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Abstract: It has been shown that whole cells of different strains of yeast catalyze 

stereoselective oxidation of meso diols to the corresponding chiral lactones. Among 

screening-scale experiments, Candida pelliculosa ZP22 was selected as the most effective 

biocatalyst for the oxidation of monocyclic diols 3a–b with respect to the ratio of high 

conversion to stereoselectivity. This strain was used in the preparative oxidation, affording 

enantiomerically-enriched isomers of lactones: (+)-(3aR,7aS)-cis-hexahydro-1(3H)  

-isobenzofuranone (2a) and (+)-(3aS,4,7,7aR)-cis-tetrahydro-1(3H)-isobenzofuranone (2b). 

Scaling up the culture growth, as well as biotransformation conditions has been 

successfully accomplished. Among more bulky substrates, bicyclic diol 3d was totally 

converted into enantiomerically-pure exo-bridged (+)-(3aR,4S,7R,7aS)-cis-tetrahydro-4,7-

methanoisobenzofuran -1(3H)-one (2d) by Yarrovia lipolytica AR71. Microbial oxidation of 

diol 3f by Candida sake AM908 and Rhodotorula rubra AM4 afforded optically-pure cis-3-

butylhexahydro-1(3H) -isobenzofuranone (2f), however with low conversion. 
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1. Introduction 

The most dynamically-developing field of research on the border of chemistry and biology is 

biocatalysis, namely the application of microorganisms or isolated enzymes to carry out chemical 

transformations in a stereospecific way [1–6]. Biocatalysis allows stereochemical control of reactions 

and often provides chiral compounds. Biotransformations are characterized by high enantio-, regio- and 

chemo-selectivity. Moreover, reactions of low-reactive chemicals and reactions of non-activated areas 

of the molecule are possible. This usually leads to products that are very difficult to obtain by chemical 

synthesis. Biotransformation as an environmentally-friendly process requires mild conditions 

(temperature, pH), decreases the consumption of chemicals and reduces side reactions and toxic 

chemical waste. 

The application of isolated enzymes offers several benefits; however, the whole cell biocatalysis 

approach is typically used when a specific biotransformation requires multiple enzymes [7–9]. Whole 

cell catalysts can be much more readily prepared in comparison with isolated enzymes. Moreover, 

enzymes in cells are protected from the external environment, which makes them generally more stable 

in long-term storage than free enzymes. Bioxidation in the culture of whole cells of microorganisms 

seems to be a significant alternative method to the enzyme-mediated oxidation processes. From the 

economical point of view, the application of whole cells is a significantly more cost-effective method 

than using commercially-available enzymes, due to the much higher cost of enzymes, as well as  

expensive coenzymes. 

Small-scale optimization of bioprocesses using a microtiter plate (MTP) has been of interest over the 

last few years [10–14]. Screening applications, such as media optimizations and looking for new 

microorganisms, require examination of a large number of cultures. For this purpose, shaken MTP, which 

provides high throughput at the minimal expense time, money and work effort, was developed [15–17]. 

Once screening is done, the development of a productive bioprocess is required. Therefore, scaling up the 

biotransformation from a microtiter plate to a laboratory bioreactor was the aim of this study. 

Microbial stereoselective one-step conversion of diols affording enantiomerically-pure lactones is a 

definitively attractive approach [18–22]. Unfortunately, HLADH isolated from horse liver widely applied 

in the 1980s for chemoselective oxidation of meso diols is no longer available [23–26]. Since commercial 

oxidoreductases have not indicated complete stereoselectivity, there is a need to explore microorganisms in 

terms of looking for a novel alcohol dehydrogenase activity [20,27]. Based on our former screening 

tests, it has been shown that whole cells of bacteria effectively catalyze stereoselective oxidation of 

meso diols to the corresponding chiral lactones [19]. However, not all lactones were obtained in both 

optically-pure forms. Therefore, our efforts are currently directed toward employing whole cell cultures of 

different species of yeast in an extension of the biocatalysts’ range in lactone biosynthesis. It is worth 

mentioning that whole cells of yeast are well known from the reduction of the C=O [28–30] and C=C 

[31–35] bonds, as well as the formation of the C=C [36] bond and hydrolysis activity [37]. In general, 

reports on oxidation reactions performed by yeasts are quite rare [38,39]. 

The inspiration for our research in this area is the fact that the development of the stereoselective  

microbial oxidation step is of high importance in the multi-step synthesis of optically-active lactones 

of a bicyclo[4.3.0]nonane structure. Such lactones, comprising a large group of phthalide derivatives, are 

isolated from plants of the family Apiaceae Lindl. They possess very attractive biological  
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activities [40–42]. We are especially interested in the biosynthesis of enantiomerically-pure bicyclic 

lactones with selective growth inhibitory activities towards filamentous fungi of Aspergillus, Penicillium 

and Fusarium genera. 

2. Results and Discussion 

2.1. Synthesis of Diols 3a–f and Lactones 2a–f 

Meso diols 3a–e, the substrates in the biotransformations carried out, as well as racemic lactones  

2a–e, the products of those biotransformations, were obtained from commercially available anhydrides 

1a–d by the reduction method with lithium aluminum hydride (Scheme 1). Among synthesized 

substrates were monocyclic diols with a cyclohexane ring (3a) and the unsaturated analog (3b), as well 

as bicyclic diols with the structure of [2.2.1] (3c–d) and [2.2.2] (3e). 

LiAlH4

Et2O/THF

1a-e 2a-e 3a-e

b: c (endo): d (exo): e:a:

 

Scheme 1. Reduction of anhydrides 1a–e to corresponding racemic lactones 2a–e and meso diols 3a–e. 

The substrate for biotransformation, diol 3f, was synthesized by the reduction of corresponding 

lactone 2f, which was previously obtained from anhydride 1a in a three-step synthesis described by us  

earlier [43] (Scheme 2). 

3f

iiiiii

1a trans-2f 3f

iiiiii

1a trans-2f

 

Scheme 2. Synthesis of phthalide lactone 2f and corresponding diol 3f. (i) (1) Cd(n-C4H9)2, 

Et2O or THF, (2) HCl; (ii) (1) NaBH4, MeOH, (2) THF:H2O:HClO4, reflux; (iii) (1) 

LiAlH4, Et2O or THF, (2) HCl. 
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2.2. Screening Scale Biotransformations of Monocyclic Meso Diols 3a–b 

Based on our previous studies, it has been shown that whole cells of bacteria catalyze stereoselective 

oxidation of meso diols 3a–e to the corresponding optically-active lactones 2a–e [19]. However, we were 

especially interested in obtaining both enantiomers of lactones. Therefore, in extending the pool of 

biocatalysts of the oxidation process, we decided to examine some yeast strains for this purpose. 

As a continuation of our research on scaling up the biotransformation methodology, we initially 

conducted experiments in microtiter plates. Then, the selected conditions were moved directly into a 

bioreactor. We decided to skip screening of the microbial transformations in shake flasks due to the 

observed repeatable results between MTPs and shake flasks. Microtiter plate-based screening platforms 

have lately become an attractive alternative to shake flasks, mainly because of cost- and labor-efficient 

cultivations for screening purposes and the ease of automation. 

Screening bioxidation of 3a–b, conducted in an MTP platform, involved 29 strains of different 

genera of yeast (Scheme 3). Only a few of them, presented in Tables 1 and 2, were able to convert 

diols 3a–b into the corresponding lactones 2a–b with a conversion and enantioselectivity range from 

poor to very good, depending on the strain used. 

or

()-(3aR,7aS)-2b

(+)-(3aR,7aS)-2a

or
yeast

yeast

()-(3aS,7aR)-2a3a

(+)-(3aS,7aR)-2b3b

or

()-(3aR,7aS)-2b

(+)-(3aR,7aS)-2a

or
yeast

yeast

()-(3aS,7aR)-2a3a

(+)-(3aS,7aR)-2b3b  

Scheme 3. Microbial oxidation of monocyclic meso diols 3a–b catalyzed by whole cells of yeast. 

Table 1. The conversion (according to chiral gas chromatography, CGC) of diol 3a in the 

course of screening-scale oxidation conducted in a microtiter plate (MTP). 

Strain Time (day) Conversion of Diol 3a (%)
Lactone 2a 

ee (%) Isomer 

Candida pelliculosa ZP22 14 92 70 (+)-(3aR,7aS)
Candida viswanathi AM120 21 9 0 racemic 

Saccharomyces cerevisiae AM464 21 20 95 (+)-(3aR,7aS)
Saccharomyces pastorianus 906 21 >99 0 racemic 

Yarrowia lipolytica AR71 21 60 68 (+)-(3aR,7aS)
Yarrowia lipolytica AR72 21 44 58 (+)-(3aR,7aS)

Rhodotorula glutinis AM242 14 20 50 (–)-(3aS,7aR)
Rhodotorula marina 77 21 12 10 (–)-(3aS,7aR)

Rhodotorula rubra AM82 21 28 6 (–)-(3aS,7aR)
Rhodotorula rubra AM4 21 18 10 (–)-(3aS,7aR)
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In the screening biooxidation of 3a, ten strains were selected with potential dehydrogenase activity 

(Table 1). In the efficient transformation of 3a (conversion = 92%) catalyzed by Candida pelliculosa 

ZP22, the enantiomerically-enriched isomer of (+)-(3aR,7aS)-lactone 2a (enantiomeric excess  

(ee) = 70%) was obtained. The same stereoisomer of 2a, but with a significantly lower conversion (20%), 

was synthesized via biotransformation with Saccharomyces cerevisiae AM464. On the other hand, 

complete conversion (>99%) of 3a took place in the oxidation with S. pastorianus 906; however, a 

racemic mixture of 2a was obtained. Both strains of Yarrowia lipolytica species (Y. lipolytica AR71,  

Y. lipolytica AR72) exhibited modest conversion (44%–60%) of 3a, as well as stereoselectivity  

(ee = 58%–68%). All of the yeast from the genus Rhodotorula (R. glutinis AM242, R. marina AM77,  

R. rubra AM82, R. rubra AM4) showed opposite enantioselectivity toward other tested strains and the 

oxidized 3a to the (−)-(3aS,7aR)-isomer of 2a, however with a significantly lower degree of 

conversion (12%–28%) and enantiomeric excesses (ee = 6%–50%), as well. 

Screening transformations of 3b indicated that lactone 2b can be obtained only by three strains of 

yeast among all investigated (Table 2). It is interesting that in all cases, the complete conversion 

(>99%) of 3b was observed, although with different optical purities. Likewise, in the oxidation of 3a,  

C. pelliculosa ZP22 afforded (+)-(3aS,7aR)-2b with the highest enantiomeric excess (ee = 68%). The 

formation of the same isomer (+)-(3aS,7aR)-2b (ee = 50%) occurred also in Y. lipolytica AR71 culture. The 

opposite enantiomerically-enriched isomer (–)-(3aR,7aS)-2b (ee = 40%) was formed in the biotransformation 

catalyzed by S. cerevisiae AM464. 

Table 2. The conversion (according to chiral gas chromatography, CGC) of diol 3b in the 

course of screening-scale oxidation conducted in MTP. 

Strain Time (day) Conversion of Diol 3b (%)
Lactone 2b 

ee (%)  Isomer 

Candida pelliculosa ZP22 14 >99 68 (+)-(3aS,7aR)

Saccharomyces cerevisiae AM464 21 >99 40 (–)-(3aR,7aS)

Yarrowia lipolytica AR71 21 >99 50 (+)-(3aS,7aR)

It is worth mentioning the fact that C. pelliculosa ZP22 and Y. lipolytica AR71 catalyzed the 

formation of the (+)-(3aS,7aR)-isomer of 2b. Based on our previous studies, all of the tested bacteria 

produced the opposite isomer (–)-(3aR,7aS)-2b [19]. Moreover, as we proved earlier, commercially 

available native horse liver alcohol dehydrogenase (HLADH), as well as HLADH recombinant in 

Escherichia coli catalyzed the oxidation of 3b to the opposite isomer (–)-(3aR,7aS)-2b [27]. 

Among screening-scale experiments of the oxidation of diols 3a–b, C. pelliculosa ZP22 was the 

most effective yeast strain for lactone synthesis with respect to the ratio of high conversion to 

stereoselectivity. It is worth pointing out that the aforementioned strain, described for the first time by 

Felcenloben and Piegza, was isolated from hardly degradable petroleum waste [44]. Besides the high 

lipase activity of C. pelliculosa ZP22 determined by the authors, the dehydrogenase activity discovered 

by us makes this strain much more interesting. 

On the basis of the preliminary studies, C. pelliculosa ZP22 and other two strains, Y. lipolytica 

AR71 and S. cerevisiae AM464, were selected and applied for further optimization of the oxidation of 

3a–b. Screening experiments focused on conducting biotransformation in different pHs of medium 
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(acidic, neutral and basic; Table 3). Neither Y. lipolytica AR71 nor S. cerevisiae AM464 improved the 

stereoselectivity of biotransformation. C. pelliculosa ZP22, independent of the pH environment, catalyzed 

the oxidation of 3a–b the most effectively. As it turned out, the pH of the medium did not have any 

significant effect on the microbial oxidation. 

Table 3. The conversion (according to chiral gas chromatography, CGC) of diols 3a–b in 

the course of screening-scale oxidation in different pHs of the medium conducted in MTP. 

Strain 
Time 

Lactone 2a Lactone 2b 

pH 4.5 pH 7.2 pH 8.5 pH 4.5 pH 7.2 pH 8.5 

day (%) ee (%) (%) ee (%) (%) ee (%) (%) ee (%) (%) ee (%)  (%) ee (%) 

Candida 

pelliculosa ZP22 
14 >99 68 >99 66 95 64 >99 64 >99 68 >99 70 

Saccharomyces 

cerevisiae 

AM464 

21 0 - 0 - 0 - >99 54 >99 24 >99 50 

Yarrowia  

lipolytica  

AR71 

21 89 58 94 58 94 56 59 50 60 50 52 50 

Further conditions’ optimization concerned selection of the optimal medium for growth and 

biotransformation of 3a–b by C. pelliculosa ZP22 (see the Experimental Section). It is known that 

different carbon and nitrogen sources, as well as the addition of mineral salts and vitamins has a 

significant influence on biocatalyst metabolism. Among seven different media (A, C, E, G, M, P, S, for 

media composition see Experimental section 3.5) applied, microbial oxidation of 3a–b was the most 

effective in the corresponding P and A medium due to the shortest time of biotransformation and the 

highest enantiomeric excesses of lactones 2a–b formed. Therefore, both media were selected for 

preparative oxidation experiments conducted in a bioreactor. 

2.3. Preparative-Scale Biotransformations of Monocyclic Meso Diols 3a–b 

One of the aims of this study was to improve a scale up methodology from a microtiter plate up to a 

bioreactor. C. pelliculosa ZP22 was selected as the most effective biocatalyst from the screening of the 

secondary metabolite biosynthesis performed in MTP. This strain was used in a preparative oxidation 

in a bench-scale reactor. 

During the processes performed in the bioreactor, few parameters were under control, among them 

the pH of the culture medium. The growth of C. pelliculosa ZP22 was carried out in pH = 6.3–6.7, since 

the logarithmic growth phase (pH = 3.9–4.3) had been reached. Biotransformation was finished when 

the culture medium reached pH = 8.6. Our observations showed the increase of the pH during the whole 

microbial process. 

After seven days of microbial oxidation conducted in Sabouraud medium (P), optically-active  

(+)-(3aR,7aS)-2a with ee = 72% was formed. This result was consistent with the screening 

biotransformation of 3a in MTP. Therefore, it verified the rational approach for the down-stream 
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process from MTP directly to the bioreactor. Microbial oxidation of 3b performed in enriched medium 

(A) afforded enantiomerically-enriched (+)-(3aS,7aR)-2b (ee = 50%). 

2.4. Screening-Scale Biotransformations of Bicyclic Meso Diols 3c–e 

The results obtained from biotransformations of monocyclic diols 3a–b, encourage us to test other 

substrates, bicyclic diols 3c–e, which differed in the structure (ring size) and stereochemistry (exo- and 

endo-) (Scheme 4). Screening experiments were set up with all available yeast strains in microtiter 

plates, allowing for a rapid screening of 3c–e. 

(+)-(3aR,4S,7R,7aS)-2d

yeast

yeast

yeast

3c

3d

3e

(+)-(3aR,4S,7R,7aS)-2d

yeast

yeast

yeast

3c

3d

3e  

Scheme 4. Microbial oxidation of bicyclic meso diols 3c–e catalyzed by whole cells of yeast. 

More bulky substrates, bicyclic diols 3c–e, were not as effectively oxidized by yeast as monocyclic 

diols 3a–b. Among the diols 3c–e tested, only 3d was converted into the (+)-exo-bridged isomer of 

lactone 2d by the selected strains (Table 4). The most stereoselective biotransformation was catalyzed 

by Y. lipolytica AR71, affording the (+)-(3aR,4S,7R,7aS)-enantiomer of 2d with complete conversion 

of 3d. Other microorganisms able to conduct biooxidation of 3d were also identified, however with 

considerably lower conversion or enantiomeric excess. It is worth mentioning that the spatial structure 

of the substrate played a significant role in the stereoselectivity of biotransformation; thus, the  

endo-bridged isomer of lactone 2c was not formed. None of tested yeast transformed diol with the 

structure of [2.2.2] (3e) to the corresponding lactone 2e, either. 

The results obtained from the oxidation of bicyclic diols 3c–e involving whole cells of yeast in 

comparison with bacteria indicated significantly higher bacterial dehydrogenase activity [19]. In the case of 

the formation of lactone 2d in the culture of Y. lipolytica AR71, the same (+)-(3aR,4S,7R,7aS)-isomer  

as in all transformations catalyzed by bacteria was identified. Taking into account the high cost of  

corresponding anhydride 1d in comparison to other anhydrides 1a–c and 1e and the same stereoselectivity of 

biotransformations catalyzed by bacteria, we did not perform transformations of 3d in a preparative scale. 
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Table 4. The conversion (according to chiral gas chromatography, CGC) after 14 days of 

diol 3d in the course of screening-scale oxidation conducted in MTP. 

Strain Conversion of Diol 3d (%)
Lactone 2d 

ee (%) Isomer 

Candida viswanathi AM120 >99 64 (+)-(3aR,4S,7R,7aS)

Saccharomyces pastorianus 906 >99 50 (+)-(3aR,4S,7R,7aS)

Yarrowia lipolytica AR71 >99 >99 (+)-(3aR,4S,7R,7aS)

Rhodotorula glutinis AM242 >99 54 (+)-(3aR,4S,7R,7aS)

Rhodotorula rubra AM82 15 80 (+)-(3aR,4S,7R,7aS)

Rhodotorula rubra AM4 15 76 (+)-(3aR,4S,7R,7aS)

2.5. Screening Scale Biotransformations of Diol 3f 

As we mentioned earlier, our interests are focused on the biosynthesis of phthalide lactone 

derivatives. Encouraged by good results from the transformations of meso monocyclic diols 3a–b, we 

checked the possibility of the oxidation of diol 3f with primary and secondary hydroxyl groups by 

yeast. A mixture of diastereoisomers of lactone 2f were the products of biooxidation that were possible 

to obtain (Scheme 5). However, the preliminary screening studies showed that all of the biocatalysts 

transformed 3f to the cis-isomer of lactone 2f with different enantiomeric excess (Table 5). 

3f

yeast

cis-2f3f

yeast

cis-2f

 

Scheme 5. Microbial oxidation of diol 3f to lactone cis-2f catalyzed by whole cells of yeast. 

Table 5. The conversion (according to chiral gas chromatography, CGC) after 21 days of 

diol 3f in the course of screening-scale oxidation conducted in MTP. 

Strain Conversion of Diol 3f (%) Lactone 2f ee (%) 

Candida viswanathi AM120 11 21 

Candida sake AM908 18 >99 

Candida parapsilosis AM909 22 38 

Yarrowia lipolytica AR71 4 62 

Rhodotorula marina 77 9 21 

Rhodotorula rubra AM82 11 98 

Rhodotorula rubra AM4 17 >99 

A highly stereoselective biotransformation was mainly catalyzed by yeast of the Candida and 

Rhodotorula genera. It is noteworthy that C. pelliculosa ZP22, which was the most efficient biocatalyst in 

the oxidation of meso diols 3a–b, did not transform 3f at all. Apparently, this strain possesses 
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dehydrogenases responsible only for primary hydroxy group oxidation or the butyl chain in substrate 3f 

causes steric hindrance, preventing enzymatic oxidation. 

Unfortunately, the conversion of 3f did not exceed 22%; therefore, the biotransformation on the 

preparative scale was not performed, and the absolute configuration of the cis-isomer of 2f, formed 

predominately, was not determined. Such low conversion of 3f requires further looking for efficient 

biocatalysts for the oxidation process. Besides whole cells of yeast, in the near future, we are going to 

apply filamentous fungi and bacteria in the microbial oxidation of different phthalide derivatives diols. 

Till now, the more efficient biosynthetic approach to obtain optically-active phthalide lactone 2f seems 

to be a microbial one-pot oxidation of meso diol 3a at first. The second step involves starting from 

enantiomerically-enriched lactone (+)-2a, the chemically-introduced butyl chain following the 

procedure described in the literature [45] (Scheme 6). 

3a trans-2f

ii

(+)-(3aR,7aS)-2a cis-2f

i

3a trans-2f

ii

(+)-(3aR,7aS)-2a cis-2f

i

 

Scheme 6. Stereoselective synthesis of optically-active phthalide lactones 2f. (i) yeast;  

(ii) (1) n-C4H9MgBr (2 equiv.), Zn(BH4)2 (0.25 equiv.), THF, rt, (2) HClaq, (3) TPAP 

(cat.), NMO, CH2Cl2, 4 °C 

3. Experimental Section 

3.1. Analysis 

Compounds’ purity was checked by thin layer chromatography on silica gel (DC-Alufolien 

Kieselgel 60 F254, Merck) with methylene chloride:methanol (95:5) as an eluent. Compounds were 

detected by spraying the plates with 1% Ce(SO4)2, 2% H3[P(Mo3O10)4] in 10% H2SO4, followed by 

heating to 120 °C. Preparative column chromatography (SiO2, Kieselgel 60, 230–400 mesh, 40–63 μm, 

Merck) was performed with the application of methylene chloride:methanol (95:5) or hexane:acetone 

(3:1) as an eluent. Gas chromatography analysis (GC, FID, carrier gas H2) was carried out on Agilent 

Technologies 7890N  (GC System, Santa Clara, CA, USA) with the HP-5 column (cross-linked methyl 

silicone, 30 m × 0.32 mm × 0.25 μm, Santa Clara, CA, USA). Enantiomeric excesses of the products 

were determined on chiral columns: Cyclosil-B (30 m × 0.25 mm × 0.25 μm, Santa Clara, CA, USA) 

for lactones 2a, 2b, 2c, 2e, 2f and Astec Chiral-DEX B-PM (30 m × 0.25 mm × 0.12 μm, St. Louis, 

MO, USA) for lactone 2d. 1H NMR and 13C NMR spectra were recorded in CDCl3 solution on a 

Bruker AvanceTM 600 (600 MHz, Billerica, MA, USA) spectrometer. IR spectra were determined on a 

FT-IR Thermo-Nicolet IR300 (Waltham, Ma, USA) infrared spectrometer. Optical rotations were 

measured on an Autopol IV automatic polarimeter (Rudolph, Hackettstown, NJ, USA) in chloroform 

solutions, concentrations denoted in g/100 mL. 
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3.2. Chemicals 

cis-4-Cyclohexene-1,2-dicarboxylic anhydride (1b), cis-5-norbornene-endo-2,3-dicarboxylic anhydride 

(1c), cis-5-norbornene-exo-2,3-dicarboxylic anhydride (1d), endo-bicyclo[2.2.2]oct-5-ene-2,3-dicarboxylic 

anhydride (1e) and LiAlH4 were purchased from Sigma-Aldrich Chemical Co., St. Louis, MO, USA, 

while cis-cyclohexane-1,2-dicarboxylic anhydride (1a) was purchased from Fluka BioChemika. 

3.3. Synthesis of Meso Diols 3a–e and Lactones 2a–e 

A solution of anhydride 1a–e (6 mmol) in a mixture of diethyl ether (20 mL) and tetrahydrofuran  

(10 mL) was added dropwise to LiAlH4 (8 mmol) in diethyl ether (20 mL). The mixture was stirred for 

16 h under reflux. When the reaction was completed (controlled by gas chromatography (GC), thin 

layer chromatography (TLC)), water was added to decompose the excess of LiAlH4. The mixture was 

then acidified with 0.1 M HCl, and the products were extracted with chloroform. Then, the extract was 

washed with saturated NaCl and dried over anhydrous MgSO4. The crude products were purified by 

column chromatography (silica gel, methylene chloride:methanol (95:5). The spectral data of diols 3a–e 

were presented earlier [19]. The yields and spectral data of lactones 2a–e are given below. 

3.3.1. cis-Hexahydro-1(3H)-isobenzofuranone (±)-(2a) 

Yield 28.6%, 1H NMR (500 MHz, CDCl3) : 0.80–0.98 (m, 1H, one of CH2-4), 1.05–1.30 (m, 5H, 

CH2-6, CH2-5, one of CH2-4), 1.34 (d, 1H, J = 10.2 Hz, one of CH2-7), 1.45–1.95 (m, 1H, one of CH2-7), 

2.10 (dd, 1H, J = 23.3, 11.0 Hz, H-7a), 2.35–2.70 (m, 1H, H-3a), 3.92 (d, 1H, J = 8.8 Hz, one of CH2-3), 

4.16 (dd, 1H, J = 8.8, 5.0 Hz, one of CH2-3); 13C NMR (151 MHz, CDCl3) : 22.4 (CH2-4), 22.8  

(CH2-6), 23.3 (CH2-5), 27.1 (CH2-7), 35.3 (CH-3a), 39.4 (CH-7a), 71.7 (CH2-3), 178.6 (C=O); IR  

(film, cm−1): 1766 (s); GC-EIMS: 140 (M + 1). 

3.3.2. cis-3a,4,7,7a-Tetrahydro-1(3H)-isobenzofuranone (±)-(2b) 

Yield 7.5%, 1H NMR (500 MHz, CDCl3) : 1.77–2.05 (m, 1H, one of CH2-4), 1.90–2.90 (m, 3H, 

one of CH2-4, H-3a, one of CH2-7), 2.74–2.80 (m, 2H, one of CH2-7, H-7a), 4.00 (dd, 1H, J = 8.8, 2.0 

Hz, one of CH2-3), 4.30 (dd, 1H, J = 8.8, 5.1 Hz, 1H, one of CH2-3), 5.60–5.70 (m, 2H, H-6, H-5);  
13C NMR (151 MHz, CDCl3) : 21.9 (CH2-4), 24.6 (CH2-7), 31.9 (CH-7a), 37.2 (CH-3a), 72.7 (CH2-3), 

124.8 (CH-5), 125.1 (CH-6), 179.1 (C=O); IR (film, cm−1): 1771 (s); GC-EIMS: 138 (M + 1). 

3.3.3. cis-endo-3a,4,7,7a-Tetrahydro-4,7-methanoisobenzofuran-1(3H)-one (±)-(2c) 

Yield 25.5%, 1H NMR (500 MHz, CDCl3) δ: 1.44 (d, J = 8.7 Hz, 1H, one of CH2-8), 1.62 (td, J = 8.6, 

1.5 Hz, 1H, one of CH2-8), 3.07 (m, 1H, CH-4), 3.09 (m, 1H, CH-3a), 3.22 (dd, J = 9.3, 4.7 Hz, 1H, 

 CH-7a), 3.31 (m, 1H, CH-7), 3.77 (dd, J = 9.7, 3.1 Hz, 1H one of CH2-3), 4.26 (t, J = 8.6 Hz, 1H, one 

of CH2-3), 6.23–6.31 (m, 2H, CH-5, CH-6); 13C NMR (151 MHz, CDCl3) δ: 40.3 (CH2-3a), 45.8 (CH-4), 

46.1 (CH-7), 47.6 (CH-7a), 51.8 (CH-8), 70.3 (CH2-3), 134.4 (CH-5), 136.9 (CH-6), 178.0 (C=O); IR 

(film, cm−1): 1758 (m); GC-EIMS: 150 (M + 1). 
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3.3.4. cis-exo-3a,4,7,7a-Tetrahydro-4,7-methanoisobenzofuran-1(3H)-one (±)-(2d) 

Yield 16.5%, 1H NMR (500 MHz, CDCl3) δ: 1.46 (d, J = 9.7 Hz, 1H, one of CH2-8), 1.54 (td, J = 7.7,  

1.6 Hz, 1H, one of CH2-8), 2.54 (t, J = 8.3 Hz, 1H, CH-3a), 2.63 (d, J = 8.5 Hz, 1H, CH-7a), 2.88 (m, 

1H, CH-4), 3.26 (m, 1H, CH-7), 3.97 (dd, J = 9.8, 3.5 Hz, 1H, one of CH2-3), 4.46 (t, J = 9.1, 1H, one 

of CH2-3), 6.15–6.24 (m, 2H, CH-5, CH-6); 13C NMR (151 MHz, CDCl3) δ: 41.9 (CH-3a), 43.3 (CH2-8), 

46.4 (CH-7), 47.9 (CH-7a), 48.2 (CH-4), 71.9 (CH2-3), 137.6 (CH-5), 137.7 (CH-6), 177.7 (C=O); IR 

(film, cm−1): 1756 (m); GC-EIMS: 150 (M + 1). 

3.3.5. cis-endo-3a,4,7,7a-Tetrahydro-4,7-ethanoisobenzofuran-1(3H)-one (±)-(2e) 

Yield 3.8%, 1H NMR (500 MHz, CDCl3) δ: 1.09–1.36 (m, 2H, CH2-9), 1.38–1.64 (m, 2H, CH2-8), 

2.67 (m, 2H, CH-7, CH-4), 2.74 (dd, J = 10.2, 3.2 Hz, 1H, CH-3a), 3.06 (m, 1H, CH-7a), 3.82 (dd,  

J = 9.3, 3.9 Hz, 1H, one of CH2-3), 4.32 (t, J = 8.9 Hz, 1H, one of CH2-3), 6.23–6.34 (m, 2H, CH-5,  

CH-6); 13C NMR (151 MHz, CDCl3) δ: 23.4 (CH2-8), 23.4 (CH2-9), 31.8 (CH-7a), 33.4 (CH-4), 38.0 

(CH-7), 44.8 (CH-3a), 72.4 (CH2-3), 132.6 (CH-5), 134.3 (CH-6), 179.3 (C=O); IR (film, cm−1): 1757 (m); 

GC-EIMS: 164 (M + 1). 

3.4. Synthesis of Diol 3f and Lactone 2f 

1-(2-(Hydroxymethyl)cyclohexyl)pentan-1-ol (3f) was synthesized by the reduction of corresponding 

trans-3-butylhexahydro-1(3H)-isobenzofuranone (2f), which was previously obtained from  

cis-cyclohexane-1,2-dicarboxylic anhydride (1a) in a three-step synthesis described by us earlier [43]. 

The yields and spectral data of diol 3f and lactone 2f are given below. 

3.4.1. 1-(2-(Hydroxymethyl)cyclohexyl)pentan-1-ol (±)-(3f) 

Yield 50%, 1H NMR (600 MHz, CDCl3) : 0.91 (t, 3H, J = 7.1 Hz, CH3-14), 1.17–1.26 (m, 1H, one 

of CH2-5), 1.26–1.38 (m, 3H, CH2-13, one of CH2-3), 1.38–1.52 (m, 8H, CH2-11, CH2-6, one of  

CH2-5, CH2-4, one of CH2-3), 1.52–1.63 (m, 1H, CH-1), 1.63–1.75 (m, 2H, CH2-12), 2.12–2.22 (m, 

1H, CH-2), 2.71 (s, 2H, 2xOH), 3.51 (dd, 1H, J = 10.9, 3.1 Hz, one of CH2–9), 3.53-3.59 (m, 1H, CH-7), 

3.95 (t, 1H, J = 10 Hz, one of CH2-9); 13C NMR (151 MHz, CDCl3) : 14.1 (CH3-14), 22.5 (CH2-4), 

22.8 (CH2-13), 25.8 (CH2-12), 25.9 (CH2-5), 28.1 (CH2-3), 30.3 (CH2-6), 34.5 (CH2-11), 37.3 (CH-2), 

44.7 (CH-1), 63.4 (CH2-9), 74.0 (CH-7). 

3.4.2. trans-3-Butylhexahydro-1(3H)-isobenzofuranone (±)-(2f) 

Yield 45%, 1H NMR (500 MHz, CDCl3), δ: 0.85 (t, 3H, J = 7.1 Hz, CH3-11), 1.28–1.39 (m, 3H, 

one of CH2-9, CH2-10), 1.45–1.50 (m, 1H, one of CH2-9), 1.50–1.54 (m, 1H, one of CH2-8), 1.68–1.74 

(m, 1H, one of CH2-8), 1.77–1.82 (m, 1H, one of CH2-4), 1.94–1.97 (m, 1H, one of CH2-4), 2.30–2.32 

(m, 1H, one of CH2-7), 2.38–2.41 (m, 1H, one of CH2-7), 2.49–2.51 (m, 1H, CH-3a), 2.78–2.81 (m, 

1H, CH-7a), 4.29–4.32 (m, 1H, CH-3), 5.63–5.65 (m, 2H, CH-5, CH-6); 13C NMR (151 MHz), δ: 13.9  

(CH3-11), 19.6 (CH2-10), 22.0 (CH2-4), 22.6 (CH2-7), 28.0 (CH-7a), 28.9 (CH2-9), 35.3 (CH2-8), 40.0 
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(CH-3a), 82.6 (CH-3), 124.4 (CH-5), 125.2 (CH-6), 178.7 (C=O); IR (NaCl, cm−1): 3019 (s), 2400 (m), 

1767 (s), 1521 (m); GC-EIMS: 195 (M + 1). 

3.5. Growth Conditions 

The compositions of the culture media (g/1 L H2O) are as follows: 

A: 40 g glucose, 15 g (NH4)3PO4, 7 g KH2PO4, 0.8 g MgSO4·7H2O, 0.1 g NaCl, 6 × 10−3 g 

ZnSO4·7H2O, 5 × 10−3 g CuSO4·5H2O, 1 × 10−3 g MnSO4·4H2O; 

C: 30 g saccharose, 3 g NaNO3, 1 g KH2PO4, 0.5 g MgSO4·7H2O, 0.5 g KCl, 0.01 g FeSO4; 

E: 10 g starch, 4 g yeast extract, 0.1 g K2HPO4, 0.05 g MgSO4·7H2O; 

G: 10 g glucose, 0.5 g asparagine, 0.5 g K2HPO4; 

M: 40 g glucose, 2 g asparagine, 0.5 g thiamine, 0.5 g KH2PO4, 0.25 g MgSO4·7H2O; 

P: 30 g glucose, 10 g peptone; 

S: 10 g glucose, 2.5 × 10−3 g genistein, 2.5 g K2HPO4, 2.5 g NaNO3. 

3.6. Microorganisms 

The following yeast strains were used for screening: Rhodotorula marina AM77, Rhodotorula 

glutinis AM242, Rhodotorula rubra AM4, Rhodotorula rubra AM82, Rhodotorula mucilaginosa 

IHEM18459, Yarrowia lipolytica AM71, Yarrowia lipolytica AM72, Yarrowia lipolytica 0302, 

Saccharomyces cerevisiae AM464, Saccharomyces cerevisiae FY1679, Saccharomyces cerevisiae 

MG2180, Saccharomyces cerevisiae 1278bKANR, Saccharomyces cerevisiae BY4741, Saccharomyces 

cerevisiae LI303, Saccharomyces brasiliensis AM905, Saccharomyces pastorianus AM906, Saccharomyces 

carlsbergensis, Zygosaccharomyces bailii AM907, Sporobolomyces 0202, Sporobolomyces 0203, 

Candida sake AM908, Candida parapsilosis AM909, Candida viswanathi AM120, Candida pelliculosa 

ZP22, Candida albicans 2214, Candida albicans ATCC90028, Candida parapsilosis IHEM3270, 

Candida glabrata 66, Candida glabrata 2046. 

The microorganisms came from the Department of Chemistry and the Department of Biotechnology 

and Food Microbiology at Wroclaw University of Environmental and Life Sciences (Poland); the 

Institute of Biology and Botany Medical University (Wroclaw, Poland); the Department of Special 

Analyses of the Researches and Teaching Institute for Brewing (VLB, Berlin); the Department of 

Biological Sciences at Wroclaw University. They were maintained at 4 °C on Sabouraud agar slants 

containing peptone (10 g), glucose (40 g) and agar (15 g) dissolved in water (1 L) at pH 5.5. 

3.7. Biotransformations of Diols 3a–f 

3.7.1. Screening-Scale Biotransformations in Microtiter Plates 

An overnight precultured yeast strain (0.1 mL) was added to each well of MTP containing 4 mL of 

different media (A, C, E, G, M, P, S) and incubated at 25 °C on a rotary shaker (180 rpm, shaking 

diameter 50 mm) [15–17]. After 2 days of cultivation, a 5 mM solution of 3a–f in 0.05 mL of acetone 

was added to the grown cultures. Two milliliter samples were taken from the reaction mixture after 7, 14, 

21 days to estimate the progress of the biotransformation. Samples were acidified by 0.1 M·HCl (0.01 mL), 
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washed with brine (0.01 mL) and extracted with ethyl acetate (1 mL) for 20 mins on a vortexer  

(600 rpm, shaking diameter 4.5 mm). After extraction, MTP was balanced and centrifuged (10,000 

rpm, 5 mins). Finally, the organic phase from each well of MTP was transferred to a GC vial and 

analyzed on a GC instrument equipped with an autosampler. 

In control experiments, the diols 3a–e were incubated in sterile growth medium without microorganism 

to check substrate stability. Additionally, a control culture containing medium was inoculated by 

microorganisms to estimate the metabolites formed by biocatalyst. 

3.7.2. Preparative-Scale Biotransformation in a Bioreactor 

Preparative biotransformations were carried out in a 7-L bioreactor (Brunswick, Ramsey, MN, USA) in 

the optimized conditions established on the basis of screening experiments. The parameters, medium 

volume (3.0 L), aeration rate (1 v/m), stirring speed (600 rpm), temperature (23 °C), pH (3.9–8.6), 

were under control. The progress of the biotransformation was followed by gas chromatography. The 

reaction mixture was extracted overnight according to the procedure described in the screening scale. 

The crude product was purified by column chromatography using a mixture of hexane/acetone (3:1) as 

a mobile phase. The yields of the biotransformation and enantiomeric excess with optical rotation of 

the lactones obtained are given below. 

3.7.3. Preparative Oxidation of Meso Diols 3a–b Catalyzed by Candida pelliculosa ZP22 

Oxidation of 3a (0.7 g) after 7 days gave 0.29 g (42% yield) of (+)-(3aR,7aS)-2a, ee = 72%  
(  25

589α   = +36.5° (c = 2.2, CHCl3), ref. [23]   25
589α  = +48.8° (c = 0.5, CHCl3), ee = 100%). 

Oxidation of 3b (0.85 g) after 11 days gave 0.43 g (50% yield) of (+)-(3aS,7aR)-2b, ee = 50%  
(  25

589α   = +48.4° (c = 1.0, CHCl3), ref. [23]   25
589α  = −67.1° (c = 1.0, CHCl3), ee = 100%). 

4. Conclusions 

Microbial stereoselective one-step conversion of meso diols is a convenient rout to obtain chiral 

lactones. Screening among yeast afforded a potential candidate, C. pelliculosa ZP22, with attractive 

alcohol dehydrogenase activity. Enantiomerically-enriched isomers of lactones (+)-(3aR,7aS)-2a and 

(+)-(3aS,7aR)-2b were obtained in the efficient biotransformations of corresponding diols 3a–b in a 

preparative scale. Based on our previous studies, whole cells of bacteria and commercially available 

enzymes, involving HLADH, catalyzed the oxidation of 3b to the opposite isomer (–)-(3aR,7aS)-2b.  

An initially performed microbial cultivation based on a 24-well plate format was moved successfully 

to the semi-preparative scale conducted in the bioreactor. Among more bulky substrates, only 3d was 

totally converted into the exo-bridged (+)-(3aR,4S,7R,7aS)-enantiomer of lactone 2d by Y. lipolytica 

AR71. Microbial oxidation of 3f by Candida sake AM908 and Rhodotorula rubra AM4 afforded the 

enantiomerically-pure cis-isomer of lactone 2f, however with low conversion. 
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