomers is

represented in the final column.

Molecule Coupling constants of All NOESY Deduced
H adjacent to the Interaction stereochemistry
F Between H adjacent| with observed
OH to F, OR, COOEt NOESY
COOR and CHs interactions
_0._0O CHF: dddd,J = 49.1, No interaction
8.3,6.9,3.9 Hz O~ 0
o8 CHOH: m Hoﬁ
OH CHCOOMe: m
2.40
~_0._0 CHF: dddd,J =49.1, | COOCHCHs-CHF
8.1,6.8,3.9Hz H%C\\\:O o
e CHOH: m Ho@j
OH CHCOOEt: m -
2.44
~_0-_0 CHF: dddd,J = 50.9,| CHCO,Et-CHOH
10.4,8.4,5.0 Hz
Non CHOH: dddd, J = o
E 11.1,11.1, 8.3, 4.9 Hz Fwwzﬂ
2.47 CHCOOEt dddd,J =
11.7,11.7, 3.8, 3.8 Hz
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_0_0 CHF: dddd,J = 49.7,] COOCHCHs-CHOH
8.2, 6.9, 3.9 Hz HE oo
“on CHOH: m F@”j
F CHCOOEt: m "o
2.49
CHF: dddd,J =50.2, | CHF-CHOH
~_0._0 4.5,2.2,2.2 Hz
CHOH: dddd,J =
. | 26.4,10.9,47,23 Hz ”O/HFF@C%E‘
OH CHCOOEt: dddd,) =
2.59 11.5,11.5, 3.9, 3.9 Hz
O O—~ | CHF: dddd,J = 50.7,] CHF- CHCOEY
- 11.2, 8.6, 4.7 Hz o
Q,,,F CHOH: m ”OﬂFﬁCOzEt
OH CHCOOEt: m
2.50
O O—~ | CHF:ddddJ=47.0, | CHF-CHOH
O 10.5,4.8, 2.8 Hz | CHF-CHCOOE Fr/H/H
o CHOH: m WC%B
OH CHCOOEt: m HO
2.58

Table 2.13 Stereochemistry of the different fluorohydringyiomed by proton NMR
and NOESY.

All the stereochemistries of the ethyl ester flugmrins were confirmed by NOESY
NMR. In the case of the isolated methyl ester fbnydrin 2.40 no NOESY
interactions were observed, but the large coupmgstants of the proton adjacent to the
fluorine suggest that the fluorine stands in equatoThose coupling constants are
nearly identical to the ethyl ester equival@4 The relative stereochemistry of the
methyl ester2.40 should be identical to the ethyl es®d4 as they were synthesised
using identical fluorination steps on epoxides wdkntical stereochemistrys¢heme
2.20. The conformation of both molecules should benidal as they have similar
coupling constants for the hydrogen adjacent toflinerine (Table 2.13. Moreover
2.40was converted i2.44after the methyl este&t.40was hydrolysed and the resulting
acid was esterified to the ethyl esPe44(Scheme 2.2h
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2.5 Global Synthesis of 6 Different Ethyl Ester Cyc  lohexane

Fluoro

Os__OH O
i ii %COZEt + % /
I H 71
2.37 2.38

hydrins.

CO,Et

HO

2.49
Vi

CO,Et
2.45 2.46

K

CO,Et ) F i
HO \M v NCOzEt THPOW CO,Et
E OTHP 2.52 F 2.56
2.44 417 )
F\mcoza ‘ Xt
viii THPO ;o

CO,Et J v Homcoza
F
4

TfO
F 2.6 FWCOZEII 250
HO
‘ ix 2.47 Xiil
BzO
2
F 265

TfO
A cos %F COH
2.6
‘ Xiv

E

XV
HO CO.E{ COEf| ~———— COEt
E F
F

OH OBz

2.59 2.58 2.63

()4 KI, NaHCGQ;, H,O, RT, 16 h, 96% (ii) EtONa, EtOH, THF, 0°C, 1648%2.45 7% 2.46 (iii) EtsN
3HF, RT, 16 h, 76% as a mixture262and2.53(iv) DHP, hNSO;H, 4 days, 5292.52, 15%2.53 (V) p-
TsOH, EtOH, RT, 2 h, 76% (vi) B{:3HF, RT 76% (vii) p-TsOH, EtOH, RT, 2 h, 99% (¥Tiiflic
Anhydride, Pyridine, DCM, 0°C, 2 h, 76% (ix) BNiBzO, toluene, RT, 16 h, 65% (x) Na, EtOH, RT, 16 h,
57%2.59 33%2.58 (xi) t-BUOK, toluene, reflux, 40 minutes, 53% (xii) p-T4OMeOH, RT, 2 h, 92%
(xiii) Triflic Anhydride, Pyridine, DCM, 0°C, 2 h, B (xiv) BuN'BzO, toluene, RT, 16 h, 61% (xv) Na,
EtOH, RT, 16 h, 8892.58 4%2.59

Scheme 2.45Global optimised synthesis accessing 6 differamdrthhydrins.
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This synthesis allowed us to access 6 differentl e$ter fluorohydrins, which were fed
to S. hygroscopicusn order to produce incorporation data. The opgtation of the
epimerisation allowed us to obtain a gramme scaléhssis of (5* 3S* 4S*)-ethyl 3-
fluoro-4-hydroxycyclohexanecarboxylag50 A large scale feeding was prepared in

order to isolate a quantitative amount of prerapamy

3 FEEDING OF THE MOLECULES TO S.
HYGROSCOPICUS MG-210.

All the feedings were done at a final concentratidr2 mmolL*. The incorporation
rates were quantified by the presence of the cleniatic rapamycin triene detected by
UV at 278 nm and quantified by HPLC. Samples werangjfied based on a rapamycin

calibration curve of absorbance peak area.

3.1 Previous Feedings of 6 Carbon Membered Ring Sta  rter
Units.

CO,H CO,H CO,H
<~ YOH

OH

171 1.89 1.90

Figure 2.15 Non fluorinated 6 membered rings including a casthic acid starter units

previously fed.

A series of feeding experiments were attemptedBlmtica Technology Ltdo S.
hygroscopicu$/G-210 using a broad range of starter units, of thlesse were 6 carbon
membered rings with a carboxylic aéfdOne of these was the natural occurring starter
unit 3,4-dihydroxycyclohexanecarboxylic acid71 fed as a racemic mixtufé.The
second was cyclohexanecarboxylic acid89 and the third was cyclohex-1-
enecarboxylic acid.90** All three were successfully incorporated. The esponding
prerapamycins were isolated and characterisedibjica Technology Ltdy mass
spectrometry and multidimensional NMR spectroscexyyeriments. This allowed them

to resolve the structure and stereochemistry o$ethgrerapamycin analogu¥sThe
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calculated incorporation values from the whole braftthe natural occurring starter unit
3,4-dihydroxycyclohexanecarboxylic add71and the cyclohexanecarboxylic adid9
were very similar to the naturally occurring protloc without inhibition of the
shikimic acid pathway (20 - 25 mg)®*. Incorporation of the cyclohex-1-enecarboxylic
acid was about 2 times less (10+4 rfyL All 3 compounds vyielded different
prerapamycin analogue$dble 2.14. The feeding of the natural occurring startert uni
1.71vyielded the original prerapamycin. The feedingled cyclohexanecarboxylic acid
1.89vyielded a similar analogue without the presencéhefhydroxyl group on carbon
39 of the cyclohexyl ring (39-deshydroxyprerapamycand the feeding of cyclohex-1-
enecarboxylic acid yielded a similar analogue asfitist without the hydroxyl group on

carbon 40 (40-deshydroxyprerapamycliaifle 2.14.
R

Figure 2.16: Prerapamycin analogues

Starter acid analogue Prerapamycin Rapamycin analogue
analogue produced
(Scheme 1) (mgL™
HO!" COzH HO!"
}C 20-25%
017 R= HO isolated
HO! ) -
QCOzH R= isolated 20-25
1.89
QCOZH 10+4%
1.90 R=HO isolated

Table 2.14 Previously fed 6 membered ring starter unit8intica Technology Ltd*

106



These results suggest that hydroxylation can oonysosition 3 or 4 of the cyclohexyl
moiety depending on the substrate and that the ldowtond of cyclohex-1-
enecarboxylic acid was reducedlaple 2.14. Biotica Technology Ltdesolved the
structures and their stereochemistry using Theivel@onformation of the cyclohexyl
moiety in all 3 isolated prerapamycins suggests$ éflathe groups stand in equatorial
positions as a chair conformatiohaple 2.14. In order to resolve this conformational
matter and to synthesise new fluorinated analogues, range of three
monohydroxycyclohexanecarboxylic acid with the toydtt group in position 2-, 3- and
4- were fed in parallel with 3-hydroxycyclohex-lesarboxylic acid, and the three

previously synthesised fluorinated analogRds2.2 and2.3 (Table 2.15.

3.2 Feeding of the Hydroxycyclohexanecarboxylic Aci ds and
Fluorinated Cyclohexanecarboxylic Acids.

Fluorinated compounds synthesised previously (razemxtures of botttis andtrans
diastereoisomers of 3-fluorocyclohexanecarboxyticl 2.2 in a 48 : 52 ratio, bothis
andtrans isomers of 4-fluorocyclohexanecarboxylic a@d in a 55 : 45 ratio and 3-
fluorocyclohex-1-enecarboxylic acl3 and its methyl ester equivale®tl7 were fed
in parallel with compounds provided Byotica Technology Lt¢cyclohexanecarboxylic
acid 1.89 4-hydroxycyclohexanecarboxylic acldd4, 3-hydroxycyclohexanecarboxylic
acid 1.95 2-hydroxycyclohexanecarboxylic acidl.96 3-hydroxycyclohex-1-
enecarboxylic acid 1.97, cyclohex-1-enecarboxylic acid1.90 and 4,4-
difluorocyclohexanecarboxylic ackl4 (Figure 2.17andtable 2.15.2

Figure 2.17 Prerapamycin analogues
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. Rapamycin analogue

Starter acid analogue [Prerapamycin analoguée
(Figure 2.17) produced
(mgL™)
QCOZH .
oH 1.96

COLH < —
3+1
COH R=HO‘ ! <:><' 33+3

'

I

o
-
©
a
Py,

1
I
o

.

HO

1.94
Oeon .
F 2.2
FOCOzH 0
2.1
X -
CO,H
F : 0
2.4
e
1.90 10+4 *
' R=HO
CO,H
e
ng 1.97 e HO
CO,R
R=H and OMe 0
F 23 217

Table 2.15:Incorporation results of all 6 membered ring cyednoic and
cyclohexenoic acids fed to MG-210.

Out of the three hydroxycyclohexanecarboxylic adid#, 1.95 1.96 4-hydroxy1.94
was incorporated in relatively high quantities teely 39-deshydroxyprerapamycin
(Table 2.15, 3-hydroxy1.95was incorporated 10 fold less than the previougidtd
the 40-deshydroxyprerapamycin analogue, and 2 Rydt®6 was not incorporated. 3-
Hydroxycyclohex-1-enecarboxylic acid.97 was incorporated in relatively higher
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quantities Table 2.15. These results seem to indicate that the stamérwith the
hydroxyl group in position 4.94 has a 10 fold incorporation compared to the starte
unit with the hydroxyl group in positionB395(Table 2.15.

Biotica Technology Ltddiscovered that the structure and stereochemistryhe
prerapamycin analogues obtained for the feeding@@and1.97were both identical to
the prerapamycin obtained previously for the fegdih1.90 (Table 2.15)The feeding
of 1.94 produced the same prerapamycin analogue as theopsefeeding of1.89
(Table 2.14 and 2.15 The structure of isolated prerapamyéfnisom the feeding of
both 3- and 4-hydroxycyclohexanecarboxylic acidggast that only the all equatorial
products in both cases were incorporafBab{e 2.15.°% Those all equatorial molecules
are the trans 4-hydroxycyclohexanecarboxylic acid and theis 3-

hydroxycyclohexanecarboxylic aci@iure 2.18.

HO /=7 ™co,H HO™/~7/™co,H

1.94 1.95

Figure 2.18:Suggested all equatorial hydroxycyclohexanecarboxgid incorporated

Surprisingly none of the 3 synthesised fluorinaedlogues were incorporated, nor was
4,4-difluorocyclohexanecarboxylic acid despite thet that their hydroxyl equivalents
were incorporated. Although the length of the Cdnd is very similar to the C-OH
bond, none of the fluorinated analogues were irm@ted, suggesting that the hydroxyl
group may act as a hydrogen bond acceptor andjisreel to initiate the biosynthesis
on the starter unit.

Hydroxylation that occurred on cyclohex-1-enecasiox acid and cyclohex-1-
enecarboxylic acid suggest that the presence ofltloeine in position 3 or 4 of the
starter unit, or the presence of the hydroxyl graugosition 2 seems to obstruct a
possible hydroxylation that could occur on the oarldjacent to the carbon bonded to
the fluorine and would allow incorporation and i@iion of the biosynthesis.

In order to incorporate a fluorinated starter uititseems that a hydroxyl group is
necessary in position 3 or 4 and justifies the lsgsis and feeding of a series of
fluorohydrins instead of monofluorinated compountisese fluorohydrins, structurally
closer to the original starter unit, could give asbetter understanding of the
stereochemical criteria necessary for a good iraratfon.
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3.3 Feeding of the 6 fluorohydrins

CO,Et

2.49

COzEt CO,Et
|':
2.47 2.44

002 CO,Et
F

OH

2.50 2.58

CO,Et

OH
2.59

Figure 2.19:Fluorohydrins fed t&. hygroscopicus

Previous feedings of the hydroxycyclohexanecarkioxglcid suggest that the best

incorporation is observed for an all equatorial @sale, with the hydroxyl group in

position 4. In order to confirm this theory and gwoe the first fluoroprerapamycins, a

range of 6 fluorohydrins were fed as racemic miesuiThose molecules are all isomers

with the fluorine and hydroxyl group in position &d 4- and vice versa with various

relative stereochemistries. The 6 compounds wdrdedl in parallel withtrans 4-

hydroxycyclohexanecarboxylic acidl.94, cyclohexanecarboxylic acid.89 and an

unfed control. All the feedings were done in quatiet) except for compoun2l59 that

was fed in triplicate and 4 unfed control tubesenadded.

. Corresponding )
_ Rapamycin . Rapamycin
Starter acid fluorinated .
analogue analogue _ analogue productior]
prerapamycin 1
(Scheme 1.) (mgL™)
MS peaks detected
None (control) None [M+Na]* 847.7 0
[M+formate] 870.5
%COZH
1.89 ) HO““O— [M+Na]" 847.7 27+2
: R= [M+formate] 870.5
HO
77 cop ] HOWO_ [M+Na]" 866.7 2942
1.94 -
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HoF /7 coet . [M+Na]+ 866.7 -
2.47 [M+formate] 888.4 -
r= HO
CO,Et
i EOH F’O“ [M+Na]” 866.7 7+1
2.49 R=  HO
CO,Et
HO@ HO—Q— [M+Na]* 866.7 1041
F ~ & [M+formate] 888.4
2.44 R
HO
fFeos v )= | M+Na] 866.7
F ) 2612
s [M+formate] 888.5
2.59 R= F
Eo\mcoza HO! [M+Na]+ 866.7
28+1
2.50 g [M+formate] 888.6
R=
OH Ho
F\%COZE'( ; [M+Na]* 866.7 4+1
2.58 R= T

Table 2.18 Incorporation results of the fluorohydrin feeding.

Surprisingly all 6 fluorohydrins were incorporatgutpducing the fluorinated analogues
(Table 2.19. The fluoroprerapamycins were all detected onLilBMS as thgM+Na]"
ion (866.7) and in most cases as the [M+formabe] (888.4 to 888.6) (See table).

The best incorporations were observed for compd@whd2.59,in which the alcohol
group is in position 4, situated in the equatopi@sition with the ethyl ester group. The
best incorporation out of the two being observedtiie all equatorial.59 compound
with the fluorine positioned in the equatorial gmsi 3. This incorporation is similar to
the natural starter unit. The worst incorporaticaswbserved when the alcohol group is
positioned in axial. Incorporation was fairly lovhen the fluorine was in position 4.

It was also observed that the incorporationgrans 4-hydroxycyclohexanecarboxylic
acid and cyclohexanecarboxylic acid were similartiie earlier feedings. Although
previously 4-hydroxycyclohexanecarboxylic acid vied as a 50 : 50 mixture ofs and

trans compound (2 mmolt) and therefore half as mud¢tans compound (1 mmoit)
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was fed, the incorporation results were similar.e Timcorporation oftrans 4-
hydroxycyclohexanecarboxylic acid is very good, ahgeems that the production
reaches a maximum around 30 rifgThe all equatorial compouri50has a very high
incorporation close to those 30 myland slightly higher than the natural starter uhit
is structurally the closest fluorinated analoguehtie starter unit, differing by having a

fluorine instead of the hydroxyl group and an eststead of the acid.

CO,Et CO,H
- F v~ “OH
OH OH

2.50 1.71

Figure 2.2Q Best incorporated fluorohydrin and natural stantat

The hydroxyl group in the equatorial position isestial to the high incorporation and
initiation of the PKS.

As the best incorporated fluorinated starter ungtructurally and conformationally the
closest to the natural starter unit, the fluoridagpeerapamycin should only differ with

the hydroxyl group in position 3 replaced by a fioe.

In order to isolate and to confirm the structuretted fluorinated prerapamycin a scale

up of the feeding was performed.

3.4 Scale up Feeding

912 mg of compoun@.50in 15 mL of methanol were fed ®. hygroscopicydeading

to 16 mg of isolated fluorinated prerapamycin.gpeared clearly as a mixture of two
fluorinated prerapamycins that can interconverte photon NMR spectrum suggests a
ratio of 48:52 for PRERAP1/PRERAP2. The prerapams/avere partially separable
(preparative HPLC), but would start interconvertwary quickly becoming a mixture
again. It is believed that these two compoundsiaeeto thecis-transisomerism on the

amide bondKigure 2.21). This phenomenon was observed by for the original
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Figure 2.21 Cistransisomerism on the amide bond.

From the'H, *C, COSY, DEPT, 2D NMR spectra: HMBC, HSQC, COSY and
comparing the data from the previous NMR data of-fieorinated prerapamycift, the
mixture of both isomers was resolved. Both compguanr@ presented in separate tables
(table 2.17 and 2.18. The tables show the assignment for each protbrthe
corresponding carbon according to the HSQC, theopfproton correlations of the
COSY and the 3 bond hydrogen carbons correlatibesroed from the HMBC.

The chloroform peak was calibrated on 7.26 ppnhéttt NMR spectrum and on 77.0
ppm in the"*C NMR spectrum.
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Figure 2.22:Numbered fluorinated prerapamycin analague

Position "H-NMR e HMBC
oH/ ppm Multiplicity | COSY NMR
(Hz)

1 171.5

2 5.38 3a, 3b 52.6 C1,C3,C4

3a 1.78 2, 4a 26.2 C5

3b 2.19 2,4b

4a 1.25 3a, ba 20.9 C2,C6

4b 1.75 3b, 5b

5a 1.49 4a, 6a, 6b| 25.1 C4

5b 1.74 4b, 6a, 6b

6a 3.25 5a, 5b 44 .4 C2,C4,C5

6b 3.84 br.d (13.1) | 5a, 5b

8 172.4

9a 2.57 d (13.8) none 40.2 Cs8, C10, C11

9b 2.89 d (13.7)

10 none none 98.6 none

10-OH
11 1.49 12a, 12b,| 38.6 | C9, C10, C12, C438
43

12a 1.47 11,13a | 27.6 C10, C11, C13,

12b 1.62 11, 13a Ci14

13a 1.34 13a, 14 31.9 Ci4

13b 1.52 13a, 14

14 3.89 dddd (11.4} 13a,13b, 69.6 C15, C16

11.4, 2.0, | 154, 15b
2.0)

15a 1.53 14, 16 40.6 C14, C16, C17

15b 1.68 14, 16

16 4.08 dd (6.2, 6.2) 15a, 15b 75.6 C14, C15, C17
C18, C44

17 none None 138.4

18 6.23 d(12.2) 19 125.1 C16, C17, C19,
C20, C44

19 6.33 dd (14.6, 18, 20 1277 C17, C18, C20,
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11.2) C21
20 6.19 dd (14.7, 19,21 132.2 C18, C19, C21,
10.7) C22
21 6.05 dd (14.9, 20, 22 130.5 C19, C20, C22,
10.4) C23
22 5.31 dd (14.9, 21, 23 139.0 C20, C21, C23,
9.4 Hz) C24
23 2.16 22,24a,| 37.3 (C24,C45)
24b, 45
24a 1.30 23,25 40.3 C22, C23, C25,
24b 1.69 23, 25 C26, C45
25 2.43 24a, 24b| 45.6 C23, C24, C26,
46 C46
26 215.5
27a 2.54 dd (16.7, 28 46.4 C26, C28, C29
27b 3.3)
2.65 dd(16.7, 28
2.7)
28 4.34 27a, 27b 72.0 C26, C27, C29
C30, C47
29 139.6
30 5.37 d (9.8 Hz) 31 123.7 C28, C31, C32
C47, C48
31 3.25 30, 48 46.4 C28, C29, C31
C32, C47, C48
32 208.8
33a 2.61 dd(9.7,18.3) 34 40.6 C32,C34,C35
33b 2.63 m 34
34 5.13 ddd (6.5, | 33a, 33b,| 75.9 C32, C33, C35,
6.3, 3.8 Hz) 35 C36, C1, C49
35 1.94 34,36a,] 32.6 C49
36b, 49
36a 1.09 dd (3.4,3.4) 35,37 37.5 C34, C35, C37,
36b 1.20 35 C49
37 1.41 36a, 38a] 32.9 C35, C36, C41
38D, 423,
42b
38a 1.46 37,39 40.7 C36, C40, C42
38b 1.68 37, 39
39 4.26 dddd (51.3, | 38a, 38b,| 96.2 d C38, C40
10.2, 8.7, 40 173.8
5.0 Hz) Hz
40 3.59 39, 41a,| 73.6 C39, C41
41b
41a 1.28 37,42a, | 30.7 C37, C39, C40,
42b C42
41b 1.96 37, 42a,
42b
42a 1.68 37,41a, | 29.2 C36, C37, C40
41b
42b 0.84 37, 41a,
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41b
43 0.95 d (6.5 Hz) 11 16.8 C10, C11, C12
44 1.65 S 12.7 C17,C18
45 1.02 d (6.3 Hz) 23 21.7 C22,C23, C24
46 1.01 d (6.1 Hz) 25 16.6 C24, C25, C26
47 1.59 d (1.0 Hz) 13.1 C28, C29, C3(
48 1.08 d (6.8 Hz) 31 16.2 C30, C31, C32
49 0.89 d (6.1 Hz) 35 16.0 C34, C35, C36
Table 2.17:Table presentingH, *°C and 2D correlations from COSY, HSQC, HMBC
of PRERAP1.
Position 'H-NMR *C NMR HMBC
oH/ ppm Multiplicity | COSY
(Hz)
1 169.0
2 4.37 3a, 3b 55.7 C1, C3, C4, C8
3a 1.53 2,4a, 4b 26.7 C1,C5
3b 2.41 2,4a, 4b
4a 1.51 3a, 3b, 20.5
5a, 5b
4b 1.71 3a, 3b, 54
5a 1.29 4a, 4b, 24.4 C6
5b 1.63 6a, 6b
6a 2.15 5a, 5b 39.1 C2
6b 4.47 br.d (13.4) 5a, 5b
8 171.7
9a 2.41 d(16.1) 38.8 C8, C10, C11
9b 2.69 d (16.3)
10 98.4
10-OH 6.66 br.s C10, C11
11 1.54 12a, 12b, 38.6 C10, C12
43
12a 1.49 11, 13a, | 27.3 C10, C11, C13,
13b C14, C43
12b 1.69 11, 13a,
13b
13a 1.26 12a, 12b,| 32.3 Cl4
14
13b 1.57 idem
14 4.22 13a, 13b, 71.3 C12, C15, C16
15a, 15b
15a 1.46 14, 16 40.6
15b 1.69 14, 16
16 4.22 15a, 15b| 76.0 C14, C15, C17,
C18, C44
17 none 141.6
18 6.09 d (10.5) 19 122.6 Cie6, C17, C19,
C20, C44
19 6.39 dd (14.2, 18, 20 128.6 C17, C18, C21
11.2)
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20 6.00 dd (14.2, 19, 21 131.2 C18, C21, C2p
10.8)
21 6.06 dd (14.5, |20, 22 130.2 C19, C20, C22,
10.6) C23
22 5.19 dd (14.6, | 21,23 139.4 C20, C23, C24,
9.9) C45
23 2.12 22, 24a, | 39.8 C21, C22, C45
24b, 45
24a 1.37 dd (13.2, 23,25 39.7 C22, C23, C25,
24b 1.98 4.0) 23,25 C26, C46
25 2.44 24a, 24b) 46.3 C23, C24, C26,
46 C46
26 none 216.2
27a 2.45 dd (17.7,2.1| 28 48.0 C26, C28, C29
Hz)
27b 2.60 28
28 4.40 27a,27b| 72.1 C26, C27, C29,
C30, C47
29 none 139.7
30 5.44 d (9.8) 31 125.4 C28, 31, C3p,
C48
31 3.39 dg (10, 6.8)] 30, 48 45.6 C29, C30, 432,
C48
32 none 209.0
33 2.65 m 34 39.7 C32,C34, C35
2.95 ddd (18.6, | 34
9.9, 2.5)
34 5.36 33a, 33b, 74.4 C32, C33, C36
35
35 1.96 34, 36a, | 32.8 C33, C34, C49
36b, 49
36a 1.05 m 35, 37 37.5 C34, C35, C37,
36b 1.16 dd (7.5, 5.7)| 35, 37
37 1.45 36a, 36b, 33.0 none
38a, 38b,
42a, 42b
38a 1.48 37, 39 40.6 C36, C37, C4Q
38b 1.66 37, 39
39 4.37-4.22 38a, 38b, 96.2 d C40
40 (173.8Hz)
40 3.61 39,41a, | 73.4 C39, C41
41b
41a 1.29 40, 42a | 30.9 C39, C42
41b 2.00 40, 42b
42a 1.73 37,41a | 29.9 C36, C37, C40,
42b 0.90 37,41b C41,
43 0.95 d (6.5 Hz) 11 16.9 C10, C11, CpL2
44 1.79 S 15.7 C16
45 1.00 d( 6.0Hz)| 23 21.7 C22, C23,Cp4
46 1.03 d (7.2 Hz) 25 19.1 C24, C25, Ck6
47 1.49 d (1.1 Hz) 11.8 C28, C29, C30
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48 1.01 d (7.1 Hz) 31 14.6 C30, C31, CB2

49 0.90 d (6.5 Hz) 35 15.0 C34, C35, CB6
Table 2.18 Table presentin{H, *°C and 2D correlations from COSY, HSQC, HMBC
of PRERAP2.

There is a big difference in chemical shifts obsdrirom one molecule to another in
the '"H NMR spectrum for proton 2 and 6, also observedh®a*C NMR spectrum.
This is due to theis-trans isomerism on the amide bond (C8-N7). As carbom@ &
are directly connected to the nitrogen of the amibbnd (N7), their chemical
environment is directly modified by thas-transisomerism and so is their chemical
shift. The fluorine NMR spectrum confirmed the pmmese of two fluorinated
compounds with two peaks &t (282 MHz, CDC}) -74.96, -75.85 integrating similar
ratios to théH NMR spectrum.

The HRMS also confirms the presence of fluoringgestapamycins

The calculated exact mass of fluorinated prerapam@gH,sFNOypis 843.5297

Single Mass Analysis (displaying only valid results)
Tolerance =50 PPM / DBE: min =-5.0, max =1000
Selected filters: None

Monoisotopic Mass, Even Eleciron lons

94 formula(e) evaluated with 1 results within limits (up to 30 best isofopic matches for each mass)

Elements Used

C:0-48 H:0-500 N:0-1 ©:0-10 F:041 Na 01

Mohammed Mur-e-Alam - Biotica - 193 SL 25

MassSpecenic=2162-1 27 (0.808) Cm (23:34-1:14) 1: TOF M3 ES+

10 208.5201 25463

8815684

586.5234

B00.5250

867 52768
826 5308

700 5003 B 587 6e 5278
Joesasa2 702841 FO24%40 gpgogny  B8E3T1 an yio7emsanen 7084252 TarET3 grzemz || ‘, 5285302 LI sszmoas 897458 oo goes e
B e YO et e 0 P ¥ 4 2 SRS A R A M
Minimum: .0
Max ioum: 200.0 5.0 100.0
Mas Cale. Maes ha 30 IEE i FIT Fornula
B6E.5234 BER.E5104 4.0 4.6 11.8 0.8 C48 H74 N 0Ol0 F Na
a0a. 5201
861 5664
aEEe 5234
B09 5250
6T . 5269
8268 5308
82T 8317
790.5093 868 5278
Ll LI | L] I L] LI | L] I L] LI | I L] LI | L] I LI ] L] L] I L] LI | L] I LI | L] L] I LI | LI ] I LI | L} I LI | LI ] I L] L] LI
30 200 220 2840 260 aad

Figure 2.23HRMS of the mixture of both fluorinated prerapatmyc
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Mass of main

Mass of added or

Corresponding

Calculated Mass

peaks missing fragment fragments
866.5234 +22.9937: Na CagH7sFNOy g+ Na 866.5189
867.5269
868.5278
861.5664 +18.0367: HO CugH74FNOy+H0 861.5402
861.5664 + 1
861.5664 + 2
826.5308 -16.9989: -HO + | CygH74FNOy—H,0 826.5264
827.5317 H* +H*
828.5392
808.5201 -35.0096: -2HO + | C4gH74FNOy - 808.5158
809.5250 H* 2H,0 +H'
808.5201 + 2
790.5093 -53.0204: -3HO + | CsgH74FNOo— 790.5053
790.5093 + 1 H* 3H,0 +H'
790.5093 + 2

Table 2.19 Interpretation of the HRMS.

The HRMS showed corresponding masses SHGFNO;g+Na’, CigH74FNOyot+ H,0,
CygH74FNO—H0+H", CygH7sFNO1g—2H,0+H", CagH7sFNOy0—3H,O+H" in the form
of 3 main isotopes of decreasing intensity (meabkpesak intensity for ggH74FNO;ot+
Na" +0: 100%, +1: 53%, +2: 17%, calculated abundar@®2d, 53.5%, 16.1%). The

first one of higher intensity only contains the mosmmon isotopetH, **C, N, *°0

and°F. The second peak M+1 is a mixture of fluoropramapcins containing the most

common isotopestf, **C, N, °0 and*F) and on€™C or one’H or one'’O or one

5N. °F is the only stable isotope of fluorine. The M+RaR is a mixture of

fluoroprerapamycins containing the most commonoges and two of the previous
isotopes {°C, °H, 'O, N ) or one*®0 or one®H or one'“C.

119



CONCLUSION
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4-Fluorocyclohexanecarboxylic acid ar@Hluorocyclohexanecarboxylic acid were
synthesised using the same methodoldgghéme 3.1 By fluorinating the flattened
hydroxyl cyclohexanone intermediate, containing spfecarbon in its 6-membered ring
the steric hindrance and dehydration is limitede Field of the fluorination step was
increased in the synthesis toward 4-fluorocyclohexarboxylic acid compared to the
previous literature method (fluorination of a sated ring>* ®4.

OH F F F
[ ﬁ i) [ ﬁ ii) [ ﬁ i) [ﬁ
o) o) CN

COOCH

i) DAST, DCM, 0C ii) TOSMIC, DME, t-BuOK, t-BuOH, 25T
iii) EtOH, NaOH/ H,O0, reflux

Scheme 3.1Common synthetic method used to synthesise 43and

fluorocyclohexanecarboxylic acid

3-Fluorocyclohex-1-enecarboxylic acid was synthasisfollowing the literature
procedure of Bridge and O’'HagaBigheme 3.2°°

CO,Me CO,Me CO,Me CO,Me COOH

5 S 8e 88

i) CrO3, Benzene, acetic acid and acetic anhydride, RT, 45 min ii) CeCl;, NaBH,, MeOH, RT, 15 min
iif) DAST, DCM, 0%, 3.5 h iv) NaOH, EtOH, RT, 3h

Scheme 3.2Synthesis of starter unit 3-fluorocyclohexenecastioxacid

All three fluorinated compounds: 3-fluorocyclohexefiecarboxylic acid, 4 and 3-
fluorocyclohexanecarboxylic acid when fed & hygroscopicuMG-210 were not
incorporated to the contrary of the hydroxylatedieglents fed previously bBiotica
Technology Ltand fed in parallel with the three fluorinated gaunds $cheme3.4).
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starter unit

Starter unit R incorporation levels
(mgL™)

D, — S

HO COCH HO

/@\ —_— No incorporation 0

F COOH

HO HO,,

\O\ . @ 3343
COCH

F

\O\ ——  No incorporation 0
COCH

D — S =

HO COCH HO

/O\ — No incorporation 0

F COOH
Scheme 3.4Non incorporated monofluorinated starter units exedrporated hydroxyl

equivalents.

Previous incorporation experiments Bjotica Technology Ltdvad shown that starter
units without a hydroxyl group present had beenrtiygated first byS. hygroscopicus
MG-210 before being incorporated, with the exceptiof tetrahydro-2Hpyran-4-
carboxylic acid that already contained a hydrogemdbacceptor and was incorporated at
very low levels $cheme 3k They had also showed that 2-

hydroxycyclohexanecarboxylic acid had not beenripomated.
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Starter units cyclohexyl moiety of prerapamyicn analogue

HO

a
@)
©)
T

HO

HO,

gx
&

HO

low levels of incorporation

—_— No incorporation

QOO0
|
SR

COOH
Scheme 3.50ther 6 membered ring starter units that werededl hygroscopicus
MG-210 byBiotica Technology Lt&" >

Those results suggest that the presence of a hgdrdpnd acceptor and more
specifically a hydroxyl group in position 3 or 4 mecessary for incorporation. The
presence of fluorine on the ring in position 3 orsdems to block any possible
enzymatic oxidation in position 3 or 4 necessaryificorporation of a cyclohexane or
cyclohexene carboxylic acid derivative. Althougle fituorine carbon bond is isosteric
to a carbon hydroxyl bond it is not recognised aodepted by the PKS. This could be
due to fluorine’s different electronic and hydrogeonding properties compared to a
hydroxyl group>?

In order to obtain fluorinated analogues and aebatinderstanding of the rules of
incorporations, a range of fluorohydrins containangydroxyl group in position 3 or 4

prerequisite for incorporation were synthesiseéchgme 3.5
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CO,Et

F
HO
] 2.49
O+_OH O
- . - . <ZCOZEt+ xﬂ;
| H 1 CO,Et
2.37 2.38 2.45 2.46
CO,Et
HO\N CO,Et THPO\mcozEt
E OTHP 22 " 256
2.44 4:1*
CO,Et

THPO 253

GOREt J HO\ /Z/ ~Co,Et
F
F 2.64 FW\COZEt 250

L

TfO

‘ HO 5 47 ‘
TfO
Bzomcoza %F COEt
2.62
F 265 J
HO CO,Et N COEf| ~———— COEt
F F
F OH OBz
2.59 2.58 2.63

Scheme 3.6Synthesis accessing to 6 different fluorohydrins.

The relative stereochemistry of all 6 fluorohydrimas confirmed using NOESY NMR
experiments. All 6 fluorohydrins were fed and imomarated byS. hygroscopicud1G-
210 at various incorporation levels. The highesbporations were observed f2r50
and 2.59 when the ethyl ester group and hydroxyl in positdbwere in an equatorial
position. The all equatorial produ2i50had the best incorporation levels out of the two
(Scheme 3.Y.

124



starter unit

Only onee of the two Starter unit R incorporation levels
enantiomers

(mgL™)
HO HO
Wcoza _ D\ . n 4+1
F F COOEt F
OH . -
F = "’
\Homcoza /O\ - /O% 5+1
HO COOEt HO
CO,Et
F F/,,’
F\M = — @ 7+1
HO . HO™ COOEt HO
oEt HO HO.
NS L -
F F COOEt F
F HO,,, HO,,
_ . 2642
Howcoza = O\ @
= COOEt \
2.59 F

2.59
HO.,, HO,

HO CO,Et /O\ —
F 250 F COOEt =

Scheme 3.7Synthesised fluorinated starter units, incorgorakevels and

Y

f: \\
N
0o
I+
H

corresponding prerapamycin analogues

The feeding oR.50was scaled up and the structure of the correspgnalierapamycin
analogue resulting from the incorporation2050was confirmed usindH, **C, DEPT,
COSY, HSQC, HMBC, NOESY NMR experiments.

Rapamycin analogues could be produced in a simiégrusing a strain lacking thieap

K generesponsible for the synthesis of the starter ufite activity of the new
fluorinated rapamycin analogues could be evaluated could also give us a better
understanding on the importance of the hydroger lwdrthe hydroxyl group on carbon
40 with FKBP12, measuring the binding to FKBP12 &RAP in the ternary complex,
and its impact on the biological activity of rapasimy
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General Information and Materials

Reaction glassware was dried in an oven at 120%Ccanled in a dry atmosphere of
nitrogen. The solvents used in reactions were daed distilled prior to use:
tetrahydrofuran (THF) and diethyl ether (sodiutmZmsphenone, under nitrogen), ethyl
acetate (calcium chloride, under nitrogen), diohhoethane and diisopropylamine
(calcium hydride). Petroleum ether refers to thes@€C boiling fraction. Non-aqueous
reactions were carried out under an atmosphereyafittogen unless otherwise stated.
Air-sensitive reagents and solutions were transtevia syringe or cannula and were
introduced to the apparatus through rubber septén Tayer chromatography was
carried out on Merck, Kieselgel 60, F254 glass bdcglates. Flash chromatography
was carried out using Fluka silica gel-60 (35-70 ) mNMR spectra were recorded on
Varian Unity 300 MHz {H at 299.908 MHz, 13C at 75.45 MHz), Varian Unit§04
MHz (*H at 299.956 MHz*C at 100.57 MHz) and Bruker Avance BB ATM 500 MHz
(*H at 499.779 MHz,°C at 125.669 MHz) machines. Samples were run in
deuterochloroform, unless stated otherwise, witentlal shifts reported in parts per
million quoted relative to CDGlatdy= 7.26,6c= 77.0. The deuterated solvent was used
as a lock. Coupling constants are reported in hétzurate electrospray ionisation
mass spectra (HR ESI-MS) were obtained on a FimniygAT 900 XLT mass
spectrometer at the EPSRC National Mass Spectrgi8etvice Centre, Swansea.
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1 SYNTHESIS TOWARDS
MONOFLUOROCYCLOHEXANECARBOXYLIC ACIDS
4,4-DIFLUOROCYCLOHEXANECARBOXYLIC ACID AND
3-FLUOROCYCLOHEXENECARBOXYLIC ACID.

1.1 Synthesis towards 4-Fluorocyclohexanecarboxylic Acid.

General procedure towards the synthesis of 4-hydroxycyclohexanone

(2.7)(literature compound}’

NaBH, (438mg, 11.5 mmol) was added in small portionsr /& minute period to a
solution of 1,4-cyclohexanediorz6 (4 g, 35.7 mmol) in methanol (80 mL), stirred
under nitrogen at -10°C. The solution was lefttio & further 2.5 hours at -10°C, then
slowly neutralised with an aqueous HCI solution (b, 1M). The methanol was
evaporatedin vacuqg and the remaining aqueous solution was extradted
dichloromethane (3x50 mL). The organic extractseveombined and washed with
saturated NaCl solution (10 mL), dried over MgSfiltered and evaporated vacuo
The mixture was purified by flash chromatographysdita, eluting with a mixture of
Petroleum ether and ethyl acetate (1 : 9), to theditle compound.7 as a colourless
oil (1.45 g; 12.7 mmol, 36%py (300MHz, CDC}) 1.84-2.10 (m, 5H, OH2H3, 2H5),
2.26-2.65 (m, 4H, 2H2, 2H6), 4.19 (&= 3.2, 6.4Hz, 1H, H4);5¢ (75 MHz, CDC})
34.1 (C3, C5), 37.6 (C2, C6), 66.7 (C4), 211.6 (Q4% (Cl) m/z115.1 [M+H]; IR
(neat film): vma(cm®) 3421(OH), 2942 (CH), 1716 (C=0); Rf = 0.26 (10G%hyl

acetate)

General procedure for the synthesis of 4-fluorocyohexanone (2.87

Diethylaminosulphur trifluoride (DAST) (1.05 mL, 95 mmol) in dichloromethane

(300 mL), cooled to -78°C was added via cannula ao solution of 4-
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hydroxycyclohexanone2.7 (900 mg, 7.89 mmol) in dichloromethane (100 mL)
previously cooled to -78°C and stirred under nignogThe solution was then placed in
an ice bath and left to stir at 0 °C. The reactreent to completion after one hour,
before water (100 mL) was added. The organic phaseseparated, dried over Mg&sO
filtered and the solvent removemh vacuo The product was purified by flash
chromatography on silica, eluting with a mixturepgtroleum ether and ethyl acetate
(9:1) to give thditle compound?.8 as a yellow transparent oil (195 mg, 1.68 mmaol,
21%): 6w (300 MHz, CDC§) 1.85-2.10 (m, 2H, H3, H5), 2.26-2.37 (m, 4H, Hz,
H6ax H3sq, H5g), 2.59-2.71 (M, 2H, HZ, H6g) 4.99 (itd,J = 48.5, 5.0, 2.4 Hz, 1H,
H4); 6. (75 MHz, CDC}) 31.0 (d,J = 21.1 Hz, C3, C5), 36.2 (d,= 4.6 Hz, C2, C6),
87.2 (d,J = 169.6 Hz, C4), 210.0 (C19: (282 MHz, CDCY) -187.0; HRMS (El)m/z
116.0630 (Calcd. 116.0632 forglsFO):; IR (neat film):vma{cm™) 1716 (C=0); Rf =
0.41 (60: 40 Petrol/ethyl acetate)

General procedure for the synthesis of 4-fluorocychexancarbonitrile (2.9)°

Tosyl methyl isocyanide (55.5 mg, 0.28 mmol) inlidimethoxyethane (DME) (0.7
mL) was added to 4-fluorocyclohexanoBs (30 mg, 0.26 mmol) in DME (0.7 mL)
stirring under nitrogen before cooling to 0°C. Rstamtert-butoxide (58.1 mg, 0.52
mmol) in tert-butanol (0.8 mL) and DME (0.4 mL) was added viaruda to the
previous cooled mixture. The reaction was leftttofer 3.5 hours at room temperature
until completion and ether (30 mL) added. The orgphase was washed with aqueous
NaHCGQ; solution (10%, 2x10 mL), saturated aqueous NaClitiem (2x10 mL), dried
on MgSQ, and filtered. The solvents were removedsacua The crude product was
dissolved in ether (1 mL), filtered through cottaool and the filtrate evaporated in
vacuoto give the partially purgtle compound.9(29.5 mg, 0.23 mmol, 88%) as a light
brown oil: 64 (300 MHz, CDC}), 1.73-1.85 (m, 4H, CHCF-CH,), 1.90-2.05 (m, 4H,
2H2, 2H6), 2.54-2.65 (m, 0.55 H, Hrans 2.72-2.82 (m, 0.45 H, Hdis), 4.69 (dm(o),

J = 47.9 Hz), 4.74 (dm(0), 47.9 Hzp¢ (75 MHz, CDC}) 24.2 (d,J = 5.3 Hz, C2, C6
cis), 24.6 (d,J = 5.3 Hz, C2, Cérans), 26.5 (Clcis), 26.7 (Cltrans), 28.3 (d,J = 21.0
Hz, C3, Chcis), 29.1 (d,J = 21.0 Hz, C3, CH%rang), 87.6 (d,J = 171.3 Hz, C4rang),
88.1 (d,J=170.5 Hz, Cis), 141.8 (CTcis), 152.2 (C7f{rans); 6 (282 MHz, CDCY) -
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182.4 (2s); MS (Clm / z128.0 [M+HJ; IR (neat film):vma{cm™) 2233 (-CN); Rf =
0.32 (60: 40 Petrol/ethyl acetate)

General procedure for the synthesis of 4-fluorocychexane carboxylic acid (2.1}

(literature compound using a different method)

3 2

4 1
F CO,H
L7

5

A solution of aqueous sodium hydroxide (1M, 3.5 mand ethanol (0.35 mL) were
added to 4-fluorocyclohexancarbonitred (40.5 mg, 0.32 mmol) in ethanol (0.36 mL),
and heated for 4 hours in an oil bath at 82°C. &thanol was evaporatédvacua The
aqueous phase was washed with diethyl ether (1Q adiglified between pH 1 and 2
using concentrated hydrochloric acid, then extchetégh diethyl ether (3x10 mL). The
organic extracts were combined, dried on sodiurphaik, filtered and evaporated to
give a 55:45 mixture of the#ans andcis isomer2.1 (28 mg, 0.192 mmol, 60%) as a
light brown resindy (300MHz, CDC}) 1.46-2.18 (m, 8H, 2H2, 2H3, 2H5, 2H6), 2.33-
2.345 (m, 1H, H1), 4.54 (ttd] = 48.0, 9.5, 3.8 Hz, 0.55H, H4ax), 4.78 (tids 48.0,
4.6, 2.3 Hz, 0.45, H4eqdc (75 MHz, CDC}) 22.9 (d,J= 2.9 Hz, C2, Cérans) 25.5
(d,J= 10.4 Hz, C2, C&is), 29.8 (d,J= 21.1, Hz, C3, C%rans), 30.9 (d,J= 19.7 Hz,
C3, Cbcis), 41.1 (Cltrans), 41.3 (Clcis), 88.5 (dJ= 169.2 Hz, C£is), 90.7 (dJ=
171.8 Hz, C4rans), 181.1 (C7cis), 181.2 (C7trans), 6F (282 MHz, CDCY)) -174.7, -
183.3; MS (ESI) m / z = 147.0 [M+H] IR (KBr pellet): vma{cm™) 2945 (OH), 1701
(C=0).

1.2 Synthesis towards 4,4-Difluorocyclohexanecarbox  ylic Acid.

General procedure for the synthesis of 4,4-difluoroyclohexanone (2.10§
3 2

Diethyl amino sulphur trifluoride (0.1 mL, 0.76 mipavas added to a solution of 1,4-
cyclohexanedion@.6 (95mg, 0.85 mmol) in dichloromethane (5 mL), caoét -78°C,

and stirred under nitrogen. The mixture was leftwarm to room temperature and
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stirred for 24 hours. The solution was then waswéfi aqueous saturated NaHgO
solution (3x3 mL). The organic extract was dried MgSQ,, filtered, evaporateih
vacuoand purified by flash chromatography on neutrdlisiica eluting with a mixture
of petroleum ether and ethyl acetate (8 : 2), W@ dghetitle compound.10as a yellow
oil, with slight impurities (11 mg, 0.08 mmol, 109} = 0.48 (60: 40 Petrol/ethyl
acetate)dy (300MHz, CDC}) 2.31 (tt,J = 13.3, 7.2 Hz, 4H, H), 2.55 (§, = 7.2 Hz,
4H); o (300MHz, CDC}): -100.5 (s)m / z(relative intensity) 135.1 (M+1).

General procedure for the synthesis of 4,4-difluoroyclohexancarbonitrile 2.113

Tosyl methyl isocyanide (902 mg, 4.6 mmol) in 1difrethoxyethane (12 mL) was
added to a solution of partially purified 4,4-ddhocyclohexanon2.10(902 mg, 4.6
mmol ) in DME (12 mL) stirred under nitrogen. Theéxtare was then cooled at 0°C.
Potassiuntert-butoxide (1.014 g, 9 mmol) itert-butanol (6 mL) and DME (6 mL) was
added via cannula to the previous cooled mixtuhe feaction was left to stir for
3.5hours at room temperature and was followed b@ T&0:40 Petrol: Ethyl acetate)
until completion. Ether (30 mL) was added. The arg&xtracts were combined and
washed successively with NaHg6blution (10%, 2x10 mL), and with saturated NacCl
agueous solution (2x10 mL), then dried on MgS&ahd filtered. The solvents were
removed under reduced pressure. The crude prodagtlissolved in ether (1 mL),
filtered through cotton wool and the filtrate evegted invacuoto give the partially
purifiedtitle compound®.11(29.5 mg, 0.23 mmoljy (300MHz, CDC}) 2.21-1.90 (m,
8H, H2,3,5,6), 2.83-2.68 (m, 1H, H1)

m / z(relative intensity) 146.2 (M+1).

General procedure for the synthesis of 4,4-difluoroyclohexanecarboxylic acid

(2.4)*
=X =,
F OH

A solution of aqueous sodium hydroxide (1M, 3 mand ethanol (0.5 mL) was added
to a stirred solution of partially purified 4-flumryclohexancarbonitril@.11 (41.5 mg,

0.286 mmol) in ethanol (0.5 mL) and refluxed foh@&urs in an oil bath at 88°C. The
ethanol was removeith vacua The aqueous phase was washed with diethyl etiger a
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was acidified at 0°C down to pH 2 using concenttdtedrochloric acid, extracted with
diethyl ether (3x10 mL), dried over sodium sulphéifeered and evaporated vacuo
A trace of produck.4 was detected by GCM& / z(relative intensity) 163.2 (M+1).

1.3 Synthesis towards 3-Fluorocyclohexenecarboxylic Acid.

General procedure for the synthesis of methyl- 3-a¢1-cyclohexene-1-carboxylate

(2.15) (literature compound)’®

CrO; (8.48 g, 84.8 mmol) was added to a stirring solutif acetic anhydride (21.2 mL)
and glacial acetic acid (42.4 mL) at 0°C. The poesi cooled mixture was added drop
wise over a 30 minute period to a stirred solutioh methyl-1-cyclohexene-1-
carboxylate2.14(3.9¢g, 3.8 mL, 27.8 mmol) in benzene (43 mL), edah a water bath.
The solution was left to stir another 15 minutesnBene was added (50 mL), and the
solution was neutralised with a KOH solution (5 kifl 85 mL). The solution was the
poured in water (180 mL), extracted with diethylest(4x300 mL), the organic extracts
combined, washed consecutively with a NaHG&GOlution (3x70 mL) and with a NaCl
solution (70 mL), dried over MgSQfiltered, and removedh vacuo The product was
purified by distillation (0.5 Tor, 55°C) to give dhtitle compound2.15 (2.88g, 18.6
mmol, 67%) as a colourless adk; (300MHz, CDC}) 2.01-2.10 (m, 2H, H5), 2.43-2.47
(m, 2H, H4), 2.56-2.61 (m, 2H, H6), 3.83 (s, 3H,)HB.73 (bs, 1H, H2)jc (300MHz,
CDCl;) 22.1 (C5), 24.8 (C6), 37.7 (C4), 52.6 (C8), 13&2), 148.7 (C1), 167.0 (C7),
200.1 (C3); MS (CIm / z155.1 [M+HT; IR (neat film):vmax(cm') 2951.32 (-OMe),
1713.2 (C=0).

General procedure for the synthesis of methyl- 3-ldroxy-1-cyclohexene-1-

carboxylate (2.16)(literature compound)’’

7 8
COZMe

6 2

3 OH
4
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NaBH, (332.5 mg, 8.8 mmol) was added to a stirred satutdd methyl-3-oxo-1-
cyclohexene-1-carboxyla@& 15 (1.34g, 8.7 mmol) and CegfH20) (3.25g, 8.7 mmol)
in methanol (22 mL), and left to stir for 15 minsitd he solution was neutralised to pH
7 with HCI (ImolL?), extracted with diethyl ether (3x50 mL), driedeowgSQ,
filtered, and removedh vacuoto give thetitle compound.16 (815.5 mg, 5.2 mmol,
60%) as a colourless oili; (300MHz, CDC}) 1.61-2.88 ( m, 6H, H6, 4, 5), 3.74 (s, 3H,
H8) 4.30-4.40 (m, 1H, H3), 6.86-6.88 (m, 1H, Hay; (300MHz, CDC}) 19.0 (C5),
24.2 (C6), 31.1 (C4), 51.8 (C8), 66.0 (C3), 13Z2) 139.7 (C1), 167.7 (C7); MS (ClI)
m / z157.1 [M+H]; IR (neat film):vmax(cm-1) 3417 (-OH), 2945.5 (-OMe), 1716.52
(C=0)

General procedure for the synthesis of methyl-3-flaro-1-cyclohexene-1-

carboxylate (2.17)(literature compound)®®

7 8
COZMe

DAST (1.15 mL, 1.4g, 8.7 mmol) was added to a sotubf Methyl- 3-hydroxy-1-
cyclohexene-1-carboxyla®216 (1.17 g, 7.49 mmol) in DCM (220 mL) at 0°C stigin
under nitrogen. The solution was left to stir fob Biours at room temperature. Water
(70 mL) was added to the solution, and the orgpha&se separated, dried over MgsSO
filtered, and removeth vacuo The product was purified by flash chromatography
silica, eluting with DCM to give théitle compoundto give thetitle compound2.17
(1.13 g, 7.15 mmol, 96%) as yellow od; (300MHz, CDC§) 1.61-2.43 (m, 6H, 2H4,
2H5, 2H6) 3.75 (s, 1H, §), 5.13 (dmJur= 48 Hz, 1H, H), 6.87-6.93 (m, 1H, bJ; oc
(300MHz, CDCH4) 164.8 (C7), 134.5 (d]= 19.5 Hz, C1), 85.7 (d]= 164.3 Hz, C3),
52.0 (C8), 28.3 (dJ = 19.5 Hz, C4), 24.1 (dI= 3.0 Hz, C6), 18.1 (d]= 4.5 Hz, Cb5);
8 (282MHz, CDC}): -168.0, -152.1m / z159.2 [M+H]; IR (neat film): Vima{cm?)
2952 (-OMe), 1720 (C=0).
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General procedure for the synthesis of 3-fluoro-1yclohexene-1-carboxylic acid

2.3 (literature compound)®®

Methyl-3-fluoro-1-cyclohexene-1-carboxyla®17 (65 mg, 0.41 mmol) was dissolved
in ethanol (1 mL) and aquous NaOH solution (2 mimdIL™). The mixture was left to
stir at room temperature for 3 hours. The aquebase was washed with DCM (2x10
mL), then was acidified with an HCI solution (2 hd) down to pH 1, extracted with
DCM (4x10 mL), the organic extracts were combinad dried over MgS@ filtered,
and removedn vacugq to give thetitle compound®.3 (47.4 mg, 0.33 mmol, 80%) as a
yellow gel: 6y (300MHz, CDCI3) 1.45-2.40 (m, 6H, H 6,4,5), 5.18 J4r = 48 Hz,
1H, H3), 7.03 (dJ = 9 Hz, 1H, H2), 8.70 (bs, OHJ (75 MHz, CDCI3 18.1 (dJ= 5.2
Hz, 1C, C5), 23.8 (C6), 28.2 (d= 18.8 Hz, 1C, C4), 86.1 (dur = 165 Hz, 1C, C3),
136.8 (d,J= 19.5 Hz, 1C, C1), 142.0 (s, 1C, C2), 172.1 (G¥¢)(282 MHz, CDC}) -
172.5;m / z143.1 (M-1); IR (neat film)vmax(cm-1) 2951.2 (-OH), 1695.9 (C=0).

1.4 Synthesis toward 3-Fluorocyclohexanecarboxylic Acid.

General procedure for the synthesis of methyl-3-flarocyclohexanecarboxylate
(2.18)"8
COZMe

=
Hydrogen peroxide (0.4 mL, 27.5%) was added droproyp to a solution of Methyl-3-
fluoro-1-cyclohexene-1-carboxyla@17 (58 mg, 0.37 mmol) in ethanol (7 mL) and
hydrazine (0.4g, 8 mmol) monohydrate at 38Ghe solution was left to stir for 4 hours
at room temperature. Water was added (2 mL). Thenptoduct was extracted with
diethyl ether (3x20 mL) and the organic extractsreveombined and dried over
NaSO,, filtered, and evaporated vacuo Some mixture was recovered (30 mg), and a
minor peak on the GCMS seemed to indicate the poesef product, but thtH NMR

spectrum did not confirm that result.
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The experiment was repeated with methanol instéadhanol. Natitle compoundvas
detected, but starting material was recovered.
It was also repeated by adding 2 drops of saturategher sulphate solution, ridle

compoundand no starting material were detected.

Hydrazine (330.2 mg, 6.596 mmol) acetic acid (1pjirand saturated copper sulphate
solution (1 drop) were added to Methyl-3-fluoroslclohexene-1-carboxylat@.17
(10.4mg, 0.066 mmol) in methanol (2.7 mL). Sodiuenigdate solution (281.0 mg, 1.3
mmol ) in water (2.1 mL) was added to the previsakition, drop wise over one hour,
maintaining the temperature of the reaction at raemperaturé® The solution was
then left to stir for 48 hours at room temperaturee methanol was evaporated
vacuao The solution was extracted with ether (3x10 nthg organic extracts were
combined, washed with saturated NaCl solution, dmed over NgSOy, filtered, and

evaporatedn vacuo Notitle compoundvas detected.

Acetic acid (0.14 mL) was added drop wise to a tsmhu of methyl-3-fluoro-1-
cyclohexene-1-carboxylat®.17 (20mg, 126.5pumol) in DMSO (0.85 mL), and
dipotassium azodicarboxylate (52 mg, 3680l) and was left to stir over nigft.The
solution was diluted in brine (2 mL), then solutiamas extracted with pentane (3x5
mL), the organic extracts were combined, dried &S50, filtered, and evaporated

vacua Notitle compoundvas detected.

Acetic acid (0.04 mL, 0.715 mmol) in methanol (0rG8) was added drop wise over a
period of 30 minutes to a stirred solution of métByfluoro-1-cyclohexene-1-
carboxylate2.17(21 mg, 0.132 mmol), and dipotassium azodicarkatey{77 mg, 0.396
mmol) in methanol (0.9 mL) previously cooled to 0¥CThe reaction was left to stir
over night. The solution was evaporated, and teglue taken up in water (2 mL) and
extracted with DCM (3x10 mL). The organic extrawtere combined, washed with
saturated bicarbonate solution, dried ovep3@ and evaporated in vacuo. Nible
compoundvas detected.

All four unsuccessful experiments in order to rezltiee double bond were carried out
in parallel on 3-fluoro-1-cyclohexene-1-carboxylacid. No title compoundwas
detected.
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General procedure for the synthesis of 3-fluorocychexanecarboxylic acid (2.2§®
COzH
2

43F

Hydrogen peroxide (0.2 mL, 27.5%) was added dropliop to a solution of 3-fluoro-
1-cyclohexene-1-carboxylic aci3 (27.4 mg, 0.19 mmol) in ethanol (2 mL), hydrazine
(165.1 mg, 3.3 mmol) monohydrate and 2 drops of @usirred at 0°C. The solution
was left to stir for 6 hours at room temperatureat®¥v was added (1 mL). The aquous
phase was washed with diethyl ether (10 mL), ex¢chand acidified to pH 1 with HCI
solution (2moll™). Then the product was extracted with diethyl eft8x10 mL) and
the organic extracts were combined and dried ov@8®, filtered, and evaporatdad

vacuao Notitle compoundvas detected

Acetic acid (0.13 mL) was added drop by drop tolatson of 3-fluoro-1-cyclohexene-
1-carboxylic acid2.3 (17 mg, 0.118 mmol) and dipotassium azodicarbdgy{g&0 mg,
0.258 mmol) in DMSO (0.7 mL). The solution was leftstir for 6 hours. The solution
was diluted in brine (2 mL), and extracted with fa@@ (3x5 mL), the organic extracts
were combined, dried over b®0O,, filtered, and evaporateth vacuo No title

compoundvas detected.

Acetic acid (0.07 mL, 1.251 mmol) in methanol (n2) was added drop wise over a
period of 30 minutes to a stirred solution of 3sflo-1-cyclohexene-1-carboxylic acid
2.3 (25 mg, 0.173 mmol), and dipotassium azodicarkatey( 0.101 mg, 0.521 mmol)
in methanol (0.5 mL) previously cooled to 0°C. Treaction was left to stir over night.
The solution was evaporated, and the residue takeim water (2 mL), and extracted
with DCM (3x5 mL). The organic extracts were condan washed with saturated
bicarbonate solution, dried and evaporatedacuo Notitle compoundvas detected.

General procedure for the synthesis of (3-fluoro-aglohexyl)-methanol (2.19)
HO

F
Methyl-3-fluoro-1-cyclohexene-1-carboxylagl7 (96 mg, 0.600 mmol) in THF (0.8
mL) was added to a solution of AlLi{34 mg, 0.897 mmol) in THF (1.5 mL) at 0°C

stirred under nitrogen. The reaction was left tofst 4.5 hours at 0°C. Water (38),
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sodium hydroxide solution (34iL, 15%), and extra water (10gL) were added
successively. The mixture was passed through exifiy funnel, and was washed with
ether. The filtered solution was then evaporatedvacuq and purified by flash

chromatography on silica, eluting with DCM. Ntle compoundvas detected.

General procedure for the synthesis of 1,4-dioxa-gp[4.5]decan-7-one
(2.21)(literature compound)”®

O

ﬁs

8 4

9 (0]

J?
2

10 O
1

p-Toluene sulfonic acid (150 mg, ) was added tolatem of ethylene glycol (8.8g, 142
mmol) and cyclohexane-1,3-dior#220 (159, 134 mmol) in benzene(134 mL). The
solution was stirred and refluxed for 3.5 hourse Trganic solution was left to cool
down, and was washed with NaHg€&blution (8%, 40 mL). The NaHG®olution was
then extracted with benzene (3x40 mL). The orgaertcacts were combined and added
to the previous, and dried over Mg§@iltered, evaporateih vacuoand purified by
flash chromatography on silica eluting with a mnetof petrol and ethyl acetate (70:30)
to give thetitle compound2.21as a yellow oil (6.1g, 39.1 mmol, 29%), (300MHz,
CDClz) 1.83-1.97 (m, 4H, H9, H10), 2.31-2.35 (m, 2H, H8%9 (s, 2H, H6), 3.93-
3.99 (m, 4H, H2, H3); MS (Cin/z157.1 (M+1);

General procedure for the synthesis 0B-hydroxy-cyclohexanone (2.22)(literature

ﬁi
6 2
>3 0H

4

compound)®’

NaBH; (400mg, 10.6 mmol) was added in 4 portions duBnminutes tal,4-dioxa-
spiro[4.5]decan-7-on.21 (5.9g, 37.8 mmol) in MeOH (82 mL), cooled at —10°C
stirred under nitrogen and was left to stir 1 hat® °C. HCI solution (1 molL, 10 mL)
was then slowly added to the mixture, to neutraisesolution. The solution was then
evaporatedn vacuq until all the methanol was evaporated, water a@dded (10 mL)
and was extracted with ethyl acetate @ mL). The organic extracts were combined,

washed with saturated NaCl solutionx(B0 mL), dried over MgS§) filtered,
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evaporatedin vacuoand purified by flash chromatography on silicatiely with a
mixture of petroleum ether and ethyl acetate (5btdgive thetitle compoun®.22as a
colourless oil (1.05g, 9.2 mmol, 24%); (300MHz, CDC}) 1.63-1.83 (m, 3H, H4,
2H5), 1.98-2.13 (m, 2H, H4, QH2.32 (t,J= 6.5 Hz, 2H, H6), 2.41 (ddl= 14.2, 7.7
Hz, 1H, H2), 2.67 (dd) = 14.5, 4.2 Hz, 1H, H2), 4.19 (1,= 7.5, 3.6 Hz, 1H, H3); MS
(Chy m/z114.1 [M];

General procedure for the synthesis of 3-fluoro-cyohexanone (2.235°

Diethyl amino sulphur trifluoride (0.12 mL, 0.91 mipwas added to a solution of 3-
hydroxycyclohexanong2.22 (100mg, 0.88 mmol) in dichloromethane (35 mL) eabat
-78°C stirred under nitrogen. The mixture was tee@med at 0°C for 4 hours. Water (20
mL) was carefully added. The organic phase wasetdd, washed with water (20 mL),
dried over MgSQ filtered, evaporateth vacuq and purified by flash chromatography
on silica eluting with a mixture of petrol and dthacetate (95:5) to give thttle
compound2.23 as a colourless oil (15 mg, 0.13 mmol, 15%y;(300MHz, CDC})
1.76-1.88 (m, 1H, H5), 1.91-2.14 (m, 3H, 2H4, HBR8-2.47 (m, 2H, H6), 2.54-2.74
(m, 2H, H2), 5.06 (dm,J = 49.7 Hz, 1H, H3); HRMS (ElIm/z 116.0630 (Calcd.
116.0632 for @HgFO);

General procedure for the synthesis of 3-fluorocyohexanecarbonitrile (2.24)3

Tosyl methyl isocyanide (392 mg, 1.98 mmol) in idithethoxyethane (DME) (3.3
mL) was added to 3-fluorocyclohexana2@3 (205 mg, 1.77 mmol) in DME (3.3 mL)
stirring under nitrogen before cooling to 0°C. RBgtamtert-butoxide (410 mg, 3.67
mmol) in tert-butanol (2.9 mL) and DME (2.9 mL) was added viarada to the
previous cooled mixture. The reaction was leftttofer 1.5 hours at room temperature
until completion and ether (200 mL) added. The pigghase was washed with

aqueous NaHC@solution (10%, 2x50 mL), saturated aqueous NaGitiem (2x50
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mL), dried over MgS@ and filtered. The solvents were removed/acua The crude
product was dissolved in petroleum ether (1 mlered through cotton wool and the
filtrate evaporated itvacuoto give the partially purified mixture of thas andtrans
titte compoun@®.24(73 mg, 0.57 mmol, 32%) as a light brown oil:

dn (400MHz, CROD) 1.77-1.98 (m, 7H, H2, 2H4, 2H5, 2H6), 2.10-2(80 1H, H2),
2.81 (tt,J = 9.44, 3.65 Hz, 0.52 H, Hltrans), 2.99 @t= 9.59, 3.71 Hz, 1H, 0.48
Hicis), 4.56 (ttd) = 47.7, 7.70, 3.82 Hz, 0.48H, H3cis), 4.84 (tte; 47.3, 5.2, 2.6 Hz,
0.52 H, H3trans)jc (75 MHz, CROD) 20.4 (dJ = 4.2 Hz, C5trans), 21.6 (d,=9.2
Hz, Cltrans), 25.1 (d] = 4.6 Hz, C5cis), 26.3 (dJ = 10.0 Hz, C1cis), 29.5 (d,=1.4
Hz, C6cis), 29.6 (C6trans), 30.9 M= 20.6 Hz, C2trans), 32.1 (d,= 19.4 Hz, C2cis),
34.9 (d,J = 21.4 Hz, C4trans), 35.5 (d,= 21.5 Hz, C4cis), 88.7 (dl = 170.2 Hz,
C3trans), 90.0 (d) = 172.6 Hz, C3cis), 123.0 (C7cis), 123.4 (C7trans)(282 MHz,
CDCls) -183.9, -173.3; HRMS (ESIn / 2145.1137 [M+NH]" (Calcd. 145.1136 for
C/H1gFN+NH;"); IR (neat film):vmax(cm-1) 2241 (-CN).

General procedure for the synthesis of 3-fluorocychexanecarboxylic acid (2.2§*
" COOH

6 2

7 F

A solution of aqueous sodium hydroxide (1M, 5.2 mahd ethanol (0.52 mL) was
added to 3-fluorocyclohexancarbonitrte24 (73 mg, 0.57 mmol) in ethanol (0.64 mL),
and heated for 3 hours in an oil bath at 82°C. dthanol was evaporatédvacua The
aqueous phase was washed with diethyl ether (10 atidified to between pH 1 and 2
using concentrated hydrochloric acid, extractedhwdiethyl ether (3x10 mL), the
organic extracts combined, dried on sodium sulpHétered and evaporated to give a 6
to 4 mixture of thdrans andcis isomer of theitle compound®.2 (43 mg, 0.29 mmol,
52%) as a yellow 0ily (400MHz, CQOD) 1.27-1.42 (m, 2H, H5), 1.44-1.55 (m, 1H,
H4), 1.56-1.81 (m, 1H, H6), 1.83-1.96 (m, 2H, HZ)H1.99-2.17 (m, 1H, H6), 2.24-
2.40 (m, 1.52H, H2, 0.52H1), 2.65 (#t,= 11.4, 3.7 Hz, 0.48 H, Hlcis), 4.49 (tttl=
48.2, 10.4, 4.8 Hz, 0.48 H, H3cis), 4.87 (dinF 48.0 Hz, 0.52 H, H3transjc (75
MHz, CDCk) 19.4 (s,J = 10.1 Hz, Cbtrans), 22.2 (d, = 11.4 Hz, C5cis), 27.4
(Cétrans), 27.8 (Cécis), 30.1 (d,= 21.3 Hz, C2trans), 31.9 (d,= 18.3 Hz, C2cis),
32.7 (d,J = 20.9 Hz, C4cis), 34.5 (d] = 20.9 Hz, C4trans), 37.5 (d,= 11.1 Hz,
Clcis), 40.8 (dJ = 11.0 Hz, Cltrans), 88.3 (d,= 168.8 Hz, C3cis), 90.9 (d,=173.3
Hz, C3trans), 180.3 (C7cis), 181.5 (C7trans)(282 MHz, CDCY) -183.6, -170.4 (d)
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= 47.9 Hz); HRMS (Cl)(negativejn / z 145.0668 [M-H] (Calcd. 145.0670 for
C7H110.F-H); IR (neat film):vmax(cm-1) 2943 (OH), 1703 (C=0).

1.5 Synthesis toward 2-Fluorocyclohexanecarboxylic Acid.

General procedure for the synthesis of 2-hydroxycyohexanone (2.26)(literature

procedure) %

A mixture of potassium permanganate (8 g, 50.6 mneopper sulphate pentahydrate
(4 g, 9.2 mmol)tert-butanol (2 mL) cyclohexen228(493 mg, 6 mmol) was stirred for
16 hours. The solution was filtered, remowedacuoto give thetitle compound®.26as
a colourless oil (146 mg, 1.28 mmol, 21%)(400 MHz, CRROD) 1.66-2.15 (m, 6H),
2.31-2.40 (m, 2H), 2.79 (d, J = 1.1 Hz), 4.36 (dbid, J = 8.7, 5.2, 1.1 Hzy (75

MHz, CD30D) 25.5 (C4), 29.5 (C5), 38.7 (C3), 41.8 (C5), 7/(C2), 213.9 (C1).

General procedure for the synthesis of 2-fluorocyohexanone (2.30)(literature

compound)*

Selectfluor (1.895g, 5.35 mmol) was added to cyekaimone2.29 (500 mg, 5.1 mmol)
in methanol (50 mL) and refluxed for 3.5 hours. Tinethanol was removed vacuq
DCM (20 mL) was added, filtered, removiedvacuoto give thetitle compound®.30as
a transparent oil (465 mg, 4.01 mmol, 78%)(400 MHz,CDCl;3)1.28-2.03 (m, 8H),
4.63 (dmJ = 49.0 Hz, 1H, H2)
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2 SYNTHESIS OF THE FLUOROHYDRIN
CYCLOHEXANECARBOXYLIC METHYL AND ETHYL
ESTERS.

2.1 Synthesis towards 3-Hydroxy-4-fluorocyclohexane
carboxylic Methyl Ester.

General procedure for the synthesis of cyclohex-Fecarboxylic acid
(2.37)(literature compound)®?

HO.7 O
1

6 2

5 3

NaOH (3.9 g, 97.5 mmol) was added to a solutioAgO (4.6 g, 19.9 mmol) in water
(23 mL). Cyclohex-3-enecarbaldehyd@36 (2.16 g, 19.6 mmol) was added in 2
portions, to the previous solution maintained athmotemperature, in a water bath and
left to stir for 80 minutes. The solution was tHétered through a Buckner funnel. The
aqueous solution was washed with ether (2x30 ntign twas acidified with an HCI
solution (2 mol*) down to pH 1 and extracted with diethyl ether §8xmL). The
organic extracts were combined and dried over MgSilered and evaporateth
vacuao The product was purified by distillation to giveettitle compound.37 (2.06 g,
16.34 mmol, 83%) as a transparent 6il:(300MHz, CDC}) 1.64-1.77 ( m, 1H, H6),
1.99-2.15 (m, 3H, 2H5, H6), 2.25-2.30 (m, 2H, 2H2}K5-2.65 (m, 1H, H1), 5.64-5.73
(m, 2H, H3, H4), 10.76 (bs, 1H, OH): (300MHz, CDC}) 24.3 (C5), 24.8 (C6), 27.1
(C2), 39.1 (C1), 124.9 (C4), 126.7 (C3), 182.6 (QMB(El) m / z127.1 (M+1); IR
(neat film):vma{cm™) 2953.5 (-OH), 1713.6 (C=0).
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General procedure for the synthesis of @*, 4R*, 5R*)-4-iodo-6-o0xa-
bicyclo[3.2.1]octan-7-one (2.38)(literature procede).®®

Cyclohex-3-enecarboxylic acid.37 (10 g, 79.3 mmol) was added to a solution of
NaHCQ; in water (425 mL, 0.5molt). A solution of iodine (37 g, 145.7 mmol) and
potassium iodide (71g, 427.7 mmol) in water (995) whs then added to the previous
solution and left to stir over night at room teradare. Water (400 mL) and saturated
N&,S,03 solutionwas added until the solution colour turned whitd al the iodine was
neutralised (500 mL), then extracted with DCM (4Xx1LChe organic extracts were
combined and washed with NaHgE&aturated solution, dried over #, filtered, and
evaporatedn vacuoto give the title compoun@.38 (19.2g, 96%) as a light yellow
powder:3y (300MHz, CDC}) 1.79-1.96 (m, 2H, H6), 2.07-2.16 (m, 1H, H5),42.2.50
(m, 2H, H3 and H5), 2.66-2.70 (m, 1H, H1), 2.7712(8,J = 12.3 Hz, 1H, H2), 4.48-
4.52 (m, 1H, H4), 4.80-4.84 (#,= 5.7 Hz, 1H, H3)3c (75 MHz, CDC}) 22.9 (C6),
23.7 (C4), 29.5 (CbH), 34.3 (C2), 38.4 (C1), 80.8)CL77.7 (C7); MS (CIm/z253.1
[M+H]*; IR (KBr pellet):vma{cm™) 2926 (-O-), 1706 (C=0).

General procedure for the synthesis of 7-oxa-bicyo]4.1.0]heptane-3-carboxylic
acid methyl ester (2.39)(literature compound?>

0.0
e

8-lodo-2-oxa-bicyclo[3.3.1]Jnonan-4-or#38 (49, 15.9 mmol) in THF (179 mL) was
added to a solution of NaOMe (1 g, 18.6 mmol) intihdmol (179 mL) at 0°C stirring
under nitrogen, and was left to stir over nightr@dm temperature. Phosphate ph 7
buffer was added after evaporating the methanotl@d HFin vacuountil the pH was
close to 7 (300 mL), then extracted with diethyhest The organic extracts were
combined and washed with water and NaCl saturapdatien, dried over NzO,,
filtered, and evaporated vacuoand purified by flash chromatography on silicatiely
with a mixture of petroleum ether and ethyl ace(8te 1), to give thditle compound
2.39as a colourless oil ( 0.997¢g, 6.4 mmol, 40%p)(300MHz, CDC}) 1.52-1.63 (m,
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2H, H4), 1.69-1.79 (m, 1H, H5), 2.12-2.25 (m, 4H3,F2H2, H5), 3.12 (bs, 2H, H1,
H6), 3.62 (s, 3H, H8)dc (75MHz, CDC}) 20.9 (C4), 23.9 (C2), 26.2 (C5), 37.7 (C3),
50.6 (C6), 51.7 (C1), 51.7 (C8), 175.2 (CiM);/ z(relative intensity) 157.2 (M+1); IR
(neat film):vmax(cm?) 2953.3 (C=0), 1732.4 (-OMe).

General procedure for the synthesisof (1R*, 3S*, 4S*)-methyl 3-fluoro-4-
hydroxycyclohexanecarboxylaté® (2.40)

7
8/O 0] /O 0]
1
6 2
5 ) é’/F < OH
OH F
2.40 2.41
Major minor

7-Oxa-bicyclo[4.1.0]heptane-3-carboxylic acid metbster2.39 ( 470 mg, 3.01 mmol)
was added to triethylamine trihydrofluoride (4 mand was left to stir for 20 hours
under nitrogen. NaHCgsaturated solution was added until all the HF nestralised
(10 mL) and extracted with ethyl acetate (3x20 mILhe organic extracts were
combined and washed with NaHg®aturated solution (50 mL) and NaCl saturated
solution (50 mL), dried over N8O, filtered, and evaporatdd vacug to give a 4 : 1
mixture of thetitle compound2.4Q, and the isomeR.41 as a colourless oil ( 402 mg,
2.28 mmol, 76%). The mixture was purified by flagiromatography on silica eluting
with a mixture of DCM and ethyl acetate (95: 5),giwe thetitle compound®.40as a
colourless oil (70 mg, 0.40 mmol, 13%); (300MHz, CDC}) 1.49-1.69 (m, 2H, H5,
H6), 1.74-2.03 (m, 3H, H2, H5, H6), 2.09 (bs, 1H{)D2.24-2.40 ( m, 1H, H2), 2.72-
2.79 (m, 1H, H1), 3.73-3.83 (m, 1H, H4), 3.69 (sl, 318), 4.59 ( ddddJ = 49.1, 8.3,
6.9, 3.9, 1H, H3)pc (300MHz, CDC}) 23.8 (d,J = 1.3 Hz, C6), 28.0 (d] = 4.1 Hz,
C5), 29.9 (dJ=19.9 Hz, C2), 38.3 (&, = 7.4 Hz, C1), 51.9 (C8), 70.1 (d~= 21.8 Hz,
C4), 92.1 (dJ = 172.0 Hz, C3), 174.7 (C79= (282 MHz, CDC}) 186.5 (d,J = 48.3
Hz); HRMS (Cl)m / z177.0927 [M+H] (Calcd. 177.0927 for gH1sFOs+H™ ) IR
(neat film):vmax(cm-1) 3603.5(-OH), 2951.5(-OMe), 1731.06 (C=0).
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2.2 Synthesis towards Fluorohydrincyclohexanecarbox ylic

Ethyl Esters and Derivatives.

General procedure for the synthesis of @*, 3R*, 6S*)-ethyl-7-oxa-
bicyclo[4.1.0]heptane-3-carboxylate (2.45) and (1R*, 3S*, 6S*)-ethyl-7-oxa-
bicyclo[4.1.0]heptane-3-carboxylaté2.46§>

(1R*, 4R*, 5R*)-4-iodo-6-0xa-bicyclo[3.2.1]Joctan-7-0n2.38 (20 g, 79.3 mmol) in
THF (810 mL) was added via cannula to a solutiolNaf(2.3 g, 100 mmol) in ethanol
(890 mL) at 0°C stirring under nitrogen, and waf te stir over night at room
temperature. Phosphate buffer (pH 7) was added afteporating the methanah
vacuountil the pH gets close to 7 and then extractedh wiethyl ether. The organic
extracts were combined and washed with water ar@ Baturated solution, dried over
NaSQO,, filtered, and evaporatemh vacuoand purified by flash chromatography on
silica eluting with a mixture of petroleum ethedagthyl acetate (9 : 1), to give thide
compound2.45 as a colourless oil (6.5g, 48%), and titke compound2.46 as a
colourless oil (0.948 g, 7%).

o~ Bol o

2.45
2.45 8y (300 MHz, CDCY) 1.24 (t,J = 7.1 Hz, 3H, H9), 1.53-1.67 (m, 2H, H4, H4),
1.70-1.84 (m, 1H, H2), 2.11-2.25 (m, 4H, H3, H2, M), 3.15-3.18 (M, 2H, H1, H6),
4.11 (q,J = 7.1 Hz, 2H, H8)3¢ (75 MHz, CDC}) 14.1 (C9), 20.9 (C4), 24.0 (C2), 26.1
(C5), 37.9 (C3), 50.7 (C6), 51.7 (C1), 60.4 (C8J5D (C7); MS (Clymiz 171.2
[M+H]™; IR (neat film):vmax(cm-1) 2987 (-OEt), 1727 (C=0).

2.46
2.46 34 (400 MHz, CDCY) 1.24 (t,J = 7.1 Hz, 3H, H9), 1.36-1.46 (m, 1H, H4), 1.72-
1.80 (m, 1H, H4), 1.90-1.99 (m, 3H, H5, H5, H2R22.29 (M, 1H, H2), 2.45-2.54 (m,
1H, H3), 3.13-3.15 (m, 1H, H6), 3.22-3.24 (m, 1H,)H4.12 (g,J = 7.1 Hz, 2H, H8);
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d¢c (75 MHz, CDC}) 14.1 (C9), 22.6 (C4), 22.7 (C5), 27.0 (C2), 36B), 51.3 (C6),
52.1 (C1), 60.3 (C8), 175.6 (C7); HRMS (Eljz 170.0936 [M]" (Calcd. for GH1403
170.0943); IR (neat filmpwmax(cm-1) 2981 (-OEt), 1728 (C=0).

General procedure for the synthesis of @, 3R*, 4R*)-ethyl-3-fluoro-4-
(tetrahydro-2H-pyran-2-yloxy)cyclohexanecarboxylate(2.52) and (1S*, 3S*, 4S*)-
ethyl-4-fluoro-3-(tetrahydro-2H-pyran-2-yloxy)cyclohexanecarboxylate(2.53f* &
(1R*, 3R*, 6S*)-ethyl-7-oxa-bicyclo[4.1.0]heptane-3-carboxyl&td5 (6 g, 35.3 mmol)
was added to triethylamine hydrofluoride (18 mLyamas stirring for 40 hours under
nitrogen. NaHC@® saturated solution was added until all the HF wastralised then
extracted in ethyl acetaté.The organic extracts were combined and washed with
NaHCQ; saturated solution and NaCl saturated solutioirgddover NaSO, filtered,
evaporatedn vacugq purified by flash chromatography on silica elgtiwith a mixture

of DCM and ethyl acetate (90:10), to give a 4 : iktare of the (5% 3R*, 4R*)-ethyl
3-fluoro-4-hydroxycyclohexanecarboxyla?e44 and (1R*, 3R*, 4R*)-ethyl 4-fluoro-3-
hydroxycyclohexanecarboxylat2.47 as a colourless oil (5.1 g, 26.8 mmol, 76%
isolated).

Sulfamic acid (731 mg, 7.5 mmol) was added to aitsmi of a 4:1 mixture of @*,
3R*, 4R*)-ethyl 3-fluoro-4-hydroxycyclohexanecarboxylé&el4 and (1R*, 3R*, 4R*)-
ethyl 4-fluoro-3-hydroxycyclohexanecarboxylag47 (5.1 g, 26.8 mmol) in 3, 4-
dihydro-2H-pyran (9 mL, 8 g, 95.1 mmol), and leftstir under nitrogen for 4 days. The
excess 3,4-dihydro-2H-pyran was evaporatedacuo,diethyl ether was added and the
solution was filtered, evaporated vacuoand purified by flash chromatography on
silica eluting to start with a 100% DCM and themixture of DCM and ethyl acetate
(98:2) to give (IS* 3R* 4R*)-ethyl 3-fluoro-4-(tetrahydro-2H-pyran-2-
yloxy)cyclohexanecarboxylat2.52 as the major product, as a yellow oil (3.81 g913.
mmol, 52%), and @* 3S* 4S*-ethyl 4-fluoro-3-(tetrahydro-2H-pyran-2-
yloxy)cyclohexanecarboxylate.53 as the minor product as a yellow oil (1.07 g, 3.9
mmol, 15% ) and starting material (1.23 g, 6.5 mr2dPo) was recovered.
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General procedure for the synthesis of @, 3R*, 4R*)-ethyl-3-fluoro-4-
(tetrahydro-2H-pyran-2-yloxy)cyclohexanecarboxylate (2.52) Reported as two
diastereomeric compoun@s52aand2.52h

PN
O14O7 8

2.52
2.52a:6y (400 MHz, CDCY§) 1.19 (t,J=7.1, 3H, H8), 1.42-1.54 (m, 4H, H5, H10, H10,
H12), 1.61-1.69 (m, 3H, H5, H6, H11), 1.70-1.90 @Hl, H2, H2, H6, H12), 2.03- 2.18
(m, 1H, H2), 2.57-2.64 (m, H1), 3.41-3.46 (m, 1H,3), 3.60-3.76 (m, 1H, H4), 3.80-
3.85 (m, 1H, H13), 4.10 (¢, = 7.1 Hz, 2H, H7), 4.58 (dddd,= 47.9,6.0, 6.0, 3.4 Hz,
1H, H3), 4.66-4.68 (m, 1H, H9%c (100 MHz, CDC}) 14.1 (C8), 19.4 (C12), 23.7
(C11), 25.3 (C10), 27.1 (C6), 29.7 M= 19.9 Hz, 1C, C2), 30.9 (C5), 37.6 (C1), 60.4
(C7), 62.5 (C13), 73.2 (d = 22.9 Hz, 1C, C4), 89.9 (d,= 173.3 Hz, 1C, C3), 99.1
(C9), 174.6 (C14)5¢ (282 MHz, CDCY) -186.83 (dJ = 50.8 Hz).
2.52b: 6y (400 MHz, CDC}) 1.24 (t,J = 7.1, 3H, H8), 1.47-1.59 (m, 4H, H5, H10,
H10, H12), 1.66-1.76 (m, 6H, H5, H6, H6, H11, HH12), 2.10-2.16 (m, 2H, H2),
2.60-2.67 (m, 1H, H1), 3.45-3.50 (m, 1H, H13), 3.888 (m, 2H, H13, H4), 4.11 (4,
= 7.1 Hz, 2H, H7), 4.67-4.70 (m(0), 1H, H9), 4.78idd(0),J = 47.2, 4.8, 4.8, 2.7 Hz,
1H, H3); 6c (100 MHz, CDCJ) 14.2 (C8), 19.4 (C12), 22.8 (C11), 24.4 (C6),325.
(C10), 29.3 (dJ = 19.9 Hz, 1C, C2), 30.9 (C5), 37.3 (C1), 60.4)®R2.4 (C13), 70.8
(d,J =26.4 Hz, 1C, C4), 89.3 (d,= 171.4 Hz, 1C, C3), 96.6 (C9),175.0 (C13H(282
MHz, CDCk) -186.45 (t,J = 46.0 Hz,1C); HRMS (ClyWz 275.1658 [M+H] (Calcd.
for Cy4H23FOs+H" 275.1659); IR (neat filmymax(cm-1) 2943 (-OEt), 1732 (C=0).
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General procedure for the synthesis of @, 3S*, 4S*)-ethyl-4-fluoro-3-
(tetrahydro-2H-pyran-2-yloxy)cyclohexanecarboxylate(2.53).

F
4> 4
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2.53

2.53: 8y (300MHz, CDC4) 1.23-1.29 (t(0)J = 7.1 Hz, 3H, H8), 1.44-1.63 (m, 7H),
1.72-1.87 (m, 2H), 1.96-2.04 (m, 1H) 2.13-2.44 @H), 3.47-3.54 (m, 1H), 3.64-4.03
(m, 2H), 4.12 (q) = 7.1 Hz, 2H), 4.54-4.24 (m, 1H), 4.80-4.96 (m, 1&8) (100 MHz,
CDCl3) 14.0, 19.4, 19.5, 22.1, 23.6, 25.3, 25.8, 29,61 @ 18.9 Hz), 30.0, 30.5, 30.6,
33.9 (d,J = 8.4 Hz), 41.1(dJ = 1.8 Hz), 60.5, 61.5, 62.6, 62.8, 73.8 {d; 18.2 Hz),
77.1 (d,J = 16.4 Hz), 95.1 (d] = 177.7 Hz), 100.0 (d = 3.1 Hz), 174.1%¢ (282 MHz,
CDCly) -182.1 (d,J = 50.9 Hz), -182.6 (dJ = 50.8 Hz); HRMS (Clymz 275.1658
[M+H] ™ (Calcd. for G4H23FOs+H™ 275.1659); IR (neat filmymax(cm-1) 2944 (-OEt),
1732 (C=0).

General procedure for the synthesis of ®@*, 3R*, 4R*)-ethyl-4-fluoro-3-
hydroxycyclohexanecarboxylateg2.47)"
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p-Tosyl sulfonic acid was added in catalytic amatanthe solution of (&*, 3S*, 4S%)-
ethyl-4-fluoro-3-(tetrahydro-2H-pyran-2-yloxy)cyd¢lexanecarboxylat®.53 (280 mg,
1.02 mmol) in ethanol (6 mL) and was left to stir 2 hours. NaHC® saturated
solution was added (10 mL) to quench the ethanal than evaporateish vacuo The
solution was extracted with ethyl acetate (3x20 rmahf the organic extracts were
combined and washed with NaHg®aturated solution and NaCl saturated solution,
dried over NaSQ, filtered, evaporateth vacuoand purified by flash chromatography
on silica eluting with a mixture of DCM and ethydedate (90: 10) to giv@.47 as a
colourless oil (147 mg, 0.77 mmol, 76%).
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Sn (400MHz, CDCH) 1.25 (t, 3H,J = 7.1, H9), 1.49-1.61 (m, 3H, H2, H5, H6), 1.99-
2.10 (m, 1H, H6), 2.10-2.20 (m, 1H, H5), 2.22-2(88 1H, H2), 2.42 (dddd, 1H, H1,
=11.7, 11.7, 3.8, 3.8 Hz), 3.71 (dddds 11.1, 11.1, 8.3, 4.9 Hz, 1H, H3), 4.13 §
7.1 Hz, 2H, H8), 4.31 (dddd,= 50.9, 10.4, 8.3, 5.0 Hz 1 H, H4) (75 MHz, CDC})
14.0 (C9), 25.8 (d) = 11.2 Hz, 1C, C6), 28.5 (d,= 18.7 Hz, 1C, C5), 33.5 (d,= 7.2
Hz, 1C, C2), 40.7 (C1), 60.7 (C8), 71.9 §c 19.2 Hz, 1C, C3), 95.6 (d,= 174.6 Hz,
1C, C4), 174.3 (C9)pr (282 MHz, CDC)) -186.55; HRMS (ESIm/z 191.1080
[M+H]" (Calcd. For GHisFOs+H"™ 191.1083); IR (neat film)vmax(cm-1) 3446.9 (-
OH), 2943.1 (-OEt), 1734.2 (C=0).

General procedure for the synthesis of ®*, 2R*, 5R*)-5-(ethoxycarbonyl)-2-
fluorocyclohexyl 4-nitrobenzoate (2.547
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4-Nitro-benzoyl chloride (67 mg, 0.36 mmol) was eddto 4-fluoro-3-hydroxy-
cyclohexanecarboxylic acid ethyl es2d7 (46 mg, 0.24 mmol) in pyridine (3 mL)
under nitrogen and left to stir for 2 days. WatEs (mL) was added, and the solution
was extracted with ethyl acetate (3x20 mL). Theaorg extracts were combined and
successively washed with oxalic acid solution (1@®,mL), cold NaHC® solution
(10%, 20 mL), and water K320 mL) and dried over MgSQfiltered, evaporatedh
vacuoand purified by flash chromatography on silicatiely with a mixture of petrol
and ethyl acetate ( 95:5) to give titte compound.54as a colourless oil (52 mg, 0.15
mmol, 63%):64 (400MHz, CDC}) 1.22 (t,J = 7.1 Hz, 3H, H9), 1.60-1.79 (m, 3H, H3,
H4, H6), 2.10-2.18 (m, 1H, H3), 2.30-2.36 (m, 1H})H2.43-2.59 (m, 2H, H5, H6),
4.10 (q,J = 7.11 Hz, 1H, H8), 4.67 (dddd, = 50.4, 10.4, 8.9, 5.0 Hz, 1H, H2), 5.20
(dddd,J =19.6, 11.0, 5.0, 2.2 Hz, 1H, H1), 8.23 Jd5 9.2 Hz, 2H, H13, H15), 8.30 (d,
J = 8.4 Hz, 2H, H12, H16)5. (75 MHz, CDC}) 14.0 (C9), 25.6 (d) = 10.8 Hz, C3),
29.3 (s, 1C, C4), 31.5 (3~ 6.3 Hz, 1C, C6), 40.3 (d, 1C, C5), 60.8 (s, €8), 74.7 (d,
J=18.7 Hz, C1), 91.4 (d,= 179.9 Hz, 1C, C2), 123.6 (s, 2C, C13, C15),936, 2C,
C12, C16), 135.4 (C11), 150.8 (C14), 164.1 (C108.3 (C7);5¢ (300MHz, CDCY)
184.9 (d,J = 53.6 Hz); HRMS (ESIn / z357.1452 [M+NH4] (Calcd. 357.1456 for
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Ci1eH1sFOs+NH4); IR (neat film): vmax(cm-1) 2955.6 (-OEt), 2874.4 (-OR), 1722.1
(C=0), 1526.0 (C-Ng), 1347.6 (C-NQ), 1607.5, 1526.0, 872.4 (aromatic).

General procedure for the synthesis of @®*, 3S*, 4S*)-ethyl-4-fluoro-3-
hydroxycyclohexanecarboxylatg2.49§*
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(1R*, 3S* 6S*)-ethyl-7-oxa-bicyclo[4.1.0]heptane-3-carboxyl&2et6 (175 mg, 1.03
mmol) was added to triethylamine trihydrofluoffdié1.5 mL) and was left to stir for 16
hours under nitrogen. NaHGGsaturated solution was added until all the HF was
neutralised and extracted in ethyl acetate. Thearocgextracts were combined and
washed with NaHC® saturated solution and NaCl saturated solutiomeddiover
NaSO,, filtered, and evaporateih vacuo. The mixture was purified by flash
chromatography on silica eluting with a mixture@®EM and ethyl acetate (90:10), to
give thetitle compoun®.49as a colourless oil (148 mg, 76%).

dn (400 MHz, CDC}) 1.26 (t,J = 7.2 Hz, 3H, H9), 1.60-1.76 (m, 3H, H2, H5, H6),
1.90-2.08 (m, 2H, H5, H6), 2.18-2.30 (m(0), 2H, HOH), 2.69-2.72 (m, 1H, H1),
3.91-4.00 (m, 1H, H3), 4.15 (d,= 7.1 Hz, 2H, H8), 4.38 (dddd, = 49.7, 8.2, 6.9, 3.9
Hz, 1H, H4);5¢ (75 MHz, CDC}) 14.1 (C9), 23.8 (d] = 7.4 Hz, 1C, C8), 26.3 (d, =
19.1 Hz, 1C, C5), 31.7 (d,= 3.8 Hz, 1C, C2), 37.6 (C1), 60.6 (C8), 68.8J¢ 22.5
Hz, 1C, C3), 93.4 (d) = 173.5 Hz, 1C, C4), 174.6 (C® (282 MHz, CDCY) -186.3;
HRMS (ESI)m/z 208.1345 [M+NH]" (Calcd. for GH1sFOs+NH," 208.1343); IR (neat
film): vmax(cm-1) 3439.3 (-OH), 2940.4 (-OEt), 1727.2 (C=0)
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General procedure for the synthesis of @,2S*,5R*)-5-(ethoxycarbonyl)-2-
fluorocyclohexyl 4-nitrobenzoate (2.51%
’ B 0.0
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4-Nitro-benzoyl chloride (135 mg, 0.73 mmol) wasded to 3-fluoro-4-hydroxy-
cyclohexanecarboxylic acid ethyl es2d9 (70 mg, 0.37 mmol) in pyridine (2 mL)
under nitrogen and and was left to stir over nigiiater (6 mL) was added, and the
solution was extracted with ethyl acetate (3x20 .mLhe organic extracts were
combined and successively washed with oxalic acidtisn (10%, 20 mL), cold
NaHCG; solution (10%, 20 mL), and water{20 mL) and dried over N&QO;, filtered,
evaporatedin vacuoand purified by flash chromatography on silicatiely with a
mixture of petrol and ethyl acetate ( 95:5) to gthe title compound2.51 as white
crystals ( 76 mg, 0.22 mmol, 59%) (300 MHz, CDC}) 1.26 (t,J = 7.1 Hz, 3H, H9),
1.76-2.02 (m, 5H, 2H3, 2H4, H6), 2.23-2.34 (m, Hf), 2.67-2.77 (m, 1H, H5), 4.16
(9,J = 7.1 Hz, 2H, H8), 4.70 (dddd,= 47.9, 5.6, 5.3, 2.9 Hz, 1H, H2), 5.36-5.44 (m,
1H, H1), 8.18 (dJ = 9.1 Hz, 2H, H13, H15), 8.29 (d,= 9.1 Hz, 2H, H12, H16). (75
MHz, CDCk) 14.1 (C9), 23.0 (d) = 4.5 Hz, C4), 26.6 (d] = 20.0 Hz, C3), 28.7 (C6),
37.7 (C5), 60.8 (C8), 70.9 (A= 27.4 Hz, C1), 87.9 (d,= 174.7 Hz, 1C, C2), 123.7 (s,
2C, C13, C15), 130.9 (s, 2C, C12, C16), 135.4 (£C15).9 (C14), 163.6 (C10), 174.1
(C7); 8 (282 MHz, CDC}) -188.4; HRMS (ESIm / z357.1454 [M+NH]" (Calcd.
357.1456 for GgH1gFOs+NH,"); IR (neat film):vmax(cm-1) 2952.6 (-OEt), 2917.3 (-
OR), 1724.8 (C=0), 1522.6 (C-NJY) 1348.6 (C-N@), 1607.6, 1522.6, 868.2
(aromatic); X-ray structure available.
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General procedure for the synthesis of @, 3R*, 4R*)-ethyl-3-fluoro-4-
hydroxycyclohexanecarboxylatg(2.44§*
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(1IR*, 3R*, 6S*)-ethyl-7-oxa-bicyclo[4.1.0]heptane-3-carboxyla2e45 (70 mg, 0.41

mmol) was added to triethylamine trinydrofluoride riL) and was left to stir for 40

6

hours under nitrogen. NaHGGsaturated solution was added until all the HF was
neutralised then extracted in ethyl acetate. Tlyaric extracts were combined and
washed with NaHC® saturated solution and NaCl saturated solutiomgeddiover
MgSQ,, filtered, evaporatedn vacuq purified by flash chromatography on silica
eluting with a mixture of DCM and ethyl acetate :®5to give thditle compound.44

(8 mg, 0.042 mmol, 10%).

A sodium hydroxide aqueous solution (2 mL, 1 mllwas added to (1R,3S,4S)-
methyl 3-fluoro-4-hydroxycyclohexanecarboxyl&2e40 (25.4 mg, 0.144 mmol), and
was left to stir for 3 hours. The aqueous soluti@s washed with ethyl acetate (2 mL),
extracted, acidified to pH 1 with dilute HCI aqusosplution (0.1 molL!), extracted
with ethyl acetate (3x10 mL). The organic extrasere combined and washed with
NaCl saturated solution, dried over JS&,, filtered and evaporatesh vacuoto the
crude acid2.43(17.3 mg). Concentrated sulfuric acid (2 drops}¥ wdded to the crude
acid in dry ethanol (3 mL) and was left to stir & hours. The reaction was neutralised
with NaHCGQ saturated solution (3 mL). The ethanol was evdpdram vacuo The
aqueous solution was extracted with ethyl acett@@ mL). The organic extracts were
combined, washed with NaHGQaturated solution and NaCl saturated solutioeddr
over NaSQ,, filtered, evaporatedth vacuq purified by flash chromatography on silica
eluting with a mixture of petroleum ether and ethgktate (80 : 20), to give thidle
compound.44(12 mg, 0.063 mmol, 44%).

A catalytic amount of p-Toluene sulfonic acid wakled to the solution of &, 3R*,
4R*)-ethyl 3-fluoro-4-(tetrahydro-2H-pyran-2-yloxy)dgtiexanecarboxylat2.52 (310
mg, 1.13 mmol) in ethanol (8 mL) and was left tio f&tr 2 hours® NaHCQ saturated
solution was added (10 mL) to quench, the etharad then evaporated vacuo The
solution was extracted with ethyl acetate (3x20 rmahf the organic extracts were
combined and washed with NaHg®aturated solution and NaCl saturated solution,

dried over NaSQ, filtered, evaporateth vacuoand purified by flash chromatography
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on silica eluting with a mixture of DCM and ethydedate (90: 10) to giv@.44 as a
colourless oil (212 mg, 99%).

oy (300MHz, CDC}) 1.24 (t,J = 7.1 Hz, 3H, H9), 1.47-1.67 (m, 2H, H5, H6), 1.72-
2.02 (m, 3H, H2, H5, H6), 2.21-2.36 ( m, 2H, H2HD2.68-2.75 (m, 1H, H1), 3.71-
3.80 (m, 1H, H4), 4.12 (g} = 7.1 Hz, 2H, H8), 4.58 (dddd, = 49.1, 8.1, 6.8, 3.9 Hz,
1H, H3);6c (75 MHz, CDC}) 14.0 (C9), 23.7 (C6), 27.9 (d,= 3.9 Hz, 1C, C5), 29.7
(d,J =20.0 Hz, 1C, C2), 38.2 (d,= 7.3 Hz, 1C, C1), 60.6 (C8), 70.0 @= 22.5 Hz,
1C, C4), 92.2 (dJ = 172.3 Hz, 1C, C3), 174.5 (C7)r (282 MHz, CDC}) -186.5;
HRMS (FI) m/z 191.1083 [M+H] (Calcd. for GH1sFOs+H" 191.1083); IR (neat film):
vmax(cm-1) 3424(-OH), 2940 (-OEt), 1727 (C=0).

General procedure for the synthesis of @, 2S5%, 4R*)-4-(ethoxycarbonyl)-2-
fluorocyclohexyl 4-nitrobenzoate (2.48p
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4-Nitro-benzoyl chloride (187 mg, 1.01 mmol) wasded to 3-fluoro-4-hydroxy-
cyclohexanecarboxylic acid ethyl es®d4 (156 mg, 0.82 mmol) in pyridine (1.2 mL)
under nitrogen and and was left to stir over nigiiater (6 mL) was added, and the
solution was extracted with ethyl acetate (3x20 .mLhe organic extracts were
combined and successively washed with oxalic acidtisn (10%, 20 mL), cold
NaHCGQ; solution (10%, 20 mL), and water{20 mL) and dried over N&Q,, filtered,
evaporatedin vacuoand purified by flash chromatography on silicatiely with a
mixture of petrol and ethyl acetate ( 95:5) to give title compound2.48 as a
colourless oil (174 mg, 0.39 mmol, 63%), that callsged after 2 weeks at —20°C:
dn (300 MHz, CDC}) 1.29 (t,J = 7.1 Hz, 3H, H9), 1.82-2.36 (m, 6H, H3, H5, H6),2.8
(tt, J= 8.3, 4.3 Hz, 1H, H4), 4.18 (4= 7.1, 2H, H7), 4.90 (dddd,= 47.4, 6.4, 6.1, 3.5
Hz, 1H, H2), 5.20-5.28 (m, 1H, H1), 8.21 (& 8.6 Hz, 2H, H13, H15), 8.30 (d5 8.6
Hz, 2H, H12, H16)p. (75 MHz, CDC}), 14.2 (C8) 23.7 (C5), 25.4 (C6), 30.2 (d;
19.5 Hz, C3), 37.5 (d1 = 5.2 Hz, C4) 60.8 (C7), 71.9 (d~ 26.3 Hz, C1), 87.8 (dl =
174.0 Hz, C2), 123.6 (s, 2C, C13, C15), 130.8 3, @12, C16), 135.2 (s, 1C, C11),
150.7 (s, 1C, C14), 163.7 (C10), 174.3 (GR)(282 MHz, CDC}) -186.8 (d,J = 29.6
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Hz); HRMS (FI)m / z340.1196 [M+H] (Calcd. 340.1196 for gH1sFOs+H"); IR (neat
film): vmax(cm-1) 2952.6 (-OEt), 1724.8 (C=0), 1522.6. (O;N 1348.6 (C-NQ),
1607.6, 1522.6, 868.1 (aromatic); X-ray data awétla

General procedure for the synthesis of @*, 3R*, 4R*)-ethyl-3-fluoro-4-
(tetrahydro-2H-pyran-2-yloxy)cyclohexanecarboxylate(2.56)

Potassiumert-butoxide (186 mg, 1.65 mmol) was added to a racemxkture of (5%
3R*,  4R*)-ethyl-3-fluoro-4-(tetrahydro-2H-pyran-2-yloxy) clphexanecarboxylate
2.52 (2.20g, 8.02 mmol) in freshly distilled tolueneOgl mL) under nitrogen and
refluxed for 40 minutes. The reaction vessel wasntlallowed to cool to room
temperature under nitrogen. The solution was theiiigd by flash chromatography on
silica eluting with hexane, then a mixture of hexamd ethyl acetate (95:5), to give the
titte compound2.56 as a yellow oil (1.17g, 53%) and starting mate(taD1g, 46%
recovered).

81 (300 MHz, CDC}) 1.23 (t,J = 7.1 Hz, 3H), 1.33-1.86 (m, 9H), 1.94-1.98 (m, 1H),
2.11-2.15 (m, 1H), 2.31-2.36 (m, 2H), 3.48-3.53 (), 3.63-3.75 (m, 1H), 3.87-4.02
(m, 1H), 4.12 (tJ = 7.1 Hz, 2H), 4.29-4.47 (m, 1H), 4.80-4.83 (m, 1BY;(75 MHz,
CDCl) 14.1, 19.7, 25.3, 26.7 (d,= 1.78 Hz), 30.3 (dJ = 8.17 Hz), 30.6, 30.8, 33.2
(d,J =20.30 Hz), 40.7 (d) =11.10 Hz), 60.6, 62.8, 77.7 (8= 15.9 Hz), 94.6 (d) =
177.95 Hz), 100.2 (d) = 2.83 Hz), 173.8 (dJ = 2.08 Hz);6F (282 MHz, CDCY) -
180.20 (d,J = 49.5 Hz), -181.03 (dJ = 49.5 Hz); HRMS (ESI)nVz 292.1921
[M+NH4]" (Calcd. for G4H2sFO4+NH," 292.1924); IR (neat filmymax(cm-1) 2939 (-
OEt), 1731 (C=0).

153



General procedure for the synthesis of @*, 3R*, 4R*)-ethyl-3-fluoro-4-

hydroxycyclohexanecarboxylate (2.50)
O%LOVQ
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A catalytic amount of p-Toluene sulfonic acid waled to a racemic mixture ofRt,
3R*, 4R*)-ethyl-3-fluoro-4-(tetrahydro-2H-pyran-2-yloxy)dghexanecarboxylat@.56
(1.7 g, 6.2 mmol) in methanol (8 mL) and was leftstir for 2 hour$! NaHCQ
saturated solution was added (10 mL) to neutralise acid. The methanol was
evaporatedn vacuq and the solution was extracted with ethyl aceta#®20 mL). The
organic extracts were combined and washed with N@¢&aturated solution (30 mL)
and NaCl saturated solution (30 mL), dried over KdgSiltered, evaporateth vacuo
The product was purified by flash chromatographystica eluting with a mixture of
dichloromethane and ethyl acetate (90: 10) to diwe titte compound2.50 as a
colourless oil (1.09 g, 5.74 mmol, 93%).

(1S*, 3R*, 4R*)-ethyl-3-fluoro-4-hydroxycyclohexanecarboxyla2ed4 (524 mg, 2.76
mmol) in THF (5 mL) was slowly added over a permfd10 minutes to a solution of
sodium hydride (138mg, 5.75 mmol) in THF (55 mL}-20°C. The reaction was left to
stir at for 18 hours. Phtalamide (1g ) was thereddahd left to stir for 1 hour at —20°C,
then tert-butanol (4 mL) was added and left to stir for deothour at —20°C. The
solution was left to heat up to room temperatuteerlether was added (100 mL), and
the solution was extracted. The organic extract washed with NaHC@saturated
solution and NaCl saturated solution, then driedroMgSQ, filtered, evaporateih
vacuo and purified by 2 successive flash chromatographysilica eluting with a
mixture of petroleum ether and ethyl acetate (904@ then (85/15), to give thile
compound2.50 as a light orange oil (123 mg, 0.64 mmol, 23%) eewbvered starting
material (330 mg, 1.74 mmol, 63%).

Potassiumtert-butoxide (2.13 g, 18.9 mmol) was added t&¥13R*, 4R*)-ethyl-3-
fluoro-4-hydroxycyclohexanecarboxyla@44 (3 g, 15.79 mmol) in freshly distilled
toluene under nitrogen. The reaction vessel watetaader reflux (in an oil bath pre-
heated to 12T) for 30 minutes. The reaction vessel was alloweaool to room
temperature, whilst stirring exposed to the atmesphAfter 10 minutes the reaction
mixture was filtered through a cotton wool plug amdshed with ethyl acetate (100

mL). The solvent was removed vacuq ensuring that the water bath temperature did
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not exceed 3 to avoid loss of the volatile product (2.8g crudéne compound was
purified by flash chromatography on silica elutingh a gradient mixture of petroleum
ether and ethyl acetate (9:1) to (85:15) petrolaiher /ethyl acetate, to give thide
compounds a light orange oil (1.01 g, 5.3 mmol, 34%).

Potassiumert-butoxide (532 mg, 4.74 mmol) was added to a 4mitture of (1S*,
3R*, 4R*)-ethyl-3-fluoro-4-hydroxycyclohexanecarboxylé&et4 and (R*, 3R*, 4R*)-
ethyl-4-fluoro-3-hydroxycyclohexanecarboxyle2e47 (750 mg, 3.95 mmol) in freshly
distilled toluene under nitrogen. The reaction eésgas then heated under reflux (in an
oil bath pre-heated to 120) for 30 minutes. The reaction vessel was theowedt to
cool to room temperature, whilst stirring exposedite atmosphere. After 10 minutes
the reaction mixture was filtered through a cotteool plug and washed with ethyl
acetate (100 mL). The solvent was remowedvacuq ensuring that the water bath
temperature did not exceed°80to avoid loss of the volatile product (2.8g crudeéhe
compound was purified by flash chromatography ditasieluting with a gradient
mixture of petroleum ether and ethyl acetate (%0l)85:15) petroleum ether /ethyl
acetate, to give thatle compound2.50 as a light orange oil (178 mg, 0.937 mmol,
24%).

oy (400MHz, CDC}) 1.25 (t,J = 7.1 Hz, 3H, H9), 1.35-1.50 (m, 2H, H5, H6), 1.63-
1.70 ( m, 1H, H2), 1.96-2.02 (m, 1H, H6), 2.06-2(2 1H, H5), 2.33-2.43 (m, 2H,
H1, H2), 3.61-3.73 (m, 1H, H4), 4.13 (@,= 7.1 Hz, 2H, H8), 4.35 (dddd), = 50.7,
11.2, 8.6, 4.7 Hz, 1H, H3yc (75 MHz, CDC}) 14.0 (C9), 26.4 (C6), 30.2 (d,= 7.6
Hz, 1C, C5), 32.4 (d) = 19.9 Hz, 1C, C2), 40.9 (d,= 11.1 Hz, 1C, C1), 60.7 (C8),
72.7 (d,J = 18.0 Hz, C4), 95.5 (d) = 175.3 Hz, C3), 173.9 (C7); IR 1731.4 (C=0),
3438.8 (-OH), 2941.4 (-CHpF (282 MHz, CDCY) -186.2; HRMS (ESI)/z 191.1080
[M+H] " (Calcd. for GH1sFOs+H™ 191.1083).
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General procedure for the synthesis of @®*, 3S*, 4S*)-ethyl 3-fluoro-4-

(pivaloyloxy)cyclohexanecarboxylate (2.55)

9~..8-0. 2.0
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Pivalic acid (92 mg, 0.90 mmol) was added to thiamoride (106 mg, 0.89 mmol) in
DCM (2 mL) and refluxed for 2 hours under nitrogdiine solution was left to cool
down, then (1R*, 3S*, 4S*)-ethyl 3-fluoro-4-hydroxyclohexanecarboxyla44 (113
mg, 0.59 mmol) in DCM (1 mL) was added and lefistw over night under nitrogen.
DCM (10 mL) was added, the organic solution washedswith saturated NaHGO
solution (3x5 mL), dried over N&O,, filtered, evaporatedh vacuoand purified by
flash chromatography on silica eluting with a mnetwf petrol and ethyl acetate ( 95:5)
to give thetitle compound2.55 as yellow crystals (47 mg, 0.17 mmol, 29%)
(300MHz, CDC}) 1.23 (s, 9H, H12), 1.27 (@,= 7.1 Hz, 3H, H9), 1.67-2.13 (m, 6H, H
2,6,5), 2.67-2.77 (m, 1H, H1), 4.15 @ 7.1 Hz, 2H, H8), 4.71 (dddd= 47.0, 4.6,
4.3, 4.3 Hz, 1H, H3), 4.91-5.00 (m, 1H, Ha);(75 MHz, CDC}) 14.2 (C9), 23.3 (C6),
25.0 (C5), 27.1 (3C, C12), 29.4 @= 18 Hz, C2), 37.2 (d] = 3.8 Hz, C1), 38.8 (C11),
60.6 (C8), 68.8 (dJ = 27.0 Hz, C4), 87.6 (d] = 172.5 Hz, C3), 174.6 (C10), 177.3
(C7); 8¢ (282 MHz, CDC§) -187.9; HRMS (Cl)m / z 275.1658 [M+H] (Calcd.
275.1659 For gH23FOs+H"); IR (neat film): vmax(cm-1) 2917.2 (-OEt), 2849.0 (-

OR), 1719.4 (C=0)
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General procedure for the synthesis of @, 2S*, 4S*)-4-(ethoxycarbonyl)-2-
fluorocyclohexyl 4-nitrobenzoate (2.57F

9\8/0\740

5 3
6 "/F
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11 14
NO,

Q10
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4-Nitro-benzoyl chloride (205 mg, 1.11 mmol) wasded to 3-fluoro-4-hydroxy-
cyclohexanecarboxylic acid ethyl es@60 (106 mg, 0.56 mmol) in pyridine (3 mL)
under nitrogen and and was left to stir over nigiiater (6 mL) was added, and the
solution was extracted with ethyl acetate (3x20 .mLhe organic extracts were
combined and successively washed with oxalic acidtisn (10%, 20 mL), cold
NaHCG; solution (10%, 20 mL), and water{20 mL) and dried over N&Q;, filtered,
evaporatedin vacuoand purified by flash chromatography on silicatiely with a
mixture of petrol and ethyl acetate ( 95:5) to gthe title compound2.57 as white
crystalls (145 mg, 0.43 mmol, 77%); (400MHz, CDC}) 1.28 (t,J = 7.1 Hz, 3H, H9),
1.47-1.69 (m, 2H, H5, H6), 1.79-1.91 (m, 1H, H3)&2.11 (m, 1H, H5), 2.27-2.35
(m, 1H, H6), 2.42-2.56 (m, 2H, H4, H3), 4.17 §g= 7.1 Hz, 2H, H8), 4.65 (dddd, =
50.4, 11.4, 8.9, 4.9 Hz, 1H, H2), 5.14 (dd#itr 10.8, 9.0, 5.0 Hz, 1H, H1), 8.22 @ =
8.7 Hz, 2H, H13, H15), 8.29 (d,= 8.7 Hz, 2H, H12, H16)3. (75 MHz, CDC}) 14.0
(C9), 26.1 (C5), 28.2 (dl = 6.6 Hz, C6), 32.8 (d] = 19.9 Hz, C3), 40.4 (d] = 10.6
Hz, C4), 60.9 (C8), 75.5 (d,= 17.8 Hz, C1), 91.2 (d] = 181.6 Hz, C2), 123.6 (s, 2C,
C13, C15), 130.9 (s, 2C, C12, C16), 135.5 (C11).158s,1C), 164.1 (C10), 173.3
(C7); 8¢ (282 MHz, CDC}) -181.9 (d, J = 50.8 Hz) HRMS (ESH) / z357.1452
[M+NH4]" (Calcd. 357.1456 for fgH1sFOs+NH,4"), X-ray structure available.
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General procedure for the synthesis of @, 3S*, 4S*)-ethyl 3-fluoro-4-
(methylsulfonyloxy)cyclohexanecarboxylate (2.66)

9\8/0\20

DMAP (349 mg, 2.82 mmol) was added to a solutio(l&*, 3R*, 4R*)-ethyl-3-fluoro-
4-hydroxycyclohexanecarboxylate2.50 (261 mg, 1.37 mmol) and N-
Ethyldiisopropylamine (530.4 mg, 4.1 mmol) in DC&B(mL) at -10°C stirring under
nitrogen and was left to stir for 30 minutes. Meslgloride (325 mg, 2.84 mmol) was
added and left to stir for a further 2 hours at’€@@tirring under nitrogen to completion.
Iced water (10 mL) was added and the organic phaseextracted. The aqueous phase
was extracted with diethyl ether (3x10 mL). The D@kU diethyl ether extracts were
combined, washed with NaCl saturated aqueous sal({@x10 mL), dried over MgSQ
filtered, and evaporated vacuoand purified by flash chromatography on silicatiely
with a mixture of petroleum ether and ethyl acetéte 1), to give thditle compound
2.60as a white solid (170 mg, 0.634 mmol, 60%)(400 MHz, CDC}) 1.25 (t,J=7.1
Hz, 3H, H9), 1.49-1.82 (m, 3H, H2, H5, H6), 2.02-2(m, 1H, H6), 2.25-2.48 (m, 3H,
H1, H2, H5), 3.06 (m, 3H, H10), 4.09 (@= 7.1 Hz, 2H, H8), 4.44-4.63 (m, 2H, H3,
H4), 8¢ (75 MHz, CDC}) 173.0 (C7), 91.2 (d] = 180.5 Hz, C3), 82.0 (d,= 17.1 Hz,
C4), 60.8 (C8), 40.0 (&= 10.3 Hz, C1), 38.1 (C10), 32.7 @= 20.0 Hz, C2), 29.9 (d,
J=1.7 Hz), 29.8 (dJ = 6.3 Hz, C5), 13.9 (C9Jic (282 MHz, CDC}) -179.6 (d,J =
50.8 Hz); HRMS (ESI)m/z 286.1120 [M+NH]" (Calcd. for GoH17FOsS +NH;"
286.1119); IR (neat filmpmax(cm-1) 2933 (-OEt), 1721 (C=0).
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General procedure for the synthesis of @, 3S*, 4R*)-ethyl 4-acetoxy-3-
fluorocyclohexanecarboxylate (2.6 ¥
9\8/0\20

6 2

3 F

6 11
>__

o] 10
(1S*, 3S* 4S*)-ethyl 3-fluoro-4-(methylsulfonyloxy)cyclohexanebaxylate 2.60 (30

5

mg, 0.11 mmol) was added to a solution of sodiustate (185 mg, 2.8 mmol) in DMF
water 80: 20 mixture (5 mL) was refluxed underagen for 2 days. Ethyl acetate (10
mL) was added. The mixture was washed with wateb (BL). The organic phase was
dried over MgSQ filtered, and evaporatedn vacuo and purified by flash
chromatography on silica eluting with a mixturepetroleum ether and DCM (1 : 1), to
give thetitle compoun®.61as (3 mg, 12.9 umol, 12%)

dn (400MHz, CROD) 1.28 (t,J = 7.1 Hz, 3H, H9), 1.32 (s, 3H), 1.54-1.68 (m, 2H),
1.76-1.84 (m, 1H), 1.91-2.04 (m, 2H), 2.11-2.21 (H), 2.43-2.51 (m, 1H, H1), 3.99-
4.05 (m, 1H, H4), 4.16 () = 7.1 Hz, 2H, H8), 4.56 (dddd,= 47.2, 10.4, 4.2, 2.7 Hz,
1H, H3);4c (75 MHz, CQXOD) 15.3 (C9), 23.9 (C11), 30.6 (@,=21.2 Hz, C2), 30.6
(d,J =6.7 Hz, C5), 31.6 (C6), 42.0 (d,=9.5 Hz, C1), 62.5 (C8), 69.1 (d= 17.4 Hz,
C4), 94.2 (d,) = 176.8 Hz, C3), 177.1 (C10), 177.1 (C7); MS (@} 250.2 [M+NH;]"
(Calcd. for GoH17FOsS +NH," 250.2)

General procedure for the synthesis of @, 3S*, 4S*)-ethyl-3-fluoro-4-

(trifluoromethylsulfonyloxy) cyclohexanecarboxylate(2.62)

=

OTf
Pyridine (0.1 mL, 1.23 mmol) and a racemic mixtafé1R*, 3R*, 4R*)-ethyl 3-fluoro-
4-hydroxycyclohexanecarboxyla®50 (120 mg, 0.632 mmol) in dry dichloromethane
(1 mL) was added drop wise over a period of 10 meimuto a solution of
trifluoromethanesulfonic anhydride (355 mg, 1.26 ohmn dry dichloromethane (1
mL) previously stirred for 10 minutes at 0 °C undérogen. The reaction mixture was
stirred for an extra 30 minutes at O °C, then etirat room temperature. The reaction

went to completion after 2 hours and dichloromeéhé® mL) was added. The organic
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solution was washed with ice cold water (3x 5 ndr)ed over MgS@ filtered and the
solvent removedh vacug to give the crudétle compound®.62as a colourless oil (137
mg, 67%).

dy (400 MHz, CDC}) 1.26 (t,J = 7.2 Hz, 3), 1.70-1.82 (m, 2H), 2.06-2.03 (m, 1H)
2.10-2.15 (m, 1H), 2.33-2.42 (m, 2H), 2.51-2.55 (thl), 4.14 (q,J = 7.1 Hz, 2H),
4.50-4.63 (m, 1H), 4.80-4.83 (m, 1HHRMS (EI) nvz 322.0495 [M]" (Calcd. for
C1oH14F40sS 322.0498).

General procedure for the synthesis of ®*, 2S*, 4S*)-4-(ethoxycarbonyl)-2-
fluorocyclohexyl benzoateg(2.63)

9
o, F
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12 413
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Tetrabutylammonium benzoate (666 mg, 1.8 mmol) added to a racemic mixture of
(1S*, 3S*, 4S*)-ethyl-3-fluoro-4-(trifluoromethylsulfonyloxy) cyohexanecarboxylate
2.62(131 mg, 0.41 mmol) in freshly distilled toluerd8(mL) and stirred under nitrogen
over night. The solvent was removed vacuo The product was purified by 2
successive flash chromatography: the first onell@ma®luting with a mixture of hexane
and ethyl acetate (95: 5), the second one on gliging with dichloromethane, to give
thetitle compound®.63as white solid crystals (75 mg, 61%).

oy (300 MHz, CDCYJ) 1.26 (t,J = 7.1 Hz, 3H, H9), 1.60-1.66 (m, 1H, H6), 1.75-1.92
(m, 2H, H5, H6), 2.17-2.32 (m, 3H, H3, H3, H5),24&lddd,J = 9.4, 9.4, 4.7, Hz, 1H,
H4), 4.16 (gJ = 7.1 Hz, 2H, H8), 4.71 (dddd,= 46.5, 10.1, 4.5, 2.8 Hz, 1H, H2), 5.46
(dddd,J = 11.0, 5.3, 2.6, 2.6 Hz, 1H, H1), 7.44 (ddz= 7.5, 7.5Hz, 2H, H13, H15),
7.56 (tt,J = 7.4, 1.4 Hz,, 1H, H14), 8.06 (dd,= 8.4, 1.4 Hz, 2H, H12, H16%c (75
MHz, CDCk) 14.0 (C9), 22.4 (C6), 26.3 (C5), 29.6 {d= 21.2 Hz, 1C, C3), 39.5 (d,

= 9.2 Hz, 1C, C4), 60.6 (C8), 69.7 (= 16.8 Hz, 1C, C1), 89.6 (d,= 182.8 Hz, 1C,
C1), 128.4 (C13, C15), 129.7 (C12, C16), 130.1 (C133.2 (C14), 165.8 (C10), 173.8
(C7); 8¢ (282 MHz, CDCY) -185.7; HRMS (ESI)Wz 312.1606 [M+NH)]" (Calcd. for
CieH19FOs+NH,4" 312.1611); IR (neat filmymax(cm-1) 2964.5 (-OEt), 1728.7 (C=0),
1602.0, 1584.0, 865.2 (aromatic).
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General procedure for the synthesis of @*, 3R*, 4S*)-ethyl-3-fluoro-4-
hydroxycyclohexanecarboxylate (2.58)

O&OMQ
8
1

GOZ
5 /"|:

-4
OH

A catalytic amount of sodium was stirred in dryastbl (2 mL) under nitrogen to form
sodium ethoxide in situ. A racemic mixture oR¢. 2S*, 4S*)-4-(ethoxycarbonyl)-2-
fluorocyclohexyl benzoat2.63(75 mg, 0.25 mmol) in dry ethanol (2 mL) was adted
the previous sodium ethoxide solution and stirredlen nitrogen over night. pH 7
phosphate buffer was added (20 mL) until pH waselko neutral, then the ethanol was
removedin vacuo The aqueous solution was extracted with ethytaaeg3x 20 mL).
The organic extracts were combined and washed sathrated NaHCO(30 mL),
saturated aqueous NaCl solution (30 mL), dried &, and filtered. The solvent
was removedn vacuoand purified by flash chromatography on silicatiely with a
mixture of hexane and ethyl acetate (9:1) to gnedtitle compound®.58as a yellow oll
(42 mg, 0.22 mmol, 88%) and compouh89as a yellow oil (2 mg, 0.01 mmol, 4%).
oy (300 MHz, CDC}) 1.25 (t,J = 7.1 Hz, 3H, CH-CHs), 1.40-1.53 (m, 1H, H5), 1.69-
1.70 (m, 1H, H6), 1.77-1.90 (m, 1H, H6), 1.97-2(&5 3H, H2, H2, H5), 2.29-2.38 (m,
1H, H1), 4.06-4.11 (m(0), 1H, H4), 4.14 &= 7.1 Hz, 2H, H8), 4.55 (dddd, = 47.0,
10.5, 4.8, 2.8 Hz, 1H, H3¥c (75 MHz, CDC}) 14.0 (CH-CHs), 21.6 (C6), 28.2 (dJ

= 20.9 Hz, C2), 29.6 (C5), 40.2 (d,= 10.3 Hz, C1), 60.6 (C8), 66.9 (d,= 17.9 Hz,
C4), 92.5 (dJ = 175.0 Hz, C3), 174.0 (C73: (282 MHz, CDC}) -185.3; HRMS (ESI)
m/z 191.1078 [M+H] (Calcd. for GH1sFOs+H" 191.1083).

General procedure for the synthesis of @®*, 3S*, 4S*)-ethyl-3-fluoro-4-

(trifluoromethylsulfonyloxy)cyclohexanecarboxylate(2.64)

2_0.2.0
8

OTf
Pyridine (0.07 mL, 0.86 mmol) and a racemic mixtofe(1S*, 3R*, 4R*)-ethyl 3-
fluoro-4-hydroxycyclohexanecarboxylate2.44 (87 mg, 0.46 mmol) in dry
dichloromethane (1 mL) was added drop wise ovegraog of 10 minutes to a solution

of trifluoromethanesulfonic anhydride (242.3 mg@@mmol) in dry dichloromethane
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(1 mL) previously stirred for 10 minutes at 0 °Cden nitrogen. The reaction mixture
was stirred for 30 minutes at 0 °C and then stiaedoom temperature. The reaction
went to completion after 2 hours as evident by Tdr@ dichloromethane (10 mL) was
added and quenched with adding ice cold water.oFganic solution was washed with
ice cold water (3x 5 mL), dried over Mgg@iltered and the solvent removedvacuq

to give the crudétle compound.64as a colourless oil (113 mg, 76%).

dn (400 MHz, CDC}) 1.27 (t,J = 7.14 Hz, 3H), 1.76-1.83 (m, 1H), 1.93-2.06 (m, 3H),
2.10-2.17 (m, 1H), 2.26-2.41 (m, 1H), 2.75-2.80 (th), 4.17 (q,J = 7.1 Hz, 2H),
4.78-4.94 (m, 2H)HRMS (El)nvz 322.0493 [M] (Calcd. for GoH14F40sS 322.0498).

General procedure for the synthesis of ®*, 2S*, 4R*)-4-(ethoxycarbonyl)-2-
fluorocyclohexyl benzoate(2.65)

Tetrabutylammonium benzoate (290 mg, 0.80 mmol) adaked to a racemic mixture of
(1R*, 3S*, 4S*)-ethyl-3-fluoro-4-(trifluoromethylsulfonyloxy) cyohexanecarboxylate
2.64(110 mg, 0.34 mmol) in freshly distilled toluerié&s(mL) and stirred under nitrogen
over night. The solvent was removeth vacuo The product was purified by 2
successive flash chromatography: the first onell@maluting with a mixture of hexane
and ethyl acetate (95: 5), the second one on gliting with dichloromethane, to give
thetitle compound®.65as white crystals (64 mg, 65%).

oy (300 MHz, CDCY) 1.27 (t,J = 7.1 Hz, 1H, H9), 1.61-1.91 (m, 2H, H3, H5), 1.95-
2.07 (m, 2H, H6, H5), 2.09-2.20 (m, 1H, H6), 2:3615 (m, 1H, H3), 2.76 (t1 = 12.1,
3.9 Hz, 1H, H4), 4.15 (q] = 7.1 Hz, 2H, H8), 4.95-5.13 (m, 2H, H2, H1), 7.45)(t
7.6 Hz, 2H, H13, H15), 7.57 (§, = 7.4 Hz, 1H, H14), 8.07 (ddl = 8.3, 1.1 Hz, 2H,
H12, H16);6¢c (75 MHz, CDC}) 14.0 (C9), 24.7 (dJ = 3.0 Hz, 1C, C5), 26.2 (C6),
31.9 (d,J =20.3 Hz, 1C, C3), 36.5 (d,= 2.0 Hz, 1C, C4), 60.6 (C8), 72.5 @=17.8
Hz, 1C, C1), 88.2 (d] = 177.3 Hz, 1C, C2), 128.4 (C13, C15), 129.8 (C1%)C130.0
(C11), 133.2 (C14), 166.0 (C10), 174.7 (C3ap;(282 MHz, CDC4) -200.6; HRMS
(ESI) m/z 312.1608 [M+NH)]" (Calcd. for GeH1dFOs+NH," 312.1611); IR (neat film):
vmax(cm-1) 2956.0 (-OEt), 1729.9 (C=0), 1601.9, 158859.1 (aromatic).
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General procedure for the synthesis of @, 3R*, 4S*)-ethyl-3-fluoro-4-
hydroxycyclohexanecarboxylatg2.59)

0209
1 8
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OH
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A catalytic amount of sodium was stirred in dryastbl (2 mL) under nitrogen to form
sodium ethoxide in situ. A racemic mixture oR( 2S* 4R*)-4-(ethoxycarbonyl)-2-
fluorocyclohexyl benzoat2.65 (52 mg, 0.176 mmol) in dry ethanol (2 mL) was atide
to the previous sodium ethoxide solution and stimeder nitrogen over night. pH 7
phosphate buffer was added (15 mL) until pH waselko neutral, then the ethanol was
removedin vacuo The aqueous solution was extracted with ethytaaeg3x 20 mL).
The organic extracts were combined and washed sathrated NaHCO(30 mL),
saturated agueous NaCl solution (30 mL), dried ay5&, and filtered. The solvent
was removedn vacuoand purified by flash chromatography on silicatiely with a
mixture of hexane and ethyl acetate (9:1) to ghetitle compound.59 as transparent
oil (19 mg, 57%) and the epimerised prod2&8(11 mg, 33%).

dn (300 MHz, CDC}) 1.25 (t,J = 7.14 Hz, 3H, H9), 1.55-1.70 (m, 2H, H2, H6 ), 1.73-
2.06 (m, 4H, H5, H5, H6, -OH), 2.27-2.37 (m, 1H,)H2.62 (tt,J = 11.5, 11.5, 3.9, 3.9
Hz, 1H, H1), 3.62 (dddd] = 26.4, 10.9, 4.7, 2.3 Hz, 1H, H4), 4.12 o= 7.14 Hz, 2H,
H8), 4.86 (dddd,) = 50.23, 4.45, 2.15, 2.15 Hz, 1H, H3); (75 MHz, CDC}) 14.0
(C9), 26.0 (C6), 28.3 (d = 3.25 Hz, 1C, C5), 31.5 (d,= 20.43 Hz, 1C, C2), 36.7 (d,
J =2.27 Hz, 1C, C1), 60.5 (s, 1C, C8), 70.0J&; 19.4 Hz, 1C, C4), 91.1 (d,= 171.9
Hz, 1C, C3), 175.1 (C7)%F (282 MHz, CDC}) -203.1; HRMS (ESI)m/z 208.1340
[M+NH,]" (Calcd. for GH1sFOs+NH," 208.1343).

3 ADMINISTERING THE SHIKIMIC ACID ANALOGUES
TO S. HYGROSCOPICUS MG-210 CULTURES

General Procedures

Microbial culturing was carried out under sterilenditions in a laminar flow cabinet
(Nuair, NU-440) A New Brunswick orbital incubator was used for théturing. The
pH was adjusted using a pH meter (Mettler ToleddR-220)
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Construction of rapQONMLKJI Deficient S. hygroscopicus NRRL 5491

S. hygroscopicus1G2-10 deficient in shikimic acid biosynthesis wasnstructed by
double recombination as detailed below:

Plasmid pMG144 contains homology to terminal regiohthe rapQONMLKJI gene
sequence which, after double recombination, reguldésruption of rapQONMLKJI. It
is based on the suicide vector pMG55 harbouring tpsonfer dominant sensitivity to
streptomycin as a positive marker for the secondsmver.

S. hygroscopicuslRRL 5491 was selected for streptomycin resistaoggveS.
hygroscopicuMG1C.S. hygroscopicus1G2-10 was constructed by double
recombination of pMG144 witB. hygroscopicusiG1C.

WS spore stocks were prepared by Hrvoje Petkovig&01.04 and a single vial was

used for the following experiments (19/05/08).

General Procedures

Working stocks were prepared from oatmeal (ISP3)M#&M plates. Strains were
inoculated to give confluent growth. Cultures wareubated for 2-3 weeks at Z8.
White aerial hyphae form initially followed by a woy grey spore covering. The
vegetative mycelia were cream, no melanin formatias observed. As the plates age
beyond 2-3 weeks, spores turn black and hygroscamicare unsuitable for working
stocks. Spores were harvested from a 30 mL ag&e pia7 mL 20% v/v glycerol by
washing the plates and filtering aseptically thiougass wool to remove vegetative

debris. Working stocks were aliquoted in 0.5 mislahd stored at -8C.

General details on the HPLC used for sample analysin order to quantify

rapamycin

The HPLC system comprised an Agilent HP1100 equippéh a Hyperclone 3m

BDS C18 130A column 150mm x 4.6mm (Phenomenex)eldett 50 °C. The gradient
elution was from 55% mobile phase B to 95% mobiiage B over 10 minutes followed
by an isocratic hold at 95% mobile phase B for autes with a flow rate of 1 mL/min.
Mobile phase A was 10% acetonitrile:90% water, aombhg 10 mM ammonium acetate
and 0.1% trifluoroacetic acid, mobile phase B wd&¥o09acetonitrile:10% water,

containing 10 mM ammonium acetate and 0.1% trifhacetic acid. Rapamycin
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analogues were identified by the presence of tlaeadheristic rapamycin triene, centred
on A = 278 nm. Samples were quantified based on a nagancalibration curve,
measuring peak arealat 280 nm. The HPLC system described above wasledup

a Bruker Daltonics Esquire3000 electrospray masstspmeter. The gradient elution
was from 50% mobile phase B to 100% mobile phasgd? 10 minutes followed by an
isocratic hold at 100%mobile phase B for 3 minuteth a flow rate of 1 mL/min.
Mobile phase A was water containing 0.1% formicdacmobile phase B was
acetonitrile containing 0.1% formic acid.. Positivegative switching was used over a

scan range of 500 to 1000 Dalton.

Preparation of HPLC and LC-MS Samples from

-the whole culture broth

Whole culture broth (0.9 mL) was added to methd&dd mL) in a 2 mL eppendorf,
and was shaken for 30 minutes. The sample wascémnfuged (10 minutes, 13000
rpm) and the supernatant (150 pL) was stored fdrGH&uantification. 50 puL of each

sample was injected into an HPLC with diode arreedtion described above.

- acetonitrile extracts

Acetonitrile extract (500 pL) was aliquoted in an2 eppendorf and was centrifuged
(10 minutes at 13000 rpm). The supernatant wasatiégl (200 puL) and was stored for
HPLC quantification. 50 pL of each sample was itgddnto the previously described
HPLC.

- ethyl acetate extracts

Ethyl acetate (200 pL) was aliquoted in a 2 mL eloehand the solvent was removed
using a speedy vac, and methanol (1 mL) was adugavas shacked for 5 minutes and
then was centrifuged for 10 minutes at 13000 rphe Jupernatant was aliquoted (150
pL) in an HPLC vial. 50 pL of sample was injectatbithe previously described

HPLC.

Media preparation:

Rap V7 Medium (55L)

Soy flour (toasted nutrisoy)(275 g), white dext(i®25 g), corn steep solids (220 g),
ammonium sulphate (110g), lactic acid aqueous isolu80% per volume, 88 mL),
calcium carbonate (385 g) were dissolved in dedilvater and prepared to 55 L. The
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solution was pH adjusted to 7.5 with sodium hyddexiThe solution was then sterilised
by autoclaving (121 °C, 20 minutes). Glucose (5%0nvgs then added under sterile
conditions after sterilisation.

MD6 (55L)

Soy bean flour (toasted nutrisoy) (1650 g), comrcdt (1650 g), white dextrin W80
(1045 g), whole yeast (165 g), corn steep solidssdh ammonium sulphate (550 g),
calcium carbonate (550 g), monopotassium phosplkdtePQ,, 137.5 g), potassium
phosphate dibasic gkiPO,, 137.5 g), sodium chloride (275 g), magnesium Isati@
heptahydrate (0.1375 g), manganese chloride tetratey (0.55 @), zinc sulphate
heptahydrate (2.75 g), ferrous sulphate heptahgd6a6 g), MES (6H13NO,4S, 1166 Q)
were dissolved in distilled water and prepared3d_5The solution was pH adjusted to
6 using sodium hydroxide. Alpha-amylase (22 mL) when added under sterile

conditions. The solution was then sterilised byalatving (121 °C, 20 minutes).

3.1 Small Scale Feeding of Shikimic Acid Analogues

Preparation of Starter Cultures

Under sterile conditions RapV7 media (400 mL) atediksed 40% (w/v) aqueous
glucose solution (10 mL) were mixed to homogen&tyhygroscopicus1G2-10 spores
(concentration, 7Ql) were used to inoculate 7 mL portions RapV7-Ghemedium in
10 sterile 50 mL falcon tubes which were seale¢hwoam bungs and shaken at 300
rpm (2.5 cm throw) at 28°C for 48 hours.

Preparation of Main Cultures

Under sterile conditions MD6 media (400 mL), 40%\wructose aqueous solution
(20 mL) and filter sterilised 14% (w/v) L-lysine @epus solution (5.6 mL) were mixed
to homogeneity. Th8. hygroscopicuseed cultures (0.5 mL) were used to inoculate 33
out of 34 7.45 mL portions of the MD6-fructose-Lsige medium in 50 mL falcon
tubes. The uninoculated culture medium was userbgative control. The falcon tubes
were sealed with foam bungs and were shaken at@B0@2.5 cm throw) at 26°C for 24

hours.

Administration of Shikimic Acid Analogues
Compounds1.94, 1.89, 2.44, 250, 2.59, 2.58, 2.47, 2wW8re prepared to a
concentration of 0.32 molt.in methanol and were individually fed in quadrupg0
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pL, 16 pmol) to previously prepar&l hygroscopicuMG2-10 cultures to reach a final
concentration of 2 mmolt, except for compoun@.59which was fed in triplicate. The
falcon tubes were sealed with foam bungs and weakesn at 300 rpm (2.5 cm throw)
at 26°C for 5 days. A single sample of uninoculateddia and two unfeds.

hygroscopicugultures were used as negative controls. LC-MS &snpere prepared

for analysis from the whole broth. The resultshefde analyses are reported in the table.

Starter acid .
Retention Concentrat Average MS peaks
analogue time Peak aredion mgL* concentr%tion detgcted
Uninculated media 0 0 0
Unfed culture 0 0 0 0.00
Unfed culture 0 0 0 '
6.80 1694.1 | 28.24 [M+Na]”
oo/ —/"com | 680 | 1892.1 | 31.54 o5y [BAT7
6.80 1586.9 | 26.45 ' [M+formate]
1.94 6.80 1682.4 | 28.05 870.5
6.80 1579.3 | 26.33 [M+Na]”
[~ "coH 6.80 | 1716.3 | 28.61 o743 B4TT
6.79 1690.9 | 28.19 ' [M+formate]
1.89 6.80 1594.9 | 26.59 870.5
GO 6.47 639.6 | 10.66 IM+Na]"
How 6.47 606.7 | 10.11 10.14 866.7
F244 6.47 569.6 9.50 ' [M+formate]
' 6.46 617.3 | 10.29 888.4
Ho. /57 ~co 6.59 1716.1 | 28.61 [M+Na]"*
F 6.59 1698.9 | 28.32 2796 866.7
6.59 1648.6 | 27.48 ' [M+formate]
2.50 6.59 1645.1 | 27.43 888.6
F [M+Na]”
Ho\ A7 com 6.47 | 1464.2 | 24.41 866.7
6.47 1621.0 | 27.02 26.41 |[M+formate]
2.59 6.47 | 1667.0 | 27.79 888.5
wcoza 6.58 184.9 3.08
JF 6.58 282.7 4.71 431 [M+Na]*
»eg 6.58 262.7 4.38 ' 866.7
: 6.58 304.1 5.07
SVAAVARSS 6.88 253.1 4.22 [M+Na]”
HO 6.88 283.0 4.72 4.68 866.7 and
2 47 6.87 265.2 4.42 ' [M+formate]
' 6.88 321.2 5.35 888.4
COEt 6.58 421.9 7.03
Fw 6.58 462.7 7.71 - 08 [M+Na]+
HO 6.58 438.1 7.30 ' 866.7
2.49 6.58 375.8 6.26

Table 3.1 Incorporation results for the analytical feedofghe fluorohydrins.
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3.2 Large scale feeding of the all equatorial fluorohydrin to S.

hygroscopicus MG-210.

Under sterile conditions MD6 media (2 L), 40% (wfwictose aqueous solution (100
mL) and filter sterilised 14% (w/v) L lysine aquesosolution (28 mL) were mixed
together to homogeneity. TH& hygroscopicuseed cultures (0.5 mL) were used to
inoculate 300x7.45 mL portions of the MD6-fructdsé¢sine medium in 50 mL falcon
tubes. The falcon tubes were sealed with foam bangswere shaken at 300 rpm (2.5
cm throw) at 26°C for 24 hours.

Compound<2.50 was prepared in methanol to a concentration d @8IL" and was
fed (50 pL, 16 pmol) to 300 previously prepafedhygroscopicuMG2-10 cultures to
reach a final concentration of 2 mmdiLThe cultures were sealed with foam bungs and
were shaken at 300 rpm (2.5 cm throw) at 26°C fdays. Four analytical samples from
the whole broth of four random falcon tubes weralgsed by HPLC Table 3.2. The
300 cultures were combined in a conical flask ().5Che tubes were washed with
distilled water, and the washings were combined idifferent flask (800 mL). The
whole broth and the washings were analysed ini¢ef@ by HPLC. The whole broth
and the washings were combined after analysis. Tééds were harvested by
centrifugation (25 minutes at 3500 rpm) and theesogtant (1.8 L) was discarded after
HPLC analysis in triplicate. Acetonitrile (2.75 as added to the cells, stirred for one
hour and decanted. The cells were extracted a detome with acetonitrile (2.4 L) as
previously. Both extracts and the aqueous phase amalysed in duplicate by HPLC.
The second portion of ethyl acetate and the aqueloase were discarded.

The acetonitrile extracts were combined, and tHeesb removedin vacuo Ethyl
acetate (300 mL) and distilled water (400 mL) wadeled and stirred for 20 minutes
and centrifuged (10 minutes, 3500 rpm). The orgaase was extracted and ethyl
acetate (300 mL) was added and the procedure vpastexl as before. Both extracts
were analysed by HPLC in duplicate.

Ethyl acetate was removed vacuo,yielding 2.246 g of crude material containing an
estimated 31 mg of prerapamycin. The crude matenak purified by flash
chromatography on silica eluting with a mixtureetifiyl acetate and hexane (6 : 4). All
fractions were analysed by HPLC. Fractions withgiftoncentration of prerapamycin
were combined (1.83 L), and fractions containingdo concentrations of prerapamycin
were also combined separately (1.8 L). After HPIn@lgsis Table 3.2 both fractions
were combined and the solvent was remawedacuo.The compound was dissolved in
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acetonitrile (1.8 mL) and was injected in a prepaeaHPLC (Column — Waters Xterra
MS C18, 10 micron, 250 mm x 19 mm diameter; floderd0 mL/min; solvent A =
water, solvent B = acetonitrile; isocratic 45% BT Bf target compound = 21 mins).
The solvent was removeith vacuoto reveal the target compound as an off-white
amorphous solid (16.4 mg).The compound was analpsedMR (1H, 13C, DEPT,
19F, HMBC, HSQC, COSY, NOESY) and HRMS. The NMR lgsia revealed a

mixture of two compoundsTable 3.3.

_ Total
1 Average Predicted _
Samples mgL _ Volume predicted
concentration mass
mass
Falcon tube 1 23.26
Falcon tube 2 20.18
21.30
Falcon tube 3 20.17
Falcon tube 4 21.52
Whole broth 21.79
20.60 32 mg
Washings 3.86 35 mg
3.81 4.19 08L 3mg
4.89
Supernatant 1.76
1.65 1.69 18L ~3mg
165 discarded
CH3CN EXT 1
18'%? 10.23 2.75L 28mg 34mg
CH3CN EXT 2 2.55
g 2.56 2.4L 6mg
EtOAc ext 1 102.03 105.3 0.3L 31.6mg
108.61
EtOAC ext 2 0.00 0 0L 0 31.6mg
0.00 '
Aqu ext 0.00 0 0.4L 0
0.00 DISCARD
Column fractions with high 9.78
concentration of compound 9.49 9.53 1.83L 17.4 mg
_ _ 9.32 22.6 mg
Column fractions with low 277
concentrations of 304 2.86 1.8L 5.2mg
compound 2.78
2 preparative HPLC 16.4 mg

Table 3.2:Estimated and isolated quantities of fluoroprerayam?2.66 during the
gramme scale feeding of compound 2.50
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Feeding Experiment and fluoro-pre-rapamycin gerarat

Fluoro-pre-rapamycin (2.66: HRMS (ESI) m/z 866.5234 (M+Na) (Calcd. for
CagH74NO1F+Na 866.5194).

Table for NMR Chemical shifts of 2.66

OF (282 MHz, CDCY) -74.96, -75.85

Proton oH multiplicity | coupling oC

1 - - 171.5 169.0
2 5.38 4.37 52.6 55.7
3a 1.78 | 1.53 26.2 26.7
3b 219 | 241

4a 1.25 151 20.9 20.5
4b 1.75 |1.71

5a 1.49 1.29 25.1 24.4
5b 1.74 |1.63

6a 3.25 |[2.15 44.4 39.1
6b 3.84 |4.47 | brd brd| 13.1 134

8 172.4 171.7
9a 257 |241|d d 13.8 16.140.2 38.8
9b 289 269 |d d 13.7 16.3

10 98.6 98.4
10-OH 6.66 br. s

11 1.49 1.54 38.6 38.6
12a 1.47 1.49 27.6 27.3
12b 1.62 1.69

13a 134 |1.26 31.9 32.3
13b 1.52 1.57

14 3.89 4.22| dddd 11.4,11.4,2.0,2.0 69.6 713
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15a 153 |1.46 40.6 40.6
15b 1.68 |1.69
16 4.08 4.22| dd 6.2, 6.2 75.6 76.0
17 138.4 141.6
18 6.23 6.09| d d 12.2 10.5| 125.1 122.6
19 6.33 6.39| dd ddl4.6, 11.2 14.2,11. 127.7 128.6
20 6.19 6.00| dd dd 14.7,10.7 12®8| 132.2 131.2
21 6.05 6.06| dd dd 149,104 1240G6| 1305 130.2
22 5.31 5.19| dd dd 149,94 .6189.9| 139.0 139.4
23 2.16 2.12 37.3 39.8
24a 1.30 |1.37 dd 13.204.40.3 39.7
24b 1.69 |1.98
25 2.43 2.44 45.6 46.3
26 215.5 216.2
27a 254 | 2.45 | dd dd 16.7, 3.3 17.7,2.146.4 48.0
27b 2.65 |2.60 |dd 16.7, 2.7
28 4.34 4.40 72.0 72.1
29 139.6 139.7
30 5.37 544| d d 9.8 9.8 123.7 125.4
31 3.25 3.39 qd 10,6.8 46.4 45.6
32 208.8 209.0
33a 2.61 |2.65 |dd 18.3,9.7 40.6 39.7
33b 2.63 | 295 ddd 18.6, 9.9, 2.5
34 5.13 5.36| ddd 6.5, 6.5, 3.8 75.9 74.4
35 1.94 1.96 32.6 32.8
36a 1.09 |1.05 | dd 3.4,34 37.5 37.5
36b 120 |1.16 |m dd 7.5,5.[7
37 1.41 1.45 32.9 33.0
38a 1.46 |1.48 40.7 40.6
38b 1.68 |1.66
39 4.26 or| 4.37-| dddd 51.3,10.2,8.7,5.0 96.2 (d,96.2(d,
4.31- [4.22 = =
4.21 173.8 173.8
Hz) Hz)
40 3.59 3.61 73.4 73.4
4la 1.28 |1.29 30.9 30.9
41b 1.96 |2.00
42a 1.68 |1.73 29.2 29.9
42b 0.84 |0.90
43 0.95 0.95| d d 56. 6.] 16.8 16.9
44 1.65 1.79| s S 12.7 15.7
45 1.02 1.00| d d 6.3 6.0 21.6 21.7
46 1.01 1.03] d d 6.1 7.2 16.6 19.1
47 1.59 1.49| d d 1.0 1.1 13.1 11.8
48 1.08 1.01| d s 6.8 7.1 16.2 14.6
49 0.89 0.90| d d 6.1 6.5 16.0 15.0

Table 3.3 *H and™C chemical shifts for both fluoroprerapamycins.
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'H NMR Spectrum of Fluoroprerapamycin

APPENDIX 1
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APPENDIX 2: *C NMR Spectrum of Fluoroprerapamycin
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APPENDIX 4: COSY NMR Spectrum of Fluoroprerapamycin
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APPENDIX 5: HSQC NMR Spectrum of Fluoroprerapamycin
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APPENDIX 6: HMBC NMR Spectrum of Fluoroprerapamycin
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