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SYNTHESIS OF HOMOCHIRAL 2-HYDROXY ACIDS

This 1nvention relates to chiral synthesis; more
particularly, 1t relates to the synthesis of certain
homochiral 2-hydroxy acilids wusing 2-ox0 carboxylic acid
dehydrogenases as versatlle catalysts capable 1in many cases
of preparation of both (R) and (S) 1somers at the alpha
hydroxy group.

The synthesis of chiral 2-hydroxy acids 1is of
considerable importance, since these compounds are versatile
synthetic intermediarilies which may be converted to a variety
of compounds with retention of chirality at C-2, including
epoxides, alkyl esters, hydrazinyl esters, a-N-alkoxyamino
esters and a-amino esters. In general, reactions involving
nucleophilic substitution at the 2-position are optimally
effected wvia the corresponding 2-triflate esters which are
generated 1n situ and reacted directly with the chosen

nucleophile.

The awvailability of chiral 2-hydroxy acids and
esters possessing an additional prochiral functional group in
the side chain, offers enormous potential for the synthesis
of compounds containing two or more chiral centres. For this
purpose, the hydroxyl group or C-2 1s expected to provide an
internal control element, facilitating stereoselective
transformations of the prochiral functional group. In the
case of B,7-unsaturated compounds, expoxidation would give
access to Sharpless-type i1ntermediates, and dehydroxylation
would produce polyols which may have utility in carbohydrate
synthesis. In the case of the 4-oxo compounds,
diastereoselective ketone reduction would provide either syn-

or anti-1,3-diols, dependant on choice of conditions.

Chemistry offers, both in its more traditional forms

and i1ncreasingly via enzyme-catalysed reactions, methods with
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potential for the synthesis of the compounds of particular

iNnterest.

2-hydroxy acids and esters are valuable synthetic

5 entitles and much effort has been expended in the development
of methods for the preparation thereof in chiral form and
examples of chemical and enzymatic methods are described
below. The main limitations of the chemical procedures are
technical, since the key transformations all involve the use

10 of water-sensitive reagents at low temperature. With the

exception of enone reduction, product chirality arises in a
stoichiometric sense, either from chiral auxiliary (substrate

control), or from a bulky chiral reductant (reagent control).

15 Asymmetric reduction of 2-keto esters iJsing the
chiral borane potassium 9-0-DIPGF-9-BBNH (Brown H. C., et al,
J. Org. Chem., (1986), 51, 3396) requires a stoichiometric
quantity of the complex reducing agent and currently only
provides access to 2-hydroxy esters of (S)—absolute

20 configuration.

Hydroxylation of chiral oxazolidone enolates with

oxaziliridine oxidants (Evans, D.A., et al, J. Am. Chem Soc. ,

(1985) 10/, 4346) requires that, in order to obtain homochiral

25 2—hydroxy esters, this chromatographic resolution of the
2—hydroxy 1mide be undertaken prior to methanolysis. This
process gives poor yields in the case of hindered derivatives
(e.g. R represents Pr, Bu‘Y). The use of valine-derived
auxilliary provides a complementary route to (S)—2—hydroxy

30 esters.

Carboxylation of chiral a—alkoxycarbanions (Chan P.C.

M. & Chung J. M., Tet. Lett., (1990), 31, 1985) requires a
stolchiometric quantity of the <costly reducing agent

35 (S)—-BINAL—H and disposal of hazardous tin residues after the
transmetallation stage. The use of (R)-BINAL-H in the first

stage provides a complementary route to (R)—-2—-hydroxy acids.
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Enantioselective reduction of enones catalysed by

chiral oxazaborolidines, (Corey, E. J. & Bakshi R. K., Tet.

Lett., (1990), 31, 611) derives chirality from a catalytic
source in contrast to the above methods. The availability of

5 the optical antipode of the catalyst provides a complementary
route to the opposite enantiomeric series. A sequence of four
chemical conversions are requlred 1in order to transform
initially formed chiral alcohol to the 2-hydroxy ester with
obvious cost and yield implications.

10

The published use of enzymes found in formation of

chiral a—hydroxy acids 1includes (R)oxynitrilase and lipase

based routes.

15 (R)—oxynitrilase catalysed synthesis of chiral
cyanohydrins by hydrolysis (Zeigler, T., et al., Synthesis,
(1990), 575) gives access to (R)—2-hydroxy acids only.
A highly toxic water-free preparation of hydrogen cyanide is

requlired for the enzymatic reaction, which gives variable

20 enantioselection to as low as 74%.

Resolution of racemic 2—-hydroxy esters catalysed by

Pseudomonas flourescens lipase (Kalaritis P., et al., J. Org.

Chem., (1990), 55, 812) 1s one of many examples of enzymatic
25 Kinetic 1somer resolution. This method is inherently flawed

since yields of a particular enantiomer are limited to a

maximum of 50% from the resolutions of the unsymmetrical

substrate. In practice, the percentage conversion has to be

carefully controlled in order to achieve high optical purities
30 which further reduce the yield.

Since 1950, a number of workers have investigated

the reduction of 2-oxo carboxylic acids catalysed by S—LDH.

For these studies, enzymes 1solated from a variety of natural

35 sources have been employed, 1ncluding those obtained from

mammalian tissues (e.g. rabbit muscle and beef heart) and

bacteria (e.g. Bacilllus stearothermophilus). Although these
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enzymes exhiblt small varilations of amino acid sequences in
the periphery of the protein framework, those residues in and
around the active site, responsible for catalysis of the 2—oxo
acid/2-hydroxy acid inter-conversion, are conserved. For a
given 2-0xo0 acid, a given enzyme activity may be examined by
UV spectroscopy and quantified in terms of the Michaelis

constant, Km, and the catalytic turnover, Kcat.

The basis for this assay procedure 1s the strong
absorbance at 340nm of the reduced cofactor NADH compared to
the oxidised cofactor NAD' and the diminution of absorbance
wlth concentration of NADH. The diminution of absorbance,
which 1s directly proportional to the concentration of NADH,
may be used to estimate the rate of enzymatic reduction. This
technique 1s limited by several factors including the purity
of the enzyme, where the presence of other enzyme activities
may lead to oxidation of the NADH and the assumption that the
oxldation of NALDH activity correlates to the formation of the

expected product.

Approximately fifty 2—-oxo acids have been described

ln the literature as exhibiting measurable activity against

'S—LDH as determined by following the course of NADH oxidation.

The Kkey requirement of a chemical biocatalytic
reduction is very high isomeric purity and high chemical yield
which are unknown for most of the reactions described in the
literature and thus the utility thereof in a chemical reaction
remains to be demonstrated. For use 1n an industrial
biocatalytic reduction, further criteria must be satisfied,
such as cost effectiveness over other methods, which is
generally observed as a combination of substrate turnover by

the enzyme and its durability.
Of the fifty compounds identified, only in some

cases have preparative-scale experiments been performed, in

order to characterise the product 2-hydroxy acid and to
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establish the enantioselectivity of the reduction. For these
reactions, a catalvtic amount of NADH 1is emploved 1in

conjunction with a regenerating system, requiring a second
enzyme, usually formate dehydrogenase (FDH), which utilises

5 NAD" in the oxidation of formate ion to carbon dioxide as
described by Shaked Z. & Whitesides G.M. (J. Am. Chem. Soc
(1980), 102, 7104).

* 7

This method provides (S)—-2-hydroxy acids 1in good

10 chemical yields and high optical purities, as indicated for
the six substrates 1n Table 1 below. Entry 10 serves to
illustrate the reduction of a substrate showling reactivity

only 0.3% of that for pyruvate. This particular reaction is
limited by the requirement for the allosteric activator

15 fructose 1, 6—-bisphosphate (FBP) and takes 10.5 days to proceed

to completion. Thils compares to a typical reaction time of

1-3 days 1n other cases.

In order to obtaiﬁ 2—-hydroxy acids with (R)—absolute

20 configuration, reduction of 2-oxo acids catalysed by R-LDH has
also been investigated. Recent studies (Simon, E.S. et al., Appl.

BiLochem. Biotechnol., (1989), 22, 169 and Kim M. J. & Kim J.

K., J. Chem. Soc. Chem. Commun., (1991), 326) have focussed

on R—-LDH from Leuconostoc mesenteroides (LM—-R—LDH) and

25 Staphylococcus epidermidis (SE-R-LDH). Only nine compounds
have been shown to exhlbit measurable activity and of these

only the four compounds shown in Table 2 below have been

reduced on a preparative scale.

30 The use of 2—oxo carboxylic acid dehydrogenases as
catalysts for chiral reductions has to date been restricted
to only a limited range of 2—oxo carboxylic acid substrates.
Further compounds have been subject to certailn
spectrophotometric experiments and infer that they are reduced

35 by enzymatic acftivity. The success of these reactions is left
to interpretation not to analysis. The compounds investigated

as substrates have tended to anticipate the boundaries of
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possibility of useful reduction with 2-oxo carboxylic acid

dehydrogenases.

The direct formation of the homochiral 2-hydroxy
acid could be performed using 2-oxocarboxylic acid
dehydrogenases 1f substrate specifity was sufficiently broad
to overcome the perceived limitation of turnover rate
required for a process of anything more than academic

curiosity.

The results of enzyme activity determinations with
the present substrates were not particularly encouraging
towards the use of the enzymes on a preparative scale as the
very low turnover 0.6%-3% of the natural substrate of
pyruvate which, when obtained, was expected to compromise
the success of the chemical conversion in terms of time,

vield, enantiomeric purity and cost effectiveness.

The examination of these lactate dehydrogenase
enzymes for suitability was simply as one of the myriad of
possibilities with no particular expectation of a result
with any commercial utility, but simply to aid the design by
site-directed mutagenesis of further, more useful catalysts.
These enzymes were thus examined with no real incentive,
but, notwithstanding, 1t was found that a useful process

could be obtained from this most unpromising start.

The present invention provides a process for the
production of a homochiral 2-hydroxy carboxylic acid or salt

thereof corresponding to the following general formula:

OH

Ao

R

wherein
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R represents one of the following:

N P S

wherein

R’ represents straight- or branched-chain alkyl or
phenyl optionally para-substituted with methyl, methoxy,

nitro or amino; and

R” represents hydrogen, methyl, halogen or phenyl
optionally para-substituted with methyl, methoxy, nitro or

amino; and
M represents hydrogen or a salt-forming moiety;

characterised in that it comprises reducing a
corresponding 2-keto carboxylic acid or salt thereof using a
(R) - or (S)-2-oxo carboxylic acid dehydrogenase, the 2-keto
carboxylic acid or salt thereof and the respective
dehydrogenase being those listed below wherein “BS-S-LDH”
represents Bacillus stearothermophilus- (S)-lactate

dehydrogenase and “SE-R-LDH” represents Staphylococcus
epidermidis- (R) -lactate dehydrogenase:

ONa O |
|
/l\/“\COZNa | BS-S-1LDH
I
ONa O t

//J*Qw/JL\COZNa SE-R-LDH

e
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0
‘\\H/J\\C02Na
0

Ph
|
ONa O
~ CO5Na
ONa O

CA 02117340 2002-06-14

7a

BS-5-LDH

SE-R-LDH

BS-S~-LDH

SE-R-LDH

BS-S-LDH

SE-R-LDH
|

BS-S-LDH

BS-S-LDH

SE-R-LDH
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ONa O
/I\/“\COQNa BS-S-LDH

N—CgHi3

/?N\ai SE-R-LDH
) COoNa

n—CeHy3

| l

ONa O |
Ph/J\)J\COZNa l BS-S-LDH

l

|

|

ONa O |
’/J\\V/JL\ | SE-R-LDH

Ph X C02Na :

|

Examples of 2-hydroxy carboxylic acids or salts
thereof preferably produced by the present process are given
in Table 3 below. Generally, a (R)- or (S)-lactate
dehydrogenase, which may be obtained from Bacillus
stearothermophilus or Staphylococcus epidermidis, 1s used
for the present purposes. Such a reduction is often
effected in combination with a recycling NADH reaction.

With reference to the above-defined general formula, the
salt-forming moiety, M, may represent sodium or potassium
and/or the alkyl group, R’, may have up to 6 carbon atoms in

preferred cases.

The present invention further provides a process
for the production of a syn- or anti-syn lactone having two

chiral centres characterised in that i1t comprises the
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chemical reduction of a 4-keto derivative of a homochiral 2-
hydroxy carboxylic acid or salt thereof produced by a

process as described above

P S
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or an ester thereof.

The present invention also provides a syn- or anti-
syn lactone characterised 1n that 1t corresponds to the
following general formula:

OH

*
R’ O \\\~O

wherelin R’ 1s as defined above.

As will be appreciated from the foregoing, there
have now been identified 2-oxo carboxylic acid substrates for
enantioselective reduction using 1lactate dehydrogenases

obtained from Bacillus stearothermophilus (BS-S-LDH; Genzyme

Biochemicals) and Staphvlococcus epidermidis (SE-R-LDH; Sigma

Chemical). Reductions have been carried out on a preparative
scale to permit the isolation and characterisation of 2-
hydroxy acids and possessing either (S)- or (R)-absolute

configuration at the 2- position.

The following compounds have now been prepared by

reduction using the enzyme lactate dehydrogenase obtalned from

Bacillus stearothermophilus and additionally for some

compounds using the enzyme lactate dehydrogenase obtained from

Staphvlococcus epidermidis which produces the alternative (R)

stereochemistry.

Compounds prepared by LDH reduction.

CO,H

CO,H CO,H
‘ ~ Ph



CA2117340

WO 93/13215 PCT/GB92/02396
9
OH OH
CO,H \ CO,H
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10 O OH O OH
I P
COzH C02H
15
6 7
O OH O OH
20 s
CO,H | CO,H
25 8 9
O QH O OH
Ph CO2H Ph COZH
10 11
35
O OH
40 ll :

45 12

>0 \\\///“\\,/’ﬁ\\vx/ﬂ\\\\//’/JL\\\
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10

OH OH

|

Ph CO,H Ph CO,H

14 15

BS—S—LDH catalysed reduction of 2—-keto acids,
precursors to compounds 1, 2, 3, 6, 8, 10 and 14, has been
carried out on a preparative scale (1-15 mMol) using the
standard formate/formate dehydrogenase combination to cycle

the cofactor NADH in situ. Compounds 4, 5, 7, 9, 11, 13 and

15 were also prepared by reduction using SE-R-LDH. In each
reaction the optimum pH was maintained by periodic addition

of dilute hydrochloric acaid.

The stereoselectivity of each reduction was
determined by NMR and capilliary GC analyses of the (+)—MPTA
Mosher derivative, (Dale, J.A., et al, J. Org. Chem., (1969),

34, 2543)in comparison with a racemic standard. This 1s the
standard literature protocol for chiral analysis of 2-hydroxy
acid derivatives and is sensitive enough to detect < 0.5% of

the minor dlastereolsomer.

The Mosher derivatives were prepared by

esterification of the 2-hydroxy acid, followed by acylation
with (+)—-MTPA-C1.

For all enzymatic reductions, the substrates were
in the form of sodium or potassium salts due to improved

solubility and stability over the free acid.

The preparation of a structurally diverse range of
(S) and (R) 2-hydroxy-4-oxo acid derivatives as shown by
compounds 6 to 13 above presents opportunities for
introduction of further chirality by reduction of the
prochiral ketone function. The hydride reduction of the 4-

carbonyl groups allows the stereoselective synthesis of

1% b e um oo BT Avhs b\ il d e I =) AL Et B SR sy o WP ] S S Er b At M-l e o



A

WO 93/13215 PCT/GB92/0¥6

2117340

68268-7
substituted 2-hydroxy butyrolactones.

The result of these experiments i1llustrates that a

broad range of diketo acid salts may be readily converted to

5 any one of four diasteriomeric lactones depending on the
cholce of conditions employed for enzymatic (S or R-LDH) and

chemical (syn- cor anti-selective) reduction.

R\ wOH
10 Q
\\‘\‘.. \
Ph o o Ph' 0 0
15
Compound 16 Compound 17
2,4-dloxopentanocate, the starting material for

20 compounds 6 and 7, was prepared as the disodium salt by the
Claisen condensation of acetone and diethyl oxalate, followed
by treatment with two equivalents of agueous sodium hydroxide,
with yields of 77% and B9%, respectively.

25 The disodium salts of the dioxoacid starting
materials for compounds 8, 9, 10, 11, 12 and 13 were prepared
using a two step procedure based on the work of Meister A. and
Greenstein, J.P., (J. Biol. Chem., (1948), 175, 573), using
diethyl oxalate and the appropriate methyl ketone. Recoveries

30

were comparable to those obtained with the similar procedure

used for the synthesis of 2,4-dioxopentanoate described above.

2-oxo-4-phenyl-butanoate, the starting material for

compounds 14 and 15, (E)-2-oxo-3-pentenoate, starting material
35 for compounds 1 and 4 and 3-methyl-2-oxo-3-butenoate, the

starting material for compounds 2 and 5, were all prepared as

the sodium salts. The method employed the low temperature
addition of 1 equivalent of the appropriate Grignard reagent
to diethyl oxalate, followed by controlled hydrolysis with 1

40 equivalent of sodium hydroxide. The yields from the two stage

reactions are shown below.
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Product Yield of Ester Yield of Sodium
From Originals Salt from Ester
0O |
r | 86% 79% '
5 ; l
Ph CO,Na
|
0 r
| |
10
| ' CO,Na 53% | 52%
O
15
l ~\\T///\\\ CO,Na
20 B
—2—-0X0—4—phenyl-3—butenoate, the starting

material for compound 3, was prepared as the potassium salt
by the aldol condensation of benzaldehyde and pyruvic acid,
achieving a yield of 72%. This synthesis procedure was
25 applied to the alcohol condensation of pyruvic acid and para-

substituted benzaldehydes allowing the preparation of the

following potential substrates:

O
30

35

40

whereln X represents Me, MeO or NO,.

45 Synthesis of (E)—(S)—2-hydroxy—4—phenyl—3—butenoic acid
(Compound 3)

A solution of potassium (E) —2—0X0—4—phenyl—
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3—butencate (214mg, 1.0mmol) and sodium formate (156mg,
2.3mmol) 1n Tris buffer (5mM, pH adjusted to 6.0 with 2M HC];
50ml) was deoxygenated by bubbling through nitrogen for
30 minutes. NADH (14mg, 0.02mMol), dithiothreitol (5ul of a
1M aqueous solution), formate dehydrogenase (10mg, 5U) and

S—lactate dehydrogenase (Bacillus stearothermophilus, Genzyme;

5mg lyophilisec powder = 0.7mg protein, 300U) were added
successively to the solution at room temperature under

nitrogen.

The mixture was stirred under nitrogen for 47 hours,
with periodic addition of dilute HC1l (0.2M, 3.4ml) from a
burette to maintain the pH i1in the range 6.0 - 6.2. After
acidification to pH 2 and saturation with sodium chloride, the
mixture was flltered under gravity. The filtrate was subject
to a normal ethyl acetate (4 x 50ml) work-up with brine (50ml)
wash to afford the title compound (3) as an amorphous white
solid (151mg, 85%). Thils material was pure by lH-NMR; re-
crystallisation from ether/ethyl acetate provided an
analytically pure white solid, m.p. 135-6°C, [a]2’ = +91.0°
(c = 1.875, MeOH) 6 (270 MHz, d-acetone) 7.49-7.44 and 7.38-
7.22 (5H, 2m, Ph), 6.84 (1H, dd, J 1.6 and 15.9 Hz, C-4-H),
6.43 (1H, dd4, J 5.5 and 15.9 Hz C-3-H) and 4.86 (1H, dd, J 1.6
and 5.5 Hz, C-2-H). '

NMR analysis of the Mosher derivative indicated a
mixture of diastereoilsomers 1n a ratio of 100:1, corresponding
to an enantiomeric excess(ee) of 298% for (S)—2-hydroxy—4-

phenyl—-3—-butenoilic acid.

Substitution of (E)-2-oxo-4-phenyl-3-butenoate by
analogue molecules with para-substitutions demonstrated enzyme

reduction with Me, MeO and NO,.
With Me and MeO substitution, complete conversion

was obtained after 36 hours and 48 hours, respectively, with

isolated yields of 38% and 25%. Analysis of the reaction was
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performed by lH-NMR demonstrating the wviability of the

cubstrates.

Synthesis of (S)-(E)-2-hydroxy-3-pentenoic acid

(Compound 1)

(S)-lactate dehydrogenase from Baclllus

stearothermophilus (Genzyme, lyophillised powder; 2000U) and
formate dehydrogenase (Boehringer; 5U) were added to a
deoxygenated solution of sodium (E)-2-oxo-3-pentenoate (136
mg, 1.0mmol) in Tris-HC1l buffer (5mM pH6; 20 ml) contalning
sodium formate (82 mg, 1.2mM), NADH (7 mg, 0.01lmM) and
dithiothreitol (0.002mM) .

The mixture was stirred at room temperature for 48
hours, with periodic addition of 0.2M HCl (3.4 ml) to maintain
a pH of 6.0 - 6.2. Acidification to pH2, followed by
saturation with salt, filtration, and ethyl acetate (3 X 20
ml) work-up with brine (20 ml) wash gave the product 2-hydroxy
acid as a spectroscopically pure colourless o1l (114 mg, 98%).
§ (270 MHz, dg-acetone) 6.03-5.89 (1H, m, C-4-H), 5.58 (1H,
ddg, J 1.5, 6.2 and 15.2 Hz, C-3-H), 4.71-4.67 (1H, m inc. °J
6.2 Hz, C-2), 1.78-1.74 (3H, m inc. °J 6.6 Hz, C-4-H;).

lH-NMR analysis of the Mosher derivative of the
correspondilng methyl ester indicated a mixture of
diastereoisomers in a ratio of 98.5:1.5, corresponding to an

enantiomeric excess of >97% for the title compound.

Synthesis of (R)-(E)=-2-hydroxy-3-pentenoilc acid
(Compound 4)

Using the general method above for Compound 1, with

the substitution of S-LDH by R-LDH from Staphylococcus

epidermidis (1000 units, 62 mg), the pH of the reaction was

maintained at 7.5. The title compound was produced 1in the

reaction at 100% and gave an 1identical NMR sepctrum to
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compound 1. The isolated yield was 92%. <‘H-NMR analysis of
the corresponding Mosher derivative i1ndicated an enantionmeric
excess of 2>98% for the title compound. The result was

confirmed using capilillary GC measurements.

Synthesis of (S)-2-hydroxy-3-methyl-3-butenoic acid

(Compound 2)

(S)-lactate dehydrogenase from Bacillus

stearothermophilus (Genzyme, lyophilised powder; 1200U) and

formate dehydrogenase (Boehringer; 5U) were added to a
deoxygenated solution of sodium 3-methyl-2-oxo-butenocate (136
mg, 1lmmol) 1n Tris-HCl buffer (5mM; pH6; 67 ml) containing
sodium formate (190 mg, 2.8mmol), NADH (14 mg, 0.02mmol) and
dithiothreitol (0.007mmol). The mixture was stirred at room
temperature under nitrogen for 76 hours, with periodic
addition of 0.2M HCl (3.0 ml) to maintain a pH of 6.0 - 6.2.
Acidification to pH2, followed by saturation with salt,
filtration, and ethyl acetate (5 x 20 ml) work-up with a brine
(20 ml) wash gave the product 2-hydroxy acid as a
spectroscopically pure white solid, (76 mg, 66%). 6 5.21-5.20
(1H, m, 1H of C=CH,), 5.11-5.10 (1H, m, 1H of C=CH,), 4.69
(1H, brs, C=-2-H), 1.82-1.81 (1H, m, C-3-CH,).

lH-NMR analysis of the Mosher derivative of the
corresponding methyl ester indicated a mixture of
diastereoisomers in a ratio of 200:1, corresponding to an

enatiomeric excess of > 99% for the title compound.

Synthesis of (R)-2-hydroxy-3-methyl-3-butenoic acid
(Compound 5)

Using the general method above for Compound 2, with

the substitution of S-LDH by R-LDH from Staphvlococcus

epidermidis (1000 units, 62 mg), pH of the reaction was

maintained at 7.5. The title compound was produced in the

reaction at 65% yleld and gave an identical NMR spectrum to

TR ORAL AL KO EHATIMMA D M ] Mgl SAA et A0 A b A L G SR e A SR LR T ST Ll W (CATALLMAAMAIME LG 1 o SR ROMIRR AR o AT S e dme s s Lttt tt e B biee skt e LB B o3 o AR D AT S TAANAR 4\ ML+ e s KA 3t AN LA < D 7 P AR bR ey | A AR I TE e PAT (R b A s M i fefe selee mmr et ke e hhee & e 1d e em e idepeead § e e et et 810 es 8rE Y Al s



CAZ11/7540

WO 93/13215 PCT/GB92/02396

16

compound 2. lH-NMR analysis of the corresponding Mosher
derivatives indicated an enantiomeric excess of >99% for the

title compound. This result was confirmed using capillary GC

measurement.
5
Synthesis of (S)-—methyl 2-hydroxy-4-oxo pentanoate
(Compound 6)
A solution of the dlisodium salt of
10 2 —4—dioxopentanoic acid (2.61g, 5mmol) and sodium formate
(1.53g, 22.5mmol) in Tris buffer (5mM pH adjusted to 6.0 with
2M HCl:; 100ml) was de-oxygenated by bubbling through nitrogen
for 30 minutes. NADH (106mg, 0.15 mmol), dithiothreitol (1ul
of a 1M aqueous solution), formate dehydrogenase (75mg, 37.5U)
15 and S—lactate dehydrogenase (Bacillus stearothermophilus,

Genzyme; 25mg lyophilised powder = 3.5mg proteln, 1500U) were
added successively to the solution at room temperature under
nitrogen. The mixture was stirred under nitrogen for 72
hours, with periodic addition of HC1 (0.5M; 19ml) from a
20 burette to maintain the pH 1n the range 6.0 - 6.2. After
acidification to pH2, water was removed by rotary'evaporation
at 40°C, followed by evaporation to 0.5mm Hg (~0.65 mbar).
The residue was treated directly with anhydrous methanol
(75ml), trimethyl orthoformate (75ml) and p—toluene sulphonic
25 acid (0.57g, 3mmol). After stirring for 3 hours, a solution
of sodium bicarbonate (0.50g, 6mM) 1n water (2ml) was added
to quench the reaction. Stirring was continued for 15
minutes. then the mixture was dried (MgSO,) and filtered
through a pad of Celite, washing through with ethyl acetate
30 (75ml) .

After concentration of the filtrate 1n vacuo, the

residue was triturated with ethyl acetate (60ml) and the
mixture filtered through a pad of silica gel (Merck 9385),
35 washing through with ethyl acetate (3 x 20ml). The filtrate
was concentrated to leave an amber o011 (1.679g), lH-NMR

analysis of which indicated a mixture of the title compound
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and the corresponding dimethyl acetal 1n a ratio of ca. 1:5.
The 011 was treated directly with acetone (Aldrich HPLC grade;
80ml) and pyridinium p-—toluene sulphonate (50mg, 0.2mmol).
After stirring for an hour, aqueous bicarbonate (0.5ml) was

added to guench the reaction.

After drying (MgSO,), filtration and concentration
of the filtrate 1n vacuo, column chromatography (petrol/ethyl
acetate, 1:1) gave the title compound as a pale vyellow oil
(1.07g, 49%). & (270 MHz, CDCl,) 4.41 (1H, dd, J 4.2 and 6.2
Hz, C-2-H), 3.68 (3H, s, CO,CH;), 2.94-2.77 (2H, m, C-3-H,),
2.11 (3H, s, C-5-H;).

lH-NMR analysis of the corresponding Mosher
derivative 1indicated that homochiral (299% ee) product had

been obtained with an [0]24 value of -11.6° (c=3.35, Me,CO).

!

Synthesis of (R)—methyl 2 hyvdroxy—4—oxopentanocate
(Compound 7)

A solution of the disodium salt of
2,4—d1oxopentanolc acid (0.52g, 3mmol) and sodium formate
(0.24g, 3.5mmol) in Tris buffer (5mM; pH corrected to 7.5 with
2M HC1l; 20ml) was de-oxygenated by bubbling through nitrogen
for 30 minutes. NADH (28mg, 0.04mmol), dithiothreitol (2ml
of a 1M aqueous solution), formate dehydrogenase (20U) and
R—lactate dehydrogenase (Staphylococcus epidermidis, Sigma,
500U) were added successively at room temperature under
nitrogen. The mixture was stirred under nitrogen for 69
hours, with periodic addition of dilute HCl (0.5M; 2.6ml) from
a burette to maintain the pH i1n the range 6.0 - 6.2. After
acidification to pH2, water was removed by rotary evaporation
at 40°C, followed by evacuation to 0.5mm Hg (~0.65 mbar). The
residue was sukject to methanolysis using methanol (15ml),
trimethylorthoformate (15ml) and TsOH (100mg, 0.53 mmol) over
5.5 hours. The mixture was concentrated under a stream of

nitrogen and transacetylated with PPTS (10mg) and acetone
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(20ml) over 1.5 hours. The title compound was obtalned as
pale yellow oil (0.23g, 53%), having 1dentical spectroscopic
propertlies to the (S})—enantiomer (compound ©6). lH-NMR
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analysis of the corresponding Mosher derivative 1ndicated that
homochiral (>.99% ee) product had been obtained wlth an [a]24

D
of +11.3° (c=2.2, Me,CO).

Synthesis of (S)-2-hydroxy-5-methyl-4-oxohexanoic acid

(Compound 8)

A solution of disodium salt of dimethyl 2,4-
dioxopentanoic acid (404mg, 2mmol) and sodium formate (320mg,
4.6mmol) in Tris-buffer (5mM, pH adjusted to 6.0 with 2M HCl)

was de-oxygenated by bubbling through nitrogen for 30 minutes.

NAD (2 mole %), dithiothreitol (10pul of a 1M aqueous
solution), formate dehydrogenase (100) and S-lactate

dehydrogenase (Bacillus stearothermophilus, Genzyme, 600U)

were added to the solution at room temperature under nitrogen.
The mixture was stirred under nitrogen for 60 hours, with
periodic addition of HC1 (0.5 M, 2.6ml) from a burette to
maintain the pH 1in the range 6.0 - 6.2. After complete
reduction was observed, the reaction mixture was acidified to
pH 2.0 and saturated with sodium chloride, the mixture was
subject to normal ethyl acetate extraction and brine wash.
The title compound was 1isolated as a white solid at 72%
recovery (0.23g) § (270 MHz, d.-acetone) 4.53 (1H, dd, J 5.3
and 6.2 Hz, C-2-H), 2.98-2.85 (2H, m, C-3-H,), 2.67 (1H,
septet, J 7.0 Hz, C-5-H), 1.06 (6H,d, J 7.0 Hz, C-5-Me,). The
melting point of the title compound was 66-68°C with an [a]é‘4
value (c=2.24, Me,CO) of -14.8° H'-NMR analysis of the
corresponding Mosher derivative 1indicated on enantiomeric

excess of > 99% for the title compound.

Synthesis of (R)-2-hydroxy-5-methyl-4-oxohexanoic acid
(Compound 9)

Using the general method above for compound 8 with
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the substitution of S LDH by R LDH from Staphvlococcus
epidermidis (50C units, 25 mg), the pH of the reaction was

maintalned at 7.5 over the 60 hour reaction. The title
compound was recovered following ethyl acetate extraction, as
a white solid at 75% yield (0.24g) having identical
spectroscopilc properties to the (S)-enantiomer (compound 8).
The title compound gave a melting point of 67-68°C and an
[a]éfvalue of (c=2.08, Me,CO) 14.2°. 'H-NMR analysis of the
corresponding Mosher derivative i1indicated an enantiomeric

excess of >99% for the title compound.

Synthesis of (S)-2-hydroxy-4-oxo-4-phenvylbutanoic acid
(Compound 10)

Using the general method for compound 8, with
phenyl-2,4-dioxopentanoic acid (472mg, 2mmol) and S-lactate
dehydrogenase (Bacillus stearothermophilus, Genzyme, 300

units, 5mg) at pH6, complete reduction was observed after 44
hours. The title compound was recovered as a white solid at
69% yield (0.27g). § (270 MHz, d,—-acetone) 8.06-8.02 (2H, m,
Ar), 7.68-7.62 (1H, m, Ar), 7.57-7.51 (2H, m, Ar), 4.73 (1H,
m, C-2-H), 3.50 (2H, d, J 5.3 Hz, C-3-H,). Analysis of the

124
D
value (c=2.08, Me,CO0) of =-1.6° 1H-NMR analysis of the

corresponding Mosher derivative indicated an enatiomeric

material obtalned a melting point of 132-134°C and an [a]

excess of >99% for the title compound.

Synthesis of (R)-2-hydroxy-4-oxo-4-phenvlbutanoic acid
(Compound 11)

Using the general method for compound 8, with the
substitution of S-LDH by R~-LDH from Staphylococcus epidermidis
(500 units, 25mg) , phenyl-2,4-dioxopentanoic acid
(472mg,2.0mmol), complete reduction was observed in 43 hours,
while maintaining the pH at 7.5. The title compound was
recovered, follcwling ethyl acetate extraction, as a white
solid at 52% yield (0.20g) having identical spectroscopic

properties to the (S)-enantiomer (compound 10). The title
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compound gave a melting point of 123-131 °C and an [a]24 value
(c=2.58, Me,CO) of 1.5°. lH-NMR analysis of the corresponding
Mosher derivative indicated an enantiomeric excess of > 96%

ee for the title compound.

Ssynthesis of (S)-2-hydroxy-4-oxodecanolc acid
(Compound 12)

Using the general method for compound 8 with 2,4~
dioxodecanoic acid (0.97qg, 4 .0mmol) and S-lactate

dehydrogenase (Bacillus stearothermophilus, Genzyme, 600

units) with formate dehydrogenase (10 units), complete
reduction was obtained in 55 hours. The title compound was
obtained as a white solid at 72% yield (0.58g) § (270 Mhz, dg-
acetone) 4.55 (1H, dd, J 4.6 and 6.9 Hz, C-2-H), 2.96-2.7/9
(2H, m, C-3-H,), 2.53-2.48 (2H, m, C-5-H,), 1.57-1.49 (2H, m,
c-6-H,), 1.34-1.17 (6H, m, C-7,8,9-H,), 0.88 (3H, t, J 6.6 Hz,
C-10-H,). Analysis of the product revealed a melting point
of 69-70°C and an [a]24 value of -9.3° (c=2.39, acetone). 1H-
NMR analysis of the corresponding Mosher derivative indicated

an enantiomeric excess of >99% for the title compound.

Synthesis of (R)-2-hydroxy-4-oxodecanoic acid

(Compound 13)

Using the general method for compound 8 with the
substitution of S-LDH by R-LDH from Staphylococcus epidermidis

(250 units), 2,4-dioxodecanolc acid (0.244qg, 1.0mmol),
complete reduction was obtained in 48 hours, while maintaining
a pH of 7.5. The title compound was recovered following ethyl
acetate extraction, at 65% vyield (0.13g) having 1identical
spectroscopic properties to the (S)-enantiomer (compound 12).
Analysis of the product revealed a melting poilnt of 69-71°C
and an [0]24 value of 9.4° (c=2.05, acetone). lH~NMR analysis
of the corresponding Mosher derivative 1ndicated an

enantiomeric excess of > 99% ee for the title compound.

h—
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Synthesis of (S)—2—-hydroxy—4—phenyl butanoic acid
(Compound 14)

A solution of sodium 2—oxo—4—phenyl butanoate (2.0g,
10mmol) and sodium formate (0.82g, 12mmol) in Tris buffer
(5mM; pH adjusted to 6.0 with 2M HCl; 250ml) was deoxygenated
by bubbling through nitrogen for 30 minutes. NADH (0.35q,
0.5mmol), dithiothreitol (251 of a 1M aqueous solution),
formate dehydrogenase from yeast (Boehringer, 50mg, 33U) and

S—lactate dehydrogenase from Bacillus stearothermophilus,

(Genzyme, 96mg lyphilised powder = 13mg protein, 5600U) were
added successively to the solution at room temperature under
nitrogen. The nmixture was stirred gently under nitrogen at
35-40°C for 94 hours, with periodic addition of dilute HC1l to
maintain pH in the range of 6.0 - 6.2. After acidification
to pH3 and saturation with sodium chloride, the mixture was
subjected to normal ethyl acetate (3 x 200ml) work-up with a
brine wash (200ml) to leave a white solid (1.7g, 94% recovery
with residual starting material <10%). Recrystallisation from
tetrachloromethane gave (S)—2-hydroxy—4—phenyl butanoic acid
as an amorphous white solid (1.40g, 77%). & (270 MHz, CDC15),
/7.32-7.17 (5H, m, Ph), 4.27 (1H, dd, J 3.9 and 8.0 Hz, C-2-H),
2.83-2.74 (2H, m, C-4-H,) and 2.25-1.95 (2H, m, C-3-H,). The
title compound gave a melting point of 111.5 - 114°C and an
[a]?; value (c=2.02, EtOH) of 8.3°.

lH-NMR and CGC analysis of the Mosher derivative of
the corresponding methyl ester indicated that homochiral (>99%

ee) product had been obtained.

Synthesis of (R)—2-hydroxy—4—phenyl butanoic acid
(Compound 15)

A solution of sodium 2—-oxo—4—phenyl butanoate
(60lmg, 3.0mmol) and sodium formate (0.34g, 5mmol) in Tris
buffer (5mM; pH adjusted to 7.5 with 2M HCl), NADH (43mg,
0.06mM), dithiothreitol (7.5ul of a 1M aqueous solution),
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formate dehydrogenase from yeast (Boehringer; 20mg, 10U) and

R—lactate dehydrogenase from StaphyloCoccus epldermidls

(Sigma; 31mg, 500U) were added successively to the solution
at room temperature under nitrogen. The mixture was stirred
under nitrogen for 77 hours, with periodic addition of dilute
HCl (0.5m; 3.9ml) to maintain the pH in the range of 7.4 -
7.6. After acidification to pH2 and saturation with sodium
chloride, the mixture was filtered under gravity. The
filtrate was subjected to a normal ethyl acetate (4 x 70ml)

work-up with brine wash (70m1l) to afford

(R)—2—hydroxy—4—phenyl butanoic acid (7) as an amorphous white

solid (513mg, 95%) having identical spectroscoplc properties

to the (S)-enantiomer (compound 14). The title compound gave
a melting point of 113-115°C and an [oz]g2 value (c=2.21, EtOH)
of -8.4°. lH-NMR and capillary GC analysis of the Mosher

derivative of the corresponding methyl ether indicated that

homochiral (>99% ee) product had been obtained.

Synthesis of diasterioisomeric phenyl lactones
(Compounds 16 and 17)

The investigation of the synthetic utility of the
4-oxo compounds (as illustrated by those described here as
compounds 6 - 11) was exemplified with the hydride reduction
of compound 10, (S)-2-hydroxy-4-oxo-4-phenylbutanoic acid and

the corresponding methyl ester.

The following scheme illustrates the three reduction
routes used and the ratio of compounds 16 and 17 obtained

along with the overall yield.

10 16 17

Ph CO,H
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Reduction conditions Relative proportions Overall
Yield
(a) NaBH,/NaOH/H,O 2 3 79%
5 (b) 3eq DIBAL-H/THF -78°C 50 : 1 65%
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methyl ester of compound 10
(c) i) Me, N' (AcO), BH~
AcCOH/MeCN-20°C 1 : 6 . 90%
ii) NaOH/H,O

Reagent (a) using sodium borochydride in aqueous
alkali, followed by acidification to pH2 and extraction,
produced a mixture of both diastereoisometric lactone
compounds 16 and 17. These compounds were separated by column
chromatography and the following spectroscopic data

determined.

Spectroscopic data: 16 Vmax (film) 3422 br and 1776
cm™t; § ((CD3),CO) 7.42-7.34 (5H, m,Ph), 5.72-5.68 (1H, m, C-
4-H), 5.25 (1H, d, J 4.8 Hz, O-H), 4.57-4.50 (1H, m, C-2-H),
2.67-2.46 (2H, m, C-3-3H,); 6. 176.3 (C-1), 140.2, 128.9,
128.4, 125.7 (Ph), 78.9, 67.4 (C-2 and C-4) and 39.2 (C-3);
m/z 178 (M";6%), 134 (89%), 105 (39%) and 92 (100%), 17 Vmax
(Nujol) 3369 br and 1762 cm™*; & ((CD;),CO) 7.45 — 7.35 (5H,
m, Ph), 5.43 (1H, dd, J 5.4 and 10.9 Hz, C-4-H), 5.12 (1H, d,
J 5.5 Hz), 4.78 (1H, ddd, J 5.5, 8.1 and 11.2 Hz), 3.01 (1H,
ddd, J 5.3, 8.1 and 12.3 Hz, C-3-H) and 2.18-2.05 (1H, m, C-3-
H); 8. 176.45, (C-1), 139.5, 128.8, 128.7, 126.1 (Ph), 76.8,

68.7 (C-2 and C-4) and 40.15 (C-3): m/z 178 (M¥;12%), 134
(68%) and 92 (100%).

The assignment of relative steriochemistry to these
products was made on the basis of lH-NMR measurements, 1n
particular an N.O.E enhancement of 4% between the C-2 methine
hydrogen and aromatic signals of compound 16 which was absent

from the spectrum of compound 17.
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Excellent syn selectivity was observed for the

diastereoselective reduction of RB-hydroxy ketone derivatives

using reagent (b) and achieving directly in the reaction 98%

vield of the required 1somer.

The use of the methyl ester allowed reversal of this
selectivity when combined with reagent (c) prior to sequential
treatment with agqueous alkall and dilute acid to effect ester
hydrolysis and lactonisation. Yield of compound 17 by this

10 process was 86% pure compared to the opposite enantlomers

compound 16 directly in the reaction.

......
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Table 1: Preparative scale reductions of 2-oxo acids using S-LDH

~

Substrate

PCT/GB92/02396

25

S-LDH Chemical Optical
Source Yield % Purity %ee Reference
—
O | |
RM | 52 >97 1

NADH regenerated using glucose-6-phosphate and glucose-

|

6-phosphate dehydrogenase.

FBP included 1n reaction mixture
RM = Rabbit Muscle
= Bacillus stearothermophilus
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Table 2: Preparative scale reductios of 2-oxo acids using R~LDH
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CO,H
O

R—-LDH Chemical Optical
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Kim M J & Kim J Y
J. Chem. Soc. Chem. Commun. (1991),
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Table 3: Preparative scale reductions of present LDH substrates

Chemical Optical
Yield % Purity %ee

Substrate Enzyme
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BS-5-LDH

SE-R-LDH

BS-S~LDH

SE-R-LDH

BS-5-LDH

SE-R-LDH

BS-S-1.DH

SE-R-LDH

B5-S-1LDH

BS-5-LDH

SE-R-LDH

BS5-5-LDH
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ettt e — —]
5 ONa O
/L\ m\\. SE-R-LDH 65 ~99
r J_,// \//j
ONa O
10 | //l\\\///k\ BS-S-LDH 69 >99
| N
| Ph \\\‘ CO,Na
ONa O
SE-R-LDH 52 ' >96
15 AN '
it Ph CO,Na

a) after derivation of acid to methyl ester.
20
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Table 4:

lH-NMR chemical shifts

prepared from compounds 1-15

R CO,H

1,2,3,6,8,10,12,14

OH

PN .
R CO,H

4,5,7,9,11,13,15
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OMe
Ph

CF,

(§) of

PCT/GB92/02396

(R) -~ Mosher derivatives

OMTPA R,S-diastereoilisomer

>HH

R

CO,Me

OMTPA R,R-diastereolsomer

Y

N

-yl aaE lvwa

COzMe
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2-hydroxy acid derivatives

OH

//J CO,H

R
NN

CO,H

0 OH
NN

O OH
/\/*\
Ph

CO,H

O

OH
v \/‘\

‘ P CO,H

CO,H

|
r\/\/-\/\/\

PCT/GB92/02396
30
___""_____1_1__—..—_-—._—
lH—NMR chemical shifts
(270 MHz, CDCl.)
CO,Me® CF,C-0-Me*
R,S lrm&z | R, 5 lR,R
3.76 3.79 3.55 3.65
1,4
3.77 3.81 3.56 3.66
2 5
3.78 3.82P | 3.60 3.70
3
| 3.75 3.80 3.54 | 3.64
6,7
3.75 3.79 3.52 3.64
8 9
I3.78 3.83 3.53 3.64
lO,llI
OH 3.75 3.79 3.52 3.64
|
CO,H 12,13
‘ 3.71 3.74 | 3.59 3.68

14,15 |

A A PAL RS ATANAIP -La Ml el b aairdafant uirt P8 LM NGRS, L, ol ) M v re .o



H il &

CA2117540

PCT/GB92/02396

WO 93/13215 i
B %
a Correlation of chemical shifts with absolute configuration at

C-2: 1n all cases the signal for the R,R-diastereoisomer appears
downfield relative to that for the R,S-diastereolsoner.

5 o Measured from NMR spectrum of racemic standard.
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CLAIMS:

1. A process for the production of a homochiral 2-
hydroxy carboxylic acid or salt thereof corresponding to the

following general formula:

OH

o

wherein

R represents one of the following:

0 _
| N
R )\ R" ~

wherein

R’ represents straight- or branched-chain alkyl or
prhenyl optionally para-substituted with methyl, methoxy,

nitro or amino; and

R” represents hydrogen, methyl, halogen or phenyl
optionally para-substituted with methyl, methoxy, nitro or

amino; and
M represents hydrogen or a salt-forming moiety;

characterised in that it comprises reducing a
corresponding 2-keto carboxylic acid or salt thereof using a
(R) - or (S)-2-oxo carboxylic acid dehydrogenase, the 2-keto
carboxylic acid or salt thereof and the respective
dehydrogenase being those listed below wherein "“BS-S-LDH”
represents Bacillus stearothermophilus- (S)-lactate
dehydrogenase and “SE-R-LDH” represents Staphylococcus
epidermidis- (R) -lactate dehydrogenase:
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ONa O
)\/[LCOZNa

ONa O
)\)J\cozm

| 0
Ph/\)kcozNa
0
Ph/\)J\COZNa

0
’//ﬂ/ﬂ\\C02Na

0

| //ﬂ\\COZNa
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BS-S-LDH
|
|

SE-R-LDH

BS-S-LDH

SE-R-LDH

BS-S-LDH

SE-R-LDH

|
| BS-S-LDH
|

SE-R-LDH

BS-S-LDH

BS-5S-LDH
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CO>Na SE-~R-LDH
//J\\w/JL\ BS-S-LDH
ey TCoaNa
ONa O
///Lks//l\~ | SE-R-LDH
D“C6H13 COzNa |

CO,Na

ONa O
M | SE-R-LDH
Ph™

CO,Na

e e e e - e i B e i R il W eyl

2. A process as claimed in claim 1 wherein the

reduction 1s effected in combination with a recycling NADH

reaction.

SMART & BIGGAR
OTTAWA, CANADA

PATENT AGENTS
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