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The aim of this study was to found the best conditions to prepare metabolites of terfenadine, ebastine
and analogues. For that purpose we investigated the structural substrate requirements needed for the
oxidative whole cell activity and selected the most efficient conditions to obtain each compound. Our
results showed that either alcohol or acid derivative arising from the oxidation of a methyl group is the
main product, ratio depending on the microorganism used and on the culture conditions of cells. The
oxidized metabolites were synthesized at preparative scale and isolated in 35–88% yield before
characterization.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Non-sedating H1-histamine receptor antagonists, terfenadine
1a and ebastine 2a undergo extensive first-pass metabolism1–4

(hepatic CYP3A4) resulting in extremely low plasma concentration
and the release of the pharmacologically active acid metabolites
(major metabolite), fexofenadine 1c (from 1a) and carebastine 2c
(from 2a). However, the concomitant administration of terfenadine
and antibacterial or antifungal agent5,6 leads to accumulation of 1a
in plasma, causing severe ventricular arrhythmia, torsades de
pointes.7 Thereby 1a was taken off market and replaced by
fexofenadine that is devoid of side effects.8

In contrast to their structural similarities, the synthetic route for
terfenadine, which employs the Friedel–Crafts reaction to in-
troduce the para substitution of the tert-butylphenyl ring, is slightly
efficient for the synthesis of fexofenadine (Scheme 1). The acylation
of ethyl 2-methyl-2-phenylpropanoate with 4-chlorobutanoyl
chloride was reported and displayed the predominance of meta to
para regio-isomer (2 meta/1 para)9 and the required separation of
isomers involves a low yield (15%).10 Other approaches were used to
circumvent this lack of regioselectivity. Use of 1,4-disubstituted
phenyl ring like 2-(4-bromophenyl)acetic acid,11 2-(4-bromophenyl)-
acetonitrile12 or ethyl 2-methyl-2-p-tolylpropanoate13 allowed to
avoid Friedel–Crafts reaction.

Another strategy was depicted by Di Giacomo et al.14 from
a precursor where carboxylic acid group was replaced by alcohol
fax: þ33 (0)1 4286 8387.
uisson).

All rights reserved.
function, reducing strongly the electron withdrawing effect of acid.
This approach ensured a better para regioselectivity of Friedel–
Crafts reaction but, fexofenadine was obtained in only 7% yield (12
steps) from 2-methyl-2-phenylpropyl acetate.

Microorganisms are able to transform drugs into metabolites
identical to those observed in mammalian metabolism whence
these systems are considered as a model of mammalian metabo-
lism.15 Work of this field has been reviewed.16,17 As chemical syn-
thesis of 1c appeared laborious, the biooxidation18 of tert-butyl
group of terfenadine, that is readily synthesized and commercially
available, has been investigated as an alternative solution.19–21 The
same approach has been used for the synthesis of carebastine
2c.22,23 However, side-products19,20 were observed in some cases,
and expected products were obtained in low yields. In a previous
communication, we compared the ability of microorganisms in the
three-step oxidation of terfenadine and ebastine and described the
preparation of acid derivatives in high yields.24 More recently we
showed that the terfenadine metabolites ratio (acid/alcohol) in
biotransformation depended on culture conditions. Thence,
hydroxyterfenadine 1b was exclusively obtained in good yield with
cells grown in culture medium without soybean peptones.25

To highlight the effectiveness of these microbial oxidations in
organic synthesis, we studied the relationship between the
structure of the substrates and the activity of selected microor-
ganisms in the oxidation of one methyl of tert-butyl group present
in terfenadine and ebastine analogues 1a–6a (Scheme 2). We
report herein a direct and efficient preparation of their alcohol
1b–5b and acid 1c–4c metabolites. In addition to the production of
biological active compounds such as acids, the goal of these
syntheses was the preparation of alcohol intermediates that are
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needed to study multi-step oxidation reactions. Furthermore such
pure intermediates are of major interest to the biological
community studying drugs metabolism in providing authentic
samples.
2. Results and discussion

2.1. Substrates

Two structural differences appear in terfenadine and ebastine:
first the aliphatic chain bears an hydroxyl group in terfenadine 1a
and a ketone in ebastine 2a, second, the substituent in the 4-po-
sition of piperidinyl cycle is an hydroxydiphenylmethyl substituent
in terfenadine and diphenylmethoxy substituent in ebastine. Then
ebastine is more hydrophobe than terfenadine. In order to compare
the ability of microorganisms to oxidize the methyl group, we
studied the biotransformation of 1a, 2a, the oxidized terfenadine 3a
(terfenadone), the reduced ebastine 4a, and the unsubstituted
piperidinyl derivatives 5a and 6a (Scheme 2).

Terfenadone was obtained from 40-tert-butyl-4-chlorobutyro-
phenone and azacyclonol by N-alkylation in 69% yield following the
procedure described14 to prepare fexofenadine. Compound 5a was
prepared by following a modified procedure26 in 60% yield (after
recrystallization) and using piperidine instead of azacyclonol.
Reduction of ebastine 2a and compound 5a by sodium borohydride
afforded the corresponding ebastol 4a (95% yield) and compound
6a (51% yield), respectively.
2.2. Microorganisms studies

It was known that the ability of microorganism to transform
organic compounds depended on the culture medium composi-
tion.27,28 Indeed, Sariaslani demonstrated that one cytochrome
P450 involved in Streptomyces griseus hydroxylation of aromatic
compounds was induced by genistein (5,7,40-trihydroxyisoflavone),
a soybean peptone component. Therefore, screenings of microor-
ganisms able to produce fexofenadine or carebastine from terfe-
nadine 1a or ebastine 2a, respectively, were carried out with cells
grown in culture medium containing soybean peptones. However,
hydroxylation of terfenadine 1a into hydroxyterfenadine 1b by
Cunninghamella blakesleeana29 and by Streptomyces platensis25

cultured in medium without soybean peptones was described. So,
in the hope to synthesize alcohol and acid metabolites, we
investigated the biotransformation with microorganisms grown in
culture medium containing (YMS) or without (YM) soybean
peptones. Metabolites were identified by LC/MS analysis, and their
structure was confirmed by NMR techniques (1H, 13C, DEPT, COSY,
HMQC) after synthesis at preparative scales.

In analytical assays, incubations were carried out in culture
medium. Substrates in DMF solution were added to 60 h-old
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cultures (final substrate concentration 0.424 mM) and bio-
transformations were monitored during 96 h. However, concerning
5a and 6a this molar concentration was low for preparative scale,
that is why we also tested the biotransformation of these com-
pounds in higher concentration (0.7 mM, 0.2 g/L). The kinetic study
of the oxidation of terfenadine showed25 the fast disappearance of
substrate from the incubation medium came from the adsorption of
the hydrophobic compounds onto cells. After biotransformation,
more polar metabolites were slowly released in medium, which
complicated the accurately quantification of products formed
during incubations. The results in Table 1 indicated the products
detected after 96 h of incubation time. At this time, cells suspen-
sions were extracted as described in Section 4, and crude extracts
were analyzed by HPLC. Two main metabolites accumulated in
culture medium, alcohol and acid derivatives. Nevertheless,
presence in very small amount of aldehyde intermediate was
attested by LC/MS. The absence of accumulation could be explained
by a slow formation following by a fast transformation.

The biotransformation of terfenadine 1a by C. blakesleeana
grown in YM-culture medium gave the alcohol 1b as described by
Schmitz29 whereas cells grown in the presence of soybean
peptones gave fexofenadine 1c in addition to 1b, as described by
Meiwes.19 Similar results were observed for the biotransformation
of ebastine 2a and terfenadone 3a, whereas ebastol 4a was only
oxidized into alcohol derivative 4b whatever culture conditions. In
case of compound 5a, oxidation to alcohol was important without
formation of acid metabolite. It seems that C. blakesleeana was more
efficient in the oxidation of ketone analogues. But in all cases except
5a, metabolites were obtained in low rate. The bacterium Strepto-
myces rimosus21 and the fungus C. echinulata22,23 had been selected
for their abilities to oxidize terfenadine 1a and ebastine 2a,
respectively. In our conditions (YM and YMS), we did not observe
the same activity. The substituted piperidinyl compounds 1a–4a
were not (or in very small amount) oxidized by C. echinulata.
However, the cells grown in YMS-culture medium were able to
metabolize the unsubstituted ketone 5a to give the alcohol 5b as
sole product. In contrast, the unsubstituted alcohol 6a was not
biotransformed. S. rimosus presented a very low oxidative activity
towards 1a–3a, 5a and 6a, and no activity towards ebastol 4a.

The fungus Absidia corymbifera cultured in YM-culture medium
was able to oxidize terfenadine 1a, ebastine 2a, terfenadone 3a and
ebastol 4a leading to a mixture of alcohol and acid metabolites. In
the experiments conducted with cells produced in YMS-culture
medium, fexofenadine 1c, carebastine 2c and carebastol 4c were
obtained as sole product after 96 h of incubation of 1a, 2a and 4a,
respectively. However, A. corymbifera turned out to be less efficient
in the oxidation of 3a since a mixture of alcohol 3b and acid 3c was
observed. In case of compound 5a, oxidation to alcohol was only
Table 1
Microbial oxidation products from 1a to 6a after 96 h incubation

Microorganismsa 1a 2a

1b 1c 2b 2c

Cunninghamella blakesleeana ATCC 8688a YM þb � þ �
Cunninghamella blakesleeana ATCC 8688a YMS þ þ þþ þ
Cunninghamella echinulata ATCC 9245 YM � � þ �
Cunninghamella echinulata ATCC 9245 YMS þ � þ �
Streptomyces rimosus NRRL 2234 YM � � � �
Streptomyces rimosus NRRL 2234 YMS þ � þ �
Absidia corymbifera LCP 63-1800 YM þþ þþ þþ þþ
Absidia corymbifera LCP 63-1800 YMS � þþþ � þþ
Streptomyces platensis NRRL 2364 YM þþþ � þþ �
Streptomyces platensis NRRL 2364 YMS þþ þþ þþ þþ

a Microorganisms were grown in culture medium without (YM) or with (YMS) soybea
b � no product formed, þ product observed (<20%), þþ product present (20–50%) wi
c Results obtained from experiments performed at 0.7 mM are given in parentheses.
detected during incubation with cells grown in presence of soybean
peptones. Unsubstituted substrate 6a was not metabolized.

As previously described, S. platensis cells produced in YM-cul-
ture medium were able to transform terfenadine 1a into hydroxy-
terfenadine 1b. Whereas ebastine 2a and ebastol 4a were also
hydroxylated, metabolites 2b and 4b were formed in lower amount
than 1b. Incubations of cells of S. platensis obtained in YMS-culture
medium furnished a mixture of alcohol and acid metabolites from
terfenadine, ebastine and ebastol. In contrast, terfenadone 3a was
very well oxidized since cells grown in YM-culture medium pro-
duced a mixture of alcohol 3b and acid 3c, and cells grown in YMS-
culture medium gave the acid 3c as unique product. S. platensis
grown in YMS-culture medium seemed to be able to oxidize 5a and
6a to give corresponding alcohols in low yields.

These microbial oxidations are completely regioselective with
transformation of tert-butyl group only. Contrary to human
metabolism, no N-dealkylation as the result of the hydroxylation in
4-position of n-butyl chain was detected. Side-reaction took place
only during biotransformation of terfenadine 1a by S. platensis
grown in YM-culture medium with the formation of 3b in low
amount. The absence of 3a suggested that 3b was the result of the
oxidation of 1b. In other case, no transformation of hydroxyl or
ketone group was observed.

The present data documented the structural substrate
requirements needed to perform the microbial activity. The
presence of hydrophobic group (substitution of piperidine ring)
appeared to be required to hydroxylation with A. corymbifera and
with S. platensis. Moreover, ketone analogues appeared better
substrates than alcohol derivatives for oxidation by S. platensis, and
an opposite specificity was observed for A. corymbifera.

Whatever culture condition and microorganisms, the oxidation of
unsubstituted substrates 5a and 6a stopped at alcohol step and
corresponding acids were never detected. The soybean peptones-
induced oxidative activity did not allow further oxidation, but only to
improve the rate of alcohols. In order to verify the inability in further
oxidation, we tested the biotransformation of 5b by C. blakesleeana,
C. echinulata and A. corymbifera, and no formation of acid 5c was
observed. Except for experiment with C. echinulata grown in YMS-
culture medium, the increase of concentration of 5a to 0.696 mM led
to a collapse of alcohol production. A similar inhibition by substrate
had been observed in terfenadine oxidation by S. platenis.25

The enhancement of oxidative activity in cells grown in
presence of soybean peptones could be explained by an induction
of new enzymatic activity and/or by an increase of biomass weight.
Induction of an oxidative activity in S. platensis was demonstrated
by study of terfenadine oxidation with cells grown in YM-culture
medium supplemented with genistein (final concentration of 50 mg
mL�1). Cells obtained in these conditions produced alcohol and acid
3a 4a 5a 6a

3b 3c 4b 4c 5b 5c 6b 6c

þ � þ � þþþ (�)c � þ (þ)c �
þþ þ þþ � þþþ (þþ) � þ (þ) �
� � � � þþ (þ) � þ (�) �
þ � þ � þþþ (þþþ) � þ (þ) �
þ � � � � (�) � þ (�) �
þ � � � þþ (þ) � þ (þ) �
þþ þ þþ þþ þ (�) � � (�) �

þ þþ þþ � þþþ þþþ (�) � þ (�) �
þþ þþ þþ þ þþ (þ) � � (�) �
� þþþ þþ þþ þþ (þþ) � þþ (�) �

n peptones.
th other (substrate or metabolite), þþþ unique product observed (>75%).



Table 2
Preparative scale of alcohols and acids metabolites

Substratea Microorganisms Culture medium Incubation conditions Product Yield (%)

[Biomass]b Time (h)

1a Streptomyces platensis YM 2.7 72 Alcohol 1b 51
1a Absidia corymbifera YMS 7.04 48 Acid 1c 88
2a Streptomyces platensis YM 2.7 16 Alcohol 2b 63
2a Absidia corymbifera YMS 7.04 48 Acid 2c 80
3a Absidia corymbifera YM 6.9 18 Alcohol 3b 49
3a Streptomyces platensis YMS 4.66 35 Acid 3c 50
4a Streptomyces platensis YM 2.7 72 Alcohol 4b 77
4a Absidia corymbifera YMS 7.04 90 Acid 4c 52
5a Cunninghamella echinulata YMS 7.9 90 Alcohol 5b 35

a The reactions were performed with 0.2 g/L substrate concentration (0.7 mM for 5a and 0.424 mM for 1a–4a).
b Dry weight (g/L).
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metabolites. Their formation took place in similar rates of those
observed with cells grown in YMS-culture medium.

2.3. Preparative scales of metabolites

Recently, we reported25 the optimization of terfenadine
hydroxylation by S. platensis. The best conditions for preparative
scale of hydroxyterfenadine were obtained by incubation of cells in
citrate buffer (pH 5, 0.1 M). These conditions were applied to the
other microorganisms with success. Thereby the reactions were
faster and/or work-up was easier (no or few emulsion during
extraction) compared to incubations performed in culture medium.
Results of preparative experiments were summarized in Table 2.

The preparations of substituted alcohols were performed by
incubation of substrates with cells grown in YM-culture medium.
Hydroxylation of 1a, 2a and 4a by S. platensis furnished alcohols 1b,
2b and 4b in 51%, 63% and 77% yield, respectively, and hydroxyl-
ation of 3a by A. corymbifera gave alcohol 3b in 49% yield. Prepa-
ration of unsubstituted alcohol metabolite 5b was achieved using
C. echinulata cells grown in YMS-culture medium with 35% yield.
Syntheses of substituted acids were carried out with cells grown in
culture medium containing soybean peptones using A. corymbifera
except for the preparation of 3c, which was obtained using
S. platensis. Acids 1c–4c were produced in three-step oxidation with
88% (lit.20 61%), 80% (lit.23 43%), 50% and 52% yield, respectively.

Thus, these purified metabolites were used as authentic samples
in the study of the active site of CYP 2J2.30,31

3. Conclusion

We demonstrated the efficacy of biotransformation in synthetic
purpose. First, because oxidation step of methyl group could be
modulated following microorganism used and culture conditions,
thus it was possible to prepare the alcohol or the acid metabolites.
Besides, use of buffer permitted to shorten the incubation times,
and the three-step oxidations gave the acid derivatives,
fexofenadine and carebastine, in high yield. Secondly, microbial
biotransformation of drugs was an efficient tool in the synthesis of
intermediate and final metabolites. It presented a great interest in
analytical chemistry to provide authentic samples and in
preparative scale insofar as preparation of all drug metabolites is
necessary to study their biological properties.32,33

4. Experimental section

4.1. Materials

Terfenadine was purchased from Sigma. Ebastine and
fexofenadine were kindly provided from Pharmafarm Almirall
Prodesfarma and Aventis Pharma, respectively. All organic solvents
were purchased from SDS (Peyrin, France) and were of the highest
purity available. Column chromatography was performed on Merck
silica gel 60 (0.040–0.063 mm). Thin-layer chromatography (TLC)
was done on silica gel 60F254 (0.26 mm thickness). 1H and 13C NMR
spectra were recorded on a Brucker ARX-250 spectrometer at
250.13 and 62.9 MHz, respectively. Chemical shifts are reported in
parts per million using tetramethylsilane as an internal standard
and the coupling constants J are given in hertz.

An HPLC analysis system was developed for separation of all
substrates and their metabolites. The system used was Gilson with
pump 305, pump 306, gradient dynamic mixer 811B and auto-
injector 234. The system was controlled and the results were
analyzed by Unipoint Gilson software. The column (Agilent, C18,
5 mm (250�4.6)) was in oven (Shimadzu CTO-10A model) at 40 �C
and eluted with a appropriate gradient solvent system: isocratic
solvent A (70% NH4OAc 0.1 M/30% CH3CN) for 1a, 2a, 3a and 4a or
solvent A0 (90% NH4OAc 0.1 M/10% CH3CN) for 5a and 6a for 7 min
followed by gradient to 100% solvent B (40% NH4OAc 0.1 M/60%
CH3CN) in 5 min and held at 100% (B) 18 min. The detection was at
UV 230 nm for substrates 1a, 4a and 6a, and 250 nm for substrates
2a, 3a and 5a and sample volumes were 20 mL.

LC-MS data were recorded with a Surveyor-LCQ Advantage mass
spectrometer, using same conditions except a flow rate of 0.5 mL/
min and UV detection. The MS ionization was carried out using an
ESI source in positive mode with a capillary temperature of 275 �C,
a capillary voltage of 41 V, and a spray voltage of 5 kV. MS2 analyses
were performed with a fragmentation power set to 30–40%,
depending on the compound analyzed.

4.2. Chemical synthesis of terfenadine and ebastine
analogues

4.2.1. 1-(4-tert-Butylphenyl)-4-(4-(hydroxydiphenylmethyl)
piperidin-1-yl)butanone (3a)

A mixture of 1-(4-tert-butylphenyl)-4-chlorobutanone (942 mg,
4 mmol), azacyclonol (1.28 g, 4.8 mmol), sodium carbonate
(840 mg, 7.93 mmol), sodium iodide (100 mg, 0.66 mmol) in dry
N,N-dimethylformamide (10 mL) was refluxed under nitrogen for
24 h. After cooling, the reaction mixture was diluted with
dichloromethane (50 mL), washed with water and brine, dried over
anhydrous magnesium sulfate, filtered and concentrated in vacuo.
The crude product was purified by chromatography on silica gel
and eluted with dichloromethane/methanol (90:10) to give 3a
(1.32 g, 69%) as a white solid. Mp 139–141 �C; 1H NMR (250.13 MHz,
CDCl3): d¼7.95 (d, J¼8.28 Hz, 2H, Har), 7.54–7.18 (m, 12H, Har),
3.02–2.96 (m, 4H, CHNCH0, CH2CO), 2.46–2.40 (m, 3H, CH2(CH2)2CO,
CH), 2.08–1.90 (m, 4H, CHNCH0, CH2CH2CO), 1.54–1.46 (m, 4H,
CH2CH2N), 1.39 (s, 9H, CH3); 13C NMR (62.9 MHz, CDCl3): d¼200.2
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(CO), 156.9, 146.5, 135.1, 128.5, 126.9, 126.2, 125.9, 79.9, 58.4, 54.4,
44.6, 36.7, 35.5, 31.5, 26.7, 22.4. Anal. Calcd for C32H39NO2$0.5H2O:
C 80.29, H 8.42, N 2.93. Found: C 80.46, H 8.26, N 2.95. HRMS m/z
calcd for C32H40NO2 [MþH]þ: 470.3054. Found: 470.3059.

4.2.2. 4-(4-(Benzhydryloxy)piperidin-1-yl)-1-(4-tert-
butylphenyl)butanol (4a)

Sodium borohydride (40.3 mg, 1.065 mmol) was added in small
portion to a cooled (0 �C) and stirred solution of ebastine 2a (200 mg,
0.426 mmol) in methanol (4 mL). After 6 h, the excess hydride was
destroyed using HCl (1 N), and water was added. The product was
extracted with ethyl acetate (three times) and the combined organic
layers were washed with brine, dried over anhydrous sodium sulfate
and evaporated. The residue was chromatographed on silica gel
(dichloromethane/methanol: 95:5) to afford 4a (190.6 mg, 95%) as
a white solid. Mp 124–126 �C; 1H NMR (250.13 MHz, CDCl3): d¼7.39–
7.24 (m, 14H, Har), 5.50 (s, 1H, CH(Ar)2O), 4.71–4.69 (m, 1H, CHOH),
3.71–3.62 (m, 1H, CHO), 3.02–2.88 (m, 2H, CHNCH0), 2.82–2.62 (m,
4H, CHNCH0, CH2(CH2)2CHOH), 2.19–2.10 (m, 2H, CHCH2NCH2CH0),
2.00–1.81 (m, 6H, CHCH2NCH2CH0, CH2CH2CHOH), 1.34 (s, 9H, CH3);
13C NMR (62.9 MHz, CDCl3): d¼150.1, 143.3, 128.9, 128.0, 127.6, 126.0,
125.6, 80.8, 73.9 (CHOH), 71.4, 59.2, 50.9, 39.8, 35.0, 32.0 (CH3), 30.9,
24.3. MS (ESI): m/z 472 (MþHþ); Anal. Calcd for C32H41NO2$0.5H2O:
C 79.96, H 8.81, N 2.91. Found: C 80.01, H 9.06, N 2.67. HRMS m/z calcd
for C32H42NO2 [MþH]þ: 472.3198. Found: 472.3216.

4.2.3. 1-(4-tert-Butylphenyl)-4-(piperidin-1-yl)butanone (5a)
Piperidine (573.3 mL, 5.79 mmol) and anhydrous potassium car-

bonate (1.348 g, 9.75 mmol) were added to a solution of 1-(4-tert-
butylphenyl)-4-chlorobutanone (800 mg, 3.35 mmol) in toluene
(31 mL) and water (12 mL), and mixture was heated to 100 �C until
TLC (eluent: dichloromethane/methanol/ammoniac: 93:7:0.5%)
showed no or only traces of starting material (about six days). The
solution was cooled to room temperature and diluted with ethyl
acetate and water. The organic phase was separated then washed
with brine, dried over sodium sulfate and evaporated under reduce
pressure. Purification by chromatography on silica gel (dichloro-
methane/methanol: 97:3) yielded a thick brown oil (707 mg, 73%),
which was recrystallized from acetone/pentane to give 5a (577.7 mg,
60%) as a pale yellow powder. Mp 148 �C (decomp.); 1H NMR
(250.13 MHz, CDCl3): d¼7.81 (d, J¼8.45 Hz, 2H, Har), 7.36 (d,
J¼8.45 Hz, 2H, Har), 2.89 (t, J¼7.14 Hz, 2H, CH2CO), 2.36–2.30 (m, 6H,
3CH2N),1.93–1.81 (m, 2H, CH2CH2CO),1.54–1.45 (m, 4H, 2CH2CH2N),
1.35–1.33 (m, 2H, CH2CH2CH2N), 1.24 (s, 9H, CH3); 13C NMR
(62.9 MHz, CDCl3): d¼198.6 (CO),155.5,133.5,127.0,124.4, 57.4, 53.3,
35.3, 34.0, 30.1 (CH3), 24.6, 23.3, 20.4. HRMS m/z calcd for C19H30NO
[MþH]þ: 288.2327. Found: 288.2314.

4.2.4. 1-(4-tert-Butylphenyl)-4-(piperidin-1-yl)butanol (6a)
A solution of 5a (250 mg, 0.87 mmol) in methanol (10 mL) was

cooled to 0 �C and sodium borohydride (98.74 mg, 2.61 mmol) was
added in small portions and mixture was stirred for 4 h. Aqueous
HCl (1 M) was added then the solvent was evaporated in vacuo. The
residue was diluted with ethyl acetate and water, the organic layer
was separated, washed with brine, dried over sodium sulfate and
concentrated. The crude product was chromatographed on silica
gel (dichloromethane/methanol: 98:2) to afford a brown oil
(201.4 mg, 80%), which was recrystallized from acetone/pentane to
give 6a (138.5 mg, 55%) as a white powder. Mp 94–96 �C; 1H NMR
(250.13 MHz, CDCl3): d¼7.35 (d, J¼8.21 Hz, 2H, Har), 7.27 (d,
J¼8.21 Hz, 2H, Har), 4.69–4.66 (m, 1H, CHOH), 2.65–2.59 (m, 2H,
CHNCH0), 2.49–2.45 (m, 4H, CHNCH0, CH2(CH2)2CHOH), 2.04–1.84
(m, 2H, CH2CHOH), 1.75–1.71 (m, 6H, CH2CH2CHOH, 2CH2CH2N),
1.53–1.51 (m, 2H, CH2CH2CH2N), 1.34 (s, 9H, CH3); 13C NMR
(62.9 MHz, CDCl3): d¼149.8, 143.2, 125.8, 125.4, 73.7 (CHOH), 59.6,
54.7, 39.9, 34.8, 31.8, 25.6, 24.4, 24.2. HRMS m/z calcd for C19H32NO
[MþH]þ: 290.2484. Found: 290.2473.

4.3. Biotransformations

Cultures were maintained on agar slants (filamentous fungi:
bactopeptones 5 g/L, yeast extract 5 g/L, malt extract 5 g/L, glucose
20 g/L and agar 20 g/L; Streptomyces bacteria: ISP medium 2) and
stored at 4 �C. Liquid culture media containing (g/L) glucose 16,
yeast extract 4, malt extract 10 (YM medium) and glucose 16, yeast
extract 4, malt extract 10 and soybean peptones 5 (YMS medium)
were sterilized without glucose at 120 �C for 20 min. Separately
sterilized glucose solution was added afterwards.

4.3.1. Analytical studies
Flasks (25 mL) containing 10 mL of YM or YMS-culture medium

were inoculated with glycerol suspension of tested microorganism
and incubated at 30 �C and 200 rpm (orbital shaker). After 60 h,
the substrate dissolved in 20 mL of N,N-dimethylformamide was
added to the culture medium (final concentration 0.424 mM or
0.696 mM). The biotransformations were performed in the same
conditions and daily monitored by HPLC. Samples (800 mL) were
diluted with methanol (700 mL), mixed vigorously and centrifuged
at 10,000 g for 5 min. The resulting supernatants were micro-fil-
tered (0.45 mm) before analysis. After 96 h of incubation, the bio-
transformation was stopped by addition of a mixture of AcOEt/
Et2O/MeOH (5:5:1; 20 mL), the suspension was stirred over 20 min
and filtered through Celite. The organic layer was separated, dried
over magnesium sulfate and concentrated. The residue was then
taken up with methanol (700 mL), micro-filtered and analyzed by
HPLC.

4.3.2. Preparative scales
Microorganisms were cultured 48 h in 0.5 L of culture medium

(YM or YMS) at 30 �C in 2-L erlenmeyer and put in orbital shaker
(200 rpm). For Streptomyces species, broth was inoculated by pre-
culture (40 mL/L). Biomass was collected by centrifugation (6000 g,
25 min) for Streptomyces or by filtration for fungi. Cells were then
suspended in citrate buffer (0.1 M, pH 5) and the substrate dis-
solved in DMF was added (final concentration 0.2 g/L). Bio-
transformations were performed at 30 �C in an orbital shaker for
suitable time, depending on desired product (Table 2). Biomass was
harvested by centrifugation or filtration, suspended in methanol
(150 mL), stirred (1 h) and removed. Methanol was evaporated and
the residue was taken up with ethyl acetate and washed with brine.
Supernatant was saturated (NaCl) and pH was adjusted at 10 with
concentrated NaOH in alcohol production or at 1–2 with HCl 5 N in
acid production. Aqueous phase was extracted with ethyl acetate
(three times) and organic phases were combined, dried over NaSO4.
After evaporation, the product was purified by flash chromatogra-
phy, elution with CH2Cl2/CH3OH 9:1 (alcohol) or CH2Cl2/CH3OH 9:1
containing acetic acid 1% (acid).

4.3.2.1. 1-(4-(1-Hydroxy-2-methylpropan-2-yl)phenyl)-4-(4-(hydroxy-
diphenylmethyl)piperidin-1-yl) butan-1-ol (1b). Incubation of terfe-
nadine 1a (200 mg, 0.424 mmol) with cells of Streptomyces
platensis NRRL 2364 obtained in YM-culture medium (1 L) and
suspended in buffer (1 L) afforded 1b (105.4 mg, 51%) as a white
powder. Mp 104–109 �C (decomp.); 1H NMR (CDCl3, 250.13 MHz):
d¼7.60–7.13 (m, 14H, Har), 4.67–4.53 (m, 1H, CHOH), 3.56 (s, 2H,
CH2OH), 3.26–2.97 (m, 2H, CHNCH0), 2.62–2.40 (m, 3H,
CH2(CH2)2CHOH, CH), 2.31–2.02 (m, 2H, CHNCH0), 1.97–1.60 (m, 6H,
CHCH2NCH2CH0, CH2CH2CHOH), 1.58–1.44 (m, 2H, CHCH2NCH2CH0),
1.32 (s, 6H, 2CH3); NMR (CDCl3, 62.9 MHz) d¼146.6, 145.5, 143.7,
128.6, 126.8, 126.5, 126.2, 126.1, 79.6, 73.7 (CHOH), 73.3 (CH2OH),
58.7, 53.4, 44.1, 40.2, 39.5, 25.9, 25.7, 24.0.
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4.3.2.2. 2-(4-(1-Hydroxy-4-(4-(hydroxydiphenylmethyl)piperidin-1-
yl)butyl)phenyl)-2-methyl propanoic acid (1c). Incubation of terfe-
nadine 1a (200 mg, 0.425 mmol) with mycelium of A. corymbifera
LCP 63-1800 obtained in YMS-culture medium (1 L) and suspended
in buffer (1 L), afforded fexofenadine 1c (187 mg, 88%). Mp 193–
195 �C; 1H NMR (250.13 MHz, CD3OD): d¼7.55 (m, 4H, Har), 7.40 (m,
2H), 7.30 (m, 6H, Har), 7.18 (d, 2H, J¼7 Hz, Har), 4.61 (dd, 1H, J¼5.6,
6 Hz, CHOH), 3.32–3.30 (m, 2H, CH2N), 2.90–2.75 (m, 5H), 1.82–1.55
(m, 8H), 1.50 (s, 6H, CH3); 13C NMR (62.9 MHz, CD3OD): d¼186.3
(COOH), 149.8, 149.3, 145.5, 130.5, 129.0, 128.5, 81.5, 76.0 (CHOH),
59.0, 55.5, 51.3, 44.5, 39.5, 29.9, 27.3, 23.5.

4.3.2.3. 4-(4-(Benzhydryloxy)piperidin-1-yl)-1-(4-(1-hydroxy-2-meth-
ylpropan-2-yl)phenyl)butan-1-one (2b). Incubation of ebastine 2a
(100 mg, 0.213 mmol) with cells of Streptomyces platensis NRRL
2364 obtained in YM-culture medium (500 mL) and suspended in
buffer (500 mL) afforded hydroxyebastine 2b (65 mg, 63%). Mp
52 �C (decomp.); 1H NMR (250.13 MHz, CDCl3): d¼7.97 (d,
J¼8.36 Hz, 2H, Har), 7.51 (d, J¼8.36 Hz, 2H, Har), 7.37–7.25 (m, 10H,
Har), 5.55 (s, 1H, CH(Ar)2O), 3.67 (s, 2H, CH2OH), 3.48–3.41 (m, 1H,
CHO), 3.00 (t, J¼7.08 Hz, 2H, CH2CO), 2.80–2.75 (m, 2H, CHNCH0),
2.40 (t, J¼7.10 Hz, 2H, CH2(CH2)2CO), 2.17–2.09 (m, 2H, CHNCH0),
2.00–1.82 (m, 4H, CHCH2NCH2CH0, CH2CH2CO), 1.74–1.62 (m, 2H,
CHCH2NCH2CH0), 1.39 (s, 6H, CH3); 13C NMR (62.9 MHz, CDCl3):
d¼200.2 (CO), 152.5, 143.2, 135.5, 128.7, 128.6, 127.7, 127.5, 126.8,
80.4, 73.1 (CH2OH), 72.2, 58.1, 51.5, 40.9, 36.7, 31.7, 25.6 (CH3), 22.4;
MS (ESI): m/z 486 (MþHþ). Anal. Calcd for C32H39NO3$0.5H2O: C
77.70, H 8.15, N 2.83. Found: C 77.81, H 8.41, N 2.66. HRMS m/z calcd
for C32H40NO3 [MþH]þ: 486.3008. Found: 486.2995.

4.3.2.4. 2-(4-(4-(4-(Benzhydryloxy)piperidin-1-yl)butanoyl)phenyl)-
2-methylpropanoic acid (2c). Incubation of ebastine 2a (100 mg,
0,21 mmol) with mycelium of A. corymbifera LCP 63-1800 obtained
in YMS-culture medium (500 mL) and suspended in buffer
(500 mL), afforded carebastine 2c (84 mg, 80%). Mp 173–175 �C; 1H
NMR (250.13 MHz, CDCl3): d¼7.75 (d, J¼8.45 Hz, 2H, Har), 7.57 (d,
J¼8.46 Hz, 2H, Har), 7.36–7.24 (m, 10H, Har), 5.48 (s, 1H, CH(Ar)2O),
3.73 (m, 1H, CHO), 3.05–3.02 (m, 2H, CHNCH0), 2.77–2.66 (m, 4H,
CH2CH2CH2CO), 2.20–2.07 (m, 2H, CHCH2NCH2CH0), 2.00–1.81 (m,
4H, CHCH2NCH2CH0, CH2CH2CO), 1.58 (s, 6H, CH3); 13C NMR
(62.9 MHz, CDCl3): d¼198.5 (CO), 181.7 (COOH), 154.2, 142.6, 134.3,
128.9, 128.1, 128.0, 127.2, 126.7, 81.2, 69.0, 56.6, 48.6, 48.0, 36.0, 28.7,
27.1, 19.3.

4.3.2.5. 1-(4-(1-Hydroxy-2-methylpropan-2-yl)phenyl)-4-(4-(hydroxy-
diphenylmethyl)piperidin-1-yl)butan-1-one (3b). Incubation of
terfenadone 3a (200 mg, 0.426 mmol) with mycelium of A. cor-
ymbifera LCP 63-1800 obtained in YM-culture medium (1 L) and
suspended in buffer (1 L), afforded 3b (101.2 mg, 49%) as a white
solid. Mp 149–151 �C (lit.34 135–137 �C); 1H NMR (250.13 MHz,
CD3OD): d¼7.95 (d, J¼8.38 Hz, 2H, Har), 7.57–7.14 (m, 12H, Har),
3.62 (s, 2H, CH2OH), 3.24–3.19 (m, 2H, CHNCH0), 3.08 (t, J¼6.60 Hz,
2H, CH2CO), 2.72–2.66 (m, 3H, CH(CH2)2N, CH2(CH2)2CO), 2.45–2.37
(m, 2H, CHNCH0), 2.04–1.92 (m, 2H, CH2CH2CO), 1.73–1.62 (m, 4H,
CH2CH2N), 1.35 (s, 6H, CH3); 13C NMR (62.9 MHz, CD3OD): d¼201.7
(CO), 155.3, 148.0, 136.2, 129.4, 128.1, 127.8, 127.6, 80.6, 73.0
(CH2OH), 58.8, 55.1, 44.8, 41.8, 36.6, 27.0, 26.2 (CH3), 21.7. MS (ESI)
m/z 486 (MþHþ), 468, 219. HRMS calcd for C32H40N03 (MHþ):
486.3008. Found: 486.3012.

4.3.2.6. 2-(4-(4-(4-(Hydroxydiphenylmethyl)piperidin-1-yl)butanoyl)-
phenyl)-2-methylpropanoic acid (3c). Incubation of terfenadone 3a
(200 mg, 0.426 mmol) with cells of Streptomyces platensis NRRL
2364 obtained in YM-culture medium (1 L) and suspended in buffer
(1 L) afforded 3c (106 mg, 50%) as a pale yellow solid. Mp 164–
166 �C; 1H NMR (250.13 MHz, CD3OD): d¼7.98 (d, J¼8.56 Hz, 2H,
Har), 7.59–7.01 (m, 12H, Har), 3.64–3.59 (m, 2H, CHNCH0), 3.22–3.04
(m, 6H, CH2CO, CHNCH0, CH2(CH2)2CO), 2.92–2.84 (m, 1H, CH), 2.11–
2.09 (m, 2H, CH2CH2CO), 1.89–1.79 (m, 4H, CH2CH2N), 1.60 (s, 6H,
CH3); 13C NMR (62.9 MHz, CD3OD): d¼200.4 (CO), 180.3 (COOH),
152.9, 147.5, 136.6, 129.6, 128.0, 127.7, 127.5, 80.2, 57.8, 54.4, 46.0,
43.1, 36.5, 27.4 (CH3), 25.9, 20.0. HRMS m/z calcd for C32H38NO4

[MþH]þ: 500.2801. Found: 500.2805.

4.3.2.7. 4-(4-(Benzhydryloxy)piperidin-1-yl)-1-(4-(1-hydroxy-2-meth-
ylpropan-2-yl)phenyl)butan-1-ol (4b). Incubation of ebastol 4a
(70 mg, 0.148 mmol) with cells of Streptomyces platensis NRRL 2364
obtained in YM-culture medium (400 mL) and suspended in buffer
(350 mL) afforded hydroxyebastol 4b (56 mg, 77%) as a white solid.
Mp 68 �C (decomp.); 1H NMR (250.13 MHz, CDCl3): d¼7.36–7.24 (m,
14H, Har), 5.50 (s, 1H, CH(Ar)2O), 4.68–4.66 (m, 1H, CHOH), 3.65–
3.61 (m, 1H, CHO), 3.59 (s, 2H, CH2OH), 3.00–2.84 (m, 2H, CHNCH0),
2.75–2.60 (m, 4H, CHNCH0, CH2(CH2)2CHOH), 2.17–2.00 (m, 2H,
CHCH2NCH2CH0), 1.92–1.80 (m, 6H, CHCH2NCH2CH0, CH2CH2CHOH),
1.34 (s, 6H, CH3); 13C NMR (62.9 MHz, CDCl3): d¼145.4, 143.6, 142.9,
128.8, 127.8, 127.4, 126.5, 126.2, 80.8 (CH(Ar)2O), 73.5 (CHOH), 73.4
(CH2OH), 70.7 (CHO), 58.7, 50.3, 40.2, 38.9, 30.2, 25.8 (CH3), 23.5;
MS (ESI): m/z 488 (MþHþ). Anal. Calcd for C32H41NO3$H2O: C 76.00,
H 8.57, N 2.77. Found: C 75.51, H 8.54, N 2.61. HRMS calcd for
C32H42N03 (MþHþ): 488.3165. Found: 488.3165.

4.3.2.8. 2-(4-(4-(4-(Benzhydryloxy)piperidin-1-yl)-1-hydroxybutyl)-
phenyl)-2-methylpropanoic acid (4c). Incubation of ebastol 4a
(82 mg, 0.174 mmol) with mycelium of A. corymbifera LCP 63-1800
obtained in YMS-culture medium (500 mL) and suspended in
buffer (410 mL), afforded 4c (46.4 mg, 52%) as a slightly coloured
solid. Mp 119–120 �C; 1H NMR (250.13 MHz, CD3OD): d¼7.41–7.26
(m, 14H, Har), 5.62 (s, 1H, CH(Ar)2O), 4.71–4.67 (m, 1H, CHOH),
3.81–3.70 (m, 1H, CHO), 3.37–3.22 (m, 2H, CHNCH0), 3.14–3.02 (m,
4H, CHNCH0, CH2(CH2)2CHOH), 2.02–1.96 (m, 4H, CH2CH2N), 1.85–
1.76 (m, 4H, CH2CH2CHOH), 1.53 (s, 6H, CH3); 13C NMR (62.9 MHz,
CDCl3): d¼181.2 (COOH), 145.3, 142.9, 142.4, 128.9, 128.1, 127.2,
126.2, 126.1, 81.4 (CH(Ar)2O), 72.9 (CHOH), 67.8 (CHO), 57.3, 48.8,
46.9, 36.1, 28.0, 27.1 (CH3), 21.1; HRMS calcd for C32H40N04 (MHþ):
502.2957. Found: 502.2946.

4.3.2.9. 1-(4-(1-Hydroxy-2-methylpropan-2-yl)phenyl)-4-(piperidin-
1-yl)butanone (5b). Incubation of 5a (200 mg, 0.696 mmol) with
mycelium of Cunninghamella echinulata ATCC 9245 obtained in
YMS-culture medium (1 L) and suspended in buffer (1 L) afforded
5b (74 mg, 35%) as a yellow oil. 1H NMR (250.13 MHz, CDCl3):
d¼7.93 (d, J¼8.35 Hz, 2H, Har), 7.51 (d, J¼8.36 Hz, 2H, Har), 3.66 (s,
2H, CH2OH), 3.12 (t, J¼6.54 Hz, 2H, CH2CO), 2.92–2.85 (m, 6H,
CH2N), 2.24–2.15 (m, 2H, CH2CH2CO), 1.91–1.88 (m, 4H, CH2CH2N),
1.59–1.57 (m, 2H, CH2CH2CH2N), 1.36 (s, 6H, CH3); 13C NMR
(62.9 MHz, CDCl3): d¼199.1 (CO), 153.4, 134.7, 128.5, 127.0, 72.8
(CH2OH), 57.4, 53.8, 40.9, 36.0, 25.6, 23.8, 23.0, 19.3; MS (ESI): m/z
304 (MþHþ); HRMS: calcd for C19H30N02 (MHþ): 304.2277. Found:
304.2268.
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