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1. Introduction

The progress of human civilization is directly latkto the progress of chemistry. The
need for comfort, health maintenance and restoradi@ untouchable goals in absence of
chemistry.

The new materials made by the chemical processaslfapplications in the field of
medicine, food, cleansing agents, industries (eig.construction industry), cosmetics and
etc. The pharmaceutical industry is one of the erimost emerging industries designed to
provide drugs, used as medicines to prevent, &ectheal the main diseases of the humanity.
The structural complexity of the novel validatedugh is continuously increasing and,
unsurprisingly, given that the human body functiosgg chiral catalyst, the trend for new
chiral pharmaceutical reagents continuosly incréasethe last decades. Nowadays these
chiral compounds are usually manufactured in siegntiomeric form.

This thesis belongs to the field of biocatalysidg &#mtransformation, providing novel
highly selective and greener processes, as wefllogel potential chiral synthons for the
pharmaceutical and fine chemical industry. The diakysis, the chemical synthesis mediated
by a biocatalyst (isolated enzyme, whole cell sysfebecame a key component in the
pharmaceutical sector. The exquisite chemo-, regimd stereoselective properties of
biocatalysts enabled difficult synthesis to be winwented, especially in the synthesis of
‘single enantiomeric form’- products.

The chemical industry also faces pressure in deuglonew, process integrated and
“greener” technologies, with the aim to decreasedhvironmental impact. Biocatalysis has
the potential to be used as integrated clean tédogpodue to the mild reaction conditions
(pH, temperature, pressure), the environmentaignély and compatible biocatalysts, which
allows to enable sequential reactions.

The recent advances in the field of biocatalystsbéad the biocatalytic processes to
compete successfully with the conventional chempcatessing, significantly increasing the
industrial applications of biocatalysis. The recadtances in protein design and engineering,
reaction engineering, and further disciplines reslin improvements of existing enzymatic
processes and developed alternative or completaiglrones. Thus the increasement of the
share of biotechnology in organic fine chemicaltbgsis and the replacement of traditional
synthetic manufacturing procedures is precognized.

This thesis limits to the discussion of the steetmdive synthesis of enantiopure

(hetero)aryl-1,2-ethanediols, important chiral pmsors and intermediates in the



pharmaceutical industry. Besides obtaining variousvel compounds with potential
pharmaceutical applicability, novel chemoenzymasgnthetic procedures were also

succesfully developed.

2. Theoretical part (literature datg
3. Aims of the study

In the present doctoral thesis, devoted to theegsalective synthesis of heterocyclic
optically pure 1,2-ethanediols with potential apgbility in the pharmaceutical industry, the
following aims were proposed:

1. Enhancement of the enantiopurity of the previousbtained benzofuran and
benzop]thiophene 1,2-ethanediols, by developing a novhenmenzymatic synthetic
procedure.

In case of these previously prepar&}t @nd §)-1,2-ethanediol8a-d the global yield
and the enantiopurity of the products were notsattory in all cases (see chapter 2.8%4).
To overcome these drawbacks, by further retrosyisti@alysis (Scheme 1 red lines on left),
we proposed a new alternative synthetic route basetbvel optically pure cyanohydri@a-

d, well-known versatile chiral synthotis which could be easily prepared from the

corresponding, more available aldehydiasd.

S o |
oH Scheme 1Retrosynthetic
R/E\{OH pathways for the optically pure
. 1,2-ethanediols (red trace —
new retrosynthetic pathways
proposed by us, blue trace —
oH previous retrosynthetic routes
R/?\COOH employed for the synthesis of
U A novel heteroaryl-1,2-
ethanediols, black trace- known
R/QECN — R routes, not employed in the

thesis)



A widely used approach for synthesis of pure emamtrs of cyanohydrins is based on
the kinetic (KRY® or dynamic kinetic resolution€®KR)®® of the racemic cyanohydrins or
their esters with different hydrolases, especidifppseS® The chemical and enzymatic
hydrolysis? of the nitrile group of the enantiomerically etmécl cyanohydrins, into the
corresponding hydroxy acids and amides is alreabcribed and thus, by the subsequent
chemical reduction both enantiomers of the desls,@dethanediolsR)- and §)-3a-d can be

obtained. The studied reaction sequence is prasentecheme 2.

OH OH
e R™CN ’ R
N (R)-28.b (S)-2¢.d (R)-3a,b (S)-3c,d

la-d

2 o
R/kCN — R/'\/OH

(S)-2a,b (R)-2c,d (S)-3a,b (R)-3c,d

@]

T
o (@] O )
27 o/;; 0 Oz

Scheme 2The synthesis of both (R)- and (S)-benzofuranyl-lsmzo[b]thiophenyl-1,2-
ethanediols3a-d via optically pure cyanohydrirZa-d

2. Synthesis of novel optically pure phenylfuran-2Zegthanediole-i by two different
biocatalytic procedures: the baker's yeast medidtiettansformation ofi-hydroxymethyl
ketonesbe-i anda-acetoxymethyl ketonese-i (Scheme 3, blue lines) and the lipase mediated
kinetic resolution of the corresponding racemic-dtf2anediolsrac-3e-i and their acylated
derivativesrac-7,8,9e-i(Scheme 3, red lines). In both cases the syntipeticedures use the
corresponding heteroaryl ethanodesi as starting materials.

The baker’s yeast mediated chemoenzymatic procesane environmentally friendly
and efficient method for the synthesis of both d¢ioamers of several heteroaryl-1,2-
ethanediols (Chapter 2.3.4.), thus its employmemtarthily justified.

The lipase mediated biotransformation of aryl-lif2aeediols have also been
successfully employed for the synthesis of variays-1,2-ethanediols (see Chapter 2.3.3.3.).

In this case we tested all the possible kinetioltg®n processes of the differently substituted



phenylfuran-2-yl-ethane-1,2-diotac-3e-i and their primary’e-i or secondary monoacylated
8e-i or diacylatede-i derivatives, in order to develop an efficient cloemzymatic method,
based upon the most efficient kinetic resolutioncpss.

B

4e-i

o o™
e )
NN
f 9
Br
NOZO\
R: g \\
N
h \\
O,N
NOZO\
i 9
Cl

rac-7,8,9e-i

7, R1=H, R? =acetyl
8, Rl =acetyl, R =H
9, RVR? =acetyl

Scheme 3Synthesis of both enantiomers of the opticallywaatiovel phenylfurane-1,2-
ethanediols3e-i by biotransformations with baker’s yeast (blue Jine by lipase mediated

kinetic resolution (red lines)

3. Development of a general, one-pot, highly effitierethodology for the synthesis
of enantiomerically enriched aryl-1,2-ethanedidésting from a cheep, achiral compound.

An enantioselective enzymatic synthesis by a sirapl efficient one-pot method for
the synthesis of aryl-1,2-ethanediols starting fribva achiral and cheep ethanones is still an
awarding goal. Thus the previously developed chemyraatic multistep synthe§fsof both
(R)- and §-1-aryl-1,2-ethanediols, based on the enantiosgbective baker’s yeast mediated
reduction, by further process optimization was gfarmed into a chemoenzymatic one-pot

procedure using as starting materials the correfipgrketoneg (Scheme 4).
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Scheme 4Blue lines- the one-pot process involving the kiesformation of-hydroxy
ketones; red lines — the one-pot process involving theraiasformation ox-acetoxymethyl
ketonesH

4. Results and discussion

4.1. Synthesis of enantiomerically enriched R)- and (S)-benzofuranyl- and
benzop]thiophenyl-1,2-ethanediols 3a-d via enantiopure cyanohydrins 2a-d as
intermediates

4.1.1.Synthesis of the racemic cyanohydrins 2a-d and threacylated derivatives
1lla-d

The synthesis of the racemic cyanohydrexs2a-d from the corresponding aldehydes
la-d was performed using trimethyl sylil cyanide in gfheesence of a catalytic amount of
anhydrous Znlin dichloromethane. Further the racemic cyanomgtac-2a-d were acylated
with acetyl chloride in presence of Py/DMAP in daomethane, yielding the corresponding
racemic cyanohydrin acetatesc-11a-d(Scheme 5)

4.1.2. Analytical scale enzymatic transformations

To investigate the stereoselectivity of the enzyenggactions and the activity of the
enzymes, first the chromatographic enantiomerieisgin of the racemateac-2,11a-dwas
established. In order to obtain highly enantionalyc enriched R)- and §)-heteroaryl
cyanohydrins, potential useful lipases were scréeinevarious organic solvents for the
enantiomer selective acylation with vinyl acetd&iee(.) of the racemic cyanohydmac-2a-d
and alcoholysis (methanol, ethanol, propanol artdriml, 8 eq.) of the racemic cyanohydrin-

acetatesac-11a-drespectively (Scheme 5).
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rac-1la-d (S)-11a,b (R)-11c,d (R)-2a,b (S)-2c,d

I. (CH3)3SICN, Znl, in CH,Cl,, rt.; Il. CH3COCI, DMAP/Py in CH,Cl,, rt.; lIl. vinyl acetate,
L-AK / organic solvent; IV. CH30H, CalL-B / DIPE.

Scheme 5The synthesis and the enantiomer selective bidimamstion of the racemic
heteroaryl cyanohydrins and cyanohydrin acetates.

The behavior of lipases greatly differs for botpdyg of the enzymatic reactions. For
the analytical scale enzymatic acylatiorra¢-2a-d, most of the lipases, including lipase PS,
previously shown to be one of the most useful imynease¥, were catalytically inactive.
Lipase A from Candida antarcticaimmobilized on Celite (CalL-A), reticulated with
glutaraldehyde, CalL-A (CLEA), or covalently immabédd (IMMCal-A T2-150), catalyzed
with slow rate and poor selectivitthe acylation ofrac-2a-d in all tested solvents.
Surprisingly, lipase B fron€andida Antarctica(CaL-B) was also found to be an inefficient
catalyst. The reaction rate of the enzymatic amytatvas around 5 % after 7 days, however
the enantiopurity of the acylated products weré ljee > 98 %).

For the enantioselective acylation of the raceny@mnohydrinsrac-2a-d, only lipase
from Pseudomonas fluorescefis-AK) was highly active and selective. This rdswias in
good accordance with the previous observations,nwh&K was found as the optimal
catalyst for the enantiomer selective acylationbehzofuranyl- and benZgfhiophenyl-
ethanols’®

As expected, the stereoselectivity of the reactu@s influenced by the nature of the
solvent. While lipase AK mediated acylation witmyli acetate (5 eq.) shc-2a-cshowed the

highest selectivity in dichloromethane, using thene enzyme DIPE was found as optimal

11



solvent for the biotransformation ofc-2d (Table 1, entries 4-8, data shown only for the
enzymatic acylation afac-2a).

To reach the maximal enantiomeric excess for theluéion products, the influence of
the nature and the amount of the acyl donor wastaklted. While the use of vinyl butanoate
as acyl donor (Table 1, entry 5) dmbt improve the enantioselectivity of reaction in
dichloromethane, testing the stereoselectivity wlifferent amount of vinyl acetate (Table 1,
entries 4, 6-8) it was found that 4 eq. of vinyétade is the optimal quantity for the highest ee
of the resolution products (Table 1, entry 7).

Table 1.The influence of the type of solvent aatyl donor upon the selectivity for the lipase AK
mediated acylation abc-2a

Entry Solvent Acylating agent T('ﬂ;e ((% ) ee ea E
1 Toluene  VINY! gg?)tate G 36 41 97 68 134
2 DIPE Vinyl gg?)tate G 21 40 9 64 95
3 t-BME Vinyl gg?)tate (5 21 48 97 90 [poO
4 Vinyl gg?)tate 5 21 51 97 >995 »200
5 Vi”y'(5b‘étqa_g‘0ate 27 48 98 96  »200
6 Dichloromethane Vinyl gg(.e)tate B 16 50 97 96 >200
7 Vinyl ga?)tate 4 16 50 98 98  »200
8 Vinyl ga?)tate 2 16 50 96 98 >200
9 nhexane  Vinyl ga?)tate B 21 45 091 75 48

The results of the analytical scale LAK mediatedtglation ofrac-2a-d with 4 eq. of
vinyl acetate are shown in Table 3, entries 1-& inportant to note that the stereoselectivity
and the rate of the enzymatic reaction were infteenby the structure of the heteroaryl
cyanohydrins. While the enzymatic kinetic resolatioof benzofuran-2-yl- and
benzop]thiophen-2-yl-cyanohydringdc-2a,b) undergoes with high enantioselectivity (Table
3, entries 1-2), when benzofuran-3-yl- and behjtbiophen-3-yl-cyanohydrinsrdc-2c,d)
were used as substrates, the transformation octaloavly (46 % conversion after 18 h and
41% conversion after 23 h respectively), affording resolution products with unsatisfactory

enantiopurity (Table 3, entries 3 and 4).
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Further the analytical scale enantiomer selectleehalysis of the racemic heteroaryl
cyanohydrin acetatesic-11a-dwas investigated. Using an optimization procedurerder to
select the proper enzyme, solvent, type and amofimucleophile, it was found that
diisopropyl ether as solvent and methanol (2 eg.h&leophile are the most appropiate for
the highly enantioselective CalL-B mediated alcosislpfrac-11a-d CalL-A, CaL-A(CLEA)
and IMMCal-A T2-150 catalyzed rapidly with poor eelivity the alcoholysis ofac-11a-d
In Table 2, a selection of data for the enantiosedective alcoholysis afac-11ain various
conditions is presented. Thus, both cyanohydrind @yanohydrin acetates were obtained
after 2 hours at around 50% conversion with high{Tesble 2, entry 9). Higher amounts of
methanol decreased the reaction rate without sogmifly altering the stereoselectivity of the
CalL-B mediated methanolysis i@fc-11a-d(Table 2, entries 7,8). CalL-A, CalL-A(CLEA) and
IMMCal-A T2-150 catalyzed rapidly with poor selegty the alcoholysis ofac-11a-d

Table 2.The influence of the nature of solvent and nucldepipon the selectivity of the Cal-B
mediated transesterification @fc-11a

Entry Solvent Reactant Time (h) c (%) ,ee ee E

1 Acetonitrile methanol (8 eq.) 3 26 >995 35 »200
2 n-hexane methanol (8 eq.) 3 49 97 92P00

3 methanol (8 eq.) 15 48 98 90>200

4 ethanol (8 eq.) 15 39 99 64>200

5 1-propanol (8 eq.) 15 43 99 76 »200
6 DIPE 1-butanol (8 eq.) 15 41 99 68 »200
7 methanol (6 eq.) 2 48 99 93 »200
8 methanol (4 eq.) 2 49 99 95 »200
9 methanol (2 eq.) 2 495 99 97 »200
10 Dichloromethane = methanol (8 eq.) 3 15 >99.5 3200

11 Toluene methanol (8 eq.) 3 39 >995 64 »200
12 t-BME methanol (8 eq.) 3 49 96 91 156

The results for the optimal analytical scale CaimBdiated methanolysis o#c-11a-d
in DIPE are presented in Table 3, entries 5-8. Jdrae dependence of the reaction rate and
stereoselectivity on the structure of the heterdoaganohydrin acetatesac-11a-d was
observed as found for the enzymatic acylationram-2a-d. While the enzymatic kinetic
resolution of benzofuran-2-yl- and benjthiophen-2-yl-cyanohydrin acetatesa¢-11a,b

undergoes with high enantioselectivity (Table 3iriea 5,6), the reaction rate and the ee

13



values of the resolution products were lower whenzbfuran-3-yl- and benzgthiophen-3-
yl-cyanohydrin acetatesgc-11c,0 were used as substrates (Table 3, entries 7,8).

Table 3. The optimal conditions for the enantioselectiveotation of racemic cyanohydrimac-2a-d
andcyanohydrin acetateac-11lad

c ee eg
%) () (%)
1 rac-2a Lipase AK dichloromethane 15 50 98 98

Entry Substrate Enzyme Solvent Time (hz

2 rac-2b Lipase AK dichloromethane 13 50 97 97

3 rac-2c Lipase AK dichloromethane 18 46 92 79

4 rac-2d Lipase AK DIPE 23 41 82 57

5 rac-1la CalL-B DIPE 2 50 >995 >995
6 rac-11b CalL-B DIPE 1 50 >995 >0995
7 rac-11c CalL-B DIPE 13 50 98 98

8 rac-11d CalL-B DIPE 21 49 97 93

4.1.3. The preparative synthesis oR)- and (S)- heteroaryl-1,2-ethanediols 3a-d

Using the procedure depicted in Scheme 6, the pgpa scale synthesis of botR){
and )-heteroaryl-1,2-ethanediols starting from the naiceheteroaryl cyanohydrins was also
performed. Because the lipase catalyzed methasobfgiac-11a-d undergoes with higher
stereoselectivity than the enzymatic acylatiorraaf-2a-d, further using the same reagents,
enzyme and solvent as in the case of the analysicale reactions, the preparative scale
resolution ofrac-11ad was performed (Table 4A). All dilutions, substrdi®catalystratio
and reaction conditions were the same as in the chgshe analytical scale reactions. The
reactions were monitored by HPLC and TLC and weopped at an approx. 50% conversion,
removing the enzyme by filtration.

As already mentioned, all three lipases A frGandida antarcticaised in the analytical
scale enzymatic methanolysisraic-11a-d were found to be highly active, but non-selective
enzymes. Therefore, the isolated enantiomericallycked heteroaryl cyanohydrin acetates
(9-11a,h (R)-11c,d,the products of the enantiomer selective enzynatoholysis ofrac-
11a-d were almost quantitatively transformed into theregponding cyanohydrin§)2a,b,
(R)-2c,d by CaL-A(CLEA) mediated methanolysis in DIPE (TalB, Scheme 6). Data on
yields, enantiomeric excess and optical rotatiothefobtained enantiomers are presented in
Table 4.

Further, both enantiomers of the heteroaryl cyaddhg R)- and §-2a-d were
chemically hydrolyzed into the correspondinghydroxy acids R)- and §-12a-d After

isolation, the latest compounds were reduced wikiH, affording with good yields and

14



with small decreasing of the enantiopurity the esponding heteroaryl-1,2-ethanedid®-(
and §-3a-d as shown in Table.5

o) o)
)]\o | OH )J\o

R/é\CN RN * R/'\CN
rac-11a-d (R)-2a,b (S)-2¢c,d (S)-11a,b (R)-11c,d

mé . /OkH

R™OCN
(S)-2a,b (R)-2¢,d

R,
OH OH
\ -
o R” > COOH R/'\COOH
¢ o, (S)-12a,c,d (R)-12b (R)-12a,c.d (S)-12b
b V. V.
S
d
. OH RN OH
(R)-3a,b (S)-3c.d (S)-3a,b (R)-3c,d

I.CH30OH, CaL-B / DIPE; II.CH;0H, CaL-A (CLEA) / DIPE ;
lll. 6N aqueos HCI / dioxane, reflux; IV. LiAlH, / THF, rt.

Scheme 6Preparative scale synthesis of both (R)- and ($¢+baryl cyanohydrins?a-d and
their transformation into the corresponding hetemgdl ,2-ethanediol8a-d.

Table 4.Yields, ee and optically rotatory power for the GBlmediated kinetic resolution products
(A) and for the CLEA mediated methanolysis of thamiopure cyanohydrin acetates.

A B
Yield* ee [u]p* Yield* ee [p]p” Yield™ ee [0]p”
(R2a 48 98 539 9-1la 48 98 549 $2a 96 99 +55.7
(R2b 48 98 -263 9-11b 48 98 -308 $-2b 93  >995 +27.9
(92c 49 96 -37.4 R)-1lc 46 98 +11.9 R-2c 95 99  +40.5

(9-2d 48 96 -47.8 R)-11d 46 97 +24.8 R)-2d 96 >99.5 +51.5
based omac-11a-d ** based on §-11a,band R)-11c.d
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Table 5.The preparative-scale synthesis of both enanti@akyienriched enantiomers of the
heteroaryl-1,2-ethanedioBa-d

3 (9-3a-d (R-3a-d

Yield ee [ Yield ee plo™
a 46 97 -28.2 46 97 +28.2
b 46 96 -13.1 47 96 +13.1
c 42 91 -24.6 48 95 +25.7
d 31 94 -44.8 47 93 +44.3

The sense of the optical rotation and the chrommafidgc retention times of enantiomers
of the heteroaryl-1,2-ethanedi®s-d were compared with those described in liter&fuire
order to establish the stereochemical course ofs#iective enzymatic reactions of the
benzofuranyl- and benZgfhiophenyl-cyanohydrins and their acetates sirugrtabsolute

configurations were unknown.

4.1.4. Determination of the absolute configuratiotry VCD measurements
The absolute configuration of optically active cghpdrin acetate4la-d obtained by
the enantioselective methanolysis ofc-11a-d was also determined using (VCD)
measurements combined with quantum chemical caiont&a VCD spectra in CDglof (-)-
11a, (-)-11b, (+)-11c and (+)41d, with unknown absolute configuration, obtained thg
enantioselective methanolysis rafc-11a-d are shown in Figure 1a. All the four spectra are
dominated by the negatiwe-o band of the ester carbonyl group at ~1750 ™cand they
have a more or less similar pattern in the fingatpegion (1600-1100 crf). This indicates
that the nature of the heteroatom (O or S) or tbstipn of the side-chain on the achiral
heterocyclic moiety does not influence the positmal sign of the estet-o VCD band and
has only moderate influence on the overall shaphe¥CD spectrum. This can be explained
by the fact that molecules with closely relatedictures typically have regions of similar
VCD spectra, particularly those originating fronbrations of structurally identical parts of
the molecules which are not strongly coupled witbrations of the structurally different
parts®*
The determination of the absolute configuration wased on theomparison of the
computed and measured spectra for compountil@)see Figure 1b).
The calculations were performed for tHg-{1a enantiomer and the three lowest-
energy conformers, shown in Figure 2, with a testimated population of 99% considered

for the simulation of the theoretical VCD spectruiie agreement between the calculated
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and measured VCD spectra is reasonably good, hdadrms of wave number values and the
signs of the VCD bands (the matching pairs areléabeith corresponding numbers in Figure

1b) which permits to unambiguously assign the alisatonfiguration t&.

& b. Figure 1.
0.4+ 0.4 1 e

measurod s a. VCD spectra of
compounds (-}la,
(-)-11b, (+)-11c and
(+)-11d measured in
CDClg; b. VCD
spectrum of (-)t1la
measured in CDGI
solution (top) in
. comparison with the
g 98- T T T T T T ) 1800 1700 1600 1500 1400 1300 1200 1100 simulated VCD
02] Mt (S11a spectrum of (S)1a
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4.2 Bakers yeast-mediated biotransformation of a-hydroxy- and a-
acetoxymethyl- 5-phenylfuran-2-yl-ethanones 5,6ekim,n

4.2.1 Synthesis of the substrates 5,6e-i,I,m,n

The synthesis of the substrates was performeddardance with the earlier reported
chemoenzymatic methdd.The heteroaryl-ethanoneke-i used as starting materials, were
prepared by the Meerwein metfiddrom the corresponding diazonium salts of various
anilines and 2-acetyl-furan. Further the obtainetbikeste-i werea-brominated, followed by
their transformation intaa-acetoxymethylketone®e-i using sodium acetate as reactant,
dioxane as solvent and 18C6 crown ether as phasasfér catalyst. Theao-
acetoxymethylketone®l-n were prepared from the-acetoxymethylketone®g-i by the
selective reduction of the nitro group with Sp@h ethanol. Further by the enzymatic
ethanolysis obe-i,|,m,n the a-hydroxymethylketone6e-i,|,m,n were obtained with excellent
yields. Finally the latest compounds were reducéd sodium borohydride to yield thac-
heteroaryl-1,2-ethanediotac-3e-i,|,m,n (Scheme 7).

After that, the chromatographic separation of thandiomers ofrac-3e-i,I,m,n was
developed, which allows us to investigate the stremical outcome of the baker’s yeast
mediated biotransformations (Scheme 8).

~N=NFCr B ~ ’ O\
X@ + @\{O L0 o Lk ©
Z o Z s 7 10ed

e-l

X

Br \ OAc
. g
X o}

|
Se-i

B V. _
2.Cl 50-i — Y- 5 5l|-n
4-Br
2-NO,

OH
4-NO, [ Ohe v B o w [
(e}
2-NO, 4-Cl ol 0 o x4 T 0 o X OH
I 2-NH, = =

5e-i,I,m,n 6e-i,l,m,n rac-3e-i,l,m,n
m 4-NH,

n | 2-NHy, 4-Cl

- ST Ka - o

Scheme 7Synthesis of the prochiral ketor&6e-i,|,m,n and racemic 1,2-heteroaryl-ethane
diols 3e-i,|,m,n. I. CuCl/H,0, acetone; II. pyridinium tribromide/C}€O0H, 80°C:; III.
CHsCOONa', 18C6/1,4-dioxane, reflux; IV. SEtOH, ultrasound; V. Novozyme
435/EtOH; VI. NaBH/MeOH
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4.2.2. Baker’s yeast mediated cellular transfor@ations

In our first approach, the baker's yeast mediateshsformation of5,6e-i under
fermenting and non-fermenting conditions was penfedt (Table 6). Further, in order to
increase the enantiopurity of the products, thetieas were performed in the conditions with
higher stereoselectivity (fermenting or nonfermegtsystem) using various additives (Table
7) which can influence the stereoselectivity of ttedlular transformation as described in
Chapter 2.3.5.4. and other previous reports.

M OAc M OAc 7\ OH
o SN o 5 S. cerevisiae ool X o OH S. cerevisiae L o OH
YADHs Z 7
5e,l,n 7e,l,n (R)-3e/ln
B OAc N\ OH I\ OH
ici S. cerevisiae P
N o S. cerevisiae XML X O o ol X (o] OH
X _ hydrolases _— NZ
5f-i 6f-i (S)-3f-i
/ N\ OH , N\ OH
S. cerevisiae P
o o A0 on
! YADHSs X
6e-i,I,n (S)-3i-l,n

Scheme 8Baker’s yeast mediated stereoselective biotransition of ketones,6e-i,l,n

The influence of various additives upon the stezbsativity of the reactions differs
for each substrate. As example, while the bioredoaif 5e showed the highest selectivity in
the presence of allyl alcohol and ethyl-bromoaee(dable 7, entries 3 and 6), in caseépf
these additives decreased the selectivity of tbeeuction (Table 7, entries 3 and 6) and the
highest selectivity appeared in the presence of*Mgns (Table 7, entry 7). For the
biotransformations dbg,h the best results were obtained using Mg@id dimethyl-sulfoxide
(DMSO) respectively as additive (Table 8, entriesndl 5). In case dif,i and6e the use of
different additives didn’t increased the selecyiwf the processes, f@e the nonfermenting
system (Table 6, entry 6), while in case5dfi the fermenting system (Table 6, entry 2,5)
showed the highest selectivity.
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Table 6. The fermentative and nonfermentative biotransféioneof 5,6e-i

Entry Substrate Product () Yield" (%)
a b a b
1 oe (R-3e 67 60 81 a5
2 Sf (9-3f 58 46 58 49
3 59 (9-39 80 73 85 79
4 5h (9-3h 87 69 90 60
5 5i (9-3i 39 37 80 75
6 6e (9-3e 90 97 89 90
7 6f (9-3f 41 36 65 61
8 6g  (93g 83 79 70 59
9 6h (9-3h 60 52 75 72
10 6i (9-3i 75 52 61 60

a. Fermenting system; b. Nonfermenting systemjier 3 days

Table 7.The influence of various additives upon the steeaxtivity of bioreduction of ketones
5eand6i

ee (%) Yield (%)
Entry Additives Time (h)
(9-3i (R-3e (9-3i (R)-3e
1 A? 75 67 58 85 48
2 B? 52 60 52 81 48
3 Allyl alcohoP 40 89 91 93 48
4 n-hexand 71 51 49 87 48
5 L-Cystein8 77 667 58 85 48
6 Ethyl bromoacetate 20 93 a7 91 48
7 MgCL’ 87 719 55 89 48

A. Fermenting system; B. Nonfermenting system;
awithout additives® in fermenting system

Generally, the cellular transformation of theacetoxymethylketones involves two
concurring processes: the reduction of the carbgngup catalyzed by the yeast alcohol
dehydrogenases (YADHSs) and the enzymatic hydrolySihe a-acetoxy group respectively
(Scheme 8a.). In previous works it was demonstr#tetl the reduction is faster than the

hydrolysis®®
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As we expected, the biotransformation @facetoxymethyl ketone$e and the
respectiven-hydroxyethanone6e takes place with opposite enantiopreference atid gaod
selectivity (Table 6, entries 1 and 6). Howevercamtrast to the most of the earlier reported
result§®">*®the biotransformation ofi-acetoxymethyl ketoneSg-i (Scheme 8b, Table 6,
entries 2-5) and the correspondidpydroxyethanone6g-i (Scheme 8c, Table 6, entries 7-
10) showed the same stereochemical outcome anskthetivity of the processes were also
lower than in case of the cellular transformati6® e

The same stereochemical preference for the transtayn of 5f and 6f (Table 6,
entries 2 and 7) and the lower enantioselectiotytfie reduction 05,6f could be explained
by the fact that baker's yeast possesses sevea@htdldehydrogenases, botR){ and §)-
specific enzymes, which could display nearly eqgivities towards this substrate, or due to
the high sterical demand of the bromine group oomhe enzyme acts, but with low
stereoselectivity. It is important to note thatidgrthe biotransformation &f the presence of
6f could not be detected proving that the rate ofrdaiction is considerably higher that of
the hydrolysis of the esteric group.

The same stereochemical outcome for the biotramsfion of a-acetoxymethyl
ketonessg-i (Table 6, entries 3-5) andthydroxymethyl ketone§g-i (Table 6, entries 8-10)
respectively could be explained by the higher #gtiof the hydrolases than those of the
YADHSs present in baker’s yeast cells, towasdacetoxymethyl ketone€sg-i. By monitoring
in time the biotransformation dbg-i the appearance of the hydroxyethanofigs was
observed, proving that in these cases the hydmigdgaster than the reduction (Scheme 8b).

We supposed that the strong electron withdrawiegtednic effects of the nitro group
reduce the electron density on the esteric carboinancing its reactivity, thus the enzymatic
hydrolytic process being favored.

To prove our supposition, further, by the selectivemical reduction of the nitro
group, prochiral ketoneSg-i were transformed int&él-n (Scheme 7, step V) followed by
their enzymatic alcoholysis int6l-n. As it was expected, the baker's yeast mediated
biotransformations ofi-acetoxyketone$l,n anda-hydroxyketonesl,n, all of them bearing
an amino group as substituent, takes place witlosigenantiopreference and no trace-of
hydroxyethanone6l,n could be detected during the biotransformationsl of

However, in both fermenting and nonfermenting systthe enantiopurity of the
products was low (Table 8, entries 7-10) and itld¢awt be enhanced considerably using

additives. Moreover, the producdd){ and §-1-(5-aminophenyl-furan-2-yl)ethane-1,2-diols
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3l-n were very sensitive, instable compounds. The predwiol3m decomposed completely

in situ during the reaction.

Table 8.Baker’s yeast mediated preparative scale biotoamsftion of heteroaryl-ketoné&g-i,I,n and
6e-i,I,n

Entry  Substrate  Product (%) Rea(z:;/r;)tlme Y(:;Ol)d op
1 5e (R-3e? 94 5 58 e
’ o¢ (9-3¢" 97 2 90  -48.1
° o (9-3f° 50 2 60 -17.1
4 69 (9-3g¢ 91 5 5 el
° sh. (93 88 3 79 -417
6 Bi (9-3i¢ 87 3 82 _ 9
7 51 (R-31° 9 5 65 441
8 6l (9-31° 80 2 75 _og1
9 5n (R-3n°® 29 2 56 + 0.8
10 6n (9-3n° 41 ) 6 161

“Fermenting system with ethyl-bromoacetate as @édit
® Nonfermenting system (without sucrose)
“Fermenting system

4 Fermenting system with Mtas additive

¢ Fermenting system with dimethylsulfoxide as additi

4.2.3. The absolute configuration of the synthesized diols
Because the absolute configuration of the prodye¢dand (-)-diols were unknown,

the both enantiomers oB8e,f were prepared from the corresponding)-(and §-
cyanohydring?2e,fas shown in Scheme 9.

The absolute configuration of the products was béisteed comparing the
chromatographic retention times and the sense eofofitically rotatory power of the diols
obtained by the two different methods. The samessaj the optically rotatory power oR)-
3e,l,nand other R)- 1-(5-phenylfuran-2-yl)ethane-1,2-didis® was also in accordance with

the assignment of the absolute configuration fer(th)-enantiomers described herein.
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)J\O . OH OH

v

oV . A _OH
R/'\CN R eN RN
(R)-11e,f (S)-2ef (R)-3e,f
Ml
X: 2-Cl, 4-Br OH OH
V. OH
en S
I. a)TMSCN, Znl,/ CH,Cl, b) HCI / MeOH
Il. CaL-B, vinyl-acetate/toluene (R)-2e.f (S)-3e.f

Ill. CaL-A, MeOH/DIPE
IV. a) 1N HCI/1,4-dioxane b) LiAIH,/THF

Scheme 9Retrosynthetic pathway to determinate the absaatdiguration

4.3. Lipase mediated kinetic resolutions of 5-pheffyran-2-yl-ethane-1,2- diols

The previous presented work devoted to the chenyoestic synthesis of both
enantiomeric forms of phenylfuran-2-yl-ethane-1li@« by the baker's yeast mediated
biotransformation ofa-acetoxymethyl-5-phenylfurane-2-yl-ethanongs-i and of thea-
hydroxymethyl-5-phenylfuran-2-yl-ethanongs-i do not give the expected results. Due to the
observed strong substituent effect, in some casdsiatransformation, or low enantiomeric
excess values were obtained, the method provitg tonsatisfying for the general synthesis
of both enantiomers of the purposed 1,2-ethane@mis

Therefore our interest turned towards the employnoérihe lipase mediated kinetic

resolution for the synthesis of the highly enangoically enriched forms of phenylfuran-2-

yl-ethane-1,2-diols.

4.3.1. Preparation of the racemic substratesac-3,7,8,9e-h

The racemic 1-(5-phenylfuran-2-yl)ethane-1,2-dioég-3e-h were prepared by the
chemo-enzymatic method described earlier (Schemé&hése were transformed by chemical
acylation into racemic diacetategc-9e-h (Scheme 10). In order to avoid the drawbacks of
the protective groups employment for the regiogele@cylation ofrac-3e-hand because the
chemical synthesis of racemic 2-hydroxy-1-(5-phtmgn-2-yl)ethyl acetatesc-7e-h and
2-hydroxy-2-(5-phenylfuran-2-yl)ethyl acetatesac-8a-d by the previously described
methodg® failed, our attention turned towards highly regiestive but non stereoselective
enzymatic methods. In accordance with earlier te€tf>%%n case of enzymatic acylation
of the racemic 1,2-ethanediolsac-3e-h it was observed that LPS acts in a highly

regioselective manner, yielding onigc-7e-h (Scheme 10). Even after long reaction time no
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trace ofrac-9e-hand/orrac-8e-hwas found in the reaction mixture. However, tleisuit is in
contrast with previous repoff&®>>** where a second LPS catalyzed enantiomer selective
acylation step also occurs, yielding finally thepopite enantiomeric forms of the optically

active diacetylated and the monoacetylated 1,2diol

OH AcCl/Py OAc

A O = A _oAc R: D]

rac-3e-h rac-9e-h Xv:\@/ o}
=

LPS
H,O: THF LPS
vinyl-acetate l 11 l 3,7-9 X
e 2-Cl
f 4-Br
OAc -NO3
R R/E\/OH h 4-NO,
rac-7e-h rac-8e-h

Scheme 10Chemoenzymatic synthesis of ig8;9e-h

LPS was found as the proper biocatalyst also fersgnthesis of racemic 2-hydroxy-
2-(5-phenylfuran-2-yl)ethyl acetateac-8e-h Thus, by the LPS mediated hydrolysis of the
racemic diacetateac-9e-h in THF-water mixture (1:1, v/vjac-8e-h occurs quantitatively
(Scheme 10). Also in this case no trace of theiplesbyproducts was detected in the reaction
mixture.

It is important to note that the same gram-scabegutures undergoes in similar way,
the isolation and the purification of the targetngmunds was easy and simple providing an
accessible synthetic route to both monoacetylateshydfuran-2-yl-ethane-1,2-diotsac-7,8e-

h. In this way the use of difficult chemical methtd®S requiring special reagent or
experimental conditions, were avoided.

In order to synthesize optically pure 5-phenylfufagl 1,2-ethanediols further the

enzymatic kinetic resolution of authentic racemompoundgac-3,7,8,9e-hwas investigated.

4.3.2. The enzymatic acylation of racemic diolsac-3e-h

In our first approach we focused on the enzymatiglagion of the racemic 1,2-
ethanediolsrac-3e-h Using various solvents as reaction media angl\acetate as acyl
donor most of the tested lipases like CalL-B (Nowoey435, lipase from BCandida

antarcticg, LAK, CrL (lipase fromCandida rugosg lipase fromMucor javanicusshowed
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no or small activity. Only the highly active LPSdaRPL (porcine pancreatic lipase) with
moderate activity catalyzed regioselectively thecylation of therac-3e-h yielding the
racemic 2-hydroxy-2-(5-phenylfuran-2-yl)ethyl adetarac-7e-h CalL-A (lipase A from
Candida antarcticacatalyzed in a first step with poor regioseldtjithe acylation ofac-3e-

h yielding bothrac-7e-h andrac-8e-h with an approximate 4:fatio. In the second step the
formed monoacylated compounds were further acylate@al-A. As it is described in the
next paragraph, while the acetylationrat-7e-h undergoes stereoselectivetgc-8e-h was
transformed in a non-stereoselective manner irdadlcemic diacetatec-9e-h lowering the
ee of R)-9e-h produced in the reaction mixture as shown in Se&éfn Thus the use of the
racemic heteroaryl-ethane-1,2-diolsc-3e-h as substrates for an efficient enzymatic

enantiomer selective resolution is ruled out.

7\ OH first acylation | N\ OAc | N\ OH
step
L R xf O oH . O oac
X | I
P = %

rac-7e-h rac-8e-h

rac-3e-h

second acylation .
second acylation

step step
OAc
OAc | \ I N\ OAc
TN o A
C + XNIV‘ P OH X"-’i" (@] OAcC
=
(S)-7e-h rac-9e-h

Scheme 11Cal-A mediated acylation of re@e-h

4.3.3. The enzymatic acylation, alcoholysis and hyalysis of secondary and
primary monoacetatesrac-7,8e-h

It is known that lipases catalyze in their biolaidunction the 1,3-regioselective
hydrolysis of triacylglycerols at water-lipid infaces. Consequently, we decided to
investigate first the enzymatic kinetic resolutiohracemic 2-hydroxy-2-(5-phenylfuran-2-
yhethyl acetatesac-8e-h, since the enzymatic acylation of the primary loxgt group

should undergo easily.

25



Using racemic 1-(5-(4-bromophenyl)furan-2-yl)2-hgeyethyl acetaterac-8f as
model compound, potentially useful lipases wereeaoed for the enantiomer selective
acylation with vinyl acetate (8 eq.) in various amgc solvents. Most of the lipases showed
high activity, in all tested solvents, only lipag®m Mucor javanicusand PPL were
catalytically inactive. The stereoselectivity oetlenzymatic reaction was influenced by the
nature of the used solvent as reaction media. Bssits were obtained in diisopropyl ether
(DIPE), however the obtained results were unsatisfg (E<7.4, Scheme 12a) as shown in
Table 9. Moreover, in all tests LAK was a highlytiae and totally non stereoselective
enzyme. These results can be explained with thetHat the reacting hydroxyl group is near
to the asymmetric center, thus the sterical re¢mgnibetween the catalytic center of the
enzyme and the enantiomers of the substrate is. paterestingly CalL-B showed opposite
enantiopreference than all the other lipases, mioduhe §-diacetate and thdr}-secondary

monoacetate both with moderate enantiomeric eXdegse 9, entry 3).

OAc OAc OAc
@ lipase /'\/ H
rac-8a-d vinyl-acetate (S)-8a-d (R)-7a-d
OAc _ OAc OH
@ R/E\/OH _lipase _ R/'\/OH . R/"\/OH E <10
rac-8a-d DIPEMeOHH0 5y ga-d (R)-5a-d
OH _ OH OAc
9 o onc _thee R)\/OAC b AOAC Esg
vinyl-acetate
rac-6a-d (S)-6a-d (R)-7a-d
OH . OH OH
( :) Rj\/OAC lipase R/k/OA(: + R/:\/OH E<1
MeOH or H,O
rac-6a-d (S)-6a-d (R)-5a-d

Scheme 12Enzymatic kinetic resolution of the racemic montstey diols
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Table 9. Enzymatic acylation with vinyl acetate rafc-8f in DIPE.

Entry Enzyme Time c (%) e&0) eg(%) E

1 CalL-A 2h 30 31 13 2
2 LPS 2h 61 52 81 7
3 CaL-B! 2h 61 46 72 6
4 CrL 16 h 54 49 58 5

 anti-Kazlauskas type

The enzymatic alcoholysis or hydrolysis of the ramesecondary monoacetatac-8f
also gave unsatisfactory results. Most of the Bgaand other hydrolases like PLE, Acylase |
and esterase froMhizopus oryzawere catalytically inactive in neat alcohols likethanol,
ethanol, propanol and butanol as well as in varanggnic solvent with a content of 8 eq. of
the previously mentioned nucleophiles. The enzynhayidrolysis performed in THF-water
(1:1, v/iv)mixture also failed. Interestingly a ratkenzymatic alcoholysis-hydrolysis process,
with moderate enantioselectivity (E<10), yieldinge tR)-3f (ee: 65%) and theS-8f (ee:
35%), occurred when the reaction was performed DIRE: MeOH : water (1:1:2, v/v)
mixture in presence of LPS (Scheme 12b). Similaulte were found also for the LPS
mediated mixed alcoholysis-hydrolysis for the #she substratesac-8e,g,h

Further the enzymatic acylation of primary monoatetderivativesrac-7e-h was
performed (Scheme 12c). 2-hydroxy-2-(5-(2-nitropidaran-2-yl)ethyl acetateac-7g was
used as model compound for the screening of thenpiat useful lipases. All screening
procedures were performed in DIPE in presencerofiacetate (8 eq.) as reactant.

Table 10.Lipase catalyzed acylation of the primary monoategac-79

Entry Enzyme Time (h) c (%) eé@b) ee(®) E

1 CalL-A 6 47 91 76 49
2 CaL-A (CLEA) 4 40 85 56 22
3 IMMCalA T2-150 4 34 73 37 9
4 LAK 24 43 94 71 69
5 CalL-B 16 3 50 2 3
6 CrL 16 21 53 14 4

Among the tested lipases, only CalL-A (Table 10reht3), and LAK (Table 10, entry
4) proved to be efficient catalysts, while lipageni Mucor javanicusand LAK were
catalytically inactive. CaL-A showed higher actvihan LAK, but the latest enzyme displays
a higher selectivity. Beside CalL-A, the celite soiped form of enzyme (Table 10, entry 1),
other immobilized lipase A fron€andida antarcticalike CLEA (enzyme reticulated with
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glutaraldehyde, Table 10, entry 2) or IMMCalA T281&ovalently immobilized enzyme,
Table 10, entry 3) were tested and it was found thmterm of stereoselectivity they are
inefficient biocatalysts.

These behavior of CaL-A is in accordance with ¢he? preference showed by the
enzyme towards triacylglycerols. However Cal-A wasely used in enantioselective
reactions, usually being reported to be highlyvacin a non-selective mann&r high E-
values have been obtained with substrates havibgllkey group vicinal to the stereogenic
Centré)Ob,c,lOZ,lO.S

More surprising is the contrary behavior of the L&&mpared to previously reported
observations, when it was found as a highly selechiocatalyst for the acylation of the
secondary monoacetate of several 1,2-ethanedibl$e \m case of acylation of the primary
monoacetate showed significantly lower activity aetectivity.

Further, using the most efficient enzymes (CaL-AKl. solvents effects on the
selectivity of the enzymatic acylation was tes#atrong solvent influence upon the reaction
rate and selectivity was observed. Beside variogaroc solvents, ionic liquids, previously
found as proper media for the LPS-catalyzed enzgneatylation of different substituted
phenyl-1,2-ethanediof$,were also used (Table 11, entry 7,14) with unfsatisry results in
the present case (Table 11, entry 7,14). Besttee$ot the LAK mediated reaction were
obtained in DIPE (Table 11, entry 9).

Table 11.The influence of the nature of solvent upon the-8aand lipase AK mediated
acylation ofrac-7g

Entry Enzyme  Solvent Time ¢ e eg E
(hy (%) (%) (%)

1 CalL-A DIPE 6 50 89 91 54
2 CalL-A tBME 6 41 81 56 16
3 CalL-A CHCI, 4 6 85 5 13
4 CalL-A Acetonitrile 4 16 70 13 6
5 CalL-A Toluene 4 34 88 44 23
6 CalL-A Vinyl 6 50 89 92 56
acetate
7 CaL-A  [bmim]PFK 6 30 88 37 22
8 LAK DIPE 24 43 95 71 83
9 LAK tBME 24 35 90 48 31
10 LAK Toluene 24 34 93 47 44
11 LAK Vinyl 24 16 89 17 20
acetate

12 LAK CH.CI, 24 17 93 19 33
13 LAK Acetonitrile 24 12 91 13 24
14 LAK [bmim]PF 24 20 91 23 27
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The same screening procedure was performed fare8iteof the substrates and in all
cases the optimal transformation was identical whit found in case afc-7g (Table 12,
entry 2,4,6,8). It is important to note that thd_@amediated transformation gfc-7e-hin
neat vinyl acetate was also satisfactory in mostses (Table 12, entry 1,3,5). Excepting the
enzymatic transformation oéc-7h (E=5, Table 12, entry 7), the CaL-A mediated acyladio
underwent with good enantioselectiviti€s=(56-133).

Table 12.Comparison of the CalL-A and LAK mediated acylatid rac-7e-h

Entry Substrate  Enzyme Solvent Time ¢ (%) eg (%) eg(%) E
(h)
1 rac-7e CaL-A Vinyl acetate 6 48 95 83 133
2 rac-7e LAK DIPE 13 50 97 97 >200
3 rac-7f CaL-A Vinyl acetate 9 50 92 91 76
4 rac-7f LAK DIPE 9 50 97 96 >200
5 rac-79 CaL-A Vinyl acetate 6 50 89 92 56
6 rac-79 LAK DIPE 30 50 93 95 102
7 rac-7h CaL-A Vinyl acetate 12 55 46 56 5
8 rac-7h LAK DIPE 22 50 92 93 81

The enzymatic hydrolysis or alcoholysis of tree-7e-h was also tested (Scheme
12d). Using the same methodology previously deedritor rac-8e-h it was found that most
of the tested lipases (CalL-A, LAK, LPS, PLE, Cripalse fromMucor javanicu} were
useless. Only LPS and CaL-B transformed in a totatinselective manner all the substrates
into the corresponding racemic dialac-3e-h, when the reactions were performed in a

mixture of diisopropyl ether-methanol-water (1:1v2;).

4.3.4. Kinetic resolution of the racemic diacetylad derivativesrac-9e-h

Finally the same hydrolases were tested as poteatialysts for the methanolysis of
the racemic diacetylated derivativeac-9e-h The reactions were performed in various
solvents containing 8 eq. of nucleophile as welhaseat methanol. While most of the lipases
were catalytically inactive, as it was expecfe@alL-B was able to transformac-9e-hin an
anti-Kazlauskas mann®f into (R)-diacetate and theSf-secondary monoacetate. However,
the ee of the reaction products were only moddemteee 82% forK)-9h and ee 51% forg)-
8h) and at higher conversions also the presenceigiitshmount of the diol (5-10%) was
observed.

When the reactions were performed in the mixturétdF:H,O (1:1, v/v), CalL-B and
LPS were able to hydrolyze regioselectivedg-9e-hinto rac-8e-h Using a mixture of DIPE:
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MeOH: H0O as reaction media LPS catalyzed rapidly the foamsation ofrac-9e-hinto rac-
8e-h followed by the stereoselective lysis of the datacemates yieldingrj-3e-hthe §)-8e-
h with moderate enantioselectivity (ee 65-71% f)-8e-hand 59-67 % for-8e-h). The

possible routes are depicted in Scheme 13.

OAcC OAc
_lipase R/'\/OH + R/'\/OAC E<8
MeOH (S)-8a-d (R)-7a-d
OAc
lipase OAc
A _OAc [P
OH
R THF:H,0 1:1 R;\/
rac-7a-d rac-8a-d
lipase OAc OH
e H

OH - E<11
DIPE:MeOH:H,0 R + g NOH

(S)-8a-d (R)-5a-d
Scheme 13Lipase catalyzed reactions of the racemic diacdatels

4.3.5. Preparative scale synthesis of optically perR)- and (S)-3e-h

The preparative scale synthesis of both enanti@mferims of the phenylfuran-2-yl-
ethane-1,2-diols was based on the results of thlytacal scale enzymatic reactions described
in the previous paragraph (Scheme 14).

Using racemic 1,2-diolsac-3e-h as starting materials first their regioselectiveS:
mediated enzymatic acylation was performed yieldjjp@ntitativelyrac-7e-h Further the
LAK mediated enantioselective enzymatic acylatibnag-7e-hwas performed obtaining)-
7e-h and R)-9e-hin highly enantiomerically enriched forms by stopgpthe reactions at an
approx. 50% conversion (monitored with HPLC) renmgvithe enzyme by filtration. All
dilutions, substrate-biocatalyst ratio and reactionditions were the same as in the case of
the analytical scale reactions. Data on yieldspgomeric excess and the specific rotation of
the obtained enantiomers are presented in Tabl@l8isolated $)-7e-h and R)-9e-h were
quantitatively transformed into the correspondingsd(S)- and R)-3e-h without any loss of
enantiopurities, by the LPS catalyzed mixed alcg$isthydrolysis procedure. The chemical
hydrolysis® and alcoholysE>* of (9-7e-h and R)-9e-h were also tested, but due to the
structural instability of diols in acidic or basitedia, in most of the cases the appearance of

several by-products and partial racemization ofpiteeluced diols was observed.
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The absolute configurations of the produced ogticahriched 1,2-diols was established
comparing the chromatographic retention times & é#mantiomers and the signs of the

specific rotations for the produced enantiomencahriched diols with earlier reported
datd®.

OH OH OAcC OH
l. 1. b
rac-5a-d rac-6a-d (R)-7a-d (S)-6a-d
Il. 1l.
D T
X'W!‘ S o b 4-Br OH OH
F c 2-NO, E OH
d | 4NO, RO R
(R)-5a-d (S)-5a-d

I. LPS / vinyl acetate; 1l. LAK, vinyl acetate / DIPE; Ill. LPS / MeOH:DIPE:H,0 (1:1:2, v/v)

Scheme 14Enzyme catalyzed preparative scale synthesis)oa(Rl (S)-3e-h

Table 13.Yields, ee and optically rotatory power for prothuof the preparative scale procedure

Entry Product Yield ee (%) (lo~° Product Yield ee (%) plo™"

(%) (%)

1 9-7e 49 97 6.7 R-9e 49 97 +33.1
2 (9-7f 48 96 104 R)-9f 49 97  +427
3 (9-79 49 95 -23.8 R)-9g 47 93  +82.3
4 (9-7h 48 93  -18.7 R-9h 47 92  +655
5 (9-3e 47 97 -245 R)-3e 47 97  +243
6 (9-3f 46 96 -21.2 R-3f 48 96 +21.9
7 (9-3g 48 95 -339 R)-3g 46 93  +314
8 (9-3n 46 93 -258 R)-3h 46 92  +25.1

& calculatedac-3e-h

bc0.5

4.4. Chemoenzymatic One-Pot Synthesis of botR)- and (S)-aryl-1,2-ethanediols
3b,c,e,jk

The previously developed chemoenzymatic synthdsioth R)- and §-1-aryl-1,2-
ethanediols using arylketones as starting mateisats multistep procedufé®® In order to

remove side products or reagents that would imibernext steps, the purification of the
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intermediates is usually necessary. To avoid suobbl@ms, practically quantitative
conversions and non-disturbing reagents and savarg required. In this case a one-pot
procedure can be achieved without purificationméimediates as shown in Scheme 15. For
this purpose, using polymer bound pyridinium trioide in acetonitrile, tha-bromination of
arylketoneg! occurs in quantitative yields. The subsequentpteta conversion afi-bromo-
arylketonesl0 into a-acetoxymethyl arylketondsundergoes with sodium acetate in presence
of phase-transfer catalyst 18C6. Further additiénlimase B from Candida antarctica
immobilized on Celite (Novozyme 435) and metharitdrded quantitatively thei-hydroxy-
arylketoness. By pouring water suspended baker’s yeast caitsthre same pot containirg
hydroxy- ora-acetoxymethyl arylketones, the enantiomericallsicired ®)- or (§-1-aryl-
1,2-ethanediol8 can be obtained.

Using various arylketoneth,c,e,j,k as starting materials, we demonstrated that $his i
a reliable one-pot procedure for the synthesisotii R)- and §)-1-aryl-1,2-ethanediols with
high yields and ee values.

The reaction sequences are shown in Scheme 15efeondne the conditions for
quantitative conversions, the reactions were mositafter each step by HPLC and/or by
TLC. After the completion of a reaction, the coradis (dilution, temperature, pH, etc.) were

adjusted to optimal for the next step.

L T ST | g
/E R” “OH
/L . 7 (S)-3b.e, (R)-3¢,j.k
R™ Y0 + e
4 Bf:\[Br 1. LOH V. J:OH
N0 R o R” YOH
13 6 (R)-3b.e, (S)-3c,j k

T cl
= G v,
S (e} o
b c e j k

I. Polymer bound pyridinium tribromide / acetonitrile, reflux; polymer bound 4-(N-benzyl-N-methylamino)pyridine, rt.
Il. CH3COO'Na*, 18C6 / acetonitrile, reflux. 1ll. Novozyme 435, methanol / acetonitrile, rt.
IV. Oxidoreductases from baker's yeast. V. Hydrolases from baker's ysest for b,c,e and PLE for j,k.

Scheme 15The one-pot synthesis of (R)- and (S)-1-aryl-1h2ue¢diols
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As example, the HPLC elution diagrams correspondm@ll steps of the one-pot

transformation of 1-(benzbJthiophene-2-yl)ethanonelb into the desired products are
presented in Figure 3.

Figure 3. Elution diagrams from a chiral column correspondittgeach reaction step
for the one-pot synthesis of (S)- and 8R)-
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Under the used conditions, the retention timesaigthentic 1-(benzbjthiophene-2-
yh)ethanonedb, 1-(benzop]thiophene-2-yl)-2-bromoethanori®b, 1-(benzop]-thiophene-2-
yl)-2,2-dibromoethanone 13b, 2-(benzop]thiophene-2-yl)-2-oxoethyl acetateSb, 2-
(benzop]thiophene-2-yl)-2-hydroxyethyl acetai#, 1-(benzop]thiophene-2-yl)-2-hydroxy-
ethanone&b, (§- and R)-1-(benzop]thiophene-2-yl)ethane-1,2-di@b were approximately
7.9,115,8.1,17.0, 19.4, 22.6, 27.2 and 29.1utas) respectively (Figure 3, trace g).

In the first stage the starting ketofie (Figure 3, trace a) was totally transformed into
the brominated products (Figure 3, trace b). Ingbeond stage the accumulated HBr, which
would compromise the further reactions, was remofreth the reaction mixture using
polymer bond 44{-benzyl- N-methylamino)-pyridine. The use of polymer bondcteats in
the first step is crucial. The free pyridinium hgdromide and 4N,N-
dimethylamino)pyridine hydrobromide in the reactiixture strongly decreased the activity

and selectivity of the further enzymatic reactiansl also the appearance of several undesired

33



side products has been detected. It is importanbte that 5-8% of dibrominated ketoh&b
was also formed (Figure 3, trace b, 8.2 min.), hawehis compound was inert in the further
reactions, its presence was detected after eaplobthe one-pot procedure (Figure 3, traces
c-g). The 18C6 phase-transfer catalyst mediatetbagation of thea-bromo-arylketoné.Ob
(Figure 3, trace c) and the subsequent Novozyme cE88lyzed transformation ofi-
acetoxymethyl-arylketonebb into a-hydroxymethyl-arylketone6b (Figure 3, trace e)
underwent with complete conversions, the formatidnundesired side-products was not
observed. Finally the baker's yeast mediated hisfamation of thex-acetoxymethyl- and
a-hydroxymethyl-arylketone yielded the opposite dimaneric forms (Figure 3, trace d
respectively f) of the desired 1l-aryl-1,2-ethanedb and they were easily isolated by
extraction with ethyl acetate. It is important totey that during the biotransformation of 2-
(benzop]thiophene-2-yl)-2-oxoethyl acetateb no trace of 2-(benzblthiophene-2-yl)-2-
hydroxy-ethyl acetaté/b was detected, indicating that the reduction prbdsca good
substrate for hydrolases also present in bakedstyeells.

The procedure for the other l-aryl-1,2-ethaneddol®,j,k was similar and the yields
of the isolated products are shown in Table 14cdse of biotransformation &f,k besides
the desired9)-3j,k unhydrolysed $-7j,k was also detected. In these cases, after completio
of the bioreduction, the addition of esterase fiooncine liver (PLE) rapidly converte®)
7j,k into the corresponding diolS)¢3),k.

Table 14.Yields, reaction times and conditions for the po¢-synthesis ofR)- and §-1-aryl-1,2-
ethane diols

ee

Entry Product Yield (%) (%) Conditions T (h)
1 (9-3b” 79 96 fermenting 110
2 (R)-3b” 82 95 fermenting 126
3 (9-3” 80 95 fermenting 38
4 (R)-3” 82 98 fermenting 48
5 (9-3¢” 81 97 fermenting 48
6 (R)-3€” 79 94 non-fermenting 72
7 9-3j® 75 77 fermenting 36
8 (R)-3j” 73 95 fermenting 48
9 (9-3k? 68 82 fermenting 34
10 R)-3k” 75 95 fermenting 48

reaction product involving the cellular transfotioa of 5b,c,e,j,k ® reaction product involving the

2 tion product lving the cellular transfot f5b,c.e,j,k tion product lving th

cellular transformation oBb,c,e,j,k @ with L-cysteine as additive? with ethyl bromoacetate as
J y y

additive.
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5. Conclusions

In the previously developed synthesis of th®)- (and §-benzofuranyl- and
benzop]thiophenyl-1,2-ethanediols, the global yield am& tenantiopurity of the products
were not satisfactory in all cases. Thus a novighlh efficient chemoenzymatic procedure
was developed for the synthesis of bd® @and §-benzofuranyl- and benzgfhiophenyl-
1,2-ethanediols, based on the well known lipasalyze¢dsynthesis of novel optically active
cyanohydrins followed by their chemical hydrolysiso the corresponding-hydroxy acids
and the subsequent reduction with LiAlef the latest compounds.

For the synthesis of both enantiomeric forms of ehodifferently substituted 5-
phenylfuran-2-yl-ethane-1,2-diols one of the presgly reported methods, the baker’s yeast
mediated biotransformation of theacetoxymethyl ketones and of tlehydroxymethyl
ketones was employed. Several phenylfuran-2-ylrettig2-diols had been obtained in high
enantiomeric excesses and with high yield valueswéver, due to the observed strong
substituent effect, in some cases no biotransfeomabr low enantiomeric excess values
were obtained.

By employment of the lipase mediated kinetic resoluof racemic 1,2-ethanediols,
the enantiomeric excesses obtained for the novirently substituted 5-phenylfuran-2-yl-
ethane-1,2-diols were superior than those obtaibgd the baker's yeast mediated
biotransformation of the correspondingacetoxymethyl ketones and of thehydroxy
ketones. Thus, exploiting the regioselectivity ipake PS and the enantioselectivity of lipase
AK, a highly efficient, and general enzymatic metHor the synthesis of both enantiomeric
forms of novel differently substituted 5-phenylfofa-yl-ethane-1,2-diols was successfully
developed.

Besides the well established methods mentionedeabav enantioselective, simple
and efficient one-pot method, starting from theithand cheep ethanones was developed
for the synthesis of enantiomerically enrich&} @nd §)-aryl-1,2-ethanediols. A wide range
of aryl groups, phenyl, 4-chlorophenyl, benatjiophene-3-yl, benzofuran-2-yl, 2-
chlorophenylfuran-2-yl were used, and owing to ldmge number of existing arylethanones
and the broad substrate specifity of baker's yets, presented method proved to be

convenient for the synthesis &)( and §-1,2-ethanediols.
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