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Abstract

Enantiomerically pure tetrahydro-5-oxo-2-furancarboxylic esters can be prepared either by enzymatic resolution
of the racemicy-lactones themselves or by bioreduction with baker's yeast of dialkyl 2-oxoglutarates and
subsequent cyclization of the resulting dialkyl 2-hydroxyglutarates. The best results were obtained by the former
route, by which the desired compounds were isolated in high enantiomeric excess. Bioreductions were less
satisfactory. In fact the hydroxyester intermediates were initially formed as racemic mixtures and their final
enantiomeric enrichment was reached by asymmetric destruction, occurring in the bioreaction medium, however at
the same time large amounts of alkyl 4-hydroxybutanoates were formed as side products. © 1999 Elsevier Science
Ltd. All rights reserved.

1. Introduction

The enantiomerically pure tetrahydro-5-oxo-2-furancarboxylic 4éigScheme 1) has been widely
utilized in the synthesis of-alkyl? andy-alkenyl-y-lactonestP which are ubiquitous natural products
present in a variety of fruitd,milk products, fermented foods, tobacco and in some flowers as well as
in some species of insects as components of sex-attractant pherorfdifd® (5-1 enantiomer has
been used as a chiral derivatizing agent for alcdhatsl also for the synthesis d8)¢5-hydroxymethyl
y-butyrolactone, a template for an approach to acyclic stereoseléction.

The literature procedure for the synthesis of lactonic dcid its enantiomerically pure forms is
by nitrous acid deamination of enantiomerically pure glutamic &cf8cheme 1%. However, another
synthetic strategy to the same compound might be the lactonization of 2-hydroxyglutari8. ddid
enantiodifferentiation could be achieved either by bioreduction of the precursor, 2-oxoglutard; acid
by kinetic resolution of chiral racemic tetrahydro-5-oxo-2-furancarboxylic eSters
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2. Results and discussion

In order to follow the enzymatic route, some racemic lactonic estgr§é—e’ (Scheme 2) were prepa-
red by reduction with sodium borohydride of the corresponding dialkyl 2-oxoglutaBates® obtained
from 4 by the usual procedure. The reaction furnished a 3:1 mixture of dialkyl 2-hydroxyglutarates
7a-€® and the corresponding lactonBa—e. Lactonization was then completely achieved under acidic
conditions.

ROLC NapH, RO,C a:R=Me
\n/\l j/\ + /& b:R=Et
O  COR OH CO,R ROCT N7 =0  cR=nPr
PTSA, toluene d:R=iPr
bae Ta-e Sa-e e:R=n-Bu
110°C
Scheme 2.

2.1. Enzymatic resolutions of alkyl tetrahydro-5-oxo-2-furancarboxylic eStess

A number of enzymes were checked, nameahchymotrypsine &-CT), pig liver esterase (PLE),
Candida rugosdipase (CRL),Mucor mieheilipase (MML), porcine pancreatic lipase (PPL) and horse
liver acetone powder (HLAP), but only the last two systems proved able to operate an enantioselective
hydrolysis of the ester groups. Under the pH conditions used (phosphate buffer, pH 7.4) the alkoxycar-
bonyl groups underwent chemical hydrolysis too, which however was much slower than the enzymatic
one. In fact, in the absence of enzyme the pH value decreased by only 0.60 units in 15 h, whereas the
enzymatic hydrolyses were over in 20 min. The reactions were stopped at about 75% conversion, which
allowed the isolation of the enantiomerically pure lactonic ester® in yields ranging from 10% to
24%. Attempts were also made to isolate the enantiomerically pure lactonid atitbw conversion
values, but they failed because the unreacted eStesscould never be extracted completely from the
aqueous reaction solution. As a consequence, the subsequent extraction of the acidified mother liquors
gave an inseparable mixture of the atidnd the esteb and therefore the enantiomeric excess of the acid
could not be determined. Incidentally, this is also the reason why an evaluation of the enantiomeric ratio
E° for the enzymes was not possible. However, enantiomerically pure lactonid &eid be obtained
from the corresponding methyl and ethyl estgasand5b using bis(tributyltin) oxide (BTTO$°

The best results of the enzymatic resolutions are summarized in Table 1. It is interesting to note that
PPL and HLAP showed opposite enantiopreferences. Furthermore, in contrast to PPL, the enantioselec-
tivity of HLAP showed a strong dependence on the enzyme/substrate ratio, being the highest for 75 mg
of enzyme per mmol of substrate. This result is indicative of the simultaneous action of several enzymes.
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Table 1
Kinetic resolutions oba—€?

PPL HLAP

Product ee. (%) yield  Product ee. (%) yield

(%)” (%)"
(S)-(+)-5a  95° 15 (R)-(-)-5a 73° 10
(S)-(+)-5b  98° 18 (R)»-(-)-5b  87° 18
S)-(+)-5¢ 97 2 (R-()-5¢  96° 17
(S)-(+)-5d  95° 24 (R-(-)-5d 96 10
(S)-(+)-5¢  94° 22 (R)-(-)-5¢  53° 23

“Reaction conditions: mg of enzyme/mmole of substrate: PPL, 150; HLAP,
75; phosphate buffer, pH = 7.4 (10 ml); 25 °C; ‘after chromatographic
purification; ‘Determined by HRGC (y-CDX, 150°C); “Determined by HRGC
(y-CDX, 10 min at 100°C, 3°C/min up to 150°C); ‘Determined by HRGC (B-
CDX, 20 min at 80°C, 3°C/min up to 150°C).

An attempt was also made to perform an asymmetric lactonization of racemic dialkyl 2-
hydroxydiesters’a—e, under the conditions used by Gutman and co-wotkeia the enantioselective
lactonization of racemig- andd-hydroxyesters, however, this was unsuccessful.

The absolute configurations of the lactortds-e were assigned by comparison of their CD spectra
with that of 5a, obtained by esterification with diazomethane of commercially availéd)ié+)-1. All
(9-(+)-lactonic estersa—e showed a positive Cotton effect as did the a8g(¢)-1 (Fig. 1).

1.9
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200 A (nm) 250

Figure 1. CD spectra of lactones (+)and (+)5ba—e
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2.2. Bioreductions with baker’s yeast of dialkyl 2-oxoglutaraiase

Dialkyl 2-oxoglutaratessa—e were reduced with baker’s yeast with the aim of obtaining the corres-
ponding enantiomerically pure dialkyl 2-hydroxyglutara&@se whose lactonization would have given
the corresponding enantiomerically enriched lactonic e&i@rs (Table 2).

Bioreductions were performed using raw and dry baker’s yeast. The isolation from cells of baker’s
yeast of several enzymes responsible for reduction of ketoesters to the corresponding hydroxyesters
has recently been reportétl. Some of the yeast ketoester reductases (YKERs) were specific for the
reduction ofx-ketoesterd?13 others were specific fo-ketoesters 14 and one of them called YKER-
l1l, which depends on NADH, catalyzed ethanol-acetaldehyde oxidation—reduction ptbdessng
them, YKER-I is of great importance for the enantioselective synthesis of alcohols, because of its
availability as the pure enzyme and excellent stereoselectityis therefore evident that, owing to
the complexity of this multienzymatic system, the results may be strongly influenced by both physical
and chemical parameters, such as thermal pre-treatment of thé'§eastentration of the substrakeé,
pH,!8 presence of organic solvett,nutrients?® or inhibitors2°221 Moreover, it has been found that
when somex-ketoester®d were reduced by baker’s yeast in water, side-products were formed whose
nature of substituted primary alcohols had been proposed by Néglzerd recently demonstrated by
Nakamura and co-workefs* for the biotransformation of several alkyl 2-oxo-4-phenylbutanoates. Also
in the present case, bioreductions carried out on 2-oxoglutadatesvere complicated by the formation
of large amounts of the corresponding alkyl 4-hydroxybutano@aes.

Table 2 lists the results of the bioreductions of dialkyl 2-oxoglutaréte with raw baker's yeast
in water. The reactions were run for two preincubation times of baker’s yeast and monitored at regular
intervals. The ratios between 2-hydroxydiestéase and their corresponding 4-hydroxybutanod@ese
were reported as a function of time at each conversion value, in order to stress the fact that it is just
the destruction oa—e, when asymmetric, that is responsible for the final enantiomeric excess of the
remaining 2-hydroxydiesters and their yields. In the same columns the enantiomeric exc@ssesus
also given, together with their absolute configurations, determined as indicated in the legend to Table 2.

First of all it is evident that the preincubation time greatly affects both the enantiomeric exdemsbf
the amount of the side-produ8t Bioreduction without preliminary preincubation was checked only for
dimethyl 2-oxoglutarat&a. In that case the e.e. @awas very low and its destruction 8a very rapid
and poorly asymmetric. On the contrary, the thermal treatment of the yeast for 1 h was very efficient in
deactivating theR)-selective enzymes, and after 5 h the e.e. of the resulting 2-hydroxydi€s{ef){7a
was 96% (30% relative yield).

In the bioreduction of diethyl 2-oxoglutaraé the best result was obtained by preincubating the yeast
for 30 min. Bioreduction was over in 1 h but with complete lack of enantioselectivity. However in 24 h
the asymmetric degradation ol left (9)-(-)-7b with 99% e.e. (24% relative yield). When preincubation
was prolonged for 1 hR)-(+)-7b (25% e.e.) was obtained directly and not as a result of an asymmetric
destruction.

A completely parallel behaviour was observed foi-gropyl 2-oxoglutaratéd. Using baker’s yeast
preincubated for 30 mirvd, initially formed as a racemic compound, was asymmetrically destroyed and
after 24 h, §-(-)-7d was obtained with 96% e.e.

Bioreductions of dir-propyl and din-butyl 2-oxodiester$c and 6e, respectively, were not enantio-
selective and the asymmetric destructions of the corresponding 2-hydroxydiéstensl 7e were too
slow to lead to a high enantiodifferentiation within 24 h. It is interesting that when baker’s yeast was
preincubated for 30 mir¥,c was initially formed as theR)-enantiomer (12% e.e.) while after 24 h it was
recovered as the5[-enantiomer (36% e.e). The same occurred for the reducti6awhen preincubation



Table 2. Reduction of the ketodiest@&m-e with raw baker’s yeast in watgr

D (T o

0 COR OH COR COR
6a-e (R) or (S)-7a-e 8a-e
6a (R = Me) 6b (R = Et) 6¢ (R = n-Pr) 6d (R = i-Pr) 6¢ (R = n-Bu)
Preincubation time (50°C) Preincubation time (50°C) Preincubation time (50°C) Preincubation time (50°C) Preincubation time (50°C)
0h 0.5h 1h 05h 1h 0.5h 1h 0.5h 1h 0.5h Ih
7a/8a 7Ta/8a 7a/8a Tb/8b Th/8b Te/8ec Te/8¢ 7d/8d 7d/8d Te/8e Te/8e
Reacl. Conv. (% ee.? Conv. (% ee, Conv. (% ce, Conv. (% ee Conv. (% ce, Conv. (% ced Conv. (% ce, Conv. (% cef Conv. (% ce, Conv. % ce, Conv. (% ee,
time % % % lo % o o % o % o
(h) conf.) conf.) conf.) conf.) conf.) conf.) conf.) conf.) conf.) conf.) conf.)
50/50 67133 31/69 74126 65135 80/20 7327 82/18 84/16 46/54 3/97
o100 37 100 075y 87 @35y 10 o) T 615 0 gz ¥ om0 0 32 ok ¥ 0 10
39/61 63137 33/67 69731 62/38 78/22 68/32 68/32 84/16 64/36 26/74
20100 75 1000 (37 100 g g 100 477 T g6 sy M oaar) 3 R 1 65 B 2er P @GR ® @R
31/69 54146 30/70 57/43 58/42 70/30 69731 49/51 82/18 66/34 30170
501000 58y 100 3560 100 g6y 10 o5y B 61,5 'O 65 P arn ' ©s * @r P @r P GLR
4/96 21/79 14/86 24176 50/50 50/50 67133 13/87 79121 50/50 35/65
241000 g 100 35 0q) 100 g5y 100 g9'g) 100 sgigy 100 367g) 100 1Ry 100 95 gy 100 g Ry M or) B (1,8

“Conditions used: substrate, 0.5 mmol; b.y., 5 g in water (10 ml), 25 °C; bDetermined by HRGC (B-CDX, 15 min at 110°C, 3°C/min up to 150°C); “Monitored by HRGC on the TFA derivative
of 7b (y-CDX, 100°C); ? Determined on the lactone 5¢ by HRGC (y-CDX, 10 min at 100°C, 3°C/min up to 150°C); * Determined by HRGC (B-CDX, 15 min at 120°C, 3°C/min up to 150°C),f
determined on the lactone 5e by HRGC (y-CDX, 150°C).

82.2-€T.2 (666T) 0TANSWWASyUOIpsyenal / [e 19 ljoud 'S

LT/lC
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was prolonged for 1 h: asymmetric degradatiorbefinitially in (R)-configuration (42% e.e.), led, after
24 h, to the §-enantiomer, albeit with very low enantiomeric excess (11%).

As is evident from the above results, a period of preincubation is necessary for the deactivation of some
dehydrogenases, as already emphasised by Nakafrraile preincubation of baker’s yeast for 30 min
allowed the asymmetric degradation of the 2-hydroxydiestdosthe corresponding 4-hydroxyesteds
to occur, preincubation for 1 h prevented it. In fact the ratid @ 8 remained practically unchanged
within 24 h in all cases with the exception o&

The use of inhibitors such as allyl bromfd& and methyl vinyl ketoné® had no effect on the
enantioselectivity of the reaction, whereas it greatly enhanced the formation of 4-hydroxpesters
It is likely that they act as inhibitors of bottR]- and §)-selective enzymes, whereas they had no effect
on the activity of the enzyme system responsible for the formation of the side-pr@iuets

The use of an apolar organic solvent is usually of great advantage in bioreductions with baker’s
yeast!®?12Reagents and products, in fact, can be fairly soluble in water and since bioreduction occurs
at the interphase between water, where baker's yeast is present, and the organic solvent, undesired side-
reactions are minimized. Among the organic solvents benzene was used and since the water content
is critical, a buffer solution was added (pH 5, 0.6 ml of water/g of dry baker’s yeast). The results are
summarized in Table 3.

Table 3
Reduction of the ketodiesteés—e with dry baker’s yeast in benzene

6a (R = Me) 6b (R =Et) 6¢ (R = n-Pr)
No preincub. Preincub. No preincub. No preincub.
50°C, 1 h
React. Conv. 73/83,, Conv. 7a/83a Conv. 7b/8bb Conv. 7c/8cc
time (h) % (% ee, % (% ee, % (% ee, % (% ee,
conf.) conf.) conf.) conf.)
0.5 12 8(/3)2 7 7129° 6 0100 2 100/0°
27/73 75725 d d
1 33 (29.R) 12 (35.5) 14 14/86 7 100/0
53/47 73/27 52/48 89/11
2 & (28, R) 22 41,S) 3 (56, R) 18 (72, R)
61/39 71/29 71/29 91/9
44
> 100 (29,R) » (38,5) 70 (50,R) (72, R)
51/49 69/31 71/29 90/10
73
24 100 (13,R) 93 (39,9) 100 (40,R) (75, R)

“Determined by HRGC (B-CDX, 15 min at 110°C, 3°C/min up to 150°C); *Monitored by
HRGC on the TFA derivative of 7b (y-CDX, 100°C); ‘Determined on the lactone S¢ by HRGC
(y-CDX, 10 min at 100°C, 3°C/min up to 150°C); “The e.e. was not determined because
conversion was too low.

As already found for the bioreductions afketoesters in benzerd in all our cases but one the
absolute configuration of the carbinol carbon atom viR)s The exception was the produta obtained
from 6a using baker’s yeast preincubated at 50°C for 1 h (Table 3). The enantiopreference fg)-the (
configuration was attributed to an accelerated activity of B)es€lective enzymes with respect to the
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(S)-selective enzymes, caused by the extremely low concentration of the substrate iA®waAtds
observation is confirmed by the lack of reduction observe&dand6e under the same conditions.

A final experiment was carried out on the 2-hydroxydiestéase. When kept under the same
conditions as those used for bioreductions of dialkyl 2-oxoglutarates (5 g of baker’s yeast:L@ml H
preincubated at 50°C for 0.5 h), the asymmetric destruction was significant onbfand 7d. The
respective §-(-)-enantiomer was obtained in 92% e.e. after 24 h in the former case and in 53% e.e. after
48 h in the latter case.

2.3. Bioreductions of dialkyl 2-oxosuccinateés—d

Ethyl 2-hydroxypropionate, ethyl 2-hydroxybutyrate, and diethyl 2-hydroxyhexandioate had already
been found to undergo an enantioselective decomposition in the reaction medium with consumption of
the R)-enantiomet224In order to investigate more thoroughly the formation of the side-prodisets
from the corresponding dialkyl 2-hydroxyglutaratés-e in the bioreduction medium, we examined the
reduction of dialkyl 2-oxosuccinaté&a-d2>26 under the same conditions (Scheme 3).

RO,C RO,C HO
\n/\COzR By, ™72 j/\cozk + ~"co,R

O OH
9a-d (-)-10a-d 11a-d
Scheme 3.

Baker’s yeast reduction of diethyl 2-oxosuccin@tehad already been investigated by Santaniello and
co-workers?® the sodium enolate of the diest@ was reduced by baker’s yeast in water, with sucrose
added, affording, after 24 h, the corresponding alcoBpl<€)-10b with 98% e.e. However, when the
reaction was repeated and monitored every hour by HRGC, we observed that bioreduction was over after
1 h and that the enantiomeric excess of the resulting alc&@)€j-10b was 56%. On standing in the
reaction medium for 24 h, its enantiomeric excess increased to 98%, while the decomposition product
11b, identified in the crude reaction mixture, was present in 15% relative yield. Evidently an asymmetric
destruction ofl0b took place. Actually, when#)-10b was kept under the same conditions for 24 h,
(9-(-)-10b was obtained with 98% e.e. However at the same time the amount of decomposition product
1lbalso increased, being, after 48 h, the only product.

The same experiment was repeated under the conditions used for bioreductions of the dialkyl 2-
oxoglutaratesa—e, that is preincubating baker’s yeast at 50°C for 30 min and with no nutrients added.
Under these conditions, reduction @b was over in 3 h and the corgending alcohol $-(-)-10b had
36% e.e. which increased to 95% when the product was kept in the reaction medium for 72 h. The same
result was obtained using dry yeast preincubated at 50°C for 30 min (1 g/mmol of substrate). After 16 h
the reduction was complete and the resulting alco8p(<)-10b had 64% e.e., which increased to 90%
after six days.

The same behaviour was observed for thée pliepyl derivativedd, whose bioreduction was over in 3
h leading to the corresponding alcoh8){(-)-10d with 28% e.e. However after 48 h its e.e. was 76%, as
a result of the asymmetric destructionldfd. In fact when racemic alcohdOd was kept under the same
conditions, the corresponding pui®+-)-enantiomer (99% e.e.) was obtained after 48 h.

Dimethyl and din-propyl 2-oxosuccinate®a and 9c showed a different behaviour. In fact they
underwent a rapid reduction with raw baker's yeast, preincubated at 50°C for 30 min, to furnish
the corresponding alcohol§)(-)-10a and §-(-)-10¢ having 81% and 94% e.e., respectively. Their
enantiomeric excesses did not vary with time. However destructid®@atnd 10c occurred, although
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not enantioselectively. In fact whea)-10aand )-10cwere kept under the same reaction conditions,
no enantiopreference in the destruction was observed hadndl11cwere eventually the only products.
The mechanism of formation of the alkyl 4-hydroxybutanoatse and of the alkyl 3-
hydroxypropanoated 1a-d, enzymatically mediated, might proceed from the parent 2-oxodiesters
6a—e and9a-d, respectively, through a regioselective hydrolysis of the alkoxycarbonyl group leading to
the hemiesterd2a-e and 14a-d, followed by decarboxylation to the corresponding aldehytigs-e
and15a-d. Reduction of the formyl group would eventually furni8a-e and11a-d (Scheme 4§12

RO,C » HOC H
? \”/NECOZR 2 WcozR g \'(NECOZR — (N“cozk
- 2
0 o} OH

(0]
n=2 6a-e n=2 12a-e n=2 13a-e n=2 8a-e
n=1 9a-d n=1 14a-d n=1 15a-d n=1 1la-d
Scheme 4.

Therefore, biotransformations of the 2-hydroxydiestéase and 10a—d must imply their reoxida-
tion to the corresponding 2-oxodiestéa—e and 9a-d. However this oxidation step was not always
enantioselective. In some cases the destruction observed was asymmetric, leaving the remaining 2-
hydroxydiesters with high enantiomeric excess, and in some others it was symmetric, leading to the
simple consumption of the substrates themselves.

3. Conclusions

Production of enantiomerically pure tetrahydro-5-oxo-2-furancarboxylic esters is better achieved
by kinetic resolution of the chiral racemic lactonic esters than by lactonization of chiral dialkyl 2-
hydroxydiesters formed by bioreduction with baker’s yeast of the corresponding dialkyl 2-oxoglutarates.
However, both procedures allowed the isolation of both enantiomers gfaloxycarbonyhy-lactones.

In fact the §-enantiomers with high enantiomeric excess (>94%) were obtained by kinetic resolution
with PPL, or by cyclization of the products of bioreduction with baker’s yeast of the corresponding dialkyl
2-oxoglutarates. In this latter case the enantiomeric excess ranged from 35% to 99%. Conversely, enantio-
merically purey-alkoxycarbonyly-lactones with theR) configuration could be obtained by enzymatic
hydrolysis with HLAP (53-96% e.e.) or, with poor enantiomeric excess, carrying out the bioreduction
of the 2-oxodiesters in benzene and subsequent acidic cyclization. Furthermore, bioreductions of diethyl
and di-isopropyl 2-oxoglutarates could be a preparative route to the corresponding enantiomerically pure
2-hydroxydiesters, which are not easy to prepare by other procetifirally, as to the influence of the

alkyl residues on bioreductions and biohydrolyses, the ethyl group seems to adapt better than the other
residues to the active sites of both baker’s yeast dehydrogenases and the more efficient hydrolases.

4. Experimental
4.1. General

Melting points were determined with a Blichi apparatus and are uncorrected. IR spectra were recorded
in CHCls, unless otherwise stated, on a JASCO FT-IR-200 spectrometé&dMR spectra were run on
a Jeol EX-400 (400.0 MHz) spectrometer using deuterochloroform as solvent and tetramethylsilane as
internal standard; J values are given in hel#Z. NMR spectra were recorded on a Jeol EX-400 (100.4
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MHz) instrument. Optical rotations were determined on a Perkin—Elmer Model 241 polarimeter. CD
spectra were obtained on a Jasco J-700A spectropolarimeter in methanol; GLC analyses were obtained
on a Carlo Erba GC 8000 instrument, the capillary column being EC-WAX, 30.82 mm (carrier gas

He, 40 kPa, split 1:50, 10 min at 100°C, 3°C/min, 200°C), Chirdltiéype G-TA, trifluoroacetyly-
cyclodextrin 40 nx0.25 mm (carrier gas He, 180 kPa, split 1:100) or DM@Rgyclodextrin 25 nx0.26

mm (carrier gas He, 110 kPa, split 1:50); mass spectra were run by the electron impact mode (20 eV
and 70 eV) on a VG 7070 spectrometer. TLC was performed on Whatman K6F silica gel plates (eluant:
light petroleum:ethyl acetate, 7:3). Flash chromatography was run on silica gel 230-400 mesh ASTM
(Kieselgel 60, Merck). Light petroleum refers to the fraction with b.p. 40-70°C and ether to diethyl
ether.

4.2. Synthesis of substrates

4.2.1. General procedure for the esterification of 2-oxoglutaric dcioxalacetic and malic acid

The acid (34 mmol) and the corresponding alcohol (120 mmol) were refluxed in tolueng-with
toluenesulfonic acid as a catalyst in a Dean—Stark apparatus. After the usual workup the ester was
isolated.

4.2.2. Dimethyl 2-oxo-pentandioae?’

65% Yield; IR (film) v, cni®: 1800 (sh), 1735 (CO, COO}H NMR, §, ppm: 3.89 (s, 3H, OCH),
3.69 (s, 3H, OCH), 3.17 (t, 2H, CHCO), 2.69 (t, 2H, CHCO); 13C NMR, §, ppm: 192.1 (s), 172.4
(s), 160.7 (s), 52.9 (q), 51.8 (q), 34.0 (1), 27.2 (1); MS (20 eV): 174 (1*']M 116 (10), 115 (100,
[M—COOCH]*), 101 (35), 87 (36), 59 (37, [COOGH), 55 (77).

4.2.3. Diethyl 2-oxo-pentandioat?® 29

77% Yield; IR (film) v, cn®: 1800 (sh), 1735 (CO, COOH NMR and3C NMR spectra were
in accordance with literatur MS (20 eV): 202 (2, [M']), 157 (18, [M-OCHCHas]*), 130 (17), 129
(100, [M—~COOCHCH;3]*), 102 (25), 101 (90), 73 (44, [COOGBHs]*), 55 (39), 29 (34).

4.2.4. Din-propyl 2-oxo-pentandioatéc

90% Yield; IR (film) v, cnt: 1800 (sh), 1735 (CO, COOJH NMR, §, ppm: 4.16 (t, 2H, OCH),
3.97 (t, 2H, OCH), 3.08 (t, 2H, CHCO), 2.60 (t, 2H, CHCO), 1.69, 1.57 (2m, 4H, 2€,CHs), 0.91,
0.86 (2t, 6H, 2CH); 3C NMR, §, ppm: 192.6 (s, CO), 172.0, 160.6 (2s, COO), 67.9 (t), 66.4 (t), 34.2
(), 27.6 (1), 21.8 (1), 21.7 (t), 10.2 (q), 10.1 (q); MS (70 eV): 157 (7), 101 (100), 57 (29), 41 (56).

4.2.5. Dii-propyl 2-oxo-pentandioatéd
88% Yield; IR (film) v, cn1: 1800 (sh), 1735 (CO, COOJH NMR, &, ppm: 5.06 (m, 1H, OCH),
4.91 (m, 1H, OCH), 3.05 (t, 2H, C}€0), 2.54 (t, 2H, CHCO), 1.26, 1.14 (2d, 12H, 4G} 1°C NMR,
0, ppm: 193.0 (s, CO), 171.5, 160.1 (2s, COO), 70.7 (d), 68.3 (d), 34.1 (t), 27.9 (t), 21.7 (g), 21.5 (q);
MS (20 eV): 170 (4), 142 (13), 129 (10), 101 (100), 74 (10), 43 (32).

4.2.6. Din-butyl 2-oxo-pentandioatée

90% Yield; IR (film) v, cm™t: 1800 (sh), 1735 (CO, COOJH NMR, §, ppm: 4.27 (t, 2H, OCH),
4.08 (t, 2H, OCH), 3.15 (t, 2H, CH-CO), 2.67 (t, 2H, CH-CO), 1.74-1.35 (m, 8H, C§), 0.94 (q, 3H,
CHgz), 0.93 (g, 3H, CH); 13C NMR, §, ppm: 192.5 (s), 171.9 (s), 160.5 (s), 66.2 (t), 64.7 (t), 34.1 (1),
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30.4 (1), 30.2 (1), 27.5 (1), 18.97 (t), 18.91 (t), 13.59 (q), 13.52 (q); MS (20 eV): 258 (8]]M.85 (19,
[M-OBuJ*), 157 (100, [M~COOBU), 129 (32), 102 (67), 101 (90), 73 (31), 56 (95), 55 (36), 43 (53).

4.2.7. Dimethyl 2-oxo-butandioaa
All spectral data were in accordance with the literafttre.

4.2.8. Diethyl 2-oxo-butandioat@?>26
The title compound was purchased from Aldrich.

4.2.9. Din-propyl 2-oxo-butandioat&c

QOil; IR (film) v, cn1: 1745, 1730 (CO, COO¥H NMR, 8, ppm: 11.7 (bs, 0.8H, OH), 5.97 (s, O.8H,
CH), 4.19 (t, 2H, J 6.8, OC}J, 4.13 (t, 1.6H, J 6.8, OCH, 4.07 (t, 0.4H, J 6.8, OCH, 3.78 (s, 0.4H,
COCHp), 1.68 (m, 4H, CHCHs), 0.94 (m, 6H, CHCHa); 3C NMR, §, ppm: 171.9 (s), 161.8 (s), 159.3
(s), 96.8 (d), 67.8 (1), 66.8 (t), 45.2 (t), 21.7 (t), 10.2 ().

4.2.10. Dii-propyl 2-oxo-butandioat®@d®®
Oil: 'H NMR, 8, ppm: 11.7 (bs, 0.7H, OH), 5.97 (s, 0.7HCH), 5.16 (m, 2H, CH(CH)y), 3.77
(s, 0.6H, COCH), 1.33 (d, 6H, J 6.1, CH(CH),), 1.30 (d, 6H, J 6.1, CH(CH)): 13C NMR, 5, ppm:
122.2 (s), 160.4 (s), 159.4 (s), 96.9 (d), 70.0 (d), 68.8 (d), 45.4 (t), 21.5 (q), 21.4 (q); MS (70 eV): 157
(M=O'Pr*, 3), 129 ([M-COOPI*, 24), 115 (12), 87 (100), 69 (46).

4.3. General procedure for the synthesis of lactobese

2-Hydroxydiesters £)-7a—e were refluxed in toluene in the presencepebluenesulfonic acid as a
catalyst for a time varying between 5 h and 24 h. The produejssé—e were then purified on flash
chromatography.

4.4. General procedure for enzymatic hydrolysis of lactdses

The lactonic ester (3 mmol) in phosphate buffer (pH 7.4, 6 ml) was reacted with the enzyme (450 mg)
under stirring. The pH value was continuously adjusted with 1IN NaOH. After about 75% conversion,
the aqueous phase was extracted four times with diethyl ether to extract the unreacted lactonic ester. The
remaining mother liquors were acidified to pH 1 with 2N HCI and extracted four times with diethyl ether
which was dried on Ng&50Oy. Elimination of the solvent left an oil which was a mixture of the lactonic
esterba—e and the acidL.

4.4.1. ()-Tetrahydro-5-oxo-2-furancarboxylic acid methyl esber
The yellowish oily crude reaction mixture was set aside at 4°C for 6 h. The prédueas isolated
as a yellow solid (55% vyield) and it was crystallized from ethyl acetate and light petroleum: m.p. 43°C;
IR (film) v, cm™t: 1780 (COO0), 1746 (COOCH; *H NMR, §, ppm: 4.95 (m, 1H, CHO), 3.80 (s, 3H,
CH30), 2.63-2.30 (m, 4H, 2C§); 13C NMR, §, ppm: 175.9 (s), 170.1 (s), 75.5 (d), 52.5 (q), 26.5 (1),
25.5 (t); MS (70 eV): 144 (8, [M]), 85 (100, [M—COOCH]* ), 59 (17, [COOCH]"), 57 (42), 29 (91).
(9-(+)-5a%! was obtained in 15% yield using PPL as the hydrolytic enzyme within 15-20 min: 95%
e.e. (HRGC,y-CDX, 150°C); m.p. 61°C [li£'@ m.p. 58-60°C, lit® m.p. 42-44°C]; §]p?°=+15.8
(c=0.65, MeOH); [lit31? [«]p?>=+3.1 (c=4.5, HO), lit.!? [x]p?°=+6.8 (c=3.1, MeOH), ligP
[x]p?*=+15.88 (c=6.4, MeOH),k]p'?=+14.6 (c=1.7, MeOH)]Aeo1=+1.9.
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(R)-(-)-5a was obtained in 10% yield using HLAP as the hydrolytic enzyme within 15-20 min: 73%
e.e. (HRGCy-CDX, 150°C); m.p. 55°C¢]p2°=-12.0 (c=0.75, MeOH); [lit1P [«]p2*=-14.89 (c=6.8,
MeOH)]; Agp11=—1.2.

4.4.2. ()-Tetrahydro-5-oxo-2-furancarboxylic acid ethyl esfr?

The crude reaction product was purified on silica gel (eluant: light petroleum:ethyl acetate, gradient
from 95:5 to 80:20). 85% Yield, oil, IRRH NMR and MS data were identical with those reported in the
literatureld 13C NMR, §, ppm: 176.0 (s), 169.7 (s), 75.6 (d), 61.8 (t), 26.5 (t), 25.6 (t), 13.9 (q).

(9-(+)-5b was obtained in 18% yield using PPL as the hydrolytic enzyme within 15-20 min: 98%
e.e. (HRGC,y-CDX, 150°C); [x]p%°=+11.7 (c=1.17, MeOH), d]p?®>=+13.3 (c=0.56, EtOH) [litd
[&]p?°=+15.1 (c=0.6, EtOH)]; lit¢ [a]p3?=+11.5 (c=2.93, EtOH), lit1P [«]p?*=+11.3 (c=10, EtOH)];
Agr13=+1.7.

(R)-(-)-5b was obtained in 18% vyield using HLAP as the hydrolytic enzyme: 87% e.e. (HR&C,
CDX, 150°C); [x]p?®=-12.0 (c=0.46, EtOH) [lit? [«]p?°=—-14.7 (c=0.4, EtOH), lit?° [«]p?*=-11.21
(c=10, EtOH)];A8214=—l.4.

4.4.3. @)-Tetrahydro-5-oxo-2-furancarboxylic acigpropyl estersc

The crude reaction product was purified on silica gel (eluant: light petroleum:ethyl acetate, gradient
from 95:5 to 80:20). 85% Yield, oil, IR (filmy, cmi™t: 1780 (COO), 1746 (COWr); 'H NMR, §, ppm:
4.84 (m, 1H, CHO), 4.05 (t, 2H, Ci®D), 2.53-2.16 (m, 4H, C}CH>), 1.63-1.14 (m, 2H, 8,CHa),
0.84 (t, 3H, CH); 13C NMR, §, ppm: 175.9 (s), 169.9 (s), 75.7 (d), 67.4 (t), 26.7 (t), 25.8 (t), 21.8 (1),
10.2 (q); MS (70 eV): 172 (8, [M]), 154 (22), 91 (43), 85 (100), 65 (20), 57 (16).

(9-(+)-5cwas obtained in 22% vyield using PPL as the hydrolytic enzyme within 15-20 min: 97% e.e.
(HRGC,y-CDX, 10 min at 100°C, 3°C/min, 150°C)x]p2°=+9.2 (c=1.00, MeOH)Ag21,=+1.6.

(R)-(-)-5c was obtained in 17% vyield (after purification on column) using HLAP as the hydrolytic
enzyme within 15-20 min: 96% e.ex]Jp?° -9.8 (c=0.80, MeOH)A&215=—1.5.

4.4.4. ()-Tetrahydro-5-oxo-2-furancarboxylic aciebropyl estersd

The crude reaction product was purified on silica gel (eluant: light petroleum:ethyl acetate, gradient
from 95:5 to 80:20). 85% Yield; IR (filmy, cnt: 1780 (COO), 1746 (CO®r);'H NMR, §, ppm: 5.11
(sept, 1H, G1(CHs)2), 4.89 (m, 1H, CHO), 2.70-2.45 (m, 3H), 2.30 (m, 1H), 1.30, 1.29 (2d, 6H,32CH
13C NMR, 8, ppm: 174.4 (s), 169.4 (s), 75.9 (d), 69.9 (d), 26.7 (t), 25.8 (t), 21.6 (q), 21.5 (q); MS (70
eV): 129 (2, [M—GH~]"), 85 (100), 57 (10), 43 (49).

(9-(+)-5d was obtained in 24% yield using PPL as the hydrolytic enzyme within 15-20 min: 95% e.e.
(HRGC,B-CDX, 20 min at 80°C, 3°C/min, 150°C)x]p2°=+10.0 (c=1.4, MeOH)A&13=+1.7.

(R)-(-)-5d was obtained using HLAP as an enzyme within 15-20 min, 10% yield (after purification on
column); m.p. 40—-41°C, from light petroleum:ethyl acetate; 96% exggP=—10.6 (c=0.56, MeOH);
A8214=—1.6.

4.45. &)-Tetrahydro-5-oxo-2-furancarboxylic acidtbutyl esterse

The crude reaction product was purified on silica gel (eluant: light petroleum:ethyl acetate, gradient
from 95:5 to 80:20). 50% Yield; oil; IR (film)v, cnt: 1780 (COO), 1746 (COOBu):H NMR, 8,
ppm: 4.85 (m, 1H, CHO), 4.11 (t, 2H, G&), 2.54-2.21 (m, 4H, C4CO, CH,CH,CO), 1.56 (m, 2H,
CH,CH,CHz), 1.29 (m, 2H, ®1,CHzg), 0.85 (t, 3H, CH); 13C NMR, §, ppm: 175.9 (s), 169.8 (s), 75.7
(d), 65.6 (t), 30.3 (t), 26.6 (t), 25.7 (1), 18.8 (1), 13.5 (q); MS (70 eV): 186 (4} [M131 (23), 87 (8), 86
(56), 85 (100, [M—-COOBU]), 58 (17), 57 (60), 56 (24), 55 (20).
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(9-(+)-5ewas obtained in 22% yield using PPL as the hydrolytic enzyme; 94% e.e. (HRGOX,
150°C); [x]p?°=+7.5 (c=0.76, MeOH)Agp15=+1.2.

(R)-(-)-5e was obtained in 23% yield using HLAP as the hydrolytic enzyme; 53% eale?{=—4.2
(C=1.32, MeOH)A5212=—O.74.

4.5. General procedure for reductions of 2-oxodiestase and9a—d

4.5.1. Reduction with sodium borohydride

Sodium borohydride (1.0 mmol) was added over 30 min to a solution of the 2-oxodiester (2.0 mmol)
in water or alcohol. The mixture was acidified to pH 2 with 2N HCI and extracted with dichloromethane.
Elimination of the solvent left a colourless oil which was used without purification.

4.5.2. Reduction with baker’s yeast

(a) Reduction in water: In a preparative run, 30 g of baker’s yeast in 60 ml of water was preincubated at
50°C for 30 min, added to 3.0 mmol of the ketodiester and the mixture stirred at room temperature. The
course of the reduction was checked by HRGC. At the end of the reaction, brine was added and the broth
was continuously extracted for 48 h with diethyl ether. The organic phase was dried and evaporated and
the product was purified by flash chromatography (eluant: light petroleum:ethyl acetate, gradient from
95:5 to 80:20).

(b) Reduction in benzene: The 2-oxodiester (0.5 mmol) and dry baker’s yeast (5.0 g) in benzene (28
ml) and a buffer solution (0.1 M, 2 ml, pH 5) were stirred for the periods indicated in Table 3. The organic
phase was dried on anhydrous,JS&, to give the product which was purified when necessary.

4.5.3. ()-Dimethyl 2-hydroxypentandioai&a

65% Yield; IR,YH NMR and MS data were identical with those reported in the literétdf€ NMR,
§, ppm: 174.9 (s), 173.5 (s), 69.3 (d), 52.6 (q), 51.6 (q), 29.3 (1), 29.2 (1).

(9-(-)-7a 16% Yield; 63% e.e.R-CDX, 15 min at 110°C, 3°C/min, 150°C)x]p25=-4.5 (c=0.22,
MeOH) [lit.8 [«]p2°=—2.48 (neat)].

4.5.4. ()-Diethyl 2-hydroxypentandioatéb

74% Yield; IR,YH NMR and MS data were identical with those reported in the literattiféC NMR,
0, ppm: 174.6 (s), 173.1 (s), 69.4 (d), 61.8 (t), 60.5 (t), 29.6 (t), 29.3 (1), 14.1 (q).

(9-(-)-7b: 18% Yield; 99% e.e. (determined on its trifluoroacetyl derivative, HRECDX, 100°C);
[&]p?®=—4.9 (c=0.47, EtOH) [litd for (R)-(+)-7b [x]p?°=+3.9 (c=0.3, EtOH)].

4.5.5. &)-Di-n-propyl 2-hydroxypentandioatéc

70% Yield; IR (film) v, cmit: 3500 (OH), 1735 (COO)'H NMR, §, ppm: 4.16 (m, 1H, EOH),
4.08 (t, 2H, OCH), 3.97 (t, 2H, OCH), 2.80 (bs, 1H, OH), 2.40 (m, 2H), 2.10 (m, 1H), 1.87 (m, 1H),
1.65-1.50 (m, 4H), 0.89 (t, 3H, G} 0.87 (t, 3H, CH); 13C NMR, §, ppm: 174.7 (s), 173.2 (s), 69.5
(d), 67.4 (1), 66.1 (t), 29.7 (1), 29.4 (1), 21.9 (1), 10.3 (q), 10.2 (g); MS (70 eV): 131 (11), 101 (19), 85
(100), 57 (23).

(9-(-)-7¢c 19% Yield; 33% e.e. (determined on its lactone derivative, HR@CDX, 10 min at
100°C, 3°C/min, 150°C);&k]p?°=-5.5 (c=0.11, MeOH)A&215=+0.4.
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4.5.6. ()-Di-i-propyl 2-hydroxypentandioated

75% Yield; IR (film) v, cnt: 3500 (OH), 1735 (COO)H NMR, &, ppm: 5.02 (quintet, 1H, CHO),
4.94 (quintet, 1H, CHO), 4.09 (m, 1H,HIOH), 2.96 (bs, 1H, OH), 2.43-2.28 (m, 2H), 2.07 (m, 1H),
1.84 (m, 1H), 1.19, 1.15 (2d, 12H, 4GH*3C NMR, §, ppm: 174.2 (s), 172.7 (s), 69.6 (d), 69.5 (d), 67.8
(d), 30.0 (1), 29.4 (1), 21.7 (4q); MS (70 eV): 144 (9), 130 (22), 103 (34), 85 (100), 57 (10), 43 (54).

(9-(-)-7d: 9% Yield; 30% e.e. (HRGCB-CDX, 15 min, 120°C, 3°C/min, 150°C);of|p?°=-1.1
(C=l.4, MeOH);A5213=+O.5.

(R)-(+)-7d: 17% Yield; 14% e.e.;]p?°>=+0.5 (c=1.3, MeOH).

4.5.7. ()-Di-n-butyl 2-hydroxypentandioatee®®

77% Yield; IR (film) v, cml: 3500 (OH), 1735 (COO)H NMR, §, ppm: 4.16 (t+m, 3H, OCH,
OCHy), 4.05 (t, 2H, OCH), 2.52-1.85 (m, 4H, Ch} CH,CO), 1.65-1.30 (m, 8H, C#J, 0.90 (t, 3H,
CHs), 0.91 (t, 3H, CH); 13C NMR, §, ppm: 174.7 (s), 173.1 (s), 69.4 (d), 65.6 (t), 64.4 (1), 30.5 (t), 30.4
(t), 29.6 (1), 29.3 (t), 19.0 (1), 18.9 (1), 13.6 (q), 13.5 (q): MS (70 eV): 261 (1, [NJH260 (0.8, [M"]),
241 (1), 187 (5), 158 (16), 131 (29), 103 (33), 86 (14), 85 (100), 57 (33), 56 (23), 41 (33), 29 (39), 28
(21), 17 (30).

(R)-(+)-7e 12% Yield; 42% e.e. (determined on its lactone derivative, HR@CDX, 150°C),
[x]p%°=+2.2 (c=0.76, MeOH).

4.5.8. Methyl 4-hydroxybutanoa8a®*3°

32% Yield: IR (film) v, cm: 3450 (OH), 1735 (COO):H NMR, §, ppm: 3.68 (s, 3H, OCk), 3.66
(t, 2H, CH0), 2.44 (t, 2H, CHCO), 1.87 (m, 2H, Ch); 13C NMR, 5, ppm: 174.3 (s), 61.8 (), 51.6 (q),
30.6 (1), 27.5 (1); MS (70 eV): 118 (1, [M]), 88 (70), 87 (100, [M—OCH]*), 85 (10), 74 (41), 68 (10),
60 (37), 59 (15), 55 (10).

4.5.9. Ethyl 4-hydroxybutanoagp®*

34% Yield: IR (film)v, crL: 3450 (OH), 1735 (COO}*H NMR, §, ppm: 4.05 (g, 2H, OCH), 3.59
(t, 2H, CHOH), 2.35 (t, 2H, CHCO), 1.8 (m, 2H, &1,CH,0OH), 1.17 (t, 3H, CH); 13C NMR, 5, ppm:
173.9 (s), 61.9 (t), 60.4 (t), 31.0 (t), 27.6 (1), 14.1 (q); MS (70 eV): 132 (2, ]M115 (1), 102 (30), 88
(60), 87 (100, [M-OET), 74 (33), 72 (13), 68 (20), 61 (18), 60 (33), 56 (13).

4.5.10. n-Propyl 4-hydroxybutanoat8c

20% Yield; IR (film) v, cn1: 3450 (OH), 1735 (COO)!H NMR, §, ppm: 3.96 (t, 2H, CHOH),
3.60 (t, 2H, CHO), 2.36 (t, 2H, CHCO), 1.84-1.53 (m, 4H), 0.86 (t, 3H, GH 13C NMR, &, ppm:
174.1 (s), 66.1 (t), 61.9 (1), 31.0 (), 27.7 (t), 21.9 (t), 10.3 (q); MS (70 eV): 129 (7, [M*DHPS8 (7,
[M-H>0]%), 101 (100), 85 (90), 73 (20), 55 (54).

4.5.11. i-Propyl 4-hydroxybutanoat8d®*

14% Yield; IR (film) v, cmt: 3450 (OH), 1735 (COO)H NMR, §, ppm: 4.99 (m, 1H, CH), 3.65 (t,
2H, CH,OH), 2.37 (t, 2H, CHCO), 2.25 (bs, 1H, OH), 1.85 (quintet, 2H, @1.21 (d, 6H, 2CH); 13C
NMR, 6, ppm: 173.5 (s), 67.8 (d), 62.0 (t), 31.4 (t), 27.7 (t), 21.7 (q); MS (70 eV): 147 (28})M31
(7), 119 (24), 116 (16), 101 (51), 89 (49), 76 (100).

4.5.12. n-Butyl 4-hydroxybutanoat8e
15% Yield; IR (film) v, cmit: 3450 (OH), 1735 (COO)'H NMR, §, ppm: 4.01 (t, 2H, CHOH),
3.60 (t, 2H, OCH), 2.36 (t, 2H, CHCO), 2.50 (bs, 1H, OH), 1.81 (quintet, 2H, @H1.54 (quintet, 2H,
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CHb), 1.30 (sextet, 2H, Cb), 0.86 (t, 3H, CH); 13C NMR, 8, ppm: 174.4 (s), 64.7 (1), 62.1 (t), 31.3 (t),
30.8 (1), 27.9 (1), 19.3 (1), 13.9 (q); MS (70 eV): 160 (0.5,[%), 87 (100, [M-BuO}), 85 (11), 74 (20),
69 (19), 60 (20), 57 (30), 56 (71), 45 (16), 43 (40), 42 (13), 41 (43).

4.5.13. Dimethyl 2-hydroxybutandioat®a3®

The title compound was purchased from Aldrich: HRGC (Carbowax, 100°C for 5 min, 3°C/min up to
200°C;B-CDX, 120°C for 20 min, 3°C/min up to 150°C) retention time 9.33 min ®R)-(+)-10a 9.85
min for (§-(-)-10a

4.5.14. Diethyl 2-hydroxybutandioafé®k?6-37

HRGC (Carbowax, 100°C for 5 min, 3°C/min up to 200RCDX, 120°C for 20 min, 3°C/min up to
150°C) retention time 16.19 min foR)-(+)-10b, 16.56 min for §)-(-)-10b; IR and*H NMR data were
in accordance with literatur®:3” 1 NMR, §, ppm: 173.3 (s), 170.4 (s), 67.2 (d), 61.4 (t), 60.9 (t), 38.6
(t), 13.7 (q); MS (70 eV): 145 (10), 117 (100), 89 (39), 71 (74).

4.5.15. Din-propyl 2-hydroxybutandioat&0c®®

Qil; IR (film) v, cnL: 3460 (OH), 1720 (COO)'H NMR, §, ppm: 4.44 (1H, dd, J4.4, 3 6.3,
CHOH), 4.09 (2H, t, J 6.8, OB,), 2.76 (2H, dd, §4.4, 3 11.4, (H,CO), 1.61 (4H, m, E,CO), 0.87
(6H, 2t, (H3); 13C NMR, 8, ppm: 173.3 (s), 170.4 (s), 67.3 (t), 67.2 (d), 66.3 (t), 38.6 (1), 21.7 (2t), 10.1
(), 10.0 (q); MS (70 eV): 159 (11), 131 (38), 117 (8), 89 (100), 71 (28).

4.5.16. Dii-propyl 2-hydroxybutandioat&0cP’¢-d

Qil; IR (film) v, cm: 3460 (OH), 1720 (COOY'H NMR, 8, ppm: 4.98 (2H, m, €(CHa),), 4.37
(1H, dd, 1 4.4, 3 5.9, (HOH), 2.72 (1H, dd, 4.4,  16.1, H,CO), 2.66 (1H, dd, 5.9, } 16.1,
CH,CO), 1.18 (12H, d, CH(83)); 13C NMR, 5, ppm: 172.8 (s), 169.8 (s), 69.6 (d), 68.3 (d), 67.2 (d),
38.9 (1), 21.4 (2q), 21.54 (q), 21.51 (q); MS (70 eV): 159 (5), 131 (18), 117 (20), 89 (100), 71 (24).

4.5.17. Methyl 3-hydroxypropanoatd a®
All spectroscopic data were in accordance with the literatifé.

4.5.18. Ethyl 3-hydroxypropanoafe b

QOil; IR (film) v, cmt: 3500 (OH), 1735 (COO):H NMR, &, ppm: 4.10 (g, 2H, O8,CHj3), 3.78 (t,
2H, CH,0H), 3.50 (bs, 1H, OH), 2.51 (t, 2H,H>C0), 1.20 (t, 3H, Ei3); 3C NMR, §, ppm: 172.0 (s),
60.7 (t), 58.1 (t), 36.7 (t), 14.0 (q). MS data were in accordance with the literiture.

4.5.19. n-Propyl 3-hydroxypropanoat&lc

QOil; IR (film) v, cm1: 3500 (OH), 1735 (COOYH NMR, §, ppm: 3.97 (t, 2H, J 6.8, Od3), 3.77 (t,
2H, J 5.8, G1,0H), 2.48 (t, 2H, J 5.8, B,C0O), 1.56 (m, 2H, El,CHs), 0.84 (t, 3H, J 7.6, B3); 1°C
NMR, 6, ppm: 172.9 (s), 66.2 (t), 58.1 (1), 36.7 (t), 21.8 (t), 10.2 (q).

4.5.20. i-Propyl 3-hydroxypropanoatg1d*

QOil; IR (film) v, cmt: 3500 (OH), 1735 (COORH NMR, §, ppm: 5.11 (m, 1H, €(CHs)2), 3.91 (t,
2H, J 5.6, G1,0H), 2.59 (t, 2H, J 5.6, B,COy), 1.30 (d, 6H, J 6.3, 283); *C NMR, §, ppm: 173.0
(s), 68.7 (d), 58.2 (1), 36.9 (t), 21.7 (q), 21.9 ().
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