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Abstract 3-substituted 1,2-cyclopentanedione$ were transformed to
2-substituted 5-oxotetrahydrofuran-2-carboxylicda@ using a catalytic process
with 0.2-0.3 equivalent of Ti({Pru tartaric estetBUOOH complex in up to 72%
isolated yield and up to 94%e. Different functional groups in the 3-alkyl
substituent ofl like, hydroxy, ether, Boc-amino and ester groups talerated.
Boc-aminomethyl substituents lead t@-amino acid analogues and
Boc-aminoethyl substituent tpamino acid analogues as well as spiro-lactone-

lactams. A direct, two-step procedure for homocigid synthesis is described.

INTRODUCTION

Chiral 2-substituted 5-oxotetrahydrofuran-2-cardmxgcids are common structural units in various
bioactive natural compounds like lycoperdic acidspernolide$, monatinss methylisocitraté,
sartorymensing, and other compounds with potential pharmacolofaad other applicationsThe
particular biomedicinal interest may have spirddae-lactam structures®” 14

A very simple method for diastereoselective In lyated synthesis of tertiary lactone structures has
been described by KuméarThere are several methods describing the syntludschiral tertiary
y-lactone structures, including enzymatic desymmation of parent esters for the synthesis of
tertiary butenolidésand protein kinase C liganddn many cases chemical synthesis from natural
chiral compounds is used, (e.g for the synthesigomiperdic acid}’ There are a few examples of the
asymmetric chemical synthesis of related structbyessing the chiral auxiliaries in the synthedis o
crobarbatic acid and its homologuésand other chiraj-butyrolactones?Also, chiral reagentsée

or catalyst® *have been used.
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We have previously developed a method for the sgith of enantiomerically enriched
2-alkyl-5-oxotetrahydrofuran-2-carboxylic acid&® by using the asymmetric oxidation of
3-alkyl-1,2-cyclopentanedionek with a stoichiometric amount of Ti{®ru/tartaric estetBuOOH

complexX® (Scheme 1).
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Scheme 1. General scheme for synthesis 2-alkylebetvahydrofuran-2-carboxylic aci@s

Herein we describe our attempts to develop a datalgrsion of the asymmetric oxidation process
and broaden of the scope of the reaction by usingtionalized substituents in substraien order
to obtain chiral synthons for natural compound kgats. Using this strategy, homocitric acid lactone

and spiro-lactone-lactam were synthesized.

RESULTS AND DISCUSSION

The starting 3-substituted-1,2-cyclopentanedidnase easily accessible compounds: the preparation
of compoundla (a R: = Bn) has been described by us eaffigiketoneslb (b R. = Me) andlc (c

R1 = Et) are commercially available. Other compoundsre prepared from 3-substituted
cyclopentenes by dihydroxylation, followed by Swerxidation of the resulted diols by using our
common protocolé (Scheme 2). In many cases the most convenientingtacompound for
3-substituted cyclopentendgR>= H) was cyclopenten-3-acetic addfor compounddd-1h; d R:

= CH.CHOH; e R = CHCH2OBn; f R = CHNHBoc; g R1 = CH.CHoNHBoc; h R; =
CHCOOtAm). CompoundLi (R1 = Bn, R= OSiMetBu) was prepared from commercially available
cis-4-cyclopentene-1,3-diob by mono-acylation, protection of the OH group a@dignard

replacement of the acetate, followed again by adstal reaction sequence cited above.
o OH
0 OH
— — /@\ —
R, 1 R, R, 3 R, R, 4 Ru
O

6 OH
Scheme 2. Retrosynthetic sequence for 3-substiiy®dyclopentanedionds

5 CH,COH
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We have previously shown that the oxidation of dy2lopentanedione% consists of three steps:
epoxidation ¢-hydroxylation), in situ Baeyer-Villiger reaction of the resulted interneddi and
acylation (Scheme 3Y.The products that may be isolated are hydroxytdiles from intermediates

7, dioxygenated products - diacids and diacid edfe@nd after hydrolysis and acylation lactone
carboxylic acid®.

9 Q i * o M asymmetric 1 i
© OH T O ep)cl)xidation O~ TiL* ° —
- -— . 120 === < _TiLx
u N 5
Rl 1 R, R, R, l R, 0
TiL* 7a 7b
3-hydroxydiketone derivatives
o lati HO o
N 0 acylation OH ,
rBeiaﬁ;nV'”'ger t2:o and/or hydrolysis o N UR
- ) ) " > (0)
tBuOOH R; o-TiL* H, H,0 R.; OH
18 19

hydroxypentanediacid

) diacids and esters
anhydride

L* - tartaric ester ligand
OR' - tartaric ester fragment

Scheme 3. The formal reaction cascade

Ti species participate in all steps of the cascad#éalyzing not only the oxidation but also the
epoxide re-arrangement and acylation reactioris.dbvious that titanium is complexed to both, the
products and the reagent. It is straightforwardnfrScheme 3 that a prerequisite for a catalytic
reaction is the existence of equilibrium betweeth&t is complexed with reaction produBtand the
substratd, allowing the Ti-catalyst to enter the next catalgycle.

We made mixtures of the substrae(Figure 1, D) with Ti(@OPrk in CHCI, at different substrate/Ti
ratios and recorded the NMR spectra of the ressibdations. The experimental NMR data show that
Ti(OiPry forms with substratda with a ratio of 1:2 in single clearly distinguidha complex, the
spectrum of which is presented in Figure 1, A. Addof the oxidation reagentBuOOH to the
complex not only initiates the oxidation reactibnt also changes the initial complex, releasing fre
substratela to the reaction medium (Figure 1, B and C). Thessults may indicate that the
complexes of Ti withBuOOH and the reaction products are more stablettiese with substrafiea.
Having this discouraging information, we made arterapt to perform the oxidation of
3-benzyl-1,2-cyclopentanediorda with tBuOOH in the presence of various amounts of TR},

keeping the ratio of Ti to (+)-diethyl tartrate sbant in 1:1.6 . The reaction was quenched witlicbas
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water to hydrolyze the formed esters to diacids, #nen subjected to acidic treatment to lactonize
the hydroxy diacids. The obtained results are mteskein Table 1.

3-Benzylcyclopentane-1,2-dione

Complex K2 + 0.5 eq tBuOCH
after 21h +0.5 eq BuOOH +89h

*LM | st
P Y il &

: wi::-._ ,..'.L_....

Complex K2 + 0.5 eq BuOOH

after 21h B
s, SOE—
Ti(OiPr)y / 3-benzyleyclopentane-1,2-dione
1:2
complex K2 A

T T T T T T T T T T T T T T T T T T T T T T
220 215 210 205 200 185 190 185 180 175 170 . 1{65 3 160 155 150 145 140 135 120 125 120 115 110
1 (opm

Figure 1.13C NMR spectra of the substrdte, its complex with Ti(QPr), andtBuOOH.

Table 1. Catalytic conditions for the oxidation3benzyl-cyclopentane-1,2-diode.

Entry Ti(OiPr) (+)-DET tBuOOH Yield ee

(eq) (eq) (eq) (%) (%)
1 1 1.6 2.8 83 96
2 0.5 0.8 2.5 78 93
3 0.5 0.1 2.5 42 25
4 0.3 0.48 25 71 91
5 0.3 0.48 25 72 93
6 0.2 0.32 25 69 91
7 0.1 0.16 25 26 68

2tBuOOH contains ~4% of water
b anhydrousBuOOH was used
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The data reveal that by reducing the amount of tdgdther with (+)-diethyl tartratejo 0.5
equivalents towards substrata from the initial 1:1 amount, a slight reduction thie yield and
stereoselectivity occurs (Table 1, Entries 1 andrR)yther reduction of the Ti/substrate ratio t8 O.
caused some additional reduction in the yield dackeselectivity (Table 1, Entries 4, 5). Even .2t 0
ratio 69% yield and 91%e were obtained. Also, we observed that anhydroastien conditions are
preferable for the non-stoichiometric process, rdiftg slightly better selectivity 91%rs 93%
(Table 1, Entries 4 and 5).

Reduction of the substrate Td ratio from 1 to 0.2 causes 5% reduction in theesigelectivity and
14% in the yield. Keeping in mind that reductiontioé catalyst fivefold may considerably simplify
separation of the products, this result may beeabée for some industrial purposes.

It is clearly seen that 0.1 eq of Ti is not suffiti for an efficient and selective process, cauaimg
already a considerable loss in the yield and sseleotivity. Also, it is not possible to change the
ratio of Ti/tartaric ester by reducing the amouhth® chiral ligand because of drastic reduction in
stereoselectivity and yield (Table 1, Entry 3).

We applied the found conditions (0.3 equivalent§ igOiPr) and 0.48 equivalents of chiral ligand
(+)-DET towards substrate) for oxidation of diffetly substituted substratds The formed lactone
carboxylic acids were isolated and their stereosmerpurities were determined by means of chiral
HPLC. The obtained results are presented in Tableg2ther with a reference of the corresponding
values for a stoichiometric process.

The asymmetric oxidation method of 3-substitutéddipnes with Ti/tartaric estéBuOOH complex

is quite universal: different functional groupsdilkyl, benzyl, hydroxyl, ether, Boc-amino anceest
groups are tolerated. In most cases the stoichrmmetocess affords the isolated yield of lactone
acid ~ 70% or higher. The most remarkable featfitte process is its toleration of strong electron
donating groups like Boc-aminoalkyl and ester geoup both cases high selectivity with satisfactory
yield was obtained (Table 2, Entries 8-10). Therammiethyl lactone acidf has once before been
detected and characterized by ¥#3\ccording to the best of our knowledge, aminoethgtone acid
as well as its Boc-derivative have not been syitkedsefore.

The catalytic process with 0.3 Ti/substrate raffords slightly lower yields and selectivity thamet
stoichiometric process. However, in all cases ie&ly and the enantiomeric purities of the products
are satisfactory also for the catalytic procesel@y+60% or higher anet ~90%).

The racemic substrafie reveals very high stereoselectivity for the oxiglaof the enol double bond
for both enantiomers: the resulted diastereomedshigh enantiomeric purities. It means that the
configuration of the protected OH group did notlushce the stereoselectivity of oxidation: both

enantiomers reacted with similar rate and the ofeskratio of diastereomers was 1:1.
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Table 2. Synthesis of substituted lactone carboxadids2 from 3-substituted cyclopentane-1,2-diodes

aR,=H; R, =-Bn;
(@] O b R,= H; R, =-Me;
OH ¢ R,=H; R, =-Et;
Substrate 1/Ti(OiPr),/(+)-DET o) d R,= H; R, =-CH,CH,0H;
. CO.H e R,= H; R, =-CH,CH,0Bn;
. tBUOOH (2.5 eq); 48 h 3 o 2 f R,= H; R, =-CH,NHBoc;
R, 1 1 22 1 g R,= H; R, =-CH,CH,NHBoc;

h R,= H; R, =-CH,COtAm,;
i R,=-OSiMe,tBu; R;=-Bn;

No Lactone acid®
1 Yield % ee %
Stoichiometri€ | Catalyti¢ Stoichiometrié |  Catalyti¢
1 a 83¢ 72 96 93
2 & 62¢ 63 92 91
3 Yy nd 68 nd 92
4 b 75 69 94 94
5 C 72 nd 93 nd
6 d 80 75 95 90
7 e 7% 69 95 94
8 f 47 38 98 92
9 g 69 66 98 92
10 h nd 58 nd 94
11 i 54 52 95/97 95/95

®Ratio of substrate/ Ti(OiPy)+) DET/tBuOOH 1:1:1.6;2.5; reaction time 48 h
bRatio of substrate/ Ti(OiP#[+) DET/tBUOOH 1:0.3:0.5:2.5; reaction time 48 h
‘Reaction time 2 h

dReaction time 4 h

eSpirodilactone was obtaingd

f2 diastereomers at 1:1 ratio

9tBuOOH contained 4% of water

The direct cascade oxidation of 3-substituted ¥@epentanediones opens an attractive approadhdor
short and direct synthesis of different chiral canmpds of interest. Earlier we have used a stoichtdm
oxidation process for the synthesis of a naturalmmmund homocitric acid by using
hydroxyethyl-substituted diketorfiel or acetic ester substituted diketdtt®?! Now we have applied an
improved protocol that enables the obtaining of boitnic acid in a two-step process using catalytica

reaction conditions. Thus, diketohle was subjected to asymmetric oxidation by usingadard catalytic
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procedure with 0.3 equivalents of Tif@), to afford lactone acidlh in 58% yield and 94%e (Table 2,
Entry 10). After acidic hydrolysis of theamyl ester with conc. HCI, homocitric acid wasaibéd in 88%
yield.

Lactone acid2f and2g are prospective candidates for the synthesis abgnes of3- andy-amino
acid analogues, correspondingly. We transformetbhecacid2g to spiroy-lactoney-lactam10 by

lactamization oRg, followed by removal of the Boc-group, in 59% aléyield (Scheme 4).

HO
O toluene HCl
"ll,, —_—
o L 100 °C CH,CI,
NHBoc

O

29

Scheme 4. Spirg-lactoney-lactam10 from lactone aci@g.

The obtained structure may serve as a new chirghewg for further transformations. This type of

skeleton is known in many bioactive compounds.

EXPERIMENTAL

General

4 and '3C spectra were recorded in deuterated solvents @&muker AMX-500 or Avance |l 400
spectrometer. Deuterated solvent peaks were usesfeaences. 2D FT methods were used for the full
assignment ofH and*3C chemical shifts. Mass spectra were measuredSfrirmadzu GCMS — QP 2010
spectrometer using ElI (70 eV). IR spectra were rommb on a Perkin-Elmer Spectrum BX FTIR
spectrometer. Elemental analyses were performedRarkin-Elmer 2400 Analyzer. Optical rotationsaver
measured using a Kriss Optronic GmbH polarimetg@®2 or Anton Paar GWB polarimeter MCP 500.
High resolution mass spectra were obtained on aturate-Mass Q-TOF LC/MS instrument Agilent
Technologies 6450 UHD by using AJ-ESI ionizatidhC was performed using DC-Alufolien Kieselgel
60 Fs4 (Merck) silica gel plates. For column chromatodmapilica gel KSK 40-10@um and 100-16Gum
was used. All reactions sensitive to oxygen or toogs were conducted under argon atmosphere in
oven-driedglassware Commercial reagents were generally used as receiMddt was distilled from
LiAIH 4 before use. CkCl» was distilled from Cakland stored over/8 molecular sieve pellets. DMF and
tAmOH was distilled from Cald

(2-Cyclopent-2-enylmethyl)-carbamic acidert-butyl ester 4f
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For the synthesis of compourdf one-pot Curtius rearrangement was wu€edo a solution of
cyclopent-2-enyl-acetic acisl(1.134 g, 9 mmol), NatN(2.046 g, 33 mmol), TBAB (435 mg, 1.35 mmol)
and zinc triflate (108 mg, 0.297 mmol) in THF (9@ )nat 45°C di-tert-butyl dicarbonate (2.364 g, 9.9
mmol) was added. The reaction mixture was stirtedi52C for 20 h. The mixture was cooled to room
temperature and 20% solution of NalN@5 mL) and EtOAc (80 mL) was added. After stigrfior 20 min

at room temperature the layers were separatecharatjueous phase was extracted with EtOAc (2x50 mL)
The combined extracts were washed with saturategCN{2x40 mL), with saturated NaHG@0 mL),
with brine (50 mL) and dried (N&8Qs). The solvents were removed under reduced preasaréhe residue
was purified by flash chromatography (silica gefirpleum ether/ EtOAc 25:1 to 10:1) gividbas a white
solid (1.225 g, 69%); mp 46-48; 'H NMR (500 MHz, CDCJ): 6 5.82 (qd J=3x2.2 and 5.6 Hz, 1H, H-3),
5.62(qd,J=3x2.2 and 5.6 Hz, 1H, H-2), 4.57 (bs, 1H, NH),73ahd 3.06 (m, 2H, H-6), 2.87 (m, 1H, H-1),
2.37 and 2.31 (m, 2H, H-4), 2.01 (td&2x8.8, 5.2 and 13.6 Hz, 1H, H-4), 1.51 (t&d2x5.9, 9.2 and 13.6
Hz, 1H, H-4), 1.44 (s, 9H, H-9%C NMR (125 MHz, CDGJ): § 156.13 (C-7), 132.75 (C-2), 131.85 (C-3),
79.01 (C-8), 46.00 (C-6), 44.81 (C-1), 32.02 (CZH,39 (C-9), 26.93 (C-4); IR (KBr, chr 3339, 3959,
2983, 2865, 1682, 1538, 1437, 1391, 1365, 12763,1P674, 1141, 1081, 989; MS (m/z): 198, 182, 141,
130, 124, 97, 80, 67, 57 (base); HRMS: Anal. célmdCi1H1dNO2Na [M+Na]" 220.1308, found 220.1317.

(2-Cyclopent-2-enylethyl)-carbamic acidert-butyl ester 49

To a solution of 2-cyclopent-2-enyl-ethat8l(2.24 g, 20mmol) in CKCl, (100 mL), EtN (3.9 mL, 28
mmol) and methanesulfonylchloride (1.856 mL, 24 f)mb0°C were added and the mixture was stirred
for 3.5 h at 6C. Water (200 mL) and 1N HCI solution (4 mL) weneh added and the aqueous phase was
extracted with CBECl> (1x80 mL and 1x60 mL). The combined extracts weashed with brine (80 mL),
dried on NaSQq, the solvent was removed under reduced pressuaréhanresidue was purified by flash
chromatography (silica gel, petroleum ether/ Et(AL) giving 3.61 g (95%) of methanesulfonic acid
2-cyclopent-2-enyl-ethyl ester. The mixture of oba ester (1.71 g, 9 mmol) and Nafd.024 g, 15.75
mmol) in DMF (13.5 mL) was stirred for 2 h at®&and for 1.5 h at 78C. After cooling water (80 mL)
was added and the mixture extracted with petroletivar (80 mL), the extract was dried oves8l@;.. The
solvent was removed under reduced pressure to gietdde azide (1.138 g). For the conversion adeazi
functionality to Boc protected amine a literatureqedure was used.To the azide (1.138 g, 8.3 mmol) in
the mixture of THF (40 mL) and water (40 ml), trgstylphosphine (4.364 g, 16.6 mmol) was added amd th
mixture was stirred for 2.5 h at room temperatiiteen, the reaction was cooled t6@, EgN (1.83 mL,
13.3 mmol) and diert-butyl dicarbonate (2.69 g, 12.7 mmol) were addegwise. After stirring for 5.5 h

at room temperature, water (40 mL) and ether (40 vwére added, the layers were separated and the
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agueous phase was extracted with ether (2x40 nhie) cdmbined extracts were washed with brine (40 ml)
dried (NaSQy) and the ether was removed. The residue was destah pentane (25 mL), the precipitate
was removed by filtration and the filtrate was cemtcated. Flash chromatography (silica gel, petirole
ether/acetone 100:1 to 25:1) affordéd as a colorless oil (1.446 g, 76% from methanesidf@cid
2-cyclopent-2-enyl-ethyl ester), which physical apectroscopic properties correspond to the daengi
in literature®*

Cyclopent-2-enyl-acetic acid 1,1-dimethyl-propy! @sr 4h

Cyclopent-2-enyl-acetic acid methyl ester was sgsitted according to literature procedfrérom
cyclopent-2-enyl-acetic acil For the synthesis of compoudt trans-esterification process was uéed.
To a solution of cyclopent-2-enyl-acetic acid méthgter (1.54 g, 10 mmol) itAmOH (5.45 mL),
Li-pieces (7 mg, Immol) was added and the mixtuse theated at 13@ for 1.5 h. Then the temperature
was raised to 12C and MeOH/AMOH azeotropic mixture (1 mL) was removed. Thetiea was cooled,
tAmOH (1 mL) was added and the mixture was againdgeat 130°C for 1.5 h, followed by removal of
azeotrope. This procedure was repeated four tiFieally, the volatiles were removed at 140-2&0and
the reaction mixture was cooled. Water (5 mL) waédea and extracted with petroleum ether (3x6 ntig, t
extracts were washed with water (5 mL), dried (MgS&hd concentrated. Flash chromatography (silica
gel, petroleum ether/ether 60:1 to 50:1) affordladas a colourless oil (1.2 g, 61%) NMR (500 MHz,
CDCl): ¢ 5.73 (qdJ=3x2.2 and 5.6 Hz, 1H, H-3), 5.€§d, J=3x2.2 and 5.6 Hz, 1H, H-2), 3.04 (m, 1H,
H-1), 2.34 and 2.28 (m, 2H, H-4), 2.29 (d&6.8 and 14.7 Hz, 1H, H-6), 2.19 (d&8.1 and 14.7 Hz, 1H,
H-6), 2.10 (m, 1H, H-5), 1.76 (4=7.5 Hz, 2H, H-10), 1.45 (m, 1H, H-5), 1.41 (s, 64H9), 0.87 (tJ=7.5
Hz, 3H, H-11);*3C NMR (125 MHz, CDGJ): § 172.21 (C-7), 133.90 (C-2), 131.12 (C-3), 82.478|C
42.24 (C-1), 41.73 (C-6), 33.44 (C-10), 31.80 (C28).53 (C-5), 25.53 (C-9), 8.16 (C-11); IR (neat;'):
3053, 2975, 2852, 1730, 1462, 1368, 1265, 1145],194883, 836, 724; MS (m/z): 181, 167, 126, 109, 108
79, 71, 70, 67 (base), 66, 55, 43, 41, 39.

General procedure for the synthesis of 1,2-cycloptamediones 1f-i
(2-Cyclopent-2-enylmethyl)-carbamic aciert-butyl ester4f (2.23 g, 11.3 mmol) was dissolved in a
tBUOH/HO mixture 3:1 (38 mL), fiber bound Og@atalyst (7.5% Os£38 mg, 0.0113 mmol) and NMO
(50 wt. % solution in water, 3.1 mL, 14.7 mmol) eexdded. The reaction mixture was stirred at@G€or

8 days (1-4 days for the other alkenes), the csttalas filtered off, rinsed with EtOAc (3x10 mL)dan
aqueous solution of 10% b#&0Os (40 mL) was added. The aqueous layer was extragtedEtOAc (2x50
mL and 1x30 mL), the combined extracts were wastitdbrine (40 mL), dried (Ng&6Qy) and the solvents

were removed under reduced pressure. Purificatienrésidue by flash chromatography (silica gel,
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petroleum ether/acetone 10:2 to 10:4) afforded3.@3%71%) of the diaBf. The same procedure was used
for diols 3g-i. Thus, diols3g (2.153 g, 91%)3h (1.05 g, 84%) an8i (2.493 g, 92%) were obtained from
alkenestg (2.015 g, 9.5 mmoly¥h (1.05 g, 5.4 mmol) andi®® (2.419 g, 8.4 mmol), respectively. The diols
were oxidized as followed: to a solution of DMSO8(IL mL, 23 mmol) in CkCl, (108 mL), TFAA (3.25
mL, 19 mmol) was added dropwise at 960 The mixture was stirred for 10 min followed I taddition

of the above diol (1.855 g, 8 mmol) in a DMSO/ £} mixture 1:2 (8 mL). After stirring for 1.5 h atG6
°C, E&N (7.4 mL, 53 mmol) was added at 8D and the mixture was stirred for 1.5 h at thatgerature.
Then the reaction mixture was warmed to ¢&,%oured into a cold 1N HCI solution (220 mL) ahd
aqueous layer was extracted with £ (2x80 mL). The combined extracts were washed witer (200
mL), dried (NaSQy) and the solvent was evaporated. The residue issslded in CHCI2 (80 mL), KoCOs
(373 mg, 2.7 mmol) was added and the mixture wiagdtfor 21 h at room temperature. Then, 1N HCI
solution (45 mL) was added, stirred for 10 min émel aqueous layer was extracted with,CH (2x40
mL). The combined extracts were washed with wabé€r ifiL), dried (MgSG@ and the solvent was
evaporated. The residue was purified by flash clatography (silica gel, petroleum ether/ EtOAc 110:5
10:6) giving the target compound.

(2-Hydroxy-3-oxo-cyclopent-1-enylmethyl)-carbamic aid tert-butyl ester 1f

Obtained as a white solid (1.458 g, 80%); mp 13813 H NMR (500 MHz, CDCJ): 6 7.30 (bs, 1H,
OH), 5.29 (bs, 1H, NH), 4.07 (b#:6.0Hz, 2H, H-6), 2.47 (m, 2H, H-5, 2.42 (m, 2HA4lH-1.43 (s, 9H,
H-9); 13%C NMR (125 MHz, CDG)): 6 203.76 (C-3), 156.54 (C-7), 149.47 (C-2), 142.991jC80.07
(C-8), 38.71 (C-6), 31.91 (C-4), 28.23 (C-9), 23(825); IR (KBr, cm'): 3365, 3337, 2988, 1703, 1684,
1664, 1523, 1410, 1398, 1368,1283, 1251, 1192, 11861 ; MS (m/z):171, 154, 127, 111, 110, 84, 82,
57 (base). Anal. calcd. fori@11704N: C, 58.14; H, 7.54; N, 6.16, found: C, 58.10;7459; N, 6.15.
[2-(2-Hydroxy-3-oxo-cyclopent-1-enyl)-ethyl]-carbanic acid tert-butyl ester 1g

Diketone 1g was obtained from diddg (1.114 g, 4.55 mmol) as a white solid (0.722 g%®6which
physical and spectroscopic properties correspotigetaata given in literaturé.
(2-Hydroxy-3-oxo-cyclopent-1-enyl)-acetic acid 1,@iimethyl-propyl ester 1h

Diketonelh was obtained from didh (1.48 g, 6.43 mmol) as a white solid (0.766 g, p3ftp 71-72
°C;'H NMR (500 MHz, CDCJ): 6 6.85 (s, 1H, OH), 3.38 (s, 2H, GEO), 2.53 (m, 2H, H-5), 2.43 (m,
2H, H-4), 1.75 (qJ=7.3Hz, 2H, ®o.CHs), 1.42 (s, 6H, (ChH)2, 0.86 (t,J=7.3Hz, 3H, CHCHj3). 1*C NMR
(125 MHz, CDC}): ¢ 203.16 (C-3), 168.80 (COO), 150.04 (C-2), 138.641JC84.24 (QAC(Me)z), 35.42
(CH2CO), 33.36 CH2CHs), 32.01 (C-4), 25.36 (O®fe). and C-5), 8.09GH3sCH>).; IR (KBr, cn?):
3316, 2979, 2938, 2885, 1727, 1700, 1665, 14655,14386, 1346, 1193, 1150, 1007, 844, 696; MS
(m/z): 226, 156, 139, 111, 71, 55, 43 (base); HRM#®&al. calcd. for @H1s0sNa [M+Na]" 249.1097,
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found 249.1101.

3-Benzyl-4-tert-butyl-dimethyl-silanyloxy)-2-hydroxy-cyclopent-2-enone 1i

Dikeoneli was obtained from di@i (2.075 g, 6.4 mmol) as a white solid (1.532g, 75%p 92-96C, H
NMR (400 MHz, CDC4): 67.36 — 7.15 (m, 5H, Bng,6.22 (s, 1H, OH)§ 4.67 (m, 1H, H-4)$ 3.76 (ddJ
=186.1, 14.4 Hz, 2H, Bn-Ci{{ 6 2.74 and 2,27 (both dd= 19.5 Hz, 2H, 5-H)3 0.90 (s, 9H{Bu), 5 0.03

(s, 6H, 2 CH), 13C NMR (101 MHz, CDGJ) ¢ 200.19 (C-1), 149.56 (C-2), 145.17 (C-3), 137.68nj,
129.13 ¢-Bn), 128.71 (-Bn), 126.66 |-Bn), 66.97 (C-4), 43.35 (C-5), 31.18 (Bn-g)H25.87 {Bu CH),
18.10 (Bu C), -4.30 (CH), -4.85 (CH).; IR (KBr, cm?): 3248, 3084, 1711, 1671, 1601, 1454, 1256, 1112,
1072, 835, 778, 757, 696; MS (m/z, %):186, 158 ¢ha%29, 115, 105, 91, 77, 66, 51, 41; Calcd. for
C18H2603Si: C, 67.88; H, 8.23, found: C, 67.76; H, 8.30.

General procedure for catalytic asymmetric oxidatim of 1,2-cyclopentanediones la-i

To a solution of Ti(@Prk (0.18 mL, 0.6 mmol) and 4A powdered molecular e&(00 mg) in CkCl2 (5
mL), (+)-DET (0.164 mL, 0.48 mmol) was added at ¢@0and the mixture was stirred for 15 min. Then,
cyclopentanedione (2 mmol) in GEl> (3.0 mL) was added and the reaction mixture wiaedtfor 30
min. NexttBuOOH (0.85 mL, 5 mmol, 5.85M solution in decan&@svadded and the reaction was kept at
-20°C for 48 h. Water (6.0 mL) was added and the mextuas stirred for 1 h at room temperature, then 1.8
mL of 30% NaOH in saturated aqueous NacCl solutias added and the mixture was again stirred at room
temperature for an additional 1 h. The LTt layer was removed and the mixture was acidifietth i/M

HCI solution (pH=1-2) and extracted with EtOAc. T¢w@nbined extracts were dried over Mg(@d the
solvent was evaporated. The residue was dissotwv€tHiCl2 (40 mL) and concentrated HCI solution (0.4
mL) was added (in the case 2t a catalytic amount ghTsOH was used as the acid and 26r 2g, 2i
thermal cyclization in toluene was used) and theune was stirred for 2 hours at room temperatftinen,

20 mL of water was added and the {CH layer was separated. The water layer was extradgtad=tOAc

and the combined extracts were dried over MgSGter evaporation of the solvents, the residues wa
purified by flash chromatography to give the cqgomwding y-lactone acids2. Lactone acidla-e

correspond to the data given in literatdfe15c. 160
(2R)-2-(tert-Butoxycarbonylamino-methyl)-5-oxo-tetrahydrofuran-2-carboxylic acid 2f

Lactone acid2f was obtained as a white solid (196 mg, 38%); m@-13 °C; [o]p?® +9.3 (c 2.3,
CHCl:-MeOH 1:1);ee 92%:'H NMR (500 MHz, CDC#+CDs0D): §3.61 and 3.56 (2d,= 14.6 Hz, 2H,
H-6), 2.64 (td,J = 2x9.7 and 18.1 Hz, 1H, H-4,), 2.54 (ddd; 4.0, 9.9 and 18,1 Hz, 1H, H-4), 2.36 (ddd,
J=4.0,9.7 and 13.5 Hz, 1H, H-3), 2.27 (ddd; 9.7, 9.9 and 13.5 Hz, 1H, H-3), 1.38 (s, 9H, K&y
NMR (125 MHz, CDC4+CDsOD): 6 177.07 (C-5), 172.34 (COOH), 156.85 (C-7), 86.072}, 80.28
(C-8), 44.69 (C-6), 28.29 (C-9), 28.26 (C-3), 28(€14): IR (KBr, cn’): 3386, 2984, 2939, 2613, 1797,
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1785, 1748, 1656, 1537, 1464, 1392, 1290, 126(p,11B51, 1098956, 922. 854, 7THRMS: Calcd. for
C1H16NOs [M-H] - 258.0983, found 258.0990.

(2R)-2-(2tert-Butoxycarbonylamino-ethyl)-5-oxo-tetrahydrofuran-2-carboxylic acid 2g

Cyclopentanediongg (237 mg, 0.98 mmol) was oxidized according to gangrocedure to giveg as a
white solid (177 mg, 66%); mp 139-14C; [a]o?® -14.0 (c 2.51, MeOH)ee 92%;'H NMR (500 MHz,
CDCl): §6.99 (btJ = 5.7 Hz, 1H, NH), 3.29 and 3.18 (2m, 2H, H-7),®ahd 1.69 (2m, 2H, H-6), 2.53
and 2.52 (2m, 2H, H-4), 2.49 and 2.15 (2m, 2H, Hi3}3 (s, 9H, H-10}*3C NMR (125 MHz, CDG): 6
175.93 (C-5), 174.93 (COOH), 158.33 (C-8), 83.662f(C81.61 (C-9), 36.91(C-7), 36.70 (C-6), 32.99
(C-3), 27.98 (C-10), 27.72 (C-4); IR (KBr, ¢ 3406, 2982, 2591, 1784, 1526, 1370, 1254, 11747,
1029, 901, 865, 780; HRMS: Calcd. for-B18NOs [M-H] - 272.1140, found 272.1142.

(2R)-2-(1,1-Dimethyl-propoxycarbonylmethyl)-5-oxo-tetmahydrofuran-2-carboxylic acid 2h

Lactone aci®h was obtained as a white solid (301 mg, 58%); m@®8C; [o]p°-18.3 (c 4.74, CHG);

ee 94%;H NMR (400 MHz, CDCY): §9.91 (br s, 1H, OH), 3.11 and 2.86 (2d, 2H,16.8 Hz, CHCO),
2.76-2.53 (m, 3H, H-4, H-3), 2.36-2.28 (m, 1H, H-3)75 (q,J = 7.5 Hz, 2H, E>CHs), 1.39 (s, 6H,
(CHs)2), 0.85 (t,J = 7.5 Hz, CHCHz); *3C NMR (101 MHz, CDGJ) § 175.84 (C-5), 175.56 (COOH),
167.81 (CHCO), 85.33 (@(CHa)2), 82.91 (C-2), 42.84GH2CO), 33.33 CH2CHz), 31.41 (C-3), 27.82
(C-4), 25.52 CH2CHg), 25.50 CH2CHs), 8.25 CH3CHy); IR (KBr, cnit): 3445, 2981, 2945, 2886, 2595,
1786, 1730, 1464, 1388, 1371, 1187, 1152, 1069, HRMS: Calcd. for GH170s [M-H] 257.1031,
found 257.1040.

.(2S,3R)-2-Benzyl-3-tert-butyl-dimethyl-silanyloxy)-5-oxo-tetrahydrofuran-2 -carboxylic acid 2i
and (2S,35)-2-Benzyl-3-tert-butyl-dimethyl-silanyloxy)-5-oxo-tetrahydrofuran-2 -carboxylic acid
21

Cyclopentanedion&i (414 mg, 1.3 mmol) was oxidized according to teeagal procedure to gi\& and
2" as white solids in 1:1 ratio (238 mg, 52%i).mp 99-102C; [a]p?® -23.5 (¢ 2.07, CHG); ee 95%;H
NMR (400 MHz, CDCY4) 6 7.44-7.10 (m, 5H, Bn), 4.52-4.34 (m, 1H, H-3),8(dd,J = 81.6, 14.5 Hz, 2H,
Bn-CHp), 2.46 and 2.25 (2dd,= 24.2 Hz, 2H, H-4), 0.87 (s, 9HBU), 0.09 (dJ = 23.5 Hz, 6H, 2 Si-C}}.
13C NMR (101 MHz, CDG) 6 174.36 (C-5), 170.51 (COOH), 133.98-Bn), 130.54 if-Bn), 128.67
(0-Bn), 127.49 ¢Bn), 91.04 (C-2), 72.44 (C-3), 40.12 (Bn-g)H38.03 (C-4), 25.44tBu CHg), 17.79
(t-Bu C), -4.74 (Si-CH), -5.20 (Si-CH). IR (KBr, cm?): 3034, 2860, 1498, 1262, 1082, 781. Calcd. for
C18H2605Si: C, 61.69; H, 7.48, found: C, 61.65; H, 7.52.
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2i": mp 110-113C; [a]p®® -13.3 (¢ 0.72, CHG); ee 95%;'H NMR (400 MHz, CDCJ) § 7.41 — 7.13 (m,
5H, Bn), 4.77-4.63 (m, 1H, H-3), 3.43 — 3.08 (m, Br-CH)), 2.81 and 2.39 (2dd,= 19.1Hz, 2H, H-4),
0.96 (s, 9H), 0.20 (dl = 15.4 Hz, 6H, 2 Si-Ck). 3C NMR (101 MHz, CDGJ) § 175.13 (C-5), 171.66
(COOH), 134.731¢-Bn), 130.08 n-Bn), 127.83 ¢-Bn), 126.67 ¢Bn), 91.58 (C-2), 72.96 (C-3), 38.44
(C-4), 37.52 (Bn-Ch), 25.22 {-Bu CHg), 17.74 {-Bu C), -5.39 (Si-Ch), -5.50 (Si-CH). IR (KBr, cn?):
3483, 1770, 1705, 1497, 1254, 1085, 833, 706; HR®&#cd. for GeH>70sSi [M+H]" 351.1622, found
351.1631.

(R)-1-Oxa-7-aza-spiro[4.4]nonane-2,6-dione 10

(2R)-2-(tert-Butoxycarbonylamino-methyl)-5-oxo-tetrahydrofurarearboxylic acid2g (76 mg, 0.26
mmol) was dissolved in toluene and boiled at refan® h. After cooling, the toluene was removedem
reduced pressure and the residas purified by flash chromatography (silica geltrpleum ether/acetone
10:2) giving Boc-protected spirolactam (46 mg).tie solution of obtained protected compound (46 mg,
0.18 mmol) in CHCI> (10 mL) concentrated HCI solution (0.1 mL) was atlded the mixture was stirred
for 23 hours at room temperature. Then, 6 mL obwatas added and the water layer was extractedaeve
portions with CHCI, dried (NaSQs) and concentrated. Flash chromatografijca gel, petroleum
ether/ acetone 10:5 to 10:6) gadM@as a white solid (24 mg, 59%) from lactone &ygd mp 158-160C;
[a]0?2 +124.2 (c 2.63, CHG); ee 92%;'H NMR (400 MHz, CDCY): 57.26 (br s, 1H, NH), 3.53-3,47 (m,
1H, H-8), 3.39-3.33 (m, 1H, H-8), 2.97-2.88 (m, HH43) ,2.61-2.50 (m, 3H, H-3, H-4, H-9), 2.28-2(11,
2H, H-9, H-4):13C NMR (101 MHz, CDGJ) § 176.11 (C-2), 174.83 (C-6), 84.81 (C-5), 38.848)C33.45
(C-9), 29.82 (C-4), 28.74 (C-3); IR (KBr, ¢th 3253, 2966, 1776, 1717, 1672, 1459, 1437, 13047,
1197, 1179, 1138, 1113, 1076, 1053, 1012, 982, 42,690; MS (m/z): 155, 137, 127, 113, 110, B@&),
84, 70, 56 (base), 55; HRMS: Calcd. faHzoNOs [M+H]* 156.0655, found, 156.0651.
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