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Abstract; enantiomer are describ&€dLate in the resolution process,
Enantiomerically pure 4-methylthio- and 4-methylsulfonyl- an elegant solution is described for the amino doby
substituted (2S 3R)-3-phenylserines are prepared by enzymatic ~ Giordanoet al.f who developed a process based on the
resolution of the corresponding racemicthreo amides using the inversion of both chiral centers of $29-3 yielding the
amidase from Ochrobactrum anthropi NCIMB 40321. The required (R,2R) enantiomer. More recently, researchers at

unwanted (2R,3S) enantiomers of the amides are separated from  Celgene described the use of an aldolase to promote the retro-
the enantiopure amino acids and easily racemized after Schiff ~ aldol reaction of the (R,3S) enantiomer of racemilreo-

base formation with the corresponding 4-(methylthio)- and 3-[4-(methylthio)phenyl]serined], leaving the desired &3R)
4-(methylsulfonyl)benzaldehyde. The racemization can be  enantiomer oft.” Other enzymatic resolution processes are
combined with the preparation of the racemic amides by aldol described by Clarlet al. in which additional reaction steps

reaction under crystallization conditions to yield only thethreo are necessafy? Various asymmetric syntheses for florfeni-
isomers. Enantiopure (5,3R)-3-[4-(methylthio)phenyl]serine col and thiamphenic#! and synthesis from chlorampheni-
and (2S,3R)-3-[4-(methylsulfonyl)phenyl]serine are thus ob-  col*! have been described, but most of these methods lack
tained in 78% and 62% overall yields starting from the practical applicability on a large scale.
corresponding substituted benzaldehydes. & 3R)-3-[4-(Meth-
ylthio)phenyl]serine is reduced to (R,2R)-2-amino-1-[4-(meth- o OH
ylthio)phenyl]propane-1,3-diol with NaBH4/H,SO, and can be X COLatts
used for the synthesis of thiamphenicol and florfenicol. Qé HN.__CHCl, Q NH,

HC™ o \ﬂ; H,C S, )

. = OH) : thiamphenicol
Introduction 1b (X=F ) : florfenicol

For nearly half a century thiamphenicald), a fully

. ) OH
synthetic analogue of chloramphenicol, has been known for o COMH
its antibacterial activity against Gram-positive and Gram- /©)\|Aor4 /@J\r 2
negative bacterid. A more recently developed analogue is HCS NH, H,CS NHz

3 4

florfenicol (1b)? Currently thiamphenicol is produced in

amounts of approximately 100 tons per year and used as a

human and veterinary antibiotic. Since only thdR¢R) In developing an economically attractive process we
enantiomer is active, early syntheses were developed inargued that only resolution processes with an easy racem-

which the enantiomerically pure compound was obtained by (4) (a) Long, L. M. US pat, 2,767.213, 1956 (to Parke, Davis & Co.). (b) Portell,

resolution. In practice two routes are used for the resolu- M.; Renzi, G.Ann. Chim1969 59, 306. (c) Portelli, M.; Renzi, G.; Soranzo,
tion: classical resolution of thareo-3-[4-(methylsulfonyl)- E. Ann.ph.g.léﬂo,?_ct), :’LGIO.d(d)tCOlllJp(Ii L”._; c;-uc/irdﬁnoé r::.I;dLoi?goGnu, ’\/IA.;
. . . . . anossian, S. irality in industry Ii; Collins, A. N., eldrake, G. N.,
phenyl]se“ne ethyl eSteEX using te}rtarlc aC|d_ as_a resolvmg Crosby, J., Eds.; J. Wiley and Sons: Chichester, UK, 1997; pp-363.
agent and resolution by preferential crystallizationtbfeo- (5) (a) Giordano, C.; Cavicchioli, S.; Levi, S.; Villa, Metrahedron Lett1988

—aminn.1_[A- ; 1 2_di _ 29, 5561. (b) Yan, G.; Hu, ZZhongguo Yiyao Gongye Zazh992,23,
2-amino-1-[4-(methylthio)phenyl]propane-1,3-dig).¢ How: 433 Chenm. Abstr1993, 116, 498450,

ever, as a consequence of both resolution methods the (6) Giordano, C.; Cavicchioli, S.; Levi, S.; Villa, M. Org. Chem1991,56,
undesired enantiomer remains as waste, though for both _ 6114. , _

hods labori izati t Is for th desired (7) (a) Zeitlin, A. L.; Raju, M. S.; Sterling, D. I. Eur. pat. Appl. 507,153, 1992
methods laborious racamization protocols for the undesire (to Celgene). See also: (b) Herbert, R. B.; Wilkinson, B.; Ellames, G. J,;
Kunec, E. K.J. Chem. Soc., Chem. Commu®893, 205.

T DSM Research. (8) Clark, J. E.; Schumacher, D. P.; Walker, D. PTC Int. Appl. WO 91/00923,
*DSM Fine Chemicals. 1991 (to Schering).
(1) (a) Cutler, R. A,; Stenger, R. J.; Suter, C. M. Am. Chem. S0d.952,74, (9) Clark, J. E.; Fischer, P. A.; Schumacher, D.Synthesis1991, 891.

5475. (b) Yunis, A. AAnnu. Rev. Pharmacol. Toxicdl988, 28 83. (10) (a) Davis, F. A.; Zhou, Pletrahedron Lett1994,35, 7525. (b) Wu, G.-Z.;
(2) (@) Tyson, RChem. Ind. (London} 988, 118. (b) Nagabhushan, T. L. Eur Tormos, W. I. PTC Int. Appl. WO 94/14764, 1994 (to Schering). (c) Wu,
pat. Appl. 14,437, 1980, and U.S. pat. 4,235,892, 1980 (to Schering). G-Z.; Schumacher, D. P.; Tormos, W.; Clark, J. E.; Murphy, BJLOrg.

(3) See, for examplePharmaceutical Chemistry. Vol. 1: Drug Synthe&isth, Chem.1997,62, 2996. (d) Gennari, C.; Vulpetti, A.; Pain, Getrahedron
H. J., Kleeman, A., Eds.; Ellis Horwood Ltd.: Chichester, UK, 1988; pp 1997,53, 5909.
63—66. (b) Akiyama, H. N.; Tobiki, H. T.; Mitani, T. N.; Yasuharu, |.; (11) Tanaka, K.; Yagi, H.; Mitsuda, Y. Eur. Pat. Appl. 323,846, 1989 (to Nippon
Susuki, H. T. Ger. pat. 1,938,513, 1971 (to Sumitomo Chem. Co. Ltd.). Zeon).
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Scheme 1
R Rz amidase R .-Re Ra R
HQN>§‘/NH2 _ H2N>}}/OH + H2N>w]/NH2
O O 0]
R1 = alkyl, aryl, etc. L-acid D-amide
R2 = H, CH3
Scheme 22
s 5
a
>
NHAc O\\ NHACc
1S o
5 6

a(a) CHSOLCI, Lewis acid (5 equiv), CkCl, (Lewis acid: AICE, FeC},
ZnCly, or TiCly).

ization of the unwanted isomer or asymmetric syntheses
would yield a viable process. For resolution processes it is
preferred to perform this step as early as possible in the

Scheme 32
OH o)
COCH  ap /©)‘\(coecm
—_—
NH HN.___CHCI
HsCS 2 HCS b 2
o}
7 8
a(a) CLCHCO.Et/MeOH, 70%; (b) DMSO, (COC)) 53%.
Scheme 42
o) OH
HN._ _CHClp HN._ _CHCl
HCS i HeCS bl
o) o}

8 9
a(a) 1000 psi of H, RLCI(R)-BINAP]»N(CzHs)s (1 mol %), 50°C, 66 h.

chloride and various Lewis acitflid not result in Friedet
Crafts sulfonation. Only deprotection was observed after
long reaction times.

We therefore turned our attention to another approach:

synthesis to prevent loss of expensive material at the end of € @Symmetric hydrogenation of the keto compoériato

the synthesis as well as higher consumption of reagents.

The application of the enzymatic resolutionafamino
acid amides as developed by our group during the last year
appears especially attractive (Scheme 1). Amidases from
different microorganisms can be used for these resolutions,
depending on the substrate: farmono-substituted glyc-
inamides the amino peptidase frdPseudomonas putida
a suitable choic& while a,o-disubstituted glycinamides can
be resolved using the amino amidase frivimcobacterium
neoaurunt?13 More recently we developed a new amidase
from Ochrobactrum anthropivhich can resolve both classes
of a-amino acid amides as well ashydroxy anda-(N-
hydroxyamino) carboxamidé4. Since most processes to
thiamphenicol and florfenicol proceed via (racemic) sulfur-
substituted phenylserineg)@# the enzymatic resolution
seems viable.

In addition, two other routes were tested: (a) a dynamic
kinetic resolution process by asymmetric hydrogenation of
a f-keto ester and (b) sulfonation of a readily available
intermediate in the chloramphenicol process.

Results and Discussion

In our first approach to the preparation of enantiomerically
pure intermediates for thiamphenicol and florfenicol we tried
to sulfonate (1R R)-2-amino-1-phenylpropane-1,3-diol, pro-
tected as itd\N-acetyl isopropylidene acetab); at the para
position (Scheme 2). This would offer the advantage of

using an enantiopure intermediate used for the preparation

of chloramphenicol. However, the use of methanesulfonyl

(12) Kamphuis, J.; Boesten, J. H. W.; Kaptein, B.; Hermes, H. F. M.; Sonke,
T.; Broxterman, Q. B.; Van den Tweel, W. J. J.; Schoemaker, H. E. In
Chirality in Industry; Collins, A. N., Sheldrake, G. N., Croshy, J., Eds.; J.
Wiley & Sons: Chichester, 1992; pp 187—208.

(13) Kaptein, B.; Boesten, W. H. J.; Broxterman, Q. B.; Peters, P. J. H,;
Schoemaker, H. E.; Kamphuis, Detrahedron: Asymmetrd993,4, 1113.
(14) (a) Van den Tweel, W. J. J.; Van Dooren, T. J. G. M.; De Jonge, P. H.;
Kaptein, B.; Duchateau, A. L. L.; Kamphuis,Appl. Microbiol. Biotechnol.
1993, 39, 296. (b) Kaptein, B.; Moody, H. M.; Broxterman, Q. B;

Kamphuis, JJ. Chem. Soc., Perkin Trans. 1994, 1495.

S

N-(dichloroacetyl)-3-[4-(methylthio)phenyl]serine methyl es-
ter (9), a method described by Noyetial. for reduction of
comparable3-keto esterd®

In preparing the starting material for this hydrogenation,
the racemic methyl estérwas acylated with ethyl dichlo-
roacetate and subsequently oxidized at the benzylic alcohol
using the Swern oxidation. By this method {biketo ester
8 was obtained in 37% overall yield (Scheme 3).

Like otherf-keto esters, compour8ishows a kete-enol
equilibrium. In this case the ket@enol ratio is 86:14. The
exchange rate of the acidic-proton was estimated b\H
NMR spectroscopy in CD@IL0% CD,OD: a half-life value
of Tz < 25 min was found for the deuterium exchange.
The rate of exchange of the-proton by keto—enol equili-
bration determines the racemization rate of compadinid
this racemization is fast enough, asymmetric hydrogenation
under dynamic Kkinetic resolution conditions should be
possible, resulting in the highest possible yield of enantio-
and diastereomerically pure proddétUnder conditions for
the asymmetric hydrogenation identical to those described
by Noyori et al8 (RuCl4[(R)-BINAP],*N(C;Hs)3/1000 psi
of Hy), 9 was formed in @hreo:erythroratio of >95:5. The
ee of thethreoisomer, however, was conversion dependent;
at low conversion the ee of threoisomer was 85%, but
it decreased to 15% at higher conversion (Scheme 4). The
reduction of8 with NaBH, or BH; resulted in the formation
of theerythroisomer in excesstlfreo:erythroratio 1:2 (BH)
or 1.7 (NaBHy)), together with some overreduction of the
ester into the diastereomefitdichloroacetyl derivatives of
amino diol3. For this reason we did not study any further
asymmetric borane reductions.

(15) Jensen, F. R.; Goldman, G.fniedel-Crafts and Related Reactions; Olah,
G. A, Ed.; J. Wiley & Sons: New York, 1963; Vol. 3, pp 13312347 and
references therein.

(16) Noyori, R.; Ikeda, T.; Ohkuma, T.; Widhalm, M,; Kitamura, M.; Takaya,
H.; Akutagawa, S.; Sayo, N.; Saito, T.; Taketomi, T.; Kumobayashi].H.
Am. Chem. S0d 989,111, 9134.

(17) (a) Ward, R. STetrahedron: Asymmetr§995,6, 1475. (b) Noyori, R.;
Tokunaga, M.; Kitamura, MBull. Chem. Soc. Jpri1995,68, 36.
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Scheme 52
OH O OH O

x@—mo @eq) + HQN/Y NHe a N e NH,
o] N NH,.HCI
X S X
10 (X = SCHa) 12 (X = SCHa)
11 (X = SO2CHy) 13 (X = SO,CHa)
a(a) MeOH/HO, pH 12—13; (b) HCI/HO.
Scheme 62
OH O OH OH O
/@/l\'/“\o(}b a @)YCOzH . /©/_\§/U\OCH3
NH
HCS ks H,CS NFe HCS 2
7 (2S, 3R)-4 (2R, 35)-7
a(a) 3 wiw % solution, pH 7.5, 0.3 wiw % lipase, 3 h, 30.
Since these (asymmetric) reductions did not result in an Table 1
applicable route to enantiopure compounds for the thiam- conversion % ee
phenicol synthesis, we turned our attention to the enzymatic enzyme % (2S,3R)-4 (2R,3S)-7 E
approach. In practice two methods were evaluated: the
lipase-catalyzed resolution tfreo-3-[4-(methylthio)phenyl]-  alcalase (NOVO) 51 82 85 27
serine methyl estef} and the amidase-catalyzed resolution !lPase PS (Amano) 12 91 12 24
. . . porcine pancreas lipase 24 94 29 43
of the sulfur-substitutethreo-3-phenylserinamidek? and (PPL, Sigma)
13. lipase hog pancreas 42 92 67 48

The amides for the latter resolution method were prepared  (HPL, Fluka)
by aldol reaction of 2 equiv of the pagsabstituted benzal-
dehydesl 0 and11?* with glycinamide (Scheme 5). In these o _
aldol reactions the Schiff bases of glycinamide are formed  The equilibration of théhreoanderythroisomers of the
initially; these deprotonate at theposition under the basic Schiff bases ol2 and13 proceeds via a retro-aldol reaction

conditions and react with a second equivalent of aldehyde. (Schéme 5). This was proven by the racemization of the
Under the conditions chosen the aldol product is poorly €nantiopurehreoamidel2 (vide supra) and by reaction of

soluble, resulting in the initial (kinetically controlled) crystal- (1€ racemicthreo-12under the reaction conditions in the
lization of a mixture ofthreoanderythroisomers in aratio ~ Presence of benzaldehyde. In the latter case a mixture of
of 1.5:1. However, since in the aldol reaction the Schiff p-(methylth|o)-substltuted and unsubsptuted 3'phe”Y'$e””'
base is in equilibrium with the starting materials, the lower amides was formed asthreo/erythromixture after acidic

solubility of thethreoisomer compared to therythroisomer wolr:kurl.h talvzed \uti fth ter7
results in a second-order diastereomeric transformation of or the enzyme-catalyze€d resolution of theco-ester
the erythro isomer into thethreo isomer. After 18 h of (Scheme 6) eight different lipases and one esterase were

. L ] - tested. The most selective lipases for this resolution were
reaction thehreaerythroratio is>95:5. Subsequent acidic . . .
. . . porcine pancreas lipase (PPL from Sigma and HPL from
hydrolysis of the Schiff bases gad® and 13 in 92% and . : o
4 . ; ; . . Fluka), alcalase, and lipase PS. The best enantioselectivity
74% vyields, respectively, in the same diastereomeric ratio

— 19 i
as the corresponding Schiff bases. A pH of13 in these for HPL was found to b& 48'. All of the lipases te;ted
) Lo : ) ) hydrolyzed the (8,3R) enantiomer of estér. Identical
reactions is critical; lower pH did not result in aldol reaction,

d basi diti q i f the Schiff results were obtained by Clagk al® for the hydrolysis of
and more basic conditions gave decomposition ot tne Schitl o corresponding ethyl ester: with immobilized protease
bases. This decomposition was also seen in our initial

X from Streptomyces grise&S 3R)-4 was obtained with 95%
attempts to transfer the already available methyl esieto ee. With a besE-value of 48 the maximal reachable ee for

amide 12; amidation in concentrated ammonia resulted in (2S,3R)-4will be 96%. In practice, to obtain an economi-
decomposition of7, as is known from the literature for .o significant yield, this ee will be considerably lower (see
identical compound¥’ Under strongly basic conditiong, Table 1). On the other hand, the remainin& (2S)-estev

and other 3-phenylserine derivatives dehydrated t0 the ¢ pe obtained in high ee at conversions higher than 50%.

enamine, which subsequently hydrolyzed to methyl 3-[4- gjnce the (8,3R) enantiomer is more conveniently trans-

(methylthio)phenyl]-2-oxopropionate. formed into thiamphenicol, the ee’s obtained for atidre
(18) Venturella, V. S.; Bianculli, J. A.; Sager, R. \W.. Pharm. Sci1963,52, (19) Chen, C.-S.; Fujimoto, Y.; Girdaukas, G.; Sih, CJJAm. Chem. Soc.
142. 1982,104, 7294.

12 e Vol 2, No. 1, 1998 / Organic Process Research & Development



Scheme 72
b,c

J

OH O

NH,
NH,

12 (X = SCHy)
13 (X = SO»CH3)

OH

a(a) O. anthropi, pH 5.6-6.0, 40°C; (b) 0.5—0.6 equiv ofLl0 or 11; (c) MeOH/HO, pH 12.5.

too low to be of practical use. Furthermore a reverse
enantioselectivity in this kinetic resolution process would be
much more advantageous; the remaining estitien could

be obtained in high ee while the enantiomerically enriched
acid4 could be racemize®. Because further processing to

thiamphenicol proceeds via the ester, additional steps would
then not be required. However, none of the tested lipases
showed this reverse stereoselectivity. Also enzymatic es-

terification of racemiet in methanol or mixtures of methanol/

COLH
+ « NH2
2S, 3R)-4

(2R, 39)-12 (

(2R, 39)-13 (2S, 3R)-14
Scheme 82

OH OH
oot :0’_’b;/c OH
NH, ¢ NH,
HCS HsCS
(2S, 3R)-4 (1R,2R)-3

a(a) NaBHy/H,SQy; (b) PhCHO; (c) 4 N HCI.

into the threo-amides and the preparation of these amides

toluene was not detected. For this reason the lipase routewere both performed in MeOHA® mixtures at pH 12—13.

was abandoned.

As mentioned in the Introduction, the use of amidases
offers an efficient route for the resolution of amino acid
amides. Amidel2was tested withP. putidaATCC 126332
andO. anthropiNCIMB 40321, which both show amidase
activity for amino acid amides. In addition, a screening of

Since these conditions are identical, both steps can be
combined in one, making the process economically more
attractive. Hence approximately 890% of the Schiff base
isolated after the enzymatic resolution could be recycled. This
resulted in overall yields for the enantiopures(3R) acids

4 and14 of 78% and 62%, respectively, over the combined

other amidases was performed (see Experimental Section)synthesis/racemization step and the resolution step.

From this screening we concluded that the amidase fom
anthropiNCIMB 40321, which was already in our possesion,
is the best choice for the resoluti&h.The hydrolysis with

P. putidais very slow at its pH optimum of 8.5—9. This is
mainly due to the insolubility of the substrate at this pH and
results only in some decomposition after long reaction times.
In contrast, the hydrolysis with. anthropican be performed

at lower pH values. Although the pH optimum for the
amidase from this microorganism is pH-8.5, it has a broad
pH range of activity? so it is possible to perform the
resolution at pH< 7. At this pH the solubility of the amide
12 is sufficiently high for reaction (Scheme 7). For both
amidesl2 and13 O. anthropiis fully stereoselective (B
200), so the acidg and 14 were obtained in ee’s higher
than 99% at approximately 50% conversion. The remaining
amides, which also can be obtained in ee’s up to 99%

The enzymatic process to enantiopudeand 14 as
described above can be scaled up without considerable
problems for application in multipurpose equipment. For
this purpose purification and immobilization of the amidase
from O. anthropiis not necessary. Crude cell mass@f
anthropi can be readily obtained by fermentation and used
without any further purification.

The enantiopure amino acid$23R)-4was reduced with
NaBH,/H,SO, directly to the known amino diol ®,2R)-3
without prior formation of the estéf? 20 Purification of
(1R,2R)-3 from the salts formed after hydrolysis was
somewhat cumbersome due to its high water solubility.
Purification of (1R,2R)-3vas accomplished by formation
of the benzaldehyde Schiff base (accompanied by formation
of some oxazolidines) followed by extraction and acidic
workup. No efforts at optimization and scale-up of this

(depending on the conversion), were easily separated fromreaction were made (Scheme 8). The enantiopuRe2R)
the acids and subsequently racemized (vide infra): additionamino diol 3, obtained in 73% yield from4, can be

of the corresponding para-substituted benzaldefigd® 11

to the enzymatic reaction mixture resulted in precipitation
of the Schiff bases of the R3S) amided2 and13. After
filtration, the Schiff bases of @,3S)-12and -13 were
obtained in 42% and 55% yields, respectively. Further
workup of the filtrates gave the enantiopur&(2R) acidg
and 14 in 48% and 35% direct yields, respectively.

For the racemization of the Schiff bases of the amides
12 and 13 we looked for conditions identical to those for
the synthesis of these amides (see Scheme 5). The race
ization of the (R,3S) enantiomers of the amidezand13

transferred into thiamphenicol and florfenicol by methods
described in the literaturfel?

Environmental Health and Safety Aspects

Caution should be taken in adding$D, to a suspension
of NaBH, in THF during scale-up. Considerable amounts
of hydrogen gas and heat are released in this reaction step.

(20) Abiko, A.; Masamune, STetrahedron Lett1992,33, 5517.

m(_21) 4-(Methylsulfonyl)benzaldehyde (11) was prepared in 75% yield from the

corresponding sulfide (10) by oxidation with-CPBA after protection of
the aldehyde and followed by hydrolysis of the protecting group.
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On large scale, precautions should be taken to prevent tooprocedures? Infrared spectra were obtained using a Perkin-
fast addition of a large amount of ,HO, to the reaction Elmer 1600 series FT-IR*H NMR spectra were determined
mixture. in CDCl; (unless otherwise specified) using a Bruker ACF
Care should be taken in working with enzymes like 200 (200 MHz) spectrometer!3C NMR (50.31 MHz)
lipases; especially in dry form, inhalation should be pre- spectra were determined on the same apparatus in £DCI
vented. No health problems were observed for suspensiongunless otherwise indicated). Optical rotations were mea-
of O. anthropiNCIMB 40321: this strain showed no health sured on a Perkin-Elmer 241 spectrophotometer. Thin-layer

effects in animal tests (mice) after oral injection ©Of chromatography (TLC) was performed on silica gel coated
anthropi suspensions. However, the usual care should beglass plates (Merck silica gel 634z). Column chromatog-
taken in working with microorganisms. raphy refers to flash chromatography using Merck silica gel
60 (230-400 mesh). Melting points are uncorrected. Unless
Conclusions otherwise indicated, the enantiomeric excesses (ee’s) of

Several methods were investigated to prepare enantiopuré2Mino acid derivatives were determined by HPLC analysis
intermediates for thiamphenicol or florfenicol. The direct (column, Daicel Crownpak CRY); eluent, HCIQ solution
sulfonylation of protected 2-amino-1-phenylpropane-1,3-diol (PH 1.3); flow, 0.6 mL/min; temperature, @C; detection,
was unsuccessful. Asymmetric hydrogenation of a 3-oxo- UV 210 nm).
phenylalanine derivative8] did yield the corresponding threo-N-(Dichloroacetyl)-3-[4-(methylthio)phenyl]-
threo-N-(dichloroacetyl)-3-[4-(methylthio)phenyl]serine meth-  serine Methyl Ester (rac-9). Ethyl dichloroacetate (6.84
yl ester (9), but at high conversion the enantiomeric excessd, 44 mmol) was added to a solution®(3.5 g, 14.5 mmol)
was disappointingly low. in 50 mL of MeOH. The solution was stirred for 3 days at

The lipase-catalyzed resolution of the methyl ester rtand was concentrated in vacuo. The remaining semisolid
resulted in (53R)-3-[4-(methylthio)phenyl]serined). The material was recrystallized from CHCVielding 3.55 g (10.1
best ee’s obtained were 94% at only 24% conversion (with mmol, 70%) ofrac-9 as colorless needles. The crystals
PPL from Sigma) or 92% at 42% coversion (with HPL from contained 30 mol % of CHG|which could not be removed
Fluka). These results will not lead to a viable process since after prolonged drying (68C/1.0 Torr). Mp: 134-135°C.
the ee’s of (8,3R)-4are not sufficiently high at workable 'H NMR (DMSO-dg): 6 2.44 (s, 3H), 3.69 (s, 3H), 4.54
conversions and additional process steps are needed. (dd, 1H,0-CH), 4.16 (t, 1HS-CH), 6.13 (d, 1H, OH), 6.64

The 4-methylthio- and 4-methylsulfonyl-substitute® (&R)- (s, 1H), 7.18 (d, 2H), 7.32 (d, 2H), and 8.90 (d, 1H, NH}),
3-phenylserined and 14 were obtained in excellent enan- 8.22 (s, 0.30H, CHG). 3C NMR (DMSOds): 6 14.37 (q),
tiomeric excesses (>99%) by enzymatic resolution of the 52.06 (q), 58.38 (d), 65.52 (d), 71.06 (d), 125.13 (d), 126.48
correspondinghreo-3-phenylserinamides2 and13 with the (d), 136.69 (s), 137.31 (s), 163.52 (s), and 169.41 +s),
amidase fromO. anthropiNCIMB 40321. These amides 78.76 (d, CHCJ). Anal. Calcd for G3HisNO4SCh:
were prepared from 4-(methylthio)- and 4-(methylsulfonyl)- 0.3CHCE: C, 41.2; H, 4.0; N, 3.6; S, 8.3; Cl, 26.3. Found:
benzaldehyde and glycinamide by an aldol reaction underC, 41.4; H, 4.0; N, 3.6; S, 8.2; Cl, 26.3.
crystallization conditions (second-order diastereomeric trans-  N-(Dichloroacetyl)-3-o0xo0-4-(methylthio)phenylala-
formation). In this way higtthreo:erythroratios (>95:5) nine Methyl Ester (8). A solution of 3.13 g (40 mmol) of
were obtained. Also the undesired enantiomers of the amidesDMSO in 15 mL of CHCIl, was added dropwise in 5 min
remaining after the enzymatic resolution, isolated as their to a solution of oxalyl chloride (2.79 g, 22 mmol) in 60 mL
Schiff bases, were racemized under the same conditions.of CH,Cl, at —50 °C. The solution was stirred for 10 min
Altogether this has resulted in a high overall conversion of at —50 to —60 °C. To the solution was then added 7.04 g
the amides into the enantiopureS(3R)-3-phenylserine$  of rac-9 dissolved in 35 mL of CKCl, and 2 mL of DMSO
and 14, of which4 was directly reduced to the amino diol in 10 min. An additional 20 mL of CkCl, and 2 mL of
(1IR2R)-3with NaBH/H,SO,. These compounds can be pPMSO were added, and the solution was stirred for 30 min
tranformed into thiamphenicol and florfenicol following gt —50 °C. Triethylamine (10.1 g, 100 mmol) was then
known production procedures. added, the mixture was left to warm to rt, 50 mL of water

We are currently working on the heterologous overex- was added, and the mixture was stirred for 30 min. The
pression of the gene which is coding for the amidase from aqueous layer was separated, and the organic layer was
O. anthropi Up to now a significant increase of the activity \yashed with water and 1 N HCI solution. After drying
has been reached. These results will be published in more(Na,50,) and concentration in vacuo, 6.75 g of yellow oil

detail in the near future. was obtained, which was purified by chromatography (elu-
_ ent: CHC}). The product was recrystallized from toluene,
Experimental Section resulting in 3.68 g (10.5 mmol, 53%) 8fas slightly yellow

General Remarks. Commercially available solvents and  crystals. Mp: 114.5-136.0C. R: 0.31 (CHC}). H
reagents were used without further purification. All reactions NMR: 6 1.80 (s, 0.14H, OH enol), 2.53 (s, 3H), 3.74 (s,
were performed under nitrogen. 4-(Methylthio)benzaldehyde 3H), 6.05 (s, 1H, CHG), 6.09 (d, 0.86H, CH keto), 7.30 (d
(10) was a kind gift of Dr. C. Giordano, Zambon Group, + brs, 2.14H, ArH+ NH enol), 7.95 (d, 0.8H, NH keto),
Italy. Racemiahreo-3-[4-(methylthio)phenyl]serinet] and and 8.03 (d, 2H).3C NMR: 6 14.55 (q), 53.57 (q), 58.36
its methyl ester (¥ were prepared according to literature (d), 65.81 (d), 124.89 (d), 129.55 (s), 130.02 (d), 149.03 (s),
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163.87 (s), 166.05 (s), and 188.54 (s). Anal. Calcd for
Ci13H1aNO4SCL: C,44.6; H, 3.7; N, 4.0; S, 9.2. Found: C,
45.2; H, 3.8; N, 4.0; S, 9.4.

(2S,3R)-N-(Dichloroacetyl)-3-[4-(methylthio)phenyl]-
serine Methyl Ester (9). A solution of 1.05 g (3.0 mmol)
of 8 and 42 mg (1 mol %) of Rl [(R)-BINAP]2*N(C;Hs)3
in 20 mL of CH.Cl, was stirred under 1000 psi oflgressure
at 50 °C in an autoclave for 66 h. The reaction mixture
was concentrated in vacuo and purified by chromatography
(eluent, CHCY1% MeOH). Yield: 30 mg (85%mol, 3%)
of 9 as a brownish oil.R: 0.22 (CHC1% MeOH). H
NMR: seerac-9. Diastereomeric ratithreaerythra >95:

5. E@nes 85% (by HPLC; column, Chiracel OD; eluent,
hexane/i-PrOH, 90:10; flow, 1.0 mL/min; temperature, 20
°C; detection, UV 210 nm). MS(CI): 334/336 (M+ 1,
—H;0). A 700 mg amount of starting materi@ was
recovered.

When the reaction was repeated with freshly prepared Ru
Cls[(R)-BINAP]2*N(CzHs)3, 9 was obtained in 67% vyield
and e@yreo 15%.

4-(Methylsulfonyl)benzaldehyde (11). To a solution of
10 (50 g, 0.33 mol) and HC(OC#t in 700 mL of MeOH
was addeg-TsOH (0.5 g, 3 mmol). After 1.5 h of stirring
at rt, KO-t-Bu (0.40 g, 3 mmol) was added. The mixture
was concentrated in vacuo to give the dimethyl acetal in
guantitative yield as a viscous colorless old NMR: 6
2.45 (s, 3H), 3.30 (s, 6H), 5.35 (s, 1H), 7.25 (d, 2H), and
7.35 (d, 2H).

To an ice-cooled solution of the acetal (65 g, 0.32 mol)
in 600 mL of CHCI, was added dropwise over 30 min a
solution ofm-CPBA in CHCI, (prepared by dissolving 235
g of 50%m-CPBA in 1200 mL of CHCL,, extraction with
300 mL of water, and drying over M8Qy) in such a way
that the solvent did not reflux. The reaction mixture was
stirred for 16 h. The mixture was filtered and washed with
CHCls. The filtrate was washed with 1 N NaOH solution,
0.25 M Nal solution, 1 N NaOH solution, 0.25 M b#&0;
solution, and water. After drying (N80,) and concentration
in vacuo, the sulfone acetal (59.8 g, 0.26 mol, 81%) was
obtained as an oil, which crystallized on standing
NMR: 6 3.10 (s, 3H), 3.35 (s, 6H), 5.52 (s, 1H), 7.65 (d,
2H), and 7.95 (d, 2H).

To a solution of the sulfone acetal (59.7 g, 0.26 mol) in
THF (600 mL) was added 600 mL of a 4%%{0, solution
in 45 min. The mixture was stirred for 16 h at rt, 300 mL
of saturated NaHC®was added, and the product was filtered
off. Yield of 11: 44.6 g (0.24 mol, 93%) as a white
crystalline solid. Mp: 158—159C. *H NMR: § 3.21 (s,
3H), 7.99 (d, 2H), 8.18 (d, 2H), and 10.15 (s, 1H). (Overall
yield: 75%.)

threo-3-[4-(Methylthio)phenyl]serinamide Hydrochlo-
ride Salt (12). A solution of 221 g (2 mol) of glycinamide
hydrochloride salt in 1500 mL of water was brought to pH
12.5 with 570 mL of 4 N NaOH solution. To this solution
at 25°C was added dropwise a solution of 608 g (4 mol) of
10in 1500 mL of MeOH at such a speed that the temperature
rose to 35—40C. To the suspension formed was added an
additional 100 mL of MeOH. After 2—3 h a thick suspen-

sion was formed, which was stirred for 18 h at rt. Then
600 mL of 4 N HCI solution was added in portions. After
4 h of stirring, all solids were dissolved and the solution
was extracted twice with toluene (2 and 1 L, respectively).
After evaporation of the toluene layers, 400 g (66%)L6f
was recovered. The aqueous phase was concentrated to a
thick suspension of 500 mL. The solid product was filtered,
washed with acetone, and dried. Yield: 330 gl&f(63%
yield, 92% on used aldehyde)hreo:erythro: 97:3. Mp:
>250°C. H NMR (D;0) ¢ 2.47 (s, 3H), 4.19 (d, 1H), 5.10
(d, 1H), and 7.35 (2d, 4H) [erythrisomer 4.31 (d) and 5.20
(d)]. In DMSO-d; the amide protons are observediat.43
and 7.96. 13C NMR (DMSO-ds): 6 14.54 (q), 58.20 (d),
71.10 (d), 125.41 (d), 127.36 (d), 136.56 (s), 137.51 (s), and
167.83 (s). IR (cmb): 1699, 1486, 1039, 813, 540.
HRMS: calcd for GoH1sN20,SCI (Mt — HCI) 226.0776,
found: 226.0780. Anal. Calcd for,gH1sN.O,SCI: C, 45.7;
H, 5.8; N, 10.7. Found: C, 45.4; H, 5.8; N, 10.6.

threo-3-[4-(Methylsulfonyl)phenyl]serinamide Hydro-
chloride Salt (13). A solution of 4.4 g (40 mmol) of
glycinamide hydrochloride salt in 5 mL of water was made
alkaline (pH 12.5) with 12 mL of 4 N NaOH solution. To
this solution was added 15 mL of MeOH, followed by 14.75
g (80 mmol) of11. An additional 20 mL of MeOH was
added to this reaction mixture. The heterogeneous mixture
was stirred for 40 h at rt. The thick suspension was acidified
with 15 mL of 4 N HCI solution and stirred for 1 h. The
remaining solid was filtered, resuspended in 100 mL of water,
stirred again for 1 h, and filtered off (7.5 g of imputé).
The combined filtrates were washed with CHGind
concentrated to a thick suspension. The solid was filtered,
washed with water and MeOH, and dried. Yield: 8.7 g of
13 (29.5 mmol, 74%). Mp: 223—225C dec. Threo:
erythro: >95:5. 'H NMR (D;0): 6 3.27 (s, 3H), 4.26 (d,
1H), 5.31 (d, 1H), 7.75 (d, 2H), and 8.03 (d, 2Hérythro
signals at 4.39 (d) and 5.48 (d)]. In DMSdy-the amide
signals are observed &t7.52 and 8.03.13C NMR (D,0):
0 43.88 (q), 59.08 (d), 71.52 (d), 128.23 (d), 128.29 (d),
139.68 (s), 145.03 (s), and 169.59 (s). IR (émn 1702,
1282, 1145, 544. HRMS: calcd for §115N,0,SCl 241.0647
(M*, —HCI, —H;0), found 241.0666. Anal. Calcd fong&
H1sN2O,SCI: C, 40.7; H, 5.1; N, 9.5. Found: C, 40.3; H,
5.1; N, 8.9.

The identical compound was made by oxidatiothvéo-
3-[4-(methylthio)phenyl]serinamide hydrochloride sa):
570 mg of12 was suspended in 10 mL of AcOH. To this
was added 12 mL of peracetic acid (made by mixing 3 parts
of AcOH with 1 part of 30% HO,). After 2 h reaction time
excess peroxides were decomposed with 10% Pd/C by
stirring for 2 h at 40°C. The Pd/C was filtered off, and the
solution was concentrated. The residue was washed with
MeOH and dried. Yield: 400 mg (62%) of a white solid,
identical to the material described above.

Lipase-Catalysed Resolution of 7

To a solution of 100 mg o¥ in 3 mL of 50 mM KH,-
POYK,HPQO, buffer (pH 7.5) was added 10 mg of lipase (20

uL in the case of alcalase). The mixtures were stirred for 3
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Table 2 The (R 39 Schiff base [containing 5% of &3R)-4] was
transformed into (R,3S)-12-HCI: Thus 8.5 g (22 mmol) of
Schiff base was suspended in 200 mL of CHZ00 mL of

1 N HCI solution and stirred for 20 h at rt. The aqueous

% ee
(2R,3S9)-12 (2S,3R)-4

microorganism

0. anthropiNCIMB 40321 99 >99 layer was concentrated in vacuo. Yield: 5.4 g (20.5 mmol,
Achromobactegroup VD 91 >99 93%) of (2R,3S)-12-HCI as a yellow solid. Ee: 93%
Klebsiella oxytocadNCIMB 40322 46 >99 (HPLC). A small part was recrystallized fromPrOH/
Efeebus?glgcs)gas carophyNRRL-B 11257 1296 Zgg MeOH, yielding (2R,3S)-12-HCI as white crystals. Mp:
P. putida ' 6 84 >250°C. Ee: 99.3% (HPLC). d]®%: —9.3 1, 1 N HCI).

For spectroscopic data, see racerhic
Enzymatic Resolution ofthreo-3-[4-(Methylsulfonyl)-

h at 30°C, acidified with 1 N HCI, and analyzed with chiral ~Phenyl]serinamide (13). To a solution of 7.5 g (25.5 mmol)
HPLC. Eight different lipases and one esterase were testedOf threo-amide13-HCl in 75 mL of water at pH 6.0 (1 N
The best results obtained are found in Table 1. Addition of NaOH solution) was added 3.0 g of amidase suspension from
an organic solvent had a negative effect on the enzyme©O. anthropi NCIMB 40321 (+10% dry weight). The
activity. solution was stirred in an orbital shaker at 200 rpm for 22 h
Enzymatic Screening of Amidases for the Hydrolysis ~ at 40 °C. At 46% conversion the reaction mixture was
of Amide 12. For this screening different enzyme samples Neutralized to pH 7 with 4 N NaOH solution, and the mixture
were tested (microorganisms as well as commercially avail- Was centrifuged at 46C. The pellet was resuspended twice
able enzymes). In part microorganisms from soil and sewageWith 15 mL of water and centrifuged again. To the combined

samples were obtained by enrichment on YCB medium with Supernatants was added 2.4 g (13 mmol) of aldetiytle

racemic4 as the sole nitrogen source. Microorganisms
growing on4 were isolated and determined via the API test.

and the mixture was stirred f® h at rt. Thesolid material
was filtered off: 5.6 g £14 mmol, 55%) of (R,3S)-N-[4-

These microorganisms were also tested for their stereose{methylsulfonyl)benzylidene]-3-[4-(methylsulfonyl)phenyl]-

lectivity. Therefore 0.5 mL of a 1% solution dfin 50 mM
phosphate buffer (pH 6.6) was incubated with 0.1 mL of
cell suspension durgn3 h at 28°C. After acidification with

serinamide.H NMR (DMSO-dg): 6 3.17 (s, 3H), 3.21 (s,
3H), 3.88 (d, 1H), 5.10 (t, 1H), 5.72 (d, 1H), 7.18 (br d,
1H), 7.29 (d, 2H), 7.57 (d, 2H), 7.70 (d, 2H), 7.83 (d, 2H),

1 N HCI solution the ee’s of the amide and the acid were 7.94 (br d, 1H), and 8.01 (s, 1H). A small fraction of the

determined by HPLC (see Table 2).

Enzymatic Resolution ofthreo-3-[4-(methylthio)phen-
yl]serinamide (12). To a solution of 15.3 g (58 mmol) of
12-HCl in 150 mL of water at pH 5.5 (brought to pH with
2 mL of 4 N NaOH solution) was added 7.7 g of amidase
suspension fronO. anthropi NCIMB 40321 (+£10% dry

Schiff base was hydrolyzed with dilute HCI solution and
analyzed with NMR and chiral HPLC: ee 83%.

The filtrate was concentrated in vacuo to 30 mL and
cooled to rt. The white solid was filtered off and dried,
yielding 2.3 g (8.9 mmol, 35%) of &3R)-14. Mp: 225—
227 °C dec. 'H NMR (1 N DCI) 6 3.29 (s, 3H), 4.45 (d,

weight). The solution was stirred in an orbital shaker at 200 1H), 5.62 (d, 1H), 7.80 (d, 2H), and 8.03 (d, 2Hyythro

rpm for 18 h at 37C. The conversion during the reaction

signals at 4.55 (d) and 5.55 (d)3C NMR (1 N DCI): ¢

was determined with an ammonia-sensitive electrode. At a43.73 (q), 59.15 (d), 70.32 (d), 127.79 (d), 128.25 (d), 139.41
conversion of 47% the reaction was stopped by addition of (S), 145.41 (s), 170.02 (s). Ee: 99% (HPLC}]%s: —5.6

3 mL of 4 N HCI solution, and the mixture was centrifuged

at 40°C. The pellet was resuspended in 150 mL of water

(c1, 1 N HCI).
Racemization of (2R,3S)-3-[4-(methylthio)phenyl]ser-

and centrifuged again. The combined supernatants wereinamide [(2R,3S)-12]. To a solution of 1.31 g (5.0 mmol)

neutralized to pH 7, and 4.6 g (30 mmol) of aldehyid®
was added. The mixture was stirred for 15 h at rt, followed
by filtration to obtain the white solid: 8.8 g (24.4 mmol,
42%) of (R 39)-N-[4-(methylthio)benzylidene]-3-[4-(meth-
ylthio)phenyl]serinamide.*NMR: ¢ 2.44 (s, 3H), 2.52 (s,
3H), 4.05 (d, 1H), 4.16 (br d, 1H), 5.22 (br t, 1H), 6.05 (br
d, 1H), 6.75 (br d, 1H), 7.16 (2d, 4H), 7.23 (d, 2H), 7.59 (d,
2H), and 7.83 (s, 1H). Ee 94% (HPLC after hydrolysis with
dilute HCI). The filtrate was concentrated in vacuo to 30
mL, and after cooling the white solid was filtered off: 6.2
g (27.3 mmol, 48%) of (8,3R)-4. Mp: >200 °C dec.
INMR (D,O/DCI): 6 2.44 (s, 3H), 4.22 (d] = 4.0 Hz, 1H),
5.34 (d,J = 4.0 Hz, 1H), 7.30, and 7.35 (2d, 4Hrjythro
signals at 4.31 (d) and 5.34 (d)][3C NMR (D,O/DCI): 6

of (2R39)-12-HCl (ee 99.3%) in 12 mL of 1:1 MeOH/water
was added 770 mg (5.05 mmol) of aldehylde The mixture
was brought to pH 12.5 by addition of 4 N NaOH solution.
The suspension was stirred for 24 h at X0 acidified to
pH 2 with 4 N HCI solution, and stirred for 1 h. The solution
was washed with toluene (2 10 mL) and concentrated in
vacuo to yield 1.15 g (4.4 mmol, 88%) 4R as a cream-
coloured solid. Threo:erythro: 97:3. Ee: 9% R3S)
enantiomer.

Racemization of (R,3S)-3-[4-(methylsulfonyl)phenyl]-
serinamide [(2R,3S)-13]. A suspension of 5.1 g (12 mmol)
of (2R,39-N-[4-(methylsulfonyl)benzylidene]-3-[4-(methyl-
sulfonyl)phenyl]serinamide (ee 83%) was racemized under
identical conditions and workup as described foR (2S)-

15.09 (q), 59.48 (d), 70.74 (d), 127.01 (d), 127.19 (d), 135.16 12. Yield: 2.6 g (8.8 mmol, 74%) of3-HCl as a yellowish

(s), 138.93 (s), and 170.29(s). Ee99.7% (HPLC). §]2%:
—45.4 (c1, 1 N HCI).
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solid. For spectroscopic data, see abovihreo:erythro:
>08:2. Ee: <5%.



Combined Synthesis and Racemization atreo-3-[4- with CHCI; (3 x 25 mL). The CHC{ solution contained a
(Methylthio)phenyl]serinamide (12). A suspension of 5.0  mixture of Schiff base and the two oxazolidines as a
g (13.9 mmol) of (R,3S)-N-[4-(methylthio)benzylidene]-3-  diastereomeric mixture, as was determinedtdNMR. The
[4-(methylthio)phenyl]serinamide (ee 94%) and 3.07 g (27.8 CHCI; solution was stirred fio2 h at 60°C with 30 mL of
mmol) of glycinamide hydrochloride in 30 mL of water was 4 N HCI solution (repeated twice). The aqueous layers were
brought to pH 12.9 with 4 N NaOH solution. A solution of concentrated in vacuo to yield 1.80 g (7.3 mmol, 73%) of
8.1 g (53 mmol) of aldehyd&0 in 20 mL of MeOH was (1R,2R)-3-HCl salt as a yellow solid. Mp: 23C dec.H
added, and the mixture was stirred for 20 h at rt. The thick NMR (D;0): 6 2.41 (s, 3H), 3.353.62 (m, 3H), 4.75 (d,
suspension was worked up by the same procedure asiH), 7.25 (d), and 7.31 (d, together 4H%C NMR (D,O):
mentioned above for the synthesisl@ Yield: 6.859(26.1 ¢ 14.80 (q), 58.23 (d), 58.75 (t), 70.77 (d), 126.84 (d), 127.71
mmol, 65%) of12-HCI as a white solid (93% yield based (d), 136.09 (s), and 138.97 (s)a]f%: —27 (2, 1 N HCI).
on recovered aldehydE0). Ee: < 5%. Optical purity: 95%

(1R,2R)-2-Amino-1-[4-(methylthio)phenyl]propane-1,3-
diol [(1R,2R)-3]. To a mixture of 2.27 g (10 mmol) of
(2S,3R)-4n 15 mL of dry THF was added 1.0 g (26 mmol) i _ .
of NaBH, followed by 6 mL of THF. The thick suspension We thank Marc Withaker and Marjo Hogeweg for their
was cooled in ice, and in 20 min a solution of 1.23 g (12.5 assistance with the synthetic work.
mmol) of LSO, in 3 mL of diethyl ether was added
dropwise. After 3 h ofstirring at rt, the solution was
carefully acidified with 4 N HCI solution and washed with
CHCl;. The aqueous layer was brought to pH 10 with 4 N 0P970045T
NaOH solution, and 1.05 g (10 mmol) of benzaldehyde was
added. The mixture was stirredrf@ h at rt andextracted ® Abstract published idvance ACS AbstractRecember 1, 1997.
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