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ARTICLE INFO ABSTRACT
Article history In this work we present efficient formal synthesd#sseveral biologicallyinteresting natur.
Received products (showdomycin, goniofufuronteans-kumausyne) and their novel carba analogue
Received in revised form applying different Baeyer-Villiger monooxygenase$his strategy provides access
Accepted tetrahydrofuran-based natural products, C-nuclessahd both antipodes of the cepending
Available online carba analogues in high optical purities (up to %98e) starting from simple achirahc
commercially available building blocks (tetrabroroetone, furan and cyclopentadien&he
Keywords striking key features of this chemo-enzymatic apptpare the introduction of fouteseogeni
showdomycin centers in as few as three reaction steps witbiesgmmetrization approach and the shortefut
goniofufurone several reaction sequences by the implementatiarbidcatalytic step.
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1. Introduction

Tetrahydrofuran is a common motif in several impbttclasses

Within this contribution we present a conclusive moefology
for the (formal) synthesis of above mentioned kibve
substances and present additional examples toqugyireported

of biologically active compounds such as showdomycin,ieiminary results of our research effort in thiea®
goniofufurone andranskumausyne (Scheme 1). Showdomycin Tetrahydrofuran- and cyclopentane-based compoundse we

displayed antitumdr and antibiotié activity, whereas
goniofufurone has been described as cytotoxic tmérutumor
cells® The structural characteristics @®fanskumausyne have
attracted remarkable interest by synthetic chenaists a number
of total syntheses have recently been publiéfied.

C-nucleosides represent another structural clasghwdttracts
notable attention in the scientific community, withe above
mentioned showdomycin being one example. C-nuclessate
compounds containing a C-C bond between the carlateydnd
the base rather than a C-N bond (N-nucleosidess Stnuctural
feature provides increased stability as the glyliosC-C bond
cannot be cleaved hydrolytically (increasedvivo stability). An
additional characteristic is the increased enzymatability.
Therefore, C-nucleosides exhibit several speciadlobical
features such as antibiotic, anticancer and/owiaaliactivity in
combination with an interesting pharmacological tvédra’ ™

While common nucleosides are usually derived framtpses,
their carba analogs (the tetrahydrofuran ring ibssituted by a
cyclopentane ring) may not be accessed in this wal aften
require a more complex synthetic strategy. HenaapaC-
nucleosides are a class of potential bio-active pmmds
combining common features of classical C-nucleassated a non-
carbohydrate core structure that are underrepredeimt the
literature so far. In the same way carba analogstodhydrofuran
containing natural products may offer interestingldgical
behavior.

Since the first publication by Adolf Baeyer and Vicwilliger
in 1899 the Baeyer-Villiger oxidation has become an imgpairt
method in synthesis of esters and lactones froroliacgnd cyclic

successfully accessed starting from the very sirapleral starting
materials furan and cyclopentadiene, respectiv8lybsequent
enzyme-mediated Baeyer-Villiger oxidation is useduocessfully
introduce chirality by exploiting the above mentdnenzymes.
Furthermore, the Baeyer-Villiger biooxidation of ttyclopentane
based starting material afforded both antipodesctigkly when
using enzymes CPM&Q., and CHMQ.wmo respectively. This
behavior is in line with our recently identified oelation of
sequence clustering and stereopreference of BVfOs.
Consequently, all compounds emerging from thesey®&ae
Villiger products were accessed in an enantiocompiéang form.

Up to four stereogenic centers were established iy thmee

chemo-enzymatic steps with high optical purity. Trecursors
presented in this work may serve as efficient shust for the

synthesis of the mentioned tetrahydrofuran-baségraaproducts
as well as their carba analogs in comparison toeotrtotal

syntheses. To our knowledge, carba analogs of thasgpounds
have not been described in the literature, soafad, are therefore
potentially interesting in means of studying thdiiological

behavior.

2. Results and Discussion
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Scheme 2 Preparation of bicyclic ketondsand5 via Cu/Zn-couple mediated
[3+4] cycloaddition (i) followed by reductive delmination (ii)..

We envisioned the [4+3] cycloaddition as a powetdol for the

ketones, respectively*® In recent years several methods for theconstruction of the desired seven-membered bicyaiones4®’

stereoselective Baeyer-Villiger oxidation became ilaée***
Due to the fact that the chemical Baeyer-Villiger dation
requires a peracid as an oxidant in combination wften harsh
reaction conditions, several problems arise, inti@dar safety
issues imposed by the explosive character of retsctand low
functional group tolerance. The development of acaialytic
variant of this transformation by applying Baeyefiger
monooxygenases (BVMOs) enabled synthetic chemists
circumvent some of these disadvantages and, mareagkieve
significantly higher regio-, chemo- and stereoswléyg for the
oxygen insertion products. Therefore, BVMO mediateactions
evolved as an attractive alternative and an importaol for the
preparation of chiral esters and lactones in syiuticBemistry?*’

and 5, which act as precursors for a subsequent BaeykgeYi

oxidation. This cyclization involves a perbromo de (1,1,3,3-
tetrabromoaceton® was synthesized according to the literattye
as dienophile, which generates the reactive oxyafpgcies in the
course of the reaction. The cyclization reaction wasducted
with freshly prepared Cu/Zn-coupieand an excess of the reagent
was used for the subsequent debromination. In lirie prievious
teeports on facilitating such heterogeneous cyclaadreactions
by ultrasound irradiatioA®*}, the synthesis of bicyclic ketonds

and 5 was carried out according to a sonochemical prdtoco

developed in our groufs.

Furan 1, tetrabromoacetone3, Cu/Zn-couple and catalytic
amount of dibromoethane were reacted under sonicatim at

A large number of BVMOs are known by now and were30°C. After filtration the crude solution of 2,4-dilno-8-

successfully applied for the synthesis of chirallding blocks
aiming at the preparation of bioactive compounds.otder to
assist the selection process to identify the mogalsle enzyme
for a given substrate, we recently published someisida
guidance for quantitative and comparative evalwmatid chiral
catalyst&®. Consequently, enzymes of choice for this preparat
work turned out to be cyclopentanone monooxygen@saViQ;
CE 1.14.13.167*° from Comamonassp. NCIMB 9872 (EC;

oxabicyclo[3.2.1]oct-6-en-3-one  was used without Hert
purification for the debromination step. After retlan with
Cu/Zn-couple in the presence of MH at -78°C and subsequent
extractive work-up oxo-ketord was obtained as beige crystals in
good vyield and purity (72%; m.p. 36-38 °C). Reattiof
cyclopentadiene2 with tetrabromoaceton8, activated Zn and
catalytic amount of,lgave crude 2,4-dibromobicyclo[3.2.1]oct-6-
en-3-one via an analogous protocol. Debrominatioh aitivated

CPMOQ:,m9 and cyclohexanone monooxygenase (CHMO) fromZn and work-up provided carba-ketoBein adequate yield and

Xanthobacter sp. ZL5 (CHMGunn).>* Both enzymes were

overexpressed iBscherichia coliin order to circumvent elaborate

cofactor recycling strategies and troublesome figwoia of

purity (58%).
2.1.Microbial Baeyer-Villiger oxidation of bicyclic ketes

NADPH-dependent instable BVMOs, and successful recombina  Having the symmetric ketondsands in hands several different

whole-cell biotransformations were appli€d®

BVMOs from our enzyme collection were tested for tladiility to
convert the bicyclic ketonesand5 into the desired lactonés)-6
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and (+)- and (-)-7. All tested BVMOs were overexpressed in (+)-6 and (+)- and (-)-7 were then used as a platform for
Escherichia coliand conversion was monitored by GC. Screeningcomprehensive chemical transformations.
results are shown ihable 1

Table 1. Results of screening different BVMOs on their ipito convert the Q CPMOg Q
ketones of interest. ﬂh — Ax\\k
(@]
(0]

Bicyclic oxo ketonet Bicyclic carba keton& 4 o
Strain conversich  eé conversiof e (+)-6
CDMO - . . - CPMOcoma ﬂh
7
CHMOaxcineto - - + 91 (') (0]
(0]
CHMOartro - - + 96 () 2 i — -
JArthrol o (+)-7
CHMOgiachy - - + 98 (-) 5
CHMOBrevil - - - - — 7
CHMOXantho O
CHMOgreviz +++ 93 (+) ++ 59 (+)
CPMOQcoma et 95 (+) ++ 89 (+) o
-)-7
CHMOknodor - - + 97 () ¢
CHMORrnhodoz - - + 98 (-)
CHMO ot 99 Scheme 3.Enzyme-mediated Baeyer-Villiger oxidations: 95% ael 70%
Xantho - - ) yield for (+)-6, 89% ee and 63% yield f6¢)-7 and >99% ee and 61% yield for
CPDMO - - - - ()-7.
BVMOpaer - -
BVMOwus ) ) 2.2.Synthesis of goniofufurone analogs
HAPMOgy - -

- - - X X

aConversion: -: no conversion, +: <50% conversictt, 50% - 90% epoxidation methanolysis X o

; ; o

conversion, +++:.>90% conversion. 4 0 0 i Hom

b~ . . . - e)
sign of optical rotation in parentheses o g ©° o]

CPMOc,maand CHMQGeviz transformed ketone$ and5 to the ()6, X=0 (-8, X=0 Ei)>1101 %22

; (#)-7, X = CH, (#)-9, X = CH, CH,
corresponding lactongs)-6 and (+)-7. CPMQy,mawas preferred
over CHMQ.vi based on higher stereoselectivity. CHMG.
was also identified to convert both bicyclic ketodeands5. In the - “Om e
case of substratgthe corresponding lactorfe-7 was formed but (i hg Yoo X
when substratel was supplied, the corresponding epoxide was 12 %0 RO o
)12, X = HO

formed exclusively while the ketone did not reacalat® By using o,
these two different BVMOs we achieved facile accessh®  scheme 4Preparation of goniofufurone analogs: HCPBA, CHCL,, reflux
antipodal carba-lactongs)-7 and(-)-7. Hence, we were able t0 for synthesis of(+)-8, rt for synthesis of)-9, 8: yield: 98%, (+)-9: yield:
prepare all subsequent carba-products in an erantisiementary  ggu, (-)-9: yield: 75%; (i) MeOH/HO, K,COs, 1t, ()-10: yield: 98%,(+)-11:
manner.  Biotransformations ~ proceeded  with  perfecteiq: 6796,()-11: yield: 74%; (jii) SnCl, CH.Cl,, 78 °C for synthesis df)-
chemoselectivity, very good enantioselectivityfie tase of+)-6 12 1t for synthesis oft)-13, (-)-12: yield: 98%, (+)-13 yield: 85%, (-)-13
and (-)-7 and reasonable optical purity f¢r)-7. According t0  yield: 79%.

screening results, the biotransformation in larg@eswas carried

out with Escherichia coliDH50. expressing CPM@,,, and BL21 After one chemoenzymatic step we were able to symbeke
(DE3) cells expressing CHM@uo either under controlled key building blocks(+)-6 and (+)- and (-)-7 to get access to
conditions in a bioreactor or in shake flask experits. goniofufurone and their carba analogs.Scheme 4all synthetic

steps including reaction conditions for formal $wdes of
The fermentation of oxo-ketoreto the corresponding lactone goniofufurone analogs starting from lactorte}6 and(+/-)-7 are
(+)-6 was optimized by exploiting thies situ substrate feeding / displayed. In the first step, a diastereoselecéipexidation was
product removal concept (SFPR)This approach enables higher carried out usingn-chloroperbenzoic acidtCPBA) as oxidant
compound concentrations which otherwise would bectdrr reagent. This procedudfé® afforded selectivelgxoepoxide(+)-8
cells*“* After sequential extraction of the resin and thein excellent yield (98%) as well as the carba-epesid)-9 (69%
fermentation broth and subsequent purification bylumn  yield) and(-)-9 (75% yield). Interestingly the shielding effearin
chromatography the desired lacto(-6 was isolated in good  the bridging CH group or the oxygen atom in addition to the
yield (70%) and very good optical purity (95% e +85.2 (¢ geometry of the bicyclic ring characteristics résalin a perfectly
= 0.2, CHCY)). In contrast carba-ketorfe was transformed into  stereochemically controlled epoxidation. Subsequesthanolysis
the corresponding lactor(e)-7 catalyzed by CPM&maapplying  was succcessfully applied to obtain compo(skd.0in 98% vield,
shake flask experiments. The desired product wasirat in compound(+)-11 was isolated in 67% yield and compou@EE11
reasonable yield (63%) and good optical purity (88&6 El]DZl_ = in 74% vyield. Intramolecular ring opening of theorjdle via
+80.2 (c = 0.52, CHGJ). Transforming the same ketoBeusing | ewis acid activation resulted in formation of bigdactone(-)-
CHMOxanio as the catalyst, the enantiocomplementary lactgne 12 again in excellent yield (98%). Transformation(j-11 gave
7 was obtained in again good yield (71%) and excelgiical  access to both antipodds)-13 (85% yield) and(-)-13 (79%
purity (>99% ee; d]p" = -83.3 (c = 0.51, CHG)). Compounds yjeld). Preparation of these key intermediates Esahccess to
various goniofufurone analogs as interesting natpraducts



4 Tetrahedron

containing a fused tetrahydrofuran or
respectively according to previous referentes.

cyclopentarieg

2.3.Synthesis of trans-kumausyne analogs

X X
D O o SN O 8
] _— 8
A\Ako 0] r o e
(o]

(+#)6,X=0 ()-14,X=0 )
(2)-7, X =CH, (+)-15, X = CH, i) 16
Br . X
> X _ <l TBDPSOM W HO/\L&o
\ O
= OAc (919, X=0 ()17, X=0
Bt (£)-20, X = CH, (#)-18, X = CH,

Scheme 5 Preparation ofranskumausyne analogs: (i) 1) KOH, MeCN®I
2) /KI, 40°C for synthesis of-)-14, rt for synthesis of+)-15, (-)-14: yield:
75%, (+)-15: yield: 92%,(-)-15: yield: 100%; (i) NaN, DMSO, 75°C, yield:
100%; (iii) HSn(Bu), toluene, 60°C(-)-17: yield: 99%,(+)-18: yield: 85%,(-
)-18: yield: 81%; (iv)tert-butylchlorodiphenylsilane, imidazole, DMF, (t)-
19: yield: 92%,(+)-20: yield: 95%,(-)-20: yield: 89%.

Furthermore we exploited the geometry of the biatfamation
products (+)6 as well ag+)- and (-)-7 and introduced two new
stereogenic centers by applying an iodolactonimat@action. This
approach provides goniofufurone analog precursoosn fthe
previous section additionally bearing an iodinarato position of
the previous hydroxyl as a good leaving group. dwaithg this
route we aimed for the accessibility of anotherriedéng natural
compound, namelytranskumausyne. Scheme 5 shows the
synthetic strategy carried out for the formal pragian oftrans
kumausyne analogs starting from chiral bicycliddaes (+)6 and
(+)- and (-)-7. Lactones werédydrolyzed in situ using KOH in
MeCN/H,O. Subsequent iodolactonization addigtKll enabled a
one pot reaction to give iodolactone {4-in good yield (75%).
Applying the same protocol carba analdg3- and (-)-15 were
obtained in excellent yield$)-1592% vyield;(-)-15 100% vyield).
Again, two new stereogenic centers were incorporated petfect
selectivity. Additionally, these iodide intermedimtenable further
chemical transformations. As an example we synthéstbe
corresponding azidg+)-16 starting from(+)-15 in the presence of
sodium azide. Azidolactonét)-16 was obtained quantitatively
with complete inversion of the stereogenic centepasition 6.
Next, the iodolactones were dehalogenated using tytilu
hydride as the reducing agent and gave lactond 7(-yfter
purification as colorless oil with identical spett@operties as

described in the literatutein perfect yield (99%). Transformation

of the carba analogs gave antipodal prodddsin very good

yields (+)-18 85%; (-)-18 81%). Discrepancies in published data -

about the absolute configuration based on the Bpegptical

rotation of alcohol (-7 prompted us to extend our synthetic

investigations towards the protected alcohol comgsuif-)-

19/(+)-and(-)-20. Finally the alcohol functionality was masked by

usingtert-butylchlorodiphenylsilane and all three compoungse
obtained in very good yields ((19: 92%; (+)-20: 95%, (-)-20:
89%).

By comparing the specific rotation ¢f)-19 with published

N b(NHZ Ne NH,
NS NH NS NH
X

HO HO X\ __

(+)-30 (-)-27,X=0

(£)-28, X = CH,
T(N) ](iv)
X
‘bﬁ O AN 0 N
- 7 B —
HO
Yo Yo o}
(£)-29 (+)6,X=0 21,X=0
(£)-7, X = CH, (£)-22, X = CH,
e NH, J (iii) (ii)
NS NH X o

X j(o 7

HO oA T T "o X NH
F ) 0 /
0.0 g Ho on ©
()25, X=0 (+)-23,X=0
(£)-26, X = CH, (£)-24, X = CH,

Scheme 6Preparation of C-nucleosides: (i) NMO/QsOCM#-BuOH, rt,21:
yield: 55%, (+)-22 yield: 56%,(-)-22: yield: 50%; (ii) 2-methoxypropene or
2,2-dimethoxypropanep-toluenesulfonic acid, acetone, rt})-23:
yield: 76%, (+)-24: yield: 60%,(-)-24: yield: 80%; (iii) NMO/OsQ, DCM#t-
BUOH, rt, thenAlCl 3, acetone, rt(+)-23: yield: 47% (iv) aminoguanidine
bicarbonate, pyridine, reflux;)-25: yield: 78%, (+)-26: yield: 43%, (-)-26:
yield: 50%, (-)-27: yield: 67%,(+)-26: yield: 71%,(-)-26: yield: 71%,(+)-30:
yield: 69%,(-)-30: yield: 67%; (v) H, Pd/C, EtOAc, rt(+)-29: yield: 83%,(-)-
29: yield: 79%.

Special interest was given to the very broad field Gs
nucleosides with showdomycin being one prominent @@m
Synthesis of compoundé§+)-23 and (+)- and (-)-24 provide
suitable precursors for the formal total synthedishowdomycin
and its carba analogs They may also act as presufso the
synthesis of other C-nucleosides like pseudourgifeScheme 6
all transformations including the preparation ofhat C-
nucleosides are summarized. Conversion of the xigdaton
products(+)-6 and (+)- and (-)-7 to the key intermediates)-23
and (+)- and (-)-24 for modified nucleosides turned out to be
challenging due to the high water solubility of tiiéermediate
diols 21 and(+)- and(-)-22. Among several protecting groups for
the diol structural motif, the acetonide turned ¢otbe most
suitable for subsequent transformations. Severghwods were
investigated in order to obtain an acceptable yfeldthe target
compounds. First a stepwise synthesis was appliedinGlevas
dihydroxylated using catalytic amount of QsCand N-
methylmorpholine oxide (NMO) as the re-oxidant achigvtwo
new stereogenic centers selectively. Using onlyelitmounts of
an aqueous solution of b&O; for quenching and intensive re-
extraction, diol21 was obtained with a reasonable yield of 55%
after purification. The dioR1 was then reacted further with 2,2-
dimethoxypropane angara-toluenesulfonic acidptTsOH) as a
catalyst to yield acetonidét+)-23 as colorless crystals in good
yield (76%). The most suitable strategy turnedtouavoid work-

data’ we were able to conclude that chiral information wasup of the reaction after the dihydroxylation buhe use the crude

conserved completely. This is probably true for taeba analogs
but to our knowledge no reference data is availgbte With the
synthesis of these key intermediates, the formath&gis ofrans
kumausyne and its carba analogs were formally caexgble

2.4.Synthesis of C-nucleosides

product directly for the protection step. Crude |dR1l was
dissolved in dry acetone and freshly sublimed AM&s added.
After full conversion and purification the acetonifte)-23 was
obtained in 47% yield over two steps, which was aalglight
improvement. Upon comparison of physical dafar (+)-23 the
absolute configuration of bio-oxidation produgt)-6 could be
confirmed to be ($69). Similar conditions were applied to



convert the carba analo@s)- and (-)-7. When synthesizing the
diols (+)- and (-)-22, aqueous conditions were avoided during
work-up by adsorbing the reaction solution diredtty silica gel.
After purification by column chromatography compdeapields

of 56% for(+)-22 and 50% foi(-)-22 were achieved. Protection of
the diol moiety was performed as described befora an
acetonidé+)-24 was obtained in 60% an@)-24 in 80% yield
respectively. These compounds have been establisBedtey
intermediates for analogs of the naturaC-nucleoside
showdomycin. Finally the lactone moiety was addressed
synthesize othe€-nucleosides. As an example 5-amirté-4,2,4-
triazol was installed as a base using available @md carba
lactones $cheme §. This represents a formal access to novel non
natural C-nucleosidegda the bio-oxidative approach in this work.
Within the general procedure for the preparatiolCeafucleosides
the corresponding lactone was refluxed with amina@liae
bicarbonate in pyridine under argon atmospherectlversion
was proved to be complete by TLC analysis. Purificatby
column chromatography provided produ¢fs25, (+)-and(-)-26,
(-)-27, (+)-and (-)-28 and (+)- and (-)-30. For the elaboration of
saturated lactoneg+)- and (-)-29, olefins (+)- and (-)-7 were
hydrogenated using a balloon filled with hydroged &d/C (10%
w/w) as catalyst to provide 83% @f)-29 and 79% of-)-29.

3. Conclusions

In summary, we were able to provide facile accesseteeral
biological interesting natural products (showdomycin
goniofufurone, transkumausyne) as well as C-nucleosides.
Furthermore, enantiocomplementary carba analogdl pfesented
compounds were successfully synthesized. An enzyniiateel
Baeyer-Villiger oxidation was applied to introduce irality
efficiently. The obtained optically active lactonesre used as a
convenient platform for several stereoselectivendfarmations.
Not only can the presented compounds serve as WNersat
precursors for the synthesis of above mentionedralaproducts
(formal synthesis) but the corresponding enantigdementary
carba precursors may also be transformed furtheatioa analogs
of the described compounds which have not beenitescin the
literature yet. It would be interesting to study ithkiological
behavior in contrast to the original tetrahydrofurdbased
compounds.

4. Experimental Section

Unless otherwise noted, chemicals and microbial gromehia
were purchased from commercial suppliers and usetoutit
further purification. All solvents were distilled prito use. Flash
column chromatography was performed on silica gelfr@dn
Merck (40-63im). Abbreviations are used as the following: LP =
light petroleum, o/n = over night, rt = room temgere. Basic
silica gel was obtained by mixing NE5%), the desired solvent
mixture and silica gel. This suspension was stif@ds minutes
and was used for column chromatography. Medium press
column chromatography was performed on a regulacasijel
column with a Bichi 681 Chromatography Pump with Awatm
Fraction Collector. Melting points were determineding a
Kofler-type Leica Galen lll micro hot stage micropeoand are
uncorrected. Biotransformations were carried out anNew
Brunswick Bioflow 110 fermenter equipped with pH probe,
oxygen probe, flow controller and temperature cdnimnitoring
of all fermentation parameters was performed usimg t
BiocommandPlus 3.30 software by New Brunswick. Glucos
concentrations were determined with Roche AccuChekNjtR-
spectra were recorded from CRCICD,OD or DMSO-d6
solutions on a Bruker AC 200 (200 MHz) spectrometed a
chemical shifts are reported in ppm using TMS ateriral

5

standard.. Combustion analysis was carried out in the
Microanalytic Laboratory, University of Vienna. Genera
conversion control and examination of purified prod were
performed with GC Top 8000 / MS Voyager (quadropohk)EIl
using a standard capillary column BGB5 (30mx0.32nmD). |
Enantiomeric excess was determined via GC using a BEB
column (30mx0.25mm ID, 0.28n film) and a BGB 173 column
(30mx0.25mm ID, 0.25m film) on a ThermoQuest Trace GC
2000 and a Thermo Focus GC. Specific rotatiof®f was
determined using a Perkin Elmer Polarimeter 241hkyfollowing
equation: §]°, = 100% / [c]*I; c[g/100mL], I[dm]

4.1.Biocatalyst performance screening on analytical scal

A baffled Erlenmeyer flask was charged with LB mediwith
appropriate antibiotics supplement (10 mL), inotrdawith a
bacterial single colony from an Agar plate and irated at 37 °C
in an orbital shaker o/n. The biotransformation med
supplemented with ampicillin (200 mg/L), was then culated
with 2% v/v of the preculture and incubated for apprl-2 h
under the same conditions until an optical densit®.2—0.6 was
reached. Inducing agent afietyclodextrin (1 equiv.) were added,
the mixture was thouroughly mixed and split in 1.0 aliquots
into 24-well plates. Substrates were added as 0.®IMigns in
1,4-dioxane to a final concentration of 4 mM. That@s were
sealed with adhesive film and incubated at the apjate
temperature in an orbital shaker for up to 24 h.liwl samples
were prepared by extraction of 0.5 mL of biotransfation
culture with 1.0 mL dichloromethane (supplementechviitmM
methyl benzoate as internal standard) after cewgif separation
of the cell mass (approx. 15 kRCF, 1 min, rt) anglasured by
chiral GC..

4.2.8-Oxabicyclo-[3.2.1]oct-6-en-3-ond)

Cu/zZn couple (20.6 g, 0.31 mol), furdn(100 mL, 1.39 mol)
and catalytic amount of dibromoethane were susperiledty
MeCN (80 mL). The reaction mixture was cooled to°@under
nitrogen atmosphere and was sonicated for 30 min under
subsequent addition of tetrabromoacet@¢38.2 g, 1.02 mol)
dissolved in dry MeCN. The temperature was maintainelow
25 °C. The conversion of the reaction was monitdrgdC-MS.
After complete conversion the reaction mixture walteried
through a pad of Celite®. The crude solution of-difsfromo-8-
oxabicyclo-[3.2.1]oct-6-en-3-one  was used without tHer
purification for the next reaction step. Cu/Zn cleu@7.3 g, 0.72
mol) and NHCI (26.0 g, 0.49 mol) were suspended in dry EtOH
and cooled to -78 °C. Maintaining a reaction terapge below -
50 °C, 80% of crude 1,5-dibromo-8-oxabicyclo-[3]act-6-en-3-
one in MeCN was added slowly. After 15 min the remajri26%
of the solution were added and the reaction mixtae warmed
to room temperature. Reaction monitoring was peréatriny GC-
MS. After conversion had reached completion, Cu/dapte was
removed by filtration and the solid residue was wdsheth
dichloromethane. The combined organic phases weoceiuva
evaporated. The crude product was cooled with arbatle upon
neutralization with saturated bicarbonate. The olethisuspension
was filtered again and solids were washed intensiweith
dichloromethane. Layers were separated and the iorgdrase
was dried over N&O, and concentrated (bath temperature below
30 °C!). The purity of the crude product was chedkgdNMR and
GC/MS. After evaporation of all volatiles and dryiig vacuo

gompoundt was obtained as beige crystals; yield 72%; m.p386-

°C (Iit.>* 37 — 39 °C)'H NMR (200 MHz, CDCJ): 6 = 2.30 (d,J
=16 Hz, 2 H), 2.80 (dd] = 16 Hz & 5 Hz, 2 H), 5.05 (d} = 5 Hz,
2 H), 6.20 (s, 2 H) ppm>C NMR (50 MHz, CDC)): J = 46.6,
77.1,133.3, 205.2 ppm.
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4.3.Bicyclo-[3.2.1]oct-6-en-3-onesf

Cyclopentadiene 2 was obtained by distillation of
dicyclopentadiene (k = 38-40 °C). Tetrabromoacetordewas
prepared by reaction of acetone and bromine undddica
conditions. Cu/Zn couple (20.2 g, 0.309 mol) anthlyiic amount
of I, were suspended in dry MeCN (100 mL) under nitroge
atmosphere and with sonication (approx. 10 min). Tegection
mixture was cooled to 0 °C with subsequent dropwikttian of
cyclopentadiene (9.17 g, 0.139 mol) and tetrabrasimae (37.1
g, 0.099 mol) while sonicated and the temperature maintained
below room temperature throughout the experimeng fBaction
was monitored by TLC until complete conversion wasevbed
(approx. 3-7 h). Activated Zn (20.0 g, 0.306 mol), JH(20.0 g,
0.374 mol) and dry MeOH (100 mL) were added undengén
atmosphere at 0 °C and with sonication. The reagtasfollowed
by TLC until complete conversion. Remaining Zn wasioved by
filtration through a pad of Celite® and the solidsidue was
washed with diethylether. The suspension was cooldu avitice
bath and neutralized with sodium bicarbonate. Théeained
suspension was filtered again, washed with diethytethred
concentrated in vacuo. The crude was extracted vetitame (3
times), trying to achieve a selective extraction tbé desired
product taking advantage of its high carbon natliree combined
organic layers were dried over J$&, and concentrated (bath
temperature below 30 °C!) in vacuo. The purity oé tbrude
product was checked by NMR, where we can see smallatsof
impurities but the purity of the crude is sufficidar its use in the
next step. After evaporation of all volatiles anging in vacuo
compound5 was obtained; yield 58%; To increase the purity of
the product sublimation can be applied to obtailgéerystals;
m.p. 98-100 °C'H NMR (200 MHz, CDCJ): 6 = 1.75 (dJ = 10.9
Hz, 1 H), 2.03-2.16 (m, 1 H), 2.31 (dd, J = 17.2 Hz & Rz, 2
H), 2.44 (ddJ = 17.2 Hz & 3.3 Hz, 2 H), 2.90 (br. s, 2 H), 6.00 (s,
2 H) ppm."*C NMR (50 MHz, CDC)): 6 = 38.2, 41.7, 46.3, 135.4,
210.4 ppm.

4.4.(1S,6S)-3,9-Dioxabicyclo[4.2.1]non-7-en-4-01(€){6)

A New Brunswick Bioflow 110 fermenter containing 1 L of
sterile TB medium supplemented with 200 mg/L amlicivas
inoculated with 20 mL (2 vol%) overnight culture of
DH50/CPMO grown on LB medium (50 mg/L ampicillin). The
temperature was maintained at 37 °C and the pH watschastant
at 7.00 £ 0.05 by adding 3N NaOH or 3NR®D, automatically.
The 1 L culture was grown with an air flow of 5 L/mindastirring
rates at 500 rpm. The growth was continued until ¢hiure
density reached 3.01 - 3.44 g/L dcw and the temperaivas
decreased to 25 °C. IPTG was added to a final coratem of
0.25mM and after an additional hour the fermentatialture was
supplemented with 4 g/L glucose (20% sterile sot)tioTwo
hours after induction 20 mL of cell culture weredaaland activity
tests were performed. After passing the activitystabe pre-
loaded resin and any additives were added. The ggulevel was
measured periodically as the bioconversion progesSompound
4 (5 g, 40 mmol) was dissolved in ethanol (10 mL) amas
subsequently added to the resin (50 g wet resim, X5 = 0.2)
and 100 mL of LBAmp.B-cyclodextrin (10 mol%) and the
substrate-resin mixture were added to the fermemtdtioth. After
36 h and purification via column chromatography /E®Ac =
2/1; 200 g Si@ the desired lacton@)-6 was isolated; yield 70%
(95% ee); m.p.: 98-100°Cu],°% +85.2 (c = 0.2, CHG). *H
NMR (200 MHz, CDC}): 6 = 2.90 (dd,J = 16 Hz & 5 Hz, 1 H),
3.20 (dd,J = 16 Hz & 3 Hz, 1 H), 4.05 (ddj =12 Hz & 3 Hz, 1
H), 4.40 (dJ =12 Hz, 1 H), 4.70 (] = 3 Hz, 1 H), 4.85 (d] = 3
Hz, 1 H), 6.10 (dJ = 6 Hz, 1 H), 6.35 (dJ =6 Hz, 1 H) ppm**C

n
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NMR (50 MHz, CDC}): & = 46.7, 71.0, 76.3, 81.6, 129.0, 133.4,
172.0 ppm.

4.5.3-Oxabicyclo[4.2.1]non-7-en-4-onéH)- and (-)-7)

A 1 L Erlenmeyer flask containing 200 mL of sterild3
medium supplemented with 0.2 mg/mL of ampicillin androp of
antifoam was inoculated with 2 mL (1% vol) overnightlture
BL21(DE3)/p1l1X5.1 grown on LB medium (0.2 mg/mL
ampicillin). The culture was growing at 30 °C and gt until
the optical density at 590 nm reached a value betwi:18
(approx. 8-11 h). Then the temperature was decrdas®ti°C and
IPTG was added to a final concentration of 0.1 mMteAbne
hour,-cyclodextrin (930 mg; 0.820 mmol), compoun 00 mg,
0.82 mmol) and 1,4-dioxan (1 mL) were added. Thetiea was
followed using GC-MS until 80-90% of conversion (apprl4-20
h). The cells were separated from the broth by ifegation
(9600 rpm, 15 min), and the broth was continuoustiraeted
using dichloromethane (8-10 h). The organic layes dided over
NaSQO, and concentrated in vacuo. Purification by column
chromatography (LP/EtOAc = 3/1) gave the desired eamgds
(+)- and (-)-7 as a colorless solid; yield 71% (ee > 99%)
(CHMOyanino); Vield 63% (ee = 89%) (CPMQha; m.p. 50-52 °C;
[a]p?* = —83.3 (¢ = 0.51, CHGI (CHMOxanng); [0]o>* = +80.2 (¢ =
0.52, CHCY}) (CPMQxomd. *H NMR (200 MHz, CDCJ): 6 = 1.64
(d,J =11.5 Hz, 1 H), 2.20 - 2.45 (m, 1 H), 2.65 - 2.87 gH),
2.89 - 3.07 (m, 1 H), 4.00 - 4.24 (m, 2 H), 5.83,(@& 5.7 Hz &
2.9 Hz, 1 H), 6.10 (dd] = 5.7 Hz & 2.9 Hz, 1 H) ppm’C NMR
(50 MHz, CDC}): & = 36.7, 42.6, 44.4, 44.7, 70.7, 131.1, 137.0,
174.1 ppm. @H;0O, (138.16): calcd. C 69.55, H 7.30; found C
69.29, H 7.25.

4.6.(1R,6S,7S,9R)-3,8,10-Trioxatricyclo[4.3.1%@ecan-4-one
((+)-8)

m-CPBA (3891 mg, 22.7 mmol) was added to a solutibn o
compound(+)-6 (390 mg, 2.27 mmol) in dichloromethane (100
mL) at room temperature. The reaction mixture wésxed for 2
days until no starting material could be detectgdThC. After
that, the residue was purified by column chromatoigyeon silica
gel (Hexane/EtOAc) gave compouit)-8 as colorless crystals;
yield 98%; m.p. 78-80 °Ciofp** = +94.9 (c = 0.79, CHG). *H
NMR (200 MHz, CDC)): 6 = 2.92 (dd,J = 16.5 Hz & 3.8, 2 H),
3.05 (dd,J = 16.5 Hz & 2.5 Hz, 1 H), 3.76 (s, 2H), 4.19 (ddz
3.6 Hz & 2.7 Hz, 1 H), 4.20 - 4.50 (m, 2 H) pphC NMR (50
MHz, CDCL): 6 = 41.9, 52.6, 54.2, 69.3, 71.3, 74.2, 171.5 ppm.
C;HgO, (156.14): calcd. C 53.35, H 5.16; found C 53.55,.125

4.7.3,8-Dioxatricyclo[4.3.1.6%decan-4-one (@)- and (-)-9)

m-CPBA (190 mg (purity 70%), 0.77 mmol) was added to a
solution of compound+)- or (-)-7 (71 mg, 0.51 mmol) in dry
dichloromethane (5 mL) under nitrogen atmospheh& feaction
was carried out at room temperature and after 10 lstarting
material could be detected by TLC. The reactiontam& was
cooled to -20 °C, filtered and washed with cold dicbinethane.
The filtrate was neutralized with saturated sodiucattionate and
extracted with dichloromethane (x 3). The combinedanic
layers were dried over M&a0O, and concentrated. Purification by
column chromatography (LP/EtOAc = 1/1) gave compoufdis
and(-)-9; yield 75% (CHMQuni); Yield 69% (CPMQqmd); [a]o™
= -955 (¢ = 1.0, CHG) (CHMOxannd; [a]p™* = +82.8 (c = 1.2,
CHCI;) (CPMQsomd. *H NMR (200 MHz, CDCJ): 6 = 1.29 (d,J
=125 Hz, 1 H), 1.88 (dfl = 12.5 Hz & = 6.4 Hz, 1 H), 2.45 {,
= 6.4 Hz, 1 H), 2.60 (m, 2 H), 2.93 (ddi= 16.0 Hz & = 6.5 Hz
& = 2.0 Hz, 1 H), 3.48 (s, 2 H), 4.18 (= 12.8 Hz, 1 H), 4.41
(ddd,J = 12.8 Hz & = 5.5 Hz & = 1.7 Hz, 1 H) ppriC NMR (50



7

MHz, CDCL): & = 31.2, 33.9, 36.8, 39.5, 54.1, 55.7, 71.6, 173.5CD;0D): 6 = 1.30 (d,J = 11.1 Hz, 1 H), 1.89 - 2.32 (m, 3 H),

ppm.

4.8.(1S,2S,4R,5R)-Methyl-2(-4-(hydroxymethyl)-3,6-
dioxabicyclo[3.1.0]hexan-2-yl)-acetaté)-10)

K,COs; (20 mg, 0.14 mmol) was added to the stirred satubib
compound+)-8 (47 mg, 0.25 mmol) in MeOHA® (1 mL, 8:2) at
room temperature. The reaction mixture was stiruedil the
starting material had reacted completely (checked Th.C,
reaction time < 10 seconds). The mixture was queahackith
saturated aqueous solution of ammonium chloride exttacted
with EtOAc (5 x 15). The organic layer was dried over9@&
and evaporated. Purification by column chromatolgyapn silica
gel (Hexane/EtOAc) gave compout10 as a colorless oil; yield
98%; [u]p>* = -32.09 (c = 6.19, CHQL 'H NMR (200 MHz,
CDCly): 6 = 2.43 (br s, 1 H), 2.57 (d,= 7.5 Hz, 2 H), 3.67 (s, 3
H), 3.50 - 3.75 (m, 4 H), 4.11 3,=4.3 Hz, 1 H), 443 {1=7.5
Hz, 1 H) ppm.”*C NMR (50 MHz, CDC)): & = 35.2, 51.9, 57.9,
62.6, 73.7, 78.9, 171.5 ppm.

4.9.Methyl 2(-4-(hydroxymethyl)-6-oxabicyclo[3.1.0]hexaiyl)-
acetate (+)- and(-)-11)

K,CO; (20 mg, 0.14 mmol) was added to the stirred satubib
compound(+)- or (-)-9 (40 mg, 0.29 mmol) in MeOHAD (2.6
mL, 8:2) at room temperature. The reaction mixtwaes stirred
until the starting material had reacted completdlge reaction
mixture was directly adsorbed on silica gel andrgfirification
by column chromatography compoundg§+)- or (-)-11,
respectively, were obtained as a colorless oil; dyi€7%
(CHMOyanng); Vield 74% (CPMQym; [a]o® = +13.5 (¢ = 1.0,
CHCL) (CHMOxannd; [0a]p® -11.3 (c 0.4, CHG)
(CPMQcomd. *H NMR (200 MHz, CDCJ): = 1.22 (d,J = 14.3
Hz, 1 H), 1.92 (dtJ) = 14.3 Hz & 8.9 Hz, 1 H), 2.26 - 2.51 (m, 3
H), 2.55 — 2.70 (m, 1 H), 3.13 (bs, 1 H), 3.39J¢; 2.3 Hz, 1 H),
3.52 (d,J=2.3 Hz, 1 H), 3.55 - 3.61 (m, 2 H), 3.67 (s, 3 Hnpp
*C NMR (50 MHz, CDCJ): 6 = 29.7, 35.2, 36.9, 42.0, 51.7, 60.0,
61.0, 63.9, 172.7 ppm.

4.10.(3aS,5R,6R,6aR)-6-Hydroxy-5-
(hydroxymethyl)tetrahydrofuro[3,2-b]furan-2(5H)-ong){12)

A SnCl, solution in dichloromethane (1 mL, 1@@/mL) was
added at -78°C to a solution of compoyrd10 (0.081 g, 0.430
mmol) in dry dichloromethane (3.0 mL). The reactiixture was
stirred for 1 h until the starting material had ateal completely
(checked by TLC). Then the residue was purified bjumn
chromatography (Hexane/EtOAc) to yield compolf#dl2 as an
amorphic, semi-crystalline forf;yield 98%; p]p*° = -30.1 (c =
0.86, MeOH).*H NMR (200 MHz, CRQOD): § = 2.50 (d,J = 18.4
Hz, 1 H), 2.72 (dd) = 18.8 Hz & 4.9 Hz, 1 H), 3.21 (br s, 2 H),
3.48 (ddJ=11.9 Hz & 5.9 Hz, 1 H), 3.68 (dd,= 11.9 Hz & 3.7
Hz, 1 H), 3.74 (dtJ = 5.9 Hz & 3.7 Hz, 1 H), 4.06 (d,= 5.5 Hz,
1 H), 4.76 - 4.80 (m, 2 H) ppmiC NMR (50 MHz, CDC)): 5 =
37.1,62.8,77.2,79.0, 88.3,92.2, 177.8 ppm.

4.11.6-Hydroxy-5-(hydroxymethyl)hexahydro-2H-
cyclopenta[b]furan-2-one($)- and (-)-13)

To a solution of compoun@)- or (-)-11 (30 mg, 0.16 mmol) in
dry dichloromethane (2 mL), was added Sn@8 pL, 0.32 mmol)
dropwise under nitrogen atmosphere at —78 °C. Aftardl the
starting material was consumed (checked by TLC). fEaetion
mixture was directly adsorbed on silica gel andrgfirification
by column chromatography (EtOAc) compour(@3- and (-)-13
were obtained as a colorless oil; yield 85% (CHMEY; vield
79% (CPMQoma; []p?! = +35.1 (¢ = 0.87, MeOH) (CHMQuho:
[a]p?* = -32.2 (¢ = 0.12, MeOH) (CPMGhy). *H NMR (200 MHz,

2.77 (dd,J = 17.9 Hz & 9.7 Hz, 1 H), 2.93 (qd,= 8.0 Hz & 2.6
Hz, 1 H), 3.54 (ddJ = 11.0 Hz & 6.2 Hz, 1 H), 3.70 (dd,= 11.0
Hz & 4.4 Hz, 1 H), 3.87 (dd] = 8.8 Hz & 3.6 Hz, 1 H), 4.68 (dd,
J=8.0 Hz & 3.5 Hz, 1 H) ppn°’C NMR (50 MHz, CQOD): § =
32.8,34.7, 35.3, 49.4, 63.7, 78.4, 92.0, 178.4.ppm

4.12.(3aS,5R,6R,6aR)-5-(Hydroxymethyl)-6-
iodotetrahydrofuro[3,2-b]furan-2(3H)-on-}-14)

To a stirred solution of compourfé)-6 (0.55 g, 3.92 mmol) in
MeCN/H,O (8.6 mL, 2.3:1) was added KOH (230 mg, 4.11
mmol). The reaction mixture was stirred at roomgenature for 4
h until TLC showed full consumption of the startingaterial.
Afterwards, a mixture of,I(1.09 g, 4.30 mmol) and Kl (2.15 g,
12.93 mmol) was added. The resulting mixture wasestiin the
dark for 5 days at 40°C. The reaction was quenchéd avil0%
solution of NaS,0; until decoloration of the mixture was observed
and then extracted with EtOAc (5 x 15). The orgaaiet was
washed with brine, dried over p&0, and evaporated. Purification
by column chromatography on silica gel (Hexane/EtOgaye
compound(-)-14 as a beige oil which solidified upon standing in
the refrigerator; yield 75%; m.p. 84-86 °Gy]§* = -70.2 (c =
1.28, CHCY). 'H NMR (200 MHz, CDCJ): 6 = 1.90 (br s, 1 H),
2.80 (d,J = 3.3 Hz, 2 H), 3.70 (dd] = 12.4 Hz & 4.6 Hz, 1 H),
3.86 (ddJ=12.4Hz &3.0,1H),4.22(dd,=75Hz&2.1Hz, 1
H), 4.33 (dddJ = 7.5 Hz & 4.6 Hz & = 3.0 Hz, 1 H), 4.85 — 4.90
(m, 1 H), 5.22 (ddJ = 4.5 Hz & 2.1 Hz, 1 H) ppm*C NMR
(CDCl): & = 20.0, 36.2, 61.2, 78.2, 90.7, 92.8, 173.8 ppm.
C;Ho10,(284.05): calcd. C 29.60, H 3.19; found C 30.00, 183.

4.13.5-(Hydroxymethyl)-6-iodohexyhydro-2H-
cyclopenta[b]furan-2-one($)- and(-)-15)

To astirred solution of compoung#)- or (-)-7 (100 mg, 0.73
mmol) in MeCN/HO (2 mL, 2.3:1) was added KOH (43 mg, 0.76
mmol). The reaction mixture was stirred at roomgenature for 5
h until TLC showed full consumption of the startingaterial.
Afterwards, a mixture of,1(202 mg, 0.80 mmol) and Kl (397 mg,
2.39 mmol) was added. The resulting mixture wasestiin the
dark for 39 h at room temperature. The reaction gasnched
with a 10% solution of N&,0O; until decoloration of the mixture
was observed and the reaction was neutralized withratat
NH,CI. Then the reaction was extracted with EtOAc (3x)e Th
organic layer was dried over PO, and evaporated. Purification
by column chromatography (LP/EtOAc = 1/2) gave conmatsu
(+)- and (-)-15 as a colorless oil; yield 92% (CHME&w); Yield
100% (CPMO); {i]p>* = +62.5 (c = 1.2, CHG) (CHMOyanno):;
[a]p** = -59.4 (c = 0.3, CHG) (CPMO).'H NMR (200 MHz,
CDCly): & = 1.50 (dtJ = 13.2 Hz & 9.0 Hz, 1 H), 2.10 — 2.25 (m,
2 H), 2.40 — 2.48 (m, 2 H), 2.81 (dil= 18.0 Hz & 9.5 Hz, 1 H),
3.02 (qd,J = 9.5 Hz & 3.1 Hz, 1 H), 3.68 (dd,= 10.8 Hz & 4.9
Hz, 1 H), 3.77 (ddJ = 10.8 Hz & 4.5 Hz, 1 H), 4.09 (dd,= 9.4
Hz & 4.4 Hz, 1 H), 5.17 (dd] = 7.8 Hz & 4.4 Hz, 1 H) ppnt’C
NMR (50 MHz, CDC}): 6 = 26.8, 33.5, 35.3, 37.1, 52.4, 61.5,
93.9, 176.2 ppm. §11,105(282.08): calcd. C 34.06, H 3.93; found
C 35.37, H 3.70.

4.14.6-Azido-5-(hydroxymethyl)hexahydro-2H-
cyclopenta[b]furan-2-one($)-16)

Compound(+)-15 (27 mg, 0.10 mmol), DMSO (1 mL) andi4
molecular sieve were warmed to 75°C. Sodium azidax(§2010
mmol) was added and the solution was stirred at T78°@0h. The
reaction was quenched with ,® and extracted with
dichloromethane (3x). The organic layer was driedradgS0O,
and concentrated in vacuo. Crude mass was purifiedobumn
chromatography (LP/EtOAc = 1/2 to 1/4) to yield caupd (+)-
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16 as a colorless oil; yield 100%p]p* = +198.0 (c = 1.0,
CHCl;) (CHMOyanind.- 'H NMR (200 MHz, CDCJ): & = 0.83 (dd,
J=10.7 Hz & 6.4 Hz, 1H), 1.35 (m, 1H), 2.02- 2.24 @H}), 2.34
(dd,J = 17.9 Hz & 6.7 Hz, 1H), 2.68 - 3.03 (m, 2H), 3.67.838
(m, 2H), 4.26 (tJ = 4.2 Hz, 1H), 4.97 (dd] = 9.2 Hz & 4.7 Hz,
1H) ppm.”*C NMR (50 MHz, CDCJ): § = 32.7, 34.8, 36.1, 44.3,
61.5, 64.9, 84.3 ppm.

4.15.(3aS,5S,6aS)-5-(Hydroxymethyl)tetrahydrofuro[3,2-tgfut
2(3H)-one (-)-17)

Tributyltin hydride (0.500 mL, 1.85 mmol) was add#rdpwise
to a solution of compoung)-14 (0.190 g, 0.71 mmol) in dry
toluene (15 mL). The mixture was stirred for 48 r6@t°C until
the starting material had reacted completely (ceecky TLC).
Then, the solvent was concentrated in vacuo anctrie mass
was purified by column chromatography (Hexane/EtOAcyield
compound(-)-17 as a colorless oil; yield 99%xq]p** = -53.3 (c =
0.42, MeOH)."H NMR (200 MHz, CDCJ): 5 = 1.89 (bs, 1 H),
2.12 (ddd,J = 14.6 Hz & 7.1 Hz & 3.2 Hz, 1 H), 2.39 (ddd#i~
14.6 Hz & 7.8 Hz & 6.9 Hz, 1 H), 2.75 (d,= 3.2 Hz, 2 H), 3.60
(dd,J=11.8 Hz & 6.3 Hz, 1 H), 3.74 (dd,= 11.9 Hz & 3.2 Hz, 1
H), 4.18 (ddd,) = 10.4 Hz & 7.2 Hz & 3.2 Hz, 1 H), 4.63 (ddi=
7.3Hz &3.2Hz,1H),5.05(ddd,=6.3Hz&4.2Hz&1.7Hz, 1
H) ppm.™C NMR (50 MHz, CDC)): & = 34.0, 36.4, 64.6, 79.0,
80.7, 84.4, 175.2 ppm.

4.16.5-(Hydroxymethyl)hexahydro-2H-cyclopenta[b]furan-2eon
((+)- and(-)-18)

Tributyltin hydride (208 pL, 0.78 mmol) was addedplvise
to a solution of compoun@)- or (-)-15 (85 mg, 0.30 mmol) in dry
toluene (1.5 mL). The mixture was stirred for 43t16@ °C under
nitrogen atmosphere until the starting material hadcted
completely (checked by TLC). The reaction mixturesvairectly
adsorbed on silica gel and after purification byluom
chromatography (LP/EtOAc = 1/3 — 1/5) compoufls and (-)-
18 were obtained as a colorless oil; yield 85% (CHMG; yield
81% (CPMO); §]p>* = +57.5 (¢ = 1.0, CHG) (CHMOyand);
[a]p?* = -61.5 (c = 0.4, CHG) (CPMO).'H NMR (200 MHz,
CDCly): 6 =1.15-1.45 (m, 2 H), 1.55 - 1.80 (m, 1 H), 2.@042
(m, 4 H), 2.67 - 2.84 (m, 2 H), 3.50 — 3.65 (m, 2 {P2 (m, 1 H)
ppm.**C NMR (50 MHz, CDCJ): § = 35.5, 35.6, 39.1, 42.1, 65.6,
86.0, 177.3 ppm. §1,,05(156.18): calcd. C 61.52, H 7.74; found
C 57.63, H 6.30.

4.17.(3aS,5S,6aS)-5-(((tert-
Butyldiphenylsilyl)oxy)methyl)tetrahydrofuro[3,2-btan-2(3H)-
one (-)-19)

Imidazole (20.0 mg, 0.29 mmol) was added to a swiutf
compound(-)-17 (8.5 mg, 0.05 mmol) in dry DMF (0.5 mL)
followed by tert-butylchlorodiphenylsilane (30 mg, 0.11 mmol).
The mixture was stirred for 24 h at room temperawmél the
starting material had reacted completely (checkedLC). Crude
mass was purified by column chromatography (Hexa@#E) to
yield compound-)-19 as a colorless oil; yield 92%q]p*° = -23.8
(c = 0.75, CHGJ)). *H NMR (200 MHz, CDC)): & = 1.05 (s, 9 H),
2.10 - 2.26 (m, 1 H), 2.26 — 2.45 (m, 1 H), 2.687R”22m, 2 H),
3.63 —3.79 (m, 2 H), 4.05 — 4.20 (m, 1 H), 4.54614m, 1 H),
4.97 — 5.05 (m, 1 H), 7.30 — 7.45 (m, 6 H), 7.617227qm, 4 H)
ppm.**C NMR (50 MHz, CDCJ): & = 19.2, 26.8, 34.6, 36.4, 65.6,
78.9, 80.7, 84.3, 127.7, 129.7, 133.3, 133.4, 13635.6, 175.2

ppm.

4.18.5-(((tert-Butyldiphenylsilyl)oxy)methyl)hexahydro-2H
cyclopenta[b]furan-2-one(¢)- and (-)-20)

Tetrahedron

Imidazole (53 mg, 0.78 mmol) was added to a solutibn
compound+)- or (-)-18 (22 mg, 0.14 mmol) in dry DMF (1.3 mL)
followed by tert-butylchlorodiphenylsilane (75 pL, 0.29 mmol)
under nitrogen atmosphere. The mixture was stirard1f h at
room temperature until the starting material hadacted
completely (checked by TLC). The reaction mixtures\gatracted
with dichloromethane (3x), the organic layer was diriever
NaSQO, and concentrated in vacuo. Crude mass was puftifyed
column chromatography (LP — LP/EtOAc = 20/1) to diel
compounds (+)- and (-)-20 as a white solid; yield 95%
(CHMOyaning); yield 89% (CPMO); m.p. 78-81 °Cylp,*° = +45.0
(c = 1.0, CHCJ)) (CHMOyannd); []p>° = -32.4 (c = 0.3, CHG)
(CPMO)."™H NMR (200 MHz, CDCJ): = 1.06 (s, 9 H), 1.12 —
1.26 (m, 1 H), 1.65 — 1.75 (m, 1 H), 2.05 — 2.41 Pnt), 2.66 —
2.81 (m, 2 H), 3.60 (dd} = 10.0 Hz & 3.3 Hz, 1 H), 3.66 (dd,=
10.0 Hz & 3.1 Hz, 1 H), 4.88 — 4.98 (m, 1 H), 7.36 447(m, 6
H), 7.62 — 7.67 (m, 4 H) ppm°C NMR (50 MHz, CDCJ)): § =
19.2, 26.7, 35.3, 35.5, 35.6, 39.1, 42.4, 66.38,8527.6, 129.6,
133.5, 135.4, 177.0 ppm.,fEi;0,Si (378.58): calcd. C 73.05, H
7.66; found C 73.04, H 7.59.

4.19.(1R,6S,7R,8S)—7,8-Dihydroxy-3,9-
dioxabicyclo[4.2.1]nonan-4-on&{)

To a solution of compoung+)-6 (109 mg, 0.78 mmol) in
dichloromethane (11 mL) antert-Butanol (2 mL) was added
NMO (163 mg, 1.39 mmol) followed by a crystal of Qs@he
reaction was stirred at room temperature until TLQalgsis
showed complete consumption of starting materiab (8~ The
reaction was quenched with 2 mL of a 10% solutiorNafSO;
and the mixture was stirred for an additional 45.riinen it was
filtered through a pad of Celite® which was washed with
dichloromethane. The aqueous phase was extractadeS tvith
dichloromethane. The combined organic layers wereddover
Na,SQO, and the solvent was removed in vacuo. Purificatibthe
crude mass by column chromatography (stepwise gradie
LP/EtOAc = 100% LP to 100% EtOAc, followed by a stepwise
gradient EtOAC/EtOH = 100% EtOAc to 10% EtOH) gave
compound21; yield 55%;"H NMR (200 MHz, CRQOD): § = 2.81
(dd,J= 16.3 Hz & 5.0 Hz, 1 H), 2.95 (dd,= 16.3 Hz & 2.4 Hz, 1
H), 3.90 — 4.40 (m, 6 H), 4.8 (s, 2 H) ppiiC NMR (50 MHz,
CD;0OD): 6 = 43.8, 73.1 (2C), 76.0, 82.1, 86.6, 175.7 ppm.

4.20.7,8-Dihydroxy-3-oxabicyclo[4.2.1]nonan-4-on@)- and (-
)-22)

To a solution of compoun@)- or (-)-7 (140 mg, 1.01 mmol) in
dichloromethaneért-Butanol (6 mL, 2/1) was added NMOsBI
(172 mg, 1.27 mmol) under nitrogen atmosphere gl by a
crystal of OsQ The reaction was stirred at room temperature until
TLC analysis showed complete consumption of stantivagerial
(24 h). The reaction was quenched with 2 mL of a 50%tion of
Na,SO; and the mixture was stirred for an additional 1The
reaction mixture was directly adsorbed on silicd ged after
purification by column chromatography (EtOAc) compdsifi)-
and (-)-22, respectively, were obtained as a colorless ad|dy
50% (CHMOnn); Yield 56% (CPMO); ¢],>* = -71.5 (c = 0.06,
EtOH) (CHMOkannd; [0]p™ = +73.1 (c = 1.27, EtOH) (CPMO).
'H NMR (200 MHz, CROD): 5 = 1.48 (dJ = 11.1 Hz, 1 H), 2.21
—2.37 (m, 3 H), 2.63 (dd, = 15.8 & 1.8 Hz, 1 H), 2.84 (ddd,=
15.8 Hz & 7.7 Hz & 1.3 Hz, 1 H), 3.87 (d= 6.0 Hz, 1 H), 4.12 —
4.38 (m, 3 H) ppm=C NMR (50 MHz, CROD): & = 37.2, 41.1,
42.8,47.9,72.7,73.9,76.7, 177.7 ppm.

4.21.(1S,2S,6R,7R)-4,4-Dimethyl-3,5,9,12-
tetraoxatricyclo[5.4.1.6%dodecan-10-one(t)-23)
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To a solution of compounal (50 mg, 0.29 mmol) in acetone on silica gel (CHG/MeOH) gave compound®)- and(-)-26 as

(3 mL) under nitrogen atmosphere, 2-methoxyprop@ng0 mL,
15.7 mmol) and a catalytic amountmil oluenesulfonic acid were
added. When TLC proved all starting material to dmne, the
reaction was hydrolyzed with saturated bicarbonaletisa. The
aqueous phase was extracted 5 times with EtOAc. Théineth
organic layers were dried over ¢, and the solvent was
removed in vacuo. The crude material was purifiedcbliumn

chromatography (basic SjOstepwise gradient LP/EtOAc = 100%

LP to 100% EtOAc) yielding compoungt)-23 as colorless
crystals; yield 76%, m.p. 163 — 167 °@]{"* +73.0 (c = 0.66,
CHCL). '"H NMR (CDCh): 8 1.32 (s, 3H, CH), 1.49 (s, 3H,
CHs), 2.96 (d, J = 4 Hz, 2H, H-2), 4.23-4.30 (m, 3H),144339
(m, 1H), 4.65 (d, J=5.0 Hz, 2H), 4.95 (d, J = 5.0 Hd);2°C-

oils, each; yield 50% (CHMQng); Yield 43% (CPMO); ¢ = -

104.1 (c = 1.0, MeOH) (CHMQuno); [0]p>* = +97.1 (c = 1.0,
MeOH) (CPMO)."H NMR (200 MHz, CROD): § = 1.28 (s, 3 H),
1.50 (s, 3 H), 2.05 — 2.17 (m, 3 H), 2.31 — 2.57 Zntj), 3.55 —
3.70 (m, 4 H), 4.19 — 4.41 (m, 2 H) ppMC NMR (50 MHz,
CD,OD): § = 25.4, 27.9, 34.9, 38.4, 43.4, 52.0, 64.5, 8887,

113.7, 174.6 ppm.

4.25.((2R,5R)-5-((3-Amino-1H-1,2,4-triazol-5-yl)methylb2,
dihydrofuran-2-yl)methanol{)-27)

Aminoguanidine bicarbonate (90 mg, 0.67 mmol) waseddd
a mixture of compoung+)-6 (90 mg, 0.64 mmol) in pyridine (5
mL) at room temperature. The reaction mixture wésixed for 2

NMR (CDChk): 6 24.3, 25.9, 42.5, 71.5, 78.3, 81.5, 82.4, 83.5h under argon atmosphere until no starting mate@alld be

112.4,172.2;

4.22.4,4-Dimethyl-3,5,9-triaoxatricyclo[5.4.1*dodecan-10-
one (+)- and(-)-24)

To a solution of compoun@)- or (-)-22 (43 mg, 0.25 mmol) in
acetone (3 mL) under nitrogen atmosphere, 2,2-tioxgpropane
(1.50 mL, 12.2 mmol) and a catalytic amounpéFoluenesulfonic
acid were added. When TLC proved all starting maleo be
gone (after 26 h), the reaction was hydrolyzed wiltumted
bicarbonate solution. The aqueous phase was exra&ctémes
with EtOAc. The combined organic layers were dried iN&SO,
and the solvent was removed in vacuo. The cruderiabteas
purified by column chromatography (LP/EtOAc = 6/1¢lgling

compounds(+)- and (-)-(+)- and (-)-24 as a white solids, each;

detected by TLC. After that, the pyridine was remo\eat

purification of the liquid residue by column chramgraphy on
silica gel (CHCYMeOH) gave compound-)-27 as colorless
crystals; yield 67%; m.p. 87 - 89°Cy]p** = -45.5 (c = 0.22,
MeOH). 'H NMR (200 MHz, CROD): § = 2.59 — 2.85 (m, 2 H),
3.10 — 3.27 (m, 2 H), 3.30 — 3.55 (m, 2 H), 4.60854m, 3 H),

4.85 —5.05 (m, 1 H), 5.70 — 5.77 (m, 1 H), 5.80955m, 1 H)

ppm. *C NMR (50 MHz, CRQOD + CDCL): 6 = 34.4, 64.5, 84.4,
87.8,128.4, 131.0, 156.5, 158.8 ppm.

4.26.(4-((3-Amino-1H-1,2,4-triazol-5-yl)methyl)cyclopentf-1-
yl)methanol (+)- and(-)-28)

Aminoguanidine bicarbonate (62 mg, 0.46 mmol) wasddd
a mixture of compound+)- or (-)-7 (50 mg, 0.36 mmol) in

yield 80% (CHMGuannJ; yield 60% (CPMO); m.p. 115 - 119 °C, pyridine (3 mL) at room temperature. The reactiomtune was

[a]p? = -74.2 (c = 1.0, CHG) (CHMOxannd); [0]p>> = +69.2 (c =
1.0, CHC}) (CPMO).'H NMR (200 MHz, (CR),CO): = 1.26
(d,J = 0.5 Hz, 3 H), 1.36 (d) = 0.5 Hz, 3 H), 1.59 (d] = 11.3
Hz, 1 H), 2.22 — 2.30 (m, 2 H), 2.42 — 2.52 (m, 1 HJ02- 2.83
(m, 2 H), 4.17 — 4.36 (m, 3 H), 4.69 (dts 5.3 Hz & 1.4 Hz, 1 H)
ppm. *C NMR (50 MHz, (CR),CO): & = 23.6, 26.2, 36.8, 39.4,
39.9, 44.2, 71.0, 82.4, 84.5, 109.8, 174.1 ppm.

4.23.((3aR,4R,6S,6aS)-6-((3-Amino-1H-1,2,4-triazol-5-
yl)methyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]diok4-
yl)methanol (-)-25)

Aminoguanidine bicarbonate (58 mg, 0.43 mmol) wasddd
a mixture of compoung+)-23 (90 mg, 0.41 mmol) in pyridine (5
mL) at room temperature. The reaction mixture wdkixed for
1.5 h under argon atmosphere until no starting riahteould be
detected by TLC. After that, the pyridine was remo\et
purification of the liquid residue by column chrawgraphy on
silica gel (CHCYMeOH) gave compound-)-25 as colorless
crystals; yield 78%; m.p. 65 — 67°Cq]}** = -11.8 (c = 0.22,
MeOH). 'H NMR (200 MHz, CRQOD): § = 1.12 — 1.20 (m, 2 H),
1.31 (s, 3 H), 1.51 (s, 3 H), 2.66 (s, 1 H) 2.78 4218, 2 H), 3.50
—3.70 (M, 3 H), 3.91 —3.99 (m, 1 H), 4.18 — 4.25rh), 4.46 —
4.52 (m, 1 H), 459 — 467 (m, 1 H) ppmMC NMR (50 MHz,
CD;0D): 6 = 16.1, 23.4, 25.4, 61.1, 80.8, 81.8, 83.4, 8413.0
ppm.
4.24.(6-((3-Amino-1H-1,2,4-triazol-5-yl)methyl)-2,2-
dimethyltetrahydro-4H-cyclopenta[d][1,3]dioxol-4-yhethanol
((+)- and(-)-26)

Aminoguanidine bicarbonate (33 mg, 0.25 mmol) wasddd
a mixture of compound+)- or (-)-24 (30 mg, 0.15 mmol) in
pyridine (3 mL) at room temperature. The reactiomxtane was
refluxed for 1 h under argon atmosphere until r@otistg material
could be detected by TLC. After that, the pyridineswamoved
and purification of the liquid residue by columnramatography

refluxed for 1 h under argon atmosphere until r@otistg material
could be detected by TLC. After that, the pyridineswamoved
and purification of the liquid residue by columnraimatography
on silica gel (CHGMeOH) gave compoundét+)- and (-)-28,
respectively; yield 71% (CHMQuno); Yield 71% (CPMO); §]p™
= 6.63 (c = 1.0, MeOH) (CHMQud; [a]o™ = -10.1 (c = 0.8,
MeOH) (CPMO)."H NMR (200 MHz, CROD): & = 1.04 — 1.18
(m, 1 H), 2.03 - 2.15 (m, 1 H), 2.35 — 2.56 (m, 1 439 — 3.06
(m, 1 H), 3.19 — 3.22 (m, 2H), 3.25(bs, 2 H), 5.58, (Hld 7.8 Hz
& 1.4 Hz, 1 H), 5.65 (ddJ = 7.8 Hz & 1.4 Hz, 1 H) ppn-C
NMR (50 MHz, CQOD): 8 = 34.0, 35.3, 45.8, 49.1, 67.5, 133.6,
136.2 ppm.

4.27.3-Oxabicyclo[4.2.1]nonan-4-oné+)- and (-)-29)

Compound(+)- or (-)-7 (100 mg, 0.72 mmol) and Pd/C (10%
w/w) were suspended in dry EtOAc (10 mL) and hydrogehate
rt overnight using a balloon filled with hydrogerhel conversion
was determined by TLC analysis and after completithe
reaction mixture was filtered through a pad of @it The
residue was washed thoroughly with EtOAc and the fdtrsas
concentrated in vacuo. The purity of the product determined
to be >95% by NMR so no further purification was essary.
Compounds(+)- and (-)-29 were obtained as a pale yellow oil,
each; yield 79% (CHMQuo); vield 83% (CPMO); §]p* = -12.4
(c = 1.0, EtOAC) (CHMQ,nno); [a]p?® = +105.1 (c = 1.67, CHE)l
(CPMO). 1H-NMR and 13C-NMR data are according to the
previous results in our group (Kandioller Wolfgangpbima
Thesis)

4.28.(3-((5-Amino-4H-1,2,4-triazol-3-
yl)methyl)cyclopentyl)methandi)- and(-)-30)

Aminoguanidine bicarbonate (100 mg, 0.74 mmol) wadedd
to a mixture of compounét)- or (-)-29 (90 mg, 0.64 mmol) in
pyridine (5 mL) at room temperature. The reactiomxtane was
refluxed for 1 h under argon atmosphere until r@otistg material
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could be detected by TLC. After that, the pyridineswamoved
and purification of the liquid residue by columnra@matography
on silica gel (CHGIMeOH) gave compoundg)- and (-)-30 as
oils, each; yield 69% (CHM@Qun; Yield 67% (CPMO); §]o? =
+3.4 (¢ = 1.0, EtOAC) (CHMQun); [a]p™ = -1.9 (c = 1.67,
MeOH) (CPMO)."H NMR (200 MHz, CRQOD): & = 0.80 — 1.00
(m, 1 H), 1.20 — 1.50 (m, 2 H), 1.60 — 1.83 (m, 2 HB5 — 2.40
(m, 3 H), 2.54 (dJ = 7.5 Hz, 2 H), 3.15 — 3.25 (m, 1 H), 3.354d,
= 6.7 Hz, 2 H) ppm™C NMR (50 MHz, CROD): § = 29.1, 32.5,
34.3, 37.4, 40.4, 43.2, 67.6, 160.0 ppm.
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