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Abstract t 

Prochirall  aryl ketones and dialkylketones were enantioselectively reduced to the 

correspondingg alcohols. Whole cells of the white-rot fungus Merulius tremellosus 

ono9911 were used as the biocatalytic system, whereas ruthenium(II)-aminoalcohol 

andd iridium(I)-aminosulfide complexes were used as metal catalysts in asymmetric 

transferr hydrogenation. Comparison of the results showed that the corresponding 

chirall  alcohols are obtained with moderate to high enantioselectivities (up to 97-98%) 

forr both the biocatalytic system and the metal based catalysts. The two approaches 

appearedd to be complementary. A biocatalytic approach is the most suitable for 

enantioselectivee reduction of several chlorosubstituted (aryl) ketones, whereas for the 

reductionn of a,B-unsaturated compounds excellent results were obtained using the 

metall  catalysts. 
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AsymmetricAsymmetric reduction of ketones 

Introductio n n 

Enantiomericallyy pure alcohols are useful chiral building blocks in organic synthesis, 

whichh can be used as key intermediates in the synthesis of more complex enantiopure 

bioactivee compounds. Accordingly, there is a considerable interest in highly efficient 

routess to chiral alcohols. They can be synthesized (in enantiomerically pure form) 

startingg from prochiral ketones either biologically, using a biocatalytic system, or 

chemicallyy via stereoselective reduction using a catalytic system or a stoichiometric 

amountt of a reducing agent. 

Thee enantioselective reduction of ketones using Me-CBS-oxazaborolidine, developed 

byy Corey and coworkers (1987, 1998), is an example of the latter method. Here we 

havee used this methodology to establish the absolute configurations of some of the 

chirall  alcohols obtained via the biocatalytic route. 

Severall  examples of enantioselective microbial reduction have been described in 

literaturee (Akita et al. 1982; Csuk and Glanzer, 1991). Bernardi et al. (1990) described 

thee reduction of (Z)-3-fluoro-4-phenyl-l-(p-tolylsulphonyl)but-3-en-2-one to form (-)-

(5)-3-fluoro-4-phenyl-l-(f-tolylsulphonyl)but-3-en-2-oll  using the yeast Geotrichum 

candidumcandidum (98% ee) or the opposite enantiomer (+)-(fl)-3-fluoro-4-phenyl-l-(p-

tolylsulphonyl)but-3-en-2-oll  using the white-rot fungus Phanerochaete 

chrysosporiumchrysosporium (95% ee). White-rot fungi are lignin degrading basidiomycetes and 

containn an extensive reductive enzyme system. Recently we described the biocatalytic 

propertiess of white-rot fungi in aryl acid reductions (Hage et al. 1999). Ketone 

reductionn during lignin degradation has been suggested (Schoemaker, 1990) and the 

dede novo production of both chloro-substituted arylketones and chiral chloro-

substitutedd aryldiols by white-rot fungi has been reported (Swarts et al. 1998). In 

addition,, the fungus Phanerochaete chrysosporium possesses an interesting and 

unprecedentedd hydroquinone reductase activity (Tuor et al. 1993). From the scarce 

literaturee precedents known, it can be inferred that white-rot fungi may possess a 

versatilee biocatalytic system for the (enantioselective) reduction of various kinds of 

functionalizedd ketones. So far, relatively littl e is known about the reductive part of the 

ligninolyticc system and in particular enantioselective ketone reduction by white-rot 

fungii  has hardly been described (Bernardi et al. 1990). Therefore, we embarked on a 

studyy of the enantioselective reduction of a variety of functionalized ketones. These 

ketoness are valuable synthons for the synthesis of a variety of pharmaceuticals and 

otherr biologically active molecules. Until now, only very few successful catalytic 
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approachess towards the synthesis of functionalized enantiomerically pure alcohols 

havee been described. 

Asymmetricc transfer hydrogenation using an organic hydrogen source has also proven 

too be a valuable chemical method for enantioselective reduction. Recently, two 

catalyticc systems, which proved to be very suitable for the transfer hydrogenation of 

aryl-alkyll  ketones, were developed (Petra et al. 1999, 2000, see PhD Thesis UvA, 

1999).. For the ruthenium(II) catalyzed asymmetric transfer hydrogenation, a series of 

neww amino alcohol ligands was synthesized and optimized, which resulted in the most 

effectivee chiral amino alcohol ligand so far, for the reduction of acetophenone (Petra 

etet al. 1999). Additionally, a new class of N,S-chelates was developed for the 

iridium(I)) catalyzed reduction of unsymmetrical ketones (Petra et al. 2000) (A and B 

figuree 4.1). 

AA B: R = Me, Ph 

Figuree 4.1. Chiral amino ligand (A) and amino sulfide ligands (B) 

Inn this paper a screening for the enantioselective reduction of aryl alkyl ketones, 

dialkyll  ketones, functionalized ketones and ct,p-unsaturated ketones by white-rot 

fungii  is presented. The results of the biocatalytic conversions are compared to 

ruthenium(II)-aminoo alcohol and iridium(I)-aminosulfide catalyzed asymmetric 

transferr hydrogenation for the reduction of prochiral (aryl and dialkyl) ketones. In 

addition,, novel results regarding the asymmetric transfer hydrogenation of a,P-

unsaturatedd ketones are presented (cooperation with D.G.I. Petra, see Ph.D thesis 

UvA,, 1999), showing that the biocatalytic system and the metal based catalysts can be 

usedd in a complementary way for the synthesis of a variety of functionalized 

enantiomericallyy pure alcohols. 
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Resultss and discussion 

Firstt a screening of ketone reductase activity of different basidiomycete strains was 

performed.. Since acetophenone (la) is generally used as model substrate, and both 1-

(3'-chloro-4'-methoxyphenyl)-l-propanonee (2a) and l-(3',5'-dichloro-4'-

methoxyphenyl)-l-propanonee (3a) are natural-like metabolites of white-rot fungi 

(Swartss et al. 1998), these ketones were used as potential substrates (figure 4.2). 

MeO O 

2aa R 

3aa R 

2a a 
3a a 

== H 

== C1 

2b b 
3b b 

2bb R = 

3bb R = 

H H 

CI I 

Figuree 4.2 

Thee ketones were added as a concentrated solution in acetone to whole cell cultures 

andd the incubation was carried out for 72 h at 28°C. The reactions were monitored by 

periodicallyy taking samples and subsequent analysis by HPLC, GC and/or H NMR. 

Alll  reactions were performed on an analytical scale. Eight different basidiomycete 

strains,, which are reported in the experimental section, were screened for reductive 

activityy (results not shown). The white-rot fungus Merulius tremellosus reduced the 

ketoness with the highest reductive activity. Subsequently, 6 different M. tremellosus 

strainss were screened on the same substrates for both reductive activity and 

enantioselectivityy (table 4.1). The ketones la, 2a and 3a were enantioselectivily 

reducedd by all strains. Total recovery and specific yield are decreasing after 72 hours 
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AsymmetricAsymmetric reduction of ketones 

off  incubation. Presumably, the ketones and alcohols are being metabolized by the 

ligninolyticc system of the fungus. All three ketones yielded the corresponding (S)-

alcoholss with an ee > 95%. 

Forr determining the absolute configuration of the products, the resulting alcohols 

weree compared to independently synthesized enantiomerically enriched samples 

obtainedd via reduction of ketones 2a, 3a and 5 using Corey's oxazaborolidine 

approachh (vide infra and experimental section) (Corey et al. 1987; Corey and Helal, 

1998). . 

Microbiall  reduction of acetophenone (la) has been described for the yeast 

GeotrichumGeotrichum candidum. Under standard conditions (i?)-l-phenylethanol was obtained 

inn 52% yield with 28% ee. Remarkably, changing culture conditions and cultivation 

underr argon yielded 98% of the opposite enantiomer (5)-l-phenylethanol with 95% ee 

(Nakamuraa et al. 1996). To the best of our knowledge microbial reduction of ketones 

2aa and 3a has never been reported before. In addition, the enantioselective reduction 

off  acetophenone and chlorinated aryl ketones by white-rot fungi is a novel 

observation. . 

M.M. tremellosus ono991, isolated in the Wageningen laboratory, was used in further 

experimentss because it is the fastest growing strain and one of the best reducers of the 

differentt ketones. 

Thee performance of M. tremellosus ono991 was compared to the asymmetric transfer 

hydrogenationn using a ruthenium(II) catalyst with an amino alcohol ligand and an 

iridium(I)) catalyst with amino sulfide ligands, developed at the Amsterdam 

laboratoriess (Petra, PhD thesis UvA, 1999). Both the biocatalytic and the transfer 

hydrogenationn systems were tested for the enantioselective reduction of various a-

aryl,, dialkyl, a, P-unsaturated and chloro-substituted functionalized ketones. Transfer 

hydrogenationn experiments were carried out using 2-propanol as a hydrogen donor, a 

solutionn of ketone (0.1 M in dry 2-propanol), the catalyst precursor (i.e. [RuChtp-

cymene)]22 or [IrCl(COD)2, (0.5 mol%)], the chiral ligand (1 moI%), A for ruthenium 

andd B for iridium, and /BuOK (2.5 mol%) which were stirred at room temperature 

underr argon. Conversions and enantioselectivities were monitored during the reaction 

byy GC, HPLC and/or 'H NMR. 
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Enantioselectivee reduction of aryl ketones 

Thee results of the biocatalyzed and metal catalyzed reductions of aryl ketones (figure 

4.3)) are shown in table 4.2. 

Figuree 4.3 

Thee corresponding alcohols were obtained with enantioselectivities up to 98%. The 

choicee of substrate did not strongly affect the outcome of the reactions. In most cases, 

thee use of the ruthenium catalyst gave rise to a higher selectivity than the use of the 

iridiumm catalyst. In general it can be concluded that both the fungus and the metal 

basedbased catalysts are suitable systems for aryl ketone reduction. Using M. tremellosus as 

aa catalyst, the (5)-enantiomers of the alcohols were obtained, whereas the metal based 

catalystss containing the ligands with a (lR,2S)-configuration afforded the (R)-

enantiomers.. Using the opposite ligand configuration would aso result in the (S)-

productt configuration. 
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Tablee 4.2: Alcohol production from biocatalyzed and metal catalyzed asymmetric reduction of aryl 

ketones s 

M.M. tremellosus Ruthenium3 Iridium b 

etone e 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

Prod,, yield (%) 

61 1 

53 3 

88 8 

n.d. . 

49 9 

n.d. . 

56 6 

51 1 

63 3 

68 8 

34 4 

Eee (%) 

95(5) ) 

96(5) ) 

97(5) ) 

n.d. . 

98(5) ) 

n.d. . 

98(5) ) 

90 0 

rac. . 

95 5 

92 2 

Conv.(%)) [2h] 

91 1 

n.d. . 

n.d. . 

98 8 

n.d. . 

96 6 

68 8 

96 6 

94 4 

68 8 

n.d. . 

Eee (%) 

95(R) 95(R) 

n.d. . 

n.d. . 

90(/?) ) 

n.d. . 

866 (R) 

933 (R) 

966 (R) 

933 (*) 

966 (/?) 

n.d. . 

Conv.(%)) [lh] 

82 2 

n.d. . 

n.d. . 

95 5 

n.d. . 

99 9 

52 2 

99 9 

97 7 

39 9 

n.d. . 

Eee (%) 

80(A) ) 

n.d. . 

n.d. . 

922 (R) 

n.d. . 

777 (R) 

888 (/?) 

97(A) ) 

87(A) ) 

37(A) ) 

n.d. . 

Forr results of transfer hydrogenation see also D.G.I. Petra, PhD Thesis, University of Amsterdam, 1999 
'Dataa have been obtained from Petra et al. 1999 
bDataa have been obtained from Petra et al. 2000 

Enantioselectivee reduction of dialkyl ketones 

Twoo different biocatalytic approaches are described to produce enantiopure alcohols 

fromm dialkyl ketones: Oxidoreductase catalyzed reductions and whole cell 

conversions.. The NADH-dependent carbonyl reductase from the yeast Candida 

parapsilosisparapsilosis reduced 2-octanone to (5)-2-octanol with high enantioselectivity (ee 

>99.5%)) (Aldercreutz, 1991). The NADH could be regenerated by formate 

dehydrogenasee from Candida bodinii. Whole cell systems of the acetic acid bacteria 

GluconobacterGluconobacter oxydans, Acetobacter aceti, Acetobacterpasteurianus and Acetobacter 

peroxydansperoxydans were capable to reduce a series of dialkyl ketones (Liese et al. 1998). 

Correspondingg alcohols were produced with an optical purity varying from 11 % up to 

99%% ee. Several yeasts have been employed for the reduction of different dialkyl 

ketones.. Both of the enantiomers of the alcohols could be obtained (up to 99% ee) by 

choosingg the suitable yeast (Molinari et al. 1999). 

Inn general, metal catalyzed reduction of dialkyl ketones gives rise to low 

enantioselectivity.. A few exceptions have been described in literature. Using an 

oxazolinylferrocenylphosphinee (Nishibayashi et al. 1999) or a combination of Ru(II) 
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I T ^ C H 33 R ^ C H 3 

12aa R= n-butyl 12b R= n-butyl 

13aa R= iso-butyl 13b R= iso-butyl 

14aa R= sec-butyl 14b R= sec-butyl 

15aa R= cyclohexyl 15b R= cyclohexyl 

Figuree 4.4 

andd a phosphinooxazoline (Langer and Helmchen, 1996), cyclohexyl methyl ketone 

couldd be reduced yielding enantioselectivities of up to 66%. 

Recently,, enantioselectivities of up to 92% were obtained in the reduction of tert-

butyll  methyl ketone, using an in situ generated Rh-PennPhos catalyst (Jiang et al. 

1997).. The results of the reduction of dialkyl ketones 12a-15a (figure 4.4) are shown 

inn table 4.3. 

Tablee 4.3: Alcohol production from biocatalyzed and metal catalyzed asymmetric reduction of dialkyl 
ketones s 

Ketone e 

12 2 

13 3 

14 4 

15 5 

M.M. tremellosus 

Conv.. (%) 

50 0 

n.d. . 

35 5 

--

Eee (%) 

n.d.a a 

--
n.d.a a 

--

Ruthenium m 

Conv.(%)) [3h] 

65 5 

25 5 

n.d. . 

58 8 

Eee (%) 

25 5 

33 3 

n.d. . 

23 3 

Iridiu m m 

Conv.(%)) [3h] 

41 1 

12 2 

n.d. . 

58 8 

Eee (%) 

14 4 

9 9 

n.d. . 

33 3 

aDuee to technical problems, the enantioselectivies of these reductions could not be determined so far. 
Resultss of transfer hydrogenation have been obtained from D.G.I. Petra, PhD Thesis, 1999 

M.M. tremellosus converted respectively 50% and 35% of ketones 12a and 14a into the 

correspondingg alcohols. For technical reasons, the enantioselectivity of the products 

couldd not be measured. The fungus was not able to reduce the cyclohexyl methyl 

ketone. . 
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Onlyy relatively low enantioselectivities were obtained both by using the ruthenium 

andd iridium catalyzed transfer hydrogenation of dialkyl ketones 12a-15a. 

Apparently,, both the fungal system and the metal based catalysts are not the catalysts 

off  choice for the reduction of di-alkyl ketones. 

Enn an tioselective reduction of cc,p-unsaturated olefinic and acetylenic ketones 

Feww examples describe the microbial reduction of a,(3-unsaturated and acetylenic 

ketoness such as substrate 16-18 (figure 4.5).(E)-4-phenyl-3-buten-2-one could 

successfullyy be reduced to its corresponding alcohol 16a, with enantioselectivities up 

too 94%, using a crude extract of the yeast Saccharomyces cerevisiae (Anorne et al. 

1998)) (Z)-3-fluoro-4-phenyl-l-(p-tolylsulphonyl)but-3-en-2-one, an a,P-unsaturated 

ketonee with a fluoro substituted double bond could be reduced to the corresponding 

unsaturatedd (5)-alcohol using the yeast Geotrichum candidum (98% ee) or the 

oppositee enantiomer using the white-rot fungus Phanerochaete chrysosporium (95% 

ee)) (Bernardi et al. 1990). Acetylenic derivatives containing nonterminal triple bonds 

inn combination with one substituent being an aromatic moiety are known for their 

antimicrobiall  and especially fungistatic effects (Reisch et al. 1967). Therefore, 

acetylenicc compounds such as 18 may be poor substrates for fungal reduction using 

wholee cell cultures. In contrast, an isolated alcohol dehydrogenase from the bacterium 

ThermoanaerobiumThermoanaerobium brockii produced the (JS)- enantiomer of 3-butyn-2-ol from its 

correspondingg ketone (De Amici et al. 1989). 

166 I? 18 

Figuree 4.5 
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Duee to both the conformational flexibility  of the substrates and the sensitivity to basic 

conditions,, also the chemical enantioselective reduction of simple et, P-unsaturated 

ketoness has remained difficult. On using a RuCl2(xylbinap)(l,2-diamine) catalyst, 

enantioselectivitiess of over 90% were recently obtained by Noyori and coworkers in 

thee asymmetric hydrogenation of a, p-unsaturated ketones (Ohkuma et al. 1998). 

Reactionn times around 15 hours or more and a hydrogen pressure of 8-10 atmosphere 

weree needed to obtain these high yields. 

Chirall  propargylic alcohols are useful building blocks for the synthesis of various 

structurallyy diverse organic compounds, with interesting biological activities 

(Ohkumaa et al. 1998). A straightforward approach to chemically synthesize these 

chirall  compounds would be asymmetric hydrogenation. However, so far none of the 

currentlyy available catalyst systems could both chemo- and enantioselectively reduce 

a,p-acetylenicc ketones into their corresponding alcohols. The first asymmetric 

transferr hydrogenation of acetylenic ketones was described by Noyori and coworkers 

(Matsamuraa et al. 1997). On using chiral Ru(II) catalysts and 2-propanol as the 

hydrogenn donor, structurally diverse acetylenic ketones were reduced highly 

selectivelyy to their corresponding propargylic alcohols with enantiomeric excesses of 

overr 95%. Using this method, the OC bond was left intact (Matsamura et al. 1997). 

Thiss class of compounds has also been prepared by reductive cleavage of chiral 

acetylenicc acetals, reduction of acetylenic ketones by metal hydrides, enantioselective 

alkynylationn of aldehydes and enzymatic transformations and hydroboration of a,p-

ynones. . 

Thee white-rot fungus M. remellosus ono991 was not able to convert compound 16 to 

thee desired corresponding unsaturated alcohol 16a. Unexpectedly, a mixture of the 

saturatedd ketone 16b (55 mole %) and the hydroxy-substituted ketone 16c (45 mole 

%)) was, obtained, as revealed by 'H/13C NMR analysis of the crude reaction mixture 

(figuree 4.6). The remarkable formation of the Michael-adduct 16c was shown to be 

thee result of a bio-mediated conversion, since this product could not be detected in 

abioticc control experiments, where no (or autoclaved) fungal cells were present. In 

contrastt to reduction with the yeast S. cerevisiae, fungal reduction did not result in 

formationn of alcohol 16a. 

Reductionn of the acetylenic ketone 18 did not result in the formation of the desired 

productt alcohol either. In none of the products the triple bond was left intact. 

62 2 



AsymmetricAsymmetric reduction of ketones 

OO OH O OH O OH 

OT^ -- r r ^ * O ^ * O ^ * 0 ^ 
^ * // ^ / <5%  ^*% / 55% ^ 5 / 45% ^ * ^  <5% 

166 16a 16b 16c 16d 

Figuree 4.6 

AA complex mixture of compounds was found containing different ketones, and 

differentt alcohols, including the completely saturated alcohol 16d. Evidently, the 

fungall  system cannot be used for the synthesis of enatiomerically pure unsaturated 

alcohols.. However, the remarkable bio-mediated Michael-type addition of H2O to the 

a,(3-unsaturatedd system merits further investigation. 

Petraa et al. showed that both the ruthenium(II) and iridium(I) catalysts successfully 

reducedd the a,P-unsaturated ketones 16 and 17, which are relatively insensitive to 

basicc conditions, into the corresponding unsaturated alcohols (table 4.4) (Petra 1999). 

Thee reductions also proved to be fully chemoselective towards the C=0 bond. The 

reductionn of 16 yielded enantioselectivities of up to 35%. Conversion of the more 

rigidrigid substrate 17 gave rise to enantioselectivities of up to 71%. 

Tablee 4.4: Alcohol production from biocatalyzed and metal catalyzed asymmetric reduction of a,3-
unsaturatedd and acetylenic ketones 

M.M. tremellosus Ruthenium Iridiu m 

Ketonee Product yield (%) Ee (%) Conv. (%) Ee (%) Conv. (%) Ee (%) 

166 <5 n.d. 79 (5h) 35 (R) 40 (5h) 25 (R) 

177 n.d. n.d. 78 (16h) 42 (R) 98 (16h) 71(A) 

188 - - 74(16h) 98(5) 63 (16h) 90(5) 

Resultss of transfer hydrogenation have been obtained from D.G.I. Petra, PhD Thesis, UvA, 1999 

Usingg the metal catalysts, also the acetylenic ketone 18 could successfully be reduced 

too form the desired acetylenic alcohol. The highest enantioselectivity was obtained by 

usingg the ruthenium(II) amino alcohol catalyst, resulting in an ee of 98%. 
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Thee iridium(I) catalyzed reduced the acetylenic ketone with an enantiomeric excess of 

90%.. In contrast to the fungal system, both metal catalyzed reductions proved to be 

fullyy chemoselective towards the reduction of the O O bond, making the metal based 

approachh the method of choice for the synthesis of this type of unsaturated chiral 

alcohols. . 

Enantioselectivee reduction of functionalized ketones 

Asymmetricc reduction of substrates such as 2-chloroacetophenone (19) and 3-

chloropropiophenonee (20) leads to products that may be converted to valuable 

syntheticc intermediates such as chiral epoxides. Biocatalytic enantioselective 

reductionss of these compounds have been described before. Substrate 19 was 

enantioselectivelyy reduced to the corresponding (5)-alcohol (99% ee) using acetone 

powderr of the yeast G. candidum as catalyst and NAD+ as cosubstrate (Nakamura and 

Matsuda,, 1998). Enantioselective reduction of compound 20 using different yeasts 

resultedd in the corresponding (S)-alcohol and the corresponding (7?)-alcohol with 

respectivelyy 99.9% and 68% ee (Ito and Kobayashi, 1996). (^)-2-chloro-l-

phenylethanoll  could be synthesized chemically with high ee (95%) on using a 

polymerr supported version of Noyori's TsDPEN with formic acid / triethylamine as a 

hydrogenn donor (TsDPEN = N-(/?-tolylsulfonyl)-l,2-diphenyl-ethylenediamine) 

(Baystonn et al. 1998). A drawback of this system is that generally reaction times of 15 

hourss or more are required in order to obtain high yields. 

Tablee 4.5 Alcohol production from biocatalyzed and metal catalyzed asymmetric reduction of 
functionalizedd ketones 

M.M. tremellosus Ruthenium Iridiu m 

Ketonee Conv. (%) Ee (%) Conv. (%) Ee (%) Conv.(%) Ee (%) 

Ï99 95 88 - - - ^~~ 

200 30 82 - - -

Resultss of transfer hydrogenation have been obtained from D.G.I. Petra, PhD Thesis, UvA, 1999 
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M.M. tremellosus was able to stereoselectivity reduce both chloro-substituted ketones 19 

andd 20 to their corresponding alcohols 19b and 20b (table 4.5). The chloro-substituted 

alcoholl  19b was obtained with an ee of 88%. Dechlorination of ketone 19 resulted in 

thee formation of acetophenone 19c (=la) as a side-product (5 mole %). Reduction of 

compoundd 20 yielded the dechlorinated alcohol 20c as the main product (60 mole %). 

30%% of the ketone was converted to the corresponding chloro-substituted alcohol 20b, 

obtainedd with an ee of 82%. Also the dechlorinated ketone 20d (=4) was produced as 

aa side-product (5%) (figure 4.7). 

oo OH o 

199 19b 19c 

Figuree 4.7 

Dehalogenationn by white-rot fungi has been described before. The white-rot fungus 

PhanerochaetePhanerochaete chrysosporium is capable of reductive dechlorination of chlorinated 

hydroquinoness (Reddy et al. 1998). Also dehalogenation by whole cells of bacteria 

hass been reported (Castro et al. 1985). 

Neitherr ruthenium(II) nor iridium(I) catalyzed reduction of substrates 19 and 20 

resultedd in formation of the corresponding product alcohol, which might be caused by 

catalystt deactivation as a result of oxidative addition of the alkyl chlorides. 

Thee promising results obtained with the fungal systems merits further investigating 

towardss the optimization of the whole cell bioconversion approach for the synthesis of 

thiss type of substituted chiral alcohols. 
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Generall  conclusion 

Fromm the results obtained by this study it can be concluded that both the biocatalytic 

andd the metal catalyzed system are able to selectively reduce a broad spectrum of 

prochirall  ketones resulting in complementary product configuration. The a-aryl 

ketoness are reduced by both systems, yielding the (S)-isomer on using the biocatalyst 

andd the (7?)-isomer on using the metal catalysts. 

Thee biocatalyst appeared to be the most suitable for enantioselective reduction of the 

chloro-substitutedd ketones. The fungus reduced the ct,(3-unsaturated ketones, although 

thee desired unsaturated alcohols could not be obtained. Dialkyl ketones are also part 

off  the substrate spectrum. The selectivity of these conversions is unknown so far. 

Inn contrast, metal catalyzed transfer hydrogenation could not be used for the reduction 

off  chloro-substituted ketones, whereas dialkyl ketones were substrates although the 

conversionn proceeded with low stereoselectivity. However, both the iridium and 

rutheniumm catalysts reduced cx,p-unsaturated systems with moderate to high 

enantioselectivity,, especially the acetylenic alcohol 18a could be obtained with an 

enantiomericc excess of 98%. Also, the reactions proceeded with full chemoselectivity 

towardss the C=0 bond. 

Forr the biocatalyst it can be concluded that the ketone reductase from M. tremeilosus 

ono9911 has a broad substrate specificity. For commercial application of the white-rot 

funguss as biocatalyst in ketone reductions, production yields must be increased. At the 

moment,, experiments for enhancement of the reductive activity and characterization 

andd purification of the ketone reductase from M. tremeilosus are in progress. Also, the 

remarkablee bio-mediated Michael addition of water to the double bond of the a,[3-

unsaturatedd system merits further investigation 

Thee developed metal-catalysts also exhibit a wide scope since they were able to 

producee a variety of functionalized alcohols with moderate to high 

enantioselectivities.. However, to realize the demand of the chemical industries, it is 

desirablee to improve enantioselectivities in most cases. 
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Experimentall  section 

General General 

HPLCC was performed on a Hewlett Packard HPLC Chemstation (Pascal Series) 

(Waldbronn,, Germany) equipped with a HP 1100 pumping station, series diode array, 

aa HP 1100 detector and HP 1100 data processor. The column (200 mm x 3 mm) used 

forr analysis of ketones and alcohols was filled with ChromSpher C18-PAH (5|am 

particles)) and was obtained from Chrompack (Middelburg, The Netherlands). Ketones 

andd alcohols were analyzed with the following gradient: 90:10, 0:100 and 90:10 

water:acetonitrilee at 0, 15 and 25 minutes, respectively. The flow rate was 0.4 ml min" 
11 and the column temperature 30°C. The UV absorbance was monitored at 

wavelengthss of 215, 265 and 280 nm. The column (460mm x 150 mm) used for 

analysiss of aryl acids was filled with Intersil ODS-3 (5fim particles) and was obtained 

fromm Phase Sep (Deeside, UK). Product yields are defined as the amount of produced 

alcoholl  per amount of converted ketone. 

Enantiomerr analysis of chiral alcohols was performed with a chiralcel OB-H column 

(460mmm x 150mm), filled with a cellulose derivate costed on 5 ^m silica-gel from 

Mallinckrodtt Baker BV (Deventer, NL). All chiral alcohols were analyzed under 

isocraticc conditions with 90% hexane and 10% 2-propanol (0.5 ml min"1, 30 °C). 

Compoundd identifications were based on matching retention times and UV spectra 

withh those of standards. ]H/13C NMR spectra were recorded on a Brooker avance 600 

MHzz NMRspectrometer. 

Metal-catalyzedd reactions were run under an atmosphere of argon in flame dried 

Schlenkk flasks, using anhydrous solvents. Propan-2-ol was freshly distilled from CaH2 

priorr to use.'H NMR spectra were recorded on a Bruker AHX 300 spectrometer. 

Chemicall  shifts are in ppm relative to TMS as internal standard. Gas chromatography 

wass performed using a Carlo Erba GC 6000 Vega 2 instrument, 25m column: 

Cyclosil-BB and Chiraldex-GTA (chiral, dialkylalcohols) and a Carlo Erba HRGC 

Megaa 2 instrument, 25m column: BPX35 SGE (achiral). HPLC chromatography was 

performedd using a Gilson HPLC apparatus and a Chiracel OD column. 
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OrganismsOrganisms and culture conditions 

Strainss were obtained from different culture collections: Centraalbureau voor 

Schimmelcultures,, Baarn, The Netherlands; American Type Culture Collection, 

Rockville,, Maryland USSA; Culture Collection of Industrial Microbiology 

Wageningen,, Wageningen University and Research Centre, The Netherlands; 

MeruliusMerulius tremellosus strain K124i, K152 and K152i were kindly supplied by prof. A. 

Hatakka,, University of Helsinki, Finland. Fungal strains were maintained at 4°C on 

agarr slants. The agar medium contained (l1) 20 g glucose, 5 g mycological peptone 

(Oxoidd Ltd., Basingstoke, Hampshire, UK), 2 g yeast extract (Gibco BRL, Life 

Technol.. Ltd., Paisley, Scotland, UK), lg KH2P04, 0.5 g MgS04-7H20, 15 g agar. 

Fungall  strains were grown in a high-nitrogen peptone medium containing (l'1) 20 g 

glucose,, 5 g mycological peptone, 2 g yeast extract, 1 g KH2P04, 0.5 g MgS04H20, 

withh the addition of 0.058 g NaCl (Kimura et al. 1990). 

Serumm bottles (100 ml), containing 10 ml medium, were inoculated with a cylindrical 

agarr plug (diameter 4mm), which was taken from the outer periphery of an agar 

mediumm plate covered with the mycelium of the fungal strain. Fungal cultures were 

incubatedd statically in the dark with loosely capped bottles. For experiments with 

functionalizedd ketones the batches were nitrogen flushed directly after incubation, 

sincee parallel experiments (results not shown) showed an increased yield for this 

reductionn when perforomed under anaerobic conditions. Control cultures containing 

noo addition of ketones and were incubated and treated like ketone-containing cultures 

too monitor for de novo production of metabolites. Sterile abiotic controls in presence 

off  ketones were also monitored to check for chemical reduction of ketones. Unless 

indicatedd otherwise, the experiments were carried out in triplicate. 

ScreeningScreening for ketone reduction 

Thee white-rot fungi Merulius tremellosus, Bjerkandera BOS55, Trametes hirsuta, 

PhanerochaetePhanerochaete chrysosporium, Dichomitus squalenes, Trametes versicolor, Phlebia 

brevispora,brevispora, Stereum hirsutum were used for the first screening. The second screening 

wass performed by using several strains of the species Merulius tremellosus (reported 

inn table 4.1). Culture bottles of 100 ml, containing 10 ml high-nitrogen peptone 

mediumm were inoculated with a cylindrical agar plug (diameter 4 mm). Cultures were 

incubatedd in the dark at 25°C. To 4-day-old cultures, 1 mM ketone was added as a 

concentratedd solution in acetone, to a concentration of 1 mM to the culture. The final 
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concentrationn of acetone was 0.5% v/v which was not toxic when added to mycelium 

(Fieldd et al. 1995). Samples of 150 ul extracellular fluid were taken periodically and 

weree centrifuged and analyzed by HPLC and 'H NMR. Ee ratio's were analyzed by 

HPLC,, using a chiral column. 

StartingStarting Materials 

Commerciallyy available were ketones la, 4-11,12a-14a, 16-20 (Aldrich Chemie), 

15aa (Avocado Research Chemicals LTD.) and their corresponding alcohols (Aldrich 

Chemie).. l-(3'-chloro-4'-methoxyphenyl)-l-propanone(2a) and l-(3',5'-dichloro-4'-

methoxyphenyi)-l-propanonee (3a) were prepared as described (Swarts et al. 1998). 

Thee enantiopure corresponding product alcohols of ketones 2a, 3 a and 5, used as 

referencee compounds, were obtained by enantioselective borane reduction. From 

resultss described by Corey et al. (1987, 1998), it can be concluded that asymmetric 

reductionn of acetophenone and a range of other arylketones, using BH3*THF and (R)-

2-Me-CBS-oxazaborolidine,, affords the corresponding (iS)-alcohol with high yields 

andd selectivity. 

Byy reducing the ketones according to this method, using BH3*THF and (i?)-2-Me-

CBS-oxazaborolidinee we obtained product alcohols with high ee (> 94%) which were, 

consideringg the above, most likely the ($-enantiomers. Data of chiral HPLC analysis 

(Rt'ss on Chiracel OB-H, hexane:2-propanol = 90:10) are; Compound 2b: (/?)-isomer 

10.44 min, (5)-isomer 11.9 min; Compound 3b: (7?)-isomer 10.7 min, (5)-isomer 12.1 

min;; and (/?)-isomer 14.3 min, (iS)-isomer 16.1 min for the corresponding product 

alcoholl  of compound 5. 

4-phenyl-4-hydroxy4-phenyl-4-hydroxy butanone (16c) 

Characteristicc NMR data (recorded on a Brooker avance 600 MHz 

NMRspectrometer):: *H NMR (8 CDC13) in ppm: CH, 5.09; CH3 2.13; CH2 2.80. 13C 

NMRR (5 CDC13) in ppmCH 70.4; CH2 52.5; C O 207; CH3 31 

Ruthenium(II)Ruthenium(II) catalyzed enantioselective reduction of ketones 

AA solution of (^-cymene)-ruthenium(II) chloride dimer (0.0125 mmol) and amino 

alcoholl  ligand 1 (0.030 mmol) in dry propan-2-ol (5 ml) was heated at 80 °C for lh 

underr argon. After cooling the mixture to room temperature, it was diluted with 

propan-2-oII  (44.25 ml) and the ketone (5 mmol) and /BuOK (0.75 ml, 0.1M in 
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propan-2-ol,, 0.075 mmol) were added. The reaction was run at room temperature 

underr argon for the time indicated and monitored by GC, NMR and/or HPLC. 

Iridium(I)Iridium(I) catalyzed enantioselective reduction of ketones using 2-propanol as a 

hydrogenhydrogen donor 

AA solution of [IrCl(COD)]2 (0.01 mmol, 6.7 mg) and the amino sulfide ligand (A or 

B)) (0.05 mmol) in dry propan-2-ol (5 ml) was heated at 80 °C for 30 min under argon. 

Afterr cooling the mixture to room temperature, it was diluted with propan-2-ol (33.75 

ml)) and the ketone (4 mmol) and /BuOK (1.25 ml, 0.1M in propan-2-ol, 0.125 mmol) 

weree added. The reaction was run at room temperature under argon for the time 

indicatedd and monitored by GC, NMR and/or HPLC. 
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