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1 Materials and methods

(A) Chemicals: Except otherwise noted, all solvents, buffer components and chemicals were obtained
from Sigma-Aldrich and Fluka (Steinheim, Germany), Carl Roth GmbH (Karlsruhe, Germany), Acros
Organics (Geel, Belgium), VWR (Darmstadt, Germany), abcr GmbH (Karlsruhe, Germany) and Alfa
Aesar (Karlsruhe, Gemany). NADPH was obtained from Prozomix (Haltwhistle, UK).

(B) Enzymes: Glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides and DNase |
from bovine pancreas were purchased from Alfa Aesar (Karlsruhe, Germany) and Sigma-Aldrich
(Steinheim, Germany), respectively.

(C) DNA-Sequences:

R-IRED_Ms-hisg

ATGGGCAGCA
CCCTGACCGT
GACCACGGTG
ACGGTGCGTG
AGCTGCTGCG
TCCGGCACTG
ATGGCCACCC
AAAAACACCG
CTCAGCACTG
ATTTCTCGCG
AGGGTGCCGT
AAGTCTGGAA
GGTGTTGCGG
CAATTCTGAC

GCCATCATCA
TATTGGCGCT
TGGAACCGTA
ACGCCGTTAA
CCAAGACGAA
GCTCGTGAAC
CGGATTTTAT
TGCTGTCCTG
GACAGCGCCC
CAGAAGGCAT
TGCAGATGTC
GCTCATAACG
ATGCCATGTA
CCGCTTCCTG

R-IRED_Sr-hise

ATGGGCAGCA
CCGATGTCAC
TGCGACGACC
AGCTCTGCCC
GTGCGGTTCT
TGAACAGGCA
GCTATCCCGC
CCCATGAACC
CCTGTACGAC
CTGGGTACCG
GCTTCGTGAG
GCACGTGGCG
CTGGTTCGCA
AACAATTCCG

GCCATCATCA
CGTTCTGGGT
GTCTGGAACC
GCGATGCCGC
GGATCCGCTG
CGTGCTACCG
AGGTGGTTGG
GACCCTGCGT
GTTGCGCTGC
CTAAAGTGGA
CGCTTATGCG
ACCGTTGATC
CCCTGGCAGA
CTCACCGTCG

S-IRED_Pe-hiss

ATGGGCAGCA
GCAATCCGAA
GGGCCTGGGC
AACCGTACGG
CACTGGCGGC
GAGCTCTGCG
GCAGCTAAAT
TTGGTAAACC
GGAAATCCTG
ATGGATATCT
CCGCCAAACA
CCCGCGTCTG
CATATTGTTC
AACGTGGTAT
GCGCAGCTAA

GCCATCATCA
AGACAACATC
CCGATGGGTC
CATCTAAAGC
CAATGAACTG
AACCTGAGCG
GGCTGGCGGA
GGAATCATAT
ACCGGTACGG
TTTGGACCAG
GTTCCTGCCG
GATGAAGGCA
ACACCACGGA
GGAAAACGGC

TCATCATCAC
GGCCGTATGG
CCAAAGCCAA
ACGCAGCGAT
GTGACGCGTG
AGGAAACGTG
TGGCCAGGCA
AATGTGCTGG
TGCTGTTTCA
CCCGCTGGAA
CTGACCCGTG
TGGCGTTCCA
CTCCGTTATT
AAATAA

TCATCATCAC
CTGGGTCTGA
GTTCAGAAGG
GGAAGCCAGC
GGTGATGTTC
CCGAATGGGC
CACCGCCGAC
AGCCTGGGTG
TGGGCATTAT
AGCGACCACG
GGCCAGGTTG
ATCTGATCCA
TCGTGCACTG
GCGTAA

TCATCATCAC
TCAGTGGGCT
AGGCAATGGC
TGATGAACTG
GTTATTCTGT
GCAAAGTCCT
CCGTGGTGCA
ACGTATTACT
ATTACCGCGG
CATGCTGTCT
TATGCGAGCG
AACACCCGGG
AGATGCCGGT
CATGCCGGTG

AGCAGCGGCC
GCTCCGCACT
AAGCGAACCG
ATTATCGTGG
AACTGCGCGG
GGCGCGCCAA
GAATGCGCTC
GCGGTGCCAC
GATGTGGGGC
AAAACCACGG
TTCAGCAAAA
ACACCTGCTG
CGTGAAGCGG

AGCAGCGGCC
TGGGTCAAGC
CAAAGCCGGT
CCGCTGGTTG
TGGCAGGTCG
CGCAGAACGT
GCATTTCTGC
CAGGTACCAC
GTGGGGTACC
TTTGCGCCGT
ATCAAGGTGC
CGAATCTGAA
GCAGGCGGTC

AGCAGCGGCC
CCGCAAGCAC
TGGCGTGTTT
GTCGCGAAAG
CCCTGACGGA
GGTGAATCTG
CGTCATGTGA
CGGGCCCGCG
CGAAGACCCG
TATCTGCATG
CCACGCTGTC
TGATGTCGAC
ATTGACACCA
ATAGTTTTAC

TGGTGCCGCG
GATTAAAGCA
CTGGCAAAAC
TTAATGTGCT
CAAACTGCTG
CATGGCATTG
TGCTGTACAG
CAGCCATGTC
ACCCTGTTCG
CGTTTATCAA
TCGCCTGACC
GCCCTGTGTG
TCAAAGCCGG

TGGTGCCGCG
ACTGGCTGGC
CAGCTGGCAG
TGGTCTGCGT
TGTCCTGGTG
GGTATTACGT
TGTATTCAGG
CTATCTGGGT
CTGAACTCCT
TCGCCAATCG
ATACCCGGCT
GCAGCTGGCG
AGGGCGGTCT

TGGTGCCGCG
CGCAACCAAT
CTGGAAAGCG
GCGCCATTCG
TTATGACGCT
AGTTCCGATA
CCGGCGGTGT
TGAAGTTTTC
GGTCTGGCAA
CGCTGGCCGT
ATCGCTGCCG
CGCCTGGCTA
CCCTGCCGGC
CAGCCTGATT

CGGCAGCCAT
TTCCTGCAAT
TGGGCGCACA
GGATTATGAC
GTTCAGCTGA
ATTATCTGGA
TGGTTCCGCG
GGCGAAGATG
GTACGCTGCA
ACTGACCGAA
GCAGACGCTC
AAGAACGTAA
CCACGGTAAA

CGGCAGCCAT
GCGTTCCTGA
AACAAGGCGC
GTCCGACCAT
AATCTGACCA
ATCTGGATGG
TCCGGAAGCA
GCAGATCACG
TTCTGCATGG
CTGGATCGAA
CTGGATGCGA
TTAACACCGA
GGGTTATGCC

CGGCAGCCAT
CGCAAAAGCG
GTTATGAAGT
CGCAAGTACC
ATGTACGCGA
CCCCGGAAAA
TCAAGTCCCG
GAAGCCCACC
TGCTGTACTA
GGCAAAAGCT
CAATTTGTTG
TGGGCCTGGC
CGCAGTTCTG
GAAATCTTCA

ATGAAACCGA
CTGGCTACAC
TCTGGCTGAT
ACCTCTGATC
CCAGCGGTTC
CGGTGCGATC
GCCCTGTTCG
TTGGTCATGC
AGCACTGGCT
CCGGTCACCC
AGACGCTGGC
TATCCATCGC
GATGACTTTG

ATGCGTGATA
AAGATGGTCA
TGTGCTGGCG
GCAGCTGTTC
GCGGCACGTC
TGCAATTATG
GCTTACGAAG
GTCTGAGTTC
TGCCGCACTG
GCCGTCACCG
CCATTGACAC
ACTGCCGCGT
GCAATGATCG

ATGAACTCCA
TCACCGTTAT
GACCGTTTGG
GTGGACGAAG
TCCTGGAACC
AGTCCGTGAA
CCGTCAGGCA
GCGAATCGCT
CCAGATCCAA
AACGGCATTA
AATTCTACAC
GTCTGTGGAA
GAAATCTTTA
AAAATCCGGT
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(D) GC analysis: Gas chromatography analysis for the quantification of product formations was
conducted on a Shimadzu GC-2010 instrument equipped with a flame ionization detector using an
Agilent HP-1ms Ul column (30 m x 250 um x 0.25 um) with hydrogen as carrier gas (30 cm s1). Injector
temperature: 250°C. Split mode with a split ratio of 5. Detector temperature: 330°C. Three different oven
temperature programmes were used depending on the analyte.

Program A for compounds 1a, 1b, Program B for compounds 3a Program C for compound 1d
1c, 1e, 1q, 1i, 1j, 2a, 2b, 4a and 3c

rate final temp. hold rate final temp. hold rate final temp. hold
°Cmint °C min °Cmint °C min °Cmint °C min
- 100 1 - 100 1 - 50 2
40 150 - 40 260 - 20 90 -
2,5 170 - 4 290 - 50 320 2
20 200 - 50 320 2

50 260 2

(E) Chiral GC analysis: Chiral gas chromatography analysis was performed on a Shimadzu GC-2010
instrument equipped with a flame ionization detector using an Agilent Chirasil Dex-CB column (30 m x
250 um x 0.25 pum) with hydrogen as carrier gas (30 cm s1). Injector temperature: 225°C. Split mode
with a split ratio of 10 or 40. Detector temperature: 230°C.

(F) GC-MS analysis: Gas chromatography-mass spectrometry was carried out on an Agilent GC 7890A
instrument coupled with an Agilent 5975 Series mass selective detector (MSD) and an additional flame
ionization detector. An Agilent DB-5 column (30 m x 250 um x 0.25 um) was operated with hydrogen
as carrier gas (30 cm s1). Injector temperature: 250°C. Split mode with a split ratio of 5. Detector
temperature: 320°C. Electron ionization of the analyte with 70 eV acceleration voltage.

Program D for all compounds Program E for compounds 1d-5d
rate final temp. hold rate finale temp. hold
°C min! °C min °C min °C min
- 100 1 - 50 2
25 310 25 20 150 -

50 310 25

(G) Chiral HPLC analysis: Chiral high-performance liquid chromatography was conducted on an
Agilent 1200 Series system with autosampler using a Daicel Chiralpak IB column (150 x 4.6 mm, 5 pm)
or a Daicel Chiralpak IC column (250 x 4.6 mm, 5 pm) at a temperature of 20°C. Analytes were detected
by using a diode array detector (DAD) at a wavelength of 261 nm. A binary solvent mixture of
cyclohexane and ethanol (0.2% v/v diethylamine added) in a ratio of 75/25 was used for the isocratic
separation within 25 min with a flow rate of (0.7 mL/min).*

(H) NMR spectroscopy: *H and 13C NMR spectra were recorded on a Bruker Avance spectrometer
working at a frequency of 500 MHz (protons) using CDCls, D20 or DMSO-ds as solvents. Chemical shifts
(0) are given in ppm referenced to tetramethylsilane. Coupling constants (Hz) and signal multiplicity
(s = singlet, d = doublet, dd = doublet of doublets, t = triplet, m = multiplet) are as well noted in the
conventional form.
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2 Supporting figures and tables

O R?
:}Rz -H20 42:0 -H,0 R
+ _— N=— N

o

N

NADPH + H*
NADP+

Gl
R™—NH,

NADPH + H*
IRED IRED
NADP+

RZ
o R R’
HN -H,0 HNi IRED HNJ%
2 RZ
pathway A R! /)R
B S g TN R
2 NADPH NADP+

+H*

IRED

NADPH NADP+
+H*

pathway B

.-

2 NADPH

a +2H"
\5 2 NADP+

IRED

4a

Figure S1: Postulated reaction pathways for the formation of piperazines (left, grey background). In
pathway A, IRED reduces the first imine intermediate from the reaction of the diamine and dicarbonyl
prior to cyclization and further reduction to the piperazine. In pathway B, IRED reduces the 2,3-
dihydropyrazine diamine reaction intermediate over two steps to the final piperazine product. No activity
was observed when 5,6-dimethyl-2,3-dihydropyrazine (S1) was used as substrate (right, light green
background). This result indicates that the piperazine synthesis most likely occurs via pathway A.

Tautomerization of the partially reduced intermediate (equals intermediate I1l) may lead to the
racemization of the already induced stereocenter. However, the final reduction step allows the control
of at least one sterocenter. This hypothesis is underlined by finding enantiopure monosubstituted
piperazines but both diastereomers for 2,3-disubstituted piperazines.
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Figure S2: The composition of the reaction mixture over time showed that 1,2,3, 6-tetrahydropyrazine
(equals intermediate I11) is formed in the first couple of minutes during the biotransformation forming 1a
and is able to undergo tautomerization. The occurrence of the enamine tautomer 1,2,3,4-
tetrahydropyrazine (S2) in its acetylated form was confirmed by GC-MS.
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Figure S3: NADPH-depletion assay for activity testing.

Measured rates of piperazine formation of 1a (left) and 3a (right) using a NADPH depletion assay. The
absorption at 340 nm was measured for 15 minutes at room temperature. 10 uM of purified enzyme was
mixed with 5 mM diamine, 5 mM dicarbonyl and 0.5 mM NADPH. Both reactions show a clear decrease
in absorbance due to NADPH consumption (black). In the formation of 1a NADPH was completely
consumed after 10 minutes (moderate activity). An even faster consumption of NADPH was observed
in the formation of 3a with no NADPH left after one minute reaction time (high activity). In contrast, the
control reactions without enzyme (grey) show no decrease in absorption. In the case of 3a, an increase
in absorption could be monitored after NADPH was consumed. This might be due to the formation of
condensation products including absorptive components.
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Table S1: Analysis of the selectivity in the formation of 2,5-dimethylpiperazine (2b), using racemic or
enantiopure 1,2-diaminopropane (b) and methylglyoxal (2).

NH; [NHZ NH,
):NHZ W NH, )iNHg
(rac)-b (R)-b (S)-b

product / % product / % product / %

H
N j/

\“"[N 211 26+0.1 421
H

(2R,5S)-2b
H
N .

\“"[Nj 19+1 361 0
H

(2R,5R)-2b
H
N j/

;N 0 0 0
H

(25,55)-2b

R-IRED_Ms is highly selective for the formation of R-stereocenters, which is independent from other
stereocenters. The utilization of enantiopure (R)-1,2-diaminopropane as well as (S)-1,2-diaminopropane
resulted in the formation of (2R,5R)-dimethylpiperazine (87% ee) and (2R,5S)-dimethylpiperazine
(> 99% ee), respectively. In consequence, a mixture of (2R,5R)-dimethylpiperazine and (2R,5S)-
dimethylpiperazine was obtained when the racemic mixture was used. No (2S,5S)-dimethylpiperazine
was formed, which confirmed the excellent enantioselectivity.
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Figure S4: Products observed in the biotransformation of 1,2-diaminopropane (b) with methylglyoxal
(2) to 2,5-dimethylpiperazine (2b). Main products (2R,5R)-dimethylpiperazine and (2R,5S)-
dimethylpiperazine were formed with 2,6-dimethylpiperazine as a minor product. The following diamines
were used in the shown scenarios: blue, (rac)-b; black, (R)-b; pink, (S)-b.
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Figure S5: pH profile of R-IRED-Ms for the formation of 1a in sodium citrate buffer (pH 4.0 - 6.0),
potassium phosphate buffer (pH 6.0 - 8.0) and Tris HCI buffer (pH 8.0 - 9.0). Determined NADPH
consumptions were measured in triplicates using 5 mM of glyoxale (1), 5 mM ethylendiamine (a), 5 uM

R-IRED_Ms and 2.5 mM of NADPH. The error bars show the standard deviation.
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3 General procedures
(A) Protein expression, and purification:

The gene of R-IRED_Ms was cloned into a pBAD33 plasmid and fused with an N-terminal his6-tag. For
gene expression, E. coli JW5510 cells were transformed with the vector and grown over night at 37°C.
Terrific broth (TB) culture medium containing 34 pug mL-! chloramphenicol was inoculated using 0.25%
v/v of preculture. After 2-3 h of incubation at 37°C and reaching an optical density of ODesoo = 0.8-1.0,
the protein expression was induced with the addition of arabinose (final concentration 0.02%). The
cultures were incubated for about 20 h at 25°C. After harvesting and lysing the cells, protein purification
was performed with cobalt His-Trap columns (His-GraviTrap-TALON, GE Healthcare) using buffer A
(50 mM potassium phosphate buffer pH 7.0, 300 mM KCI) for binding, buffer B (50 mM potassium
phosphate buffer pH 7.0, 300 mM KCI, 5 mM imidazole) for washing and buffer C (50 mM potassium
phosphate buffer pH 7.0, 300 mM KCI, 500 mM imidazole) for eluting the enzyme. After purification, the
buffer was changed via dialysis (two times for 2 h in 5 L, 50 mM potassium phosphate buffer pH 7.0,
MWCO = 6-8 kDa). Purity and size was verified by SDS-PAGE. The protein concentration was
determined using the BCA Protein Assay Kit (Thermo Scientific).

~ 33 kDA (monomer)

Figure S6: SDS-PAGE analysis of purified R-IRED_Ms compared to the lysate.

(B) Biotransformations:
Batch biotransformations:

Biotransformations were performed on a 350 pL scale in glass vials with 30 uM purified IRED (1 mg L™,
protein purity > 90%), 5 mM diamine, 5 mM dicarbonyl, 2 MM NADPH, 2.5 mM MgClz, 40 mM glucose-
6-phosphate, 5U mL? glucose-6-phosphate dehydrogenase, buffer system: 50 mM potassium
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phosphate buffer pH 7.0. After 4 h incubation at 25°C an internal standard (10 pL, 5 mM final
concentration) was added and the reaction was stopped with 10 M aqueous NaOH (35 pL).

Fed-batch biotransformations:

Biotransformations were performed on a 350 pL scale in glass vials with 30 uM purified IRED (1 mg L1,
protein purity > 90%), 5 mM diamine, 6.25 mM dicarbonyl (continuous addition over 5 h with a syringe
pump), 2 MM NADPH, 2.5 mM MgClz, 40 mM glucose-6-phosphate, 5 U mL* glucose-6-phosphate
dehydrogenase, buffer system: 50 mM potassium phosphate buffer pH 7.0. For the upscaling
experiments, the substrate concentration was increased to 50 mM and the buffer strength was increased
to 100 mM. After 6 h incubation at 25°C an internal standard (10 pL, 5 mM final concentration) was
added and the reaction was stopped with 10 M aqueous NaOH (35 puL).

(C) Sample preparation and derivatization for (chiral) GC and GC-MS analysis:
The samples were extracted and derivatized simultaneously by adding 2.5 parts derivatization mix
(250 uL, 0.6 M acetic anhydride in dichloromethane) on one part of sample (100 pL) and vortexing for

2 min. The organic phase was analyzed by gas chromatography.

Table S2: Added internal standards for the determination of product formations. The corresponding
piperazine compounds and the applied temperature programs are assigned.

Analyte Internal Standard Temperature program
la, 1b, 1q, 1i, 1j, 2a, 2b, 4a 1c A
1d, le la A
3c 3a B
3a 3c B
1d le C

(D) Sample preparation and derivatization for chiral HPLC analysis:

Proteins and particles were removed from the sample through microfiltration. Then 0.1 parts of 10 M
aqueous NaOH (10 pL) and 2 parts of derivatization mix (200 pL, 50 mM 1-fluoro-2,4-dinitrobenzene in
dichloromethane) were added to the sample (100 uL) and the mixture was shaken for 20 h at room
temperature. An excess amount of 1-fluoro-2,4-dinitrobenzene was quenched by the addition of
0.05 parts diethylamine (5 pL). The organic phase was washed with dH20 (100 pL) and analyzed via
chiral HPLC chromatography.

(E) Sample preparation for the determination of isolated yields

Fed-batch biotransformations were performed on a 1 mL scale using the substrates at a concentration
of 50 mM as described in 3(B). The samples were extracted and derivatized simultaneously by adding
2.5 parts derivatization mix (2.5 mL, 0.6 M acetic anhydride in dichloromethane) on one part of sample
and vortexing for 2 min. After separating the organic phase, the solvent was removed under reduced
pressure. The residue was dissolved in 1 M aqueous NaOH (1 mL) and incubated at 37°C overnight.
The solution was extracted with dichloromethane (3 x 4 mL) and the combined extracts were dried over
MgSOa. Finally, the solvent was removed and the isolated yield was determined gravimetrically.
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4 GC chromatograms

(A) GC-MS analysis for product identification:

Table S3: Retention times (min) of detected piperazine products in their acetylated form using GC-MS
with temperature program D.

la 6.55 1r 7.19 3c 7.19 4f 7.85,7.97 5i 7.91

1b  6.63 2a 6.63 3d* 8.71 49 6.51, 6.65, 6.90 6a 6.92,7.10
lc 438 2b 6.53, 6.68 3e 7.45 4h 8.00 7a 7.17,7.28
1d* 4.52 2c 4.57 3f** 533 4i 6.72 8a 7.32,7.48
le 4.88 2d* 523 39 8.44, 8.66 5a 7.77,8.17 9a 8.65, 8.78
1f 7.60 2e 5.00 3h 9.66 5b 7.87, 8.09 10a 8.61

1lg 6.15 2f 7.62,7.77 3i 8.84 5c 6.45, 6,47 lla 8.84

ih  7.77 29 6.33 4a 6.66 5d 8.03, 8.06 12a** 9.16

1i 6.79 2h 7.91 4b 6.63, 6.79 5e 6.82 13a** 10.37

1j 531 2i 6.80 4c 4.98, 5.11 5f** 7.49

In 6.74 3a 8.73, 4d*  6.06 59 7.77,7.80

1g 8.73 3b 8.58,8.72,8.83 4e 5.31,5.52 5h**  6.22,6.28, 6.48

*temperature program E was used.
**derivatization was omitted

(B) Chromatograms and mass spectra for all piperazine products listed in table 3, compared to
analytical standards.

Chromatogram of acetylated piperazine (1a) — biotransformation:

Abundance

2500000 Ac
N

2000000 [ j
N
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1500000 1a
Exact Mass: 170,11

1000000

500000

L
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Mass spectrum of acetylated piperazine (1a) — biotransformation:
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Chromatogram of acetylated piperazine (1a) — analytical standard:

Abundance
3000000

Ac
2500000 [ N j

N

Ac

2000000

1a
1500000 Exact Mass: 170,11

1000000
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- k
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Mass spectrum of acetylated piperazine (1a) — analytical standard:
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Chromatogram of acetylated 2-methylpiperazine (1b) — biotransformation:

Abundancs
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Chromatogram of acetylated 2-methylpiperazine (1b) — analytical standard:

Abundance
12000004

1000007 Ac
N
8000004 [ j/
N
Ac
5000004 1b
Exact Mass: 184,12

4000004

200000+

Tirng--» 3.0I T I3.%0I o I4.ﬁ0‘ o I4.%0I o IS.ﬁD‘ o IS.EDI o IB.&D‘ o IB.%DI o I?.ﬁﬂ‘ o I?.%DI s IB.&D‘ o I8.%0I o

Mass spectrum of acetylated 2-methylpiperazine (1b) — analytical standard:
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Chromatogram of acetylated 1-methylpiperazine (1c) — biotransformation:

Abundance
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Chromatogram of acetylated 1-methylpiperazine (1c) — analytical standard:

Abundance

5000004

4000004

3000004

2000004

1000004

A e

\
)
N
Ac
1c
Exact Mass: 142,11

P AL A

__,wmfﬁWme—*-—*J“*A“““-Ahw“

Tme ato 3o abo

I4.éUI o I5.bUI

o I5.J5EII o IE.ﬁUI o IE.éUI o IT.ﬁUI o I?é[ll o

Mass spectrum of acetylated 1-methylpiperazine (1c) — analytical standard:

Abundance

25000

20000

15000

10000

5000

‘B.ﬁUI

IB.%U ‘

142

IS.IIJEII T

L A |..|.'.|'.H
miz-- 4h gﬂ

BDI I 0 =11 a0 a0 11IDIIII1iDII ‘

Chromatogram of 1,4-dimethylpiperazine (1d) — biotransformation:

Abundancs]
500000
800000
Fo0ana
E00000
500000
400000
300000
200000

100000

i

®

1d
Exact Mass: 114,12

I1§D‘ T

Time-»

E T

IJSDI o I5.hD‘ S

4

550 ebo ek 7o

Mass spectrum of 1,4-dimethylpiperazine (1d) — biotransformation:

Abyae
160000
140000
120000
100000

8000
B0000
40000

200004 ‘

7R

B

114

FE

IS.ﬁDI S

o

miz-y 40 s g[l I

& % a Py T

I'Ii[ll

I'Ié[ll
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Chromatogram of 1,4-dimethylpiperazine (1d) — analytical standard:

Abundancs]

1000000

\
)
E00000 ’\“
1d
Exact Mass: 114,12

200000

400000

200000

Time> 3k 4b0 4% sbo  sto  sbo  sfo 7wl 7R

Mass spectrum of 1,4-dimethylpiperazine (1d) — analytical standard:

Abundance

1600004

1400004

1200004

100000+

80000

E0000

40000

200004 ‘ ‘
ol 1] |||‘ | il |.|.|

gho T ek T

114

IS&DI T

miz-> & 7 T B 7 Y )

Chromatogram of acetylated 1-ethylpiperazine (1e) — biotransformation:

Abundance

30000004 (//
25000004 [Nj

N

Ac

1e
Exact Mass: 156,13

20000004

15000004

10000004

5000004

L

Tk

Time> 3w «bo 4o’ T sh T Tsh glo ~ efo T bt T Trdo

Mass spectrum of acetylated 1-ethylpiperazine (1e) — biotransformation:

Abundance

400000
350000
300000
250000
200000
150000

100000

50000 ‘

a0 sfo

156

ISbDI T

miz-r

al .
M Iéﬂl o ‘Bhl o ?h o ISh‘ I ISh Y I1dDI I II1{DI I II1éDI I I‘1§DI I II1JDI o

I1éDI o I1éDI o

I1+DI T
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Chromatogram of acetylated 1-ethylpiperazine (1e) — analytical standard:

Abundance
14000004
1200000 (
N
10000004 [: :]
200000 RC
00000 Te
] 129
Exact Mass: 156,13
400000
200000
Tme-> zbo z%o  abo 4% sbe 0 s sho T sk 7l T Rhe el et 8l

Mass spektrum of acetylated 1-ethylpiperazine (1e) — analytical standard:

Abundance
180000

1600004
1400004
1200004
1000004
f0000 156
E0000-

40000

20000 § ‘ ‘ ‘ ‘
1] . |‘ il | | T | .‘ |‘ A . | 11

miz-> 4 0 B 7 N g 100 o 120 1% 140 180 o

Chromatogram of acetylated 1-(octahydro-2H-pyrido[1,2-a]pyrazin-2-yl)ethan-1-one (1g) — biotransformation:

Abundance
5000000
7000000
5000000 [N
5000000 N
Ac
40000001
19
3000000+ Exact Mass: 182,14
20000004
10000004
Times  3s0  4bo 0 4k T T elet T sk T T ebo  ebo T iho” T FheT T Tebo T eso ebn

Mass spectrum of acetylated 1-(octahydro-2H-pyrido[1,2-a]pyrazin-2-yl)ethan-1-one (1g) — biotransformation:

Abundance
R00000 182
400000
300000
200000

100000

0 ..|H|| i L1, .||H| .|‘| N, .||‘. s I Il
= & 7 0

3 ) 1o o 1o kT ke Tk T hd b Thd ke 2o

miz-
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Chromatogram of acetylated 1-(octahydro-2H-pyrido[1,2-a]pyrazin-2-yl)ethan-1-one (1g) — analytical standard:

Abundancs

4500000
40000004
35000004 N

30000004 [ Ej
25000004 XC

20000004 1g

15000001 Exact Mass: 182,14
10000004

5000004

A

Tme> 300 350 4bo 4o b sko  eho R N

IShDI S

Mass spectrum of acetylated 1-(octahydro-2H-pyrido[1,2-a]pyrazin-2-yl)ethan-1-one (1g) — analytical standard:

Abundance

350000 182
3000004
250000
2000004
1500004
1000004

50000

Chromatogram of acetylated homopiperazine (1i) — biotransformation:

Abundance

Ac
N

100000 O
NAc

40000 1

Exact Mass: 184,12

N\

E0000

40000

20000

H| N .
miz--» L I4hl T I5hllll ‘Ehl o I?gl o IBbI o Idﬂl ' 1 U‘I II1 UII ' 1éU 1éU 140 o Héﬂll ‘ Héﬂll ' H%UII II1éU ' II1éUII o

260“ I

Time- 25 4o 450 sl sk 5.0 5o 70 750 el 2o

Mass spectrum of acetylated homopiperazine (1i) — biotransformation:

Abundancs

184

E0004

50004

4000

30004

20004

ado

1000 ‘ ‘H
oy L

o=

|\|HI|
miz-> 50 B 7 8 T 1 T Y T T T ¥ T T "

A

ééﬂll o

S16



Chromatogram of acetylated homopiperazine (1i) — analytical standard:

Abundance
3000000

30000004
Ac

7000000 ®
000000 NAG
50000004 1i

4000000 Exact Mass: 184,12
30000004

2000000

1000000

Tirne--» 3.0‘ o I3.éDI o ‘4.60‘ o I4.éDI o I5.bDI o ‘5.%0‘ o IB.bDI o IB.éDI o ‘?.bDI o I?.éDI o

Mass spectrum of acetylated homopiperazine (1i) — analytical standard:

Abundance

500000

400000

300000

200000

100000

IB&DI o

184

‘B.éﬂl o

IS.&DI T

ol L ‘ “"H'.'
m/z--» 40 Sh Eh 1] Bh a0

Chromatogram of acetylated 1-isopropylpiperazine (1j) — biotransformation:

Abundance

4000000

3800000

2500000

3000000 [N j
N
Ac

2000000 1j

1500000 Exact Mass: 170,14

1000000

I1 1] o I‘I 1} 1é0 - I1 0 1410 WéD 1é0 1%0 o

B00000
- L I

Time--» o I3.JJ'DI o I4.bDI o I4.éDI o IS.bDI I S.JJ'D s.ﬁu B.EDI o I?.bD‘ o ‘?.EjiD‘

Mass spectrum of acetylated 1-isopropylpiperazine (1j) — biotransformation:

Abundance]

BO00004
4000004
3000004
2000004

1000004

‘B.ED‘ o

170

‘8.%0‘ o

IS.ﬁDI T

=

|
O — T e
méz-r gﬂ B 0 g =11 100 1{0 1éD TéD 1t!lU 1%0

I I1éDI I

I I1}D

I I1éDI o

I1é0‘ o
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Chromatogram of acetylated 1-isopropylpiperazine (1j) — analytical standard:

Abundancs]

1600000

1400000 Y
1200000 [N j
1000000 N
Ac
1j
Exact Mass: 170,14

800000

B00000

400000

200000

Time> 2.00 250 4o 450 500 s 5o £.50 70 7.8 200

Mass spectrum of acetylated 1-isopropylpiperazine (1j) — analytical standard:

Abundance

250000

200000

150000

100000

50000

850

170

5o

LI |
miz-> & 5 e b & B 100 1o 15 130 140 150 160

Chromatogram of acetylated 2-methylpiperazine (2a) — biotransformation:
Abundance]
45000004
40000004 Ac
N
3500000 \[ j
30000004 N
Ac
2a
Exact Mass: 184,12

25000004

20000004

15000004

10000004

5000004

L.

il
170 180

140

Time—> 15 +do 45 560 5o g.fo 5o 70 750 g.lo

Mass spectrum of acetylated 2-methylpiperazine (2a) — biotransformation:

Abundance

E000004
5000004
4000004
3000004
2000004

1000004

850 afo

184

"0

Ll .||\‘| .| .
miz-> 50 e & % 100 T L

130 200

180
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Chromatogram of acetylated 2-methylpiperazine (2a) — analytical standard:

Abundance
12000004

1000000 Ac
S
8000004 N
Ac

B000004 2a

Exact Mass: 184,12
4000004

200000+

Tirng--» 3.0I T I3.%0I o I4.ﬁ0‘ o I4.%0I o IS.ﬁD‘ o IS.EDI o IB.&D‘ o IB.%DI o I?.ﬁﬂ‘ o I?.%DI s IB.&D‘ o I8.%0I o

Mass spectrum of acetylated 2-methylpiperazine (2a) — analytical standard:

Abundance
3500004

2000004
2R00004 184
2000004
1500004
1000004

500004

o

IB.&D‘ C

\‘ . | |“| |
miz-» ' I4IDI T I5h [ Dl ‘ IEIDI o IShI ' III1HID 1‘{0 1é0 o 1éDI ' I1JDI i I1éDI o I1éDI o “I%DI o I1éDI ' I1§DI T

Chromatogram of acetylated 2,5-dimethylpiperazine (2b) and 2,6-dimethylpiperazine (2b*) — biotransformation:

Abundance

20000004

Peak2

18000004 Ac Ac
N N
16000004
Tl L
14000004 N N
Ac Ac

12000004

Peakl

2b 2b*
Exact Mass: 198,14 Exact Mass: 198,14

10000004

8000004

Peak3

B00000
4000004

2000004

e U

Time--» o IS.éD‘ o I460I o I4.JJ'DI o IS.bDI o IS.JJ'DI o IB.ﬁD I IBéU o I?.éﬂl o I?.JJ'DI o IS.bDI o ‘8.%0‘ o

Mass spectrum of acetylated 2,5-dimethylpiperazine (2b, peakl) — biotransformation:

Abundance

200000

150000

100000+

50000

o

198

IS.&DI T

A

Al
miz--» 5h

0 7 el a0 1 DI o I11ID 1§D dD 140 TéDI o 1é0 o I1J/'DI o I1éDI - ITgIDI o
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Mass spectrum of acetylated 2,5-dimethylpiperazine (2b, peak2) — biotransformation:
Abundance]

180000

1600004
140000+ 198
120000
1000004
20000
£0000

40000

200004 ‘ ‘ ‘
T A

ode el Ml L |‘ ol | |

méz-» 0 B 0 g 50 100 1+D 1éD 1§D 140 1éDI o I1éDI o 1}0 o 1éD I 1é0 26DI o E{DI T

Mass spectrum of acetylated 2,6-dimethylpiperazine (2b*, peak3) — biotransformation:

Abundance
70000
£0000
500004

198

40000

30000

200004

10000

0Lt h!d — ”!‘ M| |!L ..'!.‘ et d y.. .H'L. N |‘|!I — ..! —_ ..“'.. . J.. —_— III| T
miz-> 50 80 7 a0 3 1o 1o 10 ¥ o 1% o 1l o 1k 2o 2o

Chromatogram of acetylated 2,5-dimethylpiperazine (2b) — analytical standard:
Abundancs]
40000004

35000004 Ac
N
3000000 \[ j\
N
25000004 Ac
20000004 2b
Exact Mass: 198,14
15000004

10000004

5000004 L

Tme> 300 350 4o 450 sbo  sbo &b &fo ho” T T Rk T T Tele” T a0 elo

Mass spectrum of acetylated 2,5-dimethylpiperazine (2b) — analytical standard:

Abundancs
350000

300000

250000 198

200000

150000

100000

50000

‘ I‘h L ,,.!!I,,,,IJ! , I‘ ,,,J‘l!m | 1 ‘ _
D D

miz> 4 5 B o R T R P S Y T T T ™ T T " T "N "N
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Chromatogram of acetylated 2,6-dimethylpiperazine (2b*) — analytical standard:

Abundancs]

350000
Ac
300000 N
250000 /[ N j\
Ac
200000 2b*
Exact Mass: 198,14
150000
100000

50000

fMg"""“‘”““"‘~H—wn-..wmmwu,ﬁ,,.nJJLﬁ»AM,w.w_h

N T S Sy Lt

Time-> 3.0 35 o 450 500 550 500 B50 700

75

Mass spectrum of acetylated 2,6-dimethylpiperazine (2b*) — analytical standard:

Abunang
25000
20000
15000
100004

50004

a0

g5 5do '

198

D....|..'..' .!|!|!”|...l| .‘l... l |.|'. ..'!.‘....'lll' '.'II. III‘I!

méz-» 40 et B0 o Bh SIEI 1ﬂl[l 'I{El I "Iitll 'Ié[l 'IA!lEI o I'Ié[l‘ I

Chromatogram of acetylated 2-phenylpiperazine (3a) — biotransformation:

Abundance
LLetldiq

1e+07
20000004
60000004
40000004

20000004

Ac
3a

Exact Mass: 246,14

Tmes 3o el T ek T T sbo T T sfo” T T ebol T el T T Tihot T

Mass spectrum of acetylated 2-phenylpiperazine (3a) — biotransformation:

Abundance]

1600000
1400000
1200000
1000000
800000+
BO0000
400000

200000+

=

EE

BN

‘8%

246

I&ﬁDI S

|‘ ol
1éU ! TAU 160 T I'Ié[lI

il ,hl .|.|||I|! . .":| L I‘IU el
ah 1t

- ||I||
miz-y 4 Eh

IZiU o

IZAUI

IZéUI
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Chromatogram of acetylated 2-phenylpiperazine (3a) — analytical standard:

Abundancs]

5000000

4500000 Ac
N

4000000 j
3500000

N
Ac
3a

Exact Mass: 246,14

3000000
2500000
2000000
1500000
1000000

500000

Time--» 3.UEII o I3.éEII o I4.ﬁ[ll o I4.J5EII o IE.ﬁUI o I5J5EII o IE.hU‘ o IE.éUI o I?.IIJEII o I?.é[ll o IBﬁUI o IB.%UI

Mass spectrum of acetylated 2-phenylpiperazine (3a) — analytical standard:

Abundancs
7000004

E000004

B000004

4000004

2000004

2000004

1000004

II‘S.ﬁUHII

246

0 Al 1 ||||| I .‘|| |.|| lily .||||‘
| a0 100 120 140 160 180 2o 220 2l

miz-> & 80

Chromatogram of acetylated 1-methyl-3-phenylpiperazine (3c) — biotransformation:

Abundancs
1.4e+07

1.2e+07
1e+07 j

80000004 |

G0000004

Exact Mass: 218,14

40000004

20000004

20

Time--» o IS.gD‘ o I4.6DI o I4.éDI o ‘5.bDI o IS.éDI o IB.bDI o IB.éDI o IT.bDI o ‘?.éﬂl o IB.bDI o IB.éU‘ o

Mass spectrum of acetylated 1-methyl-3-phenylpiperazine (3c) — biotransformation:

Abundance] 218
500000
Fo0ana
E00000
500000
400000
300000
200000

100000

IS.&DI T

ol .l‘.l'lll‘ |.| " |!|.‘||! I|I|H‘ . . . [y, !|||‘|II Al B [ — .
h Bh 160 1éU 1410 1éU 1éU EdU 2éU

miz-r 40 5

I2JDI
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Chromatogram of acetylated 1-methyl-3-phenylpiperazine (3c) — analytical standard:

Abundance]

£000000
5000000
4000000
3000000 \
2000000

Exact Mass: 218,14

1000000

-

Time-» 3.0‘ o IS.éDI o I4.bDI o I4.%DI o I5.bDI o IS.éDI ‘ IB.bDI o IB.%DI o I?.bDI I?.éDI o IE.&DI o

Mass spectrum of acetylated 1-methyl-3-phenylpiperazine (3c) — analytical standard:

Abundance

218

350000

300000+

250000

200000

150000

100000+

50000

IB.éD‘ o

IS.&DI S

120

Chromatogram of acetylated 2,3-dimethylpiperazine (4a) — biotransformation:

Abundancs]

180

&

=

" |”nlh | I.d‘h —
80 1 dU 1éU

miz- I 40 I 1A!lD

E0000004

Peakl

Ac
N
5000000 I j
N
Ac
4a
Exact Mass: 198,14

40000004

30000004

20000004

10000004

L peak2

i

I2JU I

Time--» IE.JSDI o I4.6DI o I4.JSDI o I5.6U‘ o IS.éDI o ‘B.hD‘ o IB.éDI I ?.bD ?EJ:'DI o IS.bDI o

Mass spectrum of acetylated 2,3-dimethylpiperazine (4a, peakl) — biotransformation:

Abundance

1200000
1000000
800000
B00000
400000

200000

=1

IS.EJ:'DI o

198

IS.bDI T

il .|H|. R
miz-> s 6 0 R T T 1 R T T Y P T T T T

I‘Iéﬂl T

o

‘21IDI o
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Mass spectrum of acetylated 2,3-dimethylpiperazine (4a, peak?2) — biotransformation:

Abundance]
450004
40000
350004
30000
250004
200004 198

150004

100004

5000

0 il
ISD o I1HIDI ' 110 1é0 1320 ' I1t!lDI o I1éU 160 1JZD 1é0 1§D o 260 o 21IDI T

||‘||
T T T

I ‘
miz--» 5l EIU EIU

Chromatogram of acetylated racemic trans-2,3-dimethylpiperazine (4a, peak2) — analytical standard:

Abundance
3500000

3000000
Ac
2500000 :[ N j
2000000 N
Ac
1500000 4a

Exact Mass: 198,14
1000000

500000

-

Time--» 3.00‘ o I3.JJ'DI o I4.bDI o I4.JJ'DI o IS.bDI o IS.EDI o IB.bDI o IB.JJ'DI I?.bDI o I?.JJ'DI o ‘B.bDI o IB.JJ'DI o IS.bDI S

Mass spectrum of acetylated racemic trans-2,3-dimethylpiperazine (4a, peak2) — analytical standard:

Abundance

500000
400000
198
300000

200000

100000

||| |‘I| I‘ . |H| ‘
miz-» b I4hl o Igﬂl ‘ EDI T 1] g o ISh‘ o ‘160‘ o HD ' Idﬂl o Iﬁﬂl i 14!10 I1éﬂl ' I1I£DI o Iﬁﬂl o I1éDI o I1éDI o 260‘ o I21IDI o
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(C) Further Chromatograms and mass spectra for piperazine products |

Chromatogram of acetylated 1-benzylpiperazine (1f, biotransformation):

Abundance

)
N
Ac \\\\~
1f
Exact Mass: 218,14

E000000

5000000

4000000

3000000

2000000

1000000

isted in table 2.

acetylated
diamine substrate (f)

J/
I I&ﬁﬂl o ISéDI o

3ho  abot T ek T T sheT T sk T T ebe” T ek T Th T 7k

Time-»

Mass spectrum of acetylated 1-benzylpiperazine (1f, biotransformation):

Abundance

1400000
1200000
1000000
200000
600000
400000

200000

sho =

218

]

g0 a0

miz-> 100 120 140 1|n1;0 180 2h

Chromatogram of acetylated decahydroquinoxaline (1h, biotransformation):

Abundance
1200000

10000004

800000 acetylated

diamine substrate (h)

N

6000004
4000004

2000004

0 2 20

Ac
0

N

Ac

1h
Exact Mass: 224,15

et a

Time-> 3% abo sfo sbo sfo R N AT S

800 250 'afo

S25



Mass spectrum of acetylated decahydroquinoxaline (1h, biotransformation):

Abundancs]

100000
224
80000
BO000

40000

20000

Ll it

miz-» 40

[ .||| L |\||| |||| ‘I 11 |‘|.|. |. L1 L
160 120 140 160 180 2bo 2 Ao

Chromatogram of acetylated 2-(piperazin-1-yl)ethan-1-ol (1n, biotransformation):

Abundance
50000004
45000004 OAc
4000000
35000004 N
3000000 [ j

2500000 Rj\c \

20000004 1h

1500000 Exact Mass: 214,13

10000004

500000 Ln
i 4 Jue

Time-> 380 &b 4% sbo sf0 b0 eso  7bo  7ho sbo  efo  shol T T

Mass spectrum of acetylated 2-(piperazin-1-yl)ethan-1-ol (1n, biotransformation):

Abundance
500004
450004
40000
350004
300004
250004
200004
150004

10000 214

| |!|| “ |||‘! | Ll |.|.|.|.||| I |. | \‘I L1 | o |I‘I
i a0

. T
‘s 1lo 1o 120 130 140 1%0 |1éu 170 1k0 %0 200 20 200 230

5000

0 1 | | ! |
miz-> R

Chromatogram of acetylated 1,3-dimethylpiperazine and/or 1,2-dimethylpiperazine (2c, 2c*, biotransformation):

Abundance]

JR00000
\ \
30000004 N j \[ N
25000004 /[ N N j
Ac Ac
20000004 2c 2c*

15000004 Exact Mass: 156,13

10000004

5000004 L

Tme> 380 b afo’ 0 T sbo 0 sfo sl sk 0 7o T 7m0 sbo 0 sfo abol T
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Mass spectrum of acetylated 1,3-dimethylpiperazine (2c, biotransformation):
Abundance]

400000
350000
300000
250000 156
200000
150000
100000

500004

il ‘..|.I'.I.||....III.....'.....l..................‘..‘.
miz-> 50 &0 b 80 ) 1d0 1o 120 1h 140 180 160 170 180 1%

Chromatogram of 1,2,4-trimethylpiperazine (2d, biotransformation):

Abundance

250000

\

N
200000 /[ j

N
150000 |

2d

100000 Exact Mass: 128,13

e

Time--» T IdbDI o I4éﬂl o ISbD‘ o IEEDI o I&éﬂl o IE%DI o I?ﬁﬂl o I?éﬂl o IB&DI o ‘Séﬂl o ISbDI

Mass spectrum of 1,2,4-trimethylpiperazine (2d, biotransformation): 128
Abundance]
160004
140004
120004
100004
80004
EO00
40004

2000 “
|1 |

U....l'.'ll.Il."..!‘l'.‘......1'!|!'....'|..|....."|.........
miz-> %0 £ b a0 3 1do 1Mo 120 1% o 190

Chromatogram of acetylated 1-ethyl-3-methylpiperazine and/or 1-ethyl-2-methylpiperazine (2e, 2e*,
biotransformation):

Abundance
2000000
FO00000 ( (
£000000 /[N j \[Nj
5000000 N N
Ac Ac
4000000 2e 2e*
2000000
Exact Mass: 170,14
2000000
1000000
Time--» 25 4o 15 sdo 5o 5o 5o 7.0 740 zlo sl alo
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Mass spectrum of acetylated 1-ethyl-3-methylpiperazine and/or 1-ethyl-2-methylpiperazine (2e, 2e*
biotransformation):

Abundance
900000

200000
00000
BO0000
170
BO0000
400000
300000

200000

0 | '||‘.' L. .d“. I‘ I ||

100000 ‘
| Al |
miz> 40 %0 &0 0 gb T (T T " AT T " M " AT AT " T " "N+

Chromatogram of acetylated 1-benzyl-3-methylpiperazine and/or 1-benzyl-2-methylpiperazine (2f, 2f*,
biotransformation):

Abundance -
x
©
1.26407 &
1e+07 ( : [ :
N N
8000000 /[ j \[ j
N N
Ac Ac
5000000
2f 2f*
acetylated
4800000 Exact Mass: 232,16 N diamine substrate (f)
X
3 /
2000000 a
b
Time-> 3k 4o s sdo 5k 5.0 gk 7.0 750 sl st sdo

Mass spectrum of acetylated 1-benzyl-3-methylpiperazine and/or 1-benzyl-2-methylpiperazine (2f, 2f*, peak 1,
biotransformation):

Abundance
2500000

2000000
15000004
1000000

500000 232

i} L |||.|I |‘ |\||| L I..I|| |I‘ |.‘u It nl |||| \||\ | |‘. | | N L
miz-> g0 ) 160 120 140 160 180 2o 20 2ho
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Mass spectrum of acetylated 1-benzyl-3-methylpiperazine and/or 1-benzyl-2-methylpiperazine (2f, 2f*, peak 2,
biotransformation):

Abundance]
300000
250000
200000
150000
100000

232
50000

ol u!hI .|| J'L. T ! o “ [T IR H!|L‘ | ’ |}| . I|| [N . I| — . | S I N
miz--> B0 g 100 120 140 160 180 2E|U 2é0 EJU

Chromatogram of acetylated 3-methyloctahydro-2H-pyrido[1,2-a]pyrazine and/or 4-methyloctahydro-2H-pyrido[1,2-
a)pyrazine (2g, 2g*, biotransformation):

Abundane

3000000

000000 N N

7O00000 /[ \[

N N

E0000004 Ac Ac

50000004 2g 2g*

4000000+ Exact Mass: 196,16

000000

20000004

1000000

T R 1 B N ——————.

Time- 350 a0 5o sdo 5k gho st 7ho 740 gho 2o 3ho

Mass spectrum of acetylated 3-methyloctahydro-2H-pyrido[1,2-a]pyrazine and/or 4-methyloctahydro-2H-pyrido[1,2-
alpyrazine (2g, 2g*, biotransformation):

Abundance
1000000
2000004
£00000
400000

196

200000

=1

IHIII ‘ |.||I|! .-!'.‘|'...!|.||.'.. |‘ SO 11 1 O PO 1 1
I 1 1]

.||H|
miz-> 50 B s @ 100 1o afo o ado o 10 1do do g0 tdo 2o 2o 2o

[
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Chromatogram of acetylated 2-methyldecahydroquinoxaline (2h, biotransformation):
Abundance]

300000

300000
Ac
700000 N
£00000 \[ :O
N
500000 acetylated Ac
diamine substrate (h) 2h
400000
\ Exact Mass: 238,17
300000

200000
Time-> 25 4.0 450 5.00 550 560 £ 7.0 750 ado 50 5ho

Mass spectrum of acetylated 2-methyldecahydroquinoxaline (2h, biotransformation):

Abundance
900004
800004
700009
E0000
500004

238

400004

300004

20000

10000

=

‘l.l |‘M‘| ."ll ". |,I|II _ "|'. . ||. TR |
1o A

180 180 2o e

|| ‘|l||., M‘
0

g

i |ml|l ."H”'l”.l'
B0

1. ‘I L.
100 120

mfz-»

Chromatogram of acetylated 2-methyl-1,4-diazepane (2i, biotransformation):

Abundance

1400000

1200000

Ac
N
1000000 < j/
N
Ac
200000
2h \

£00000 Exact Mass: 198,14

400000+

200000 A
.x_JUL L I 13 M

Time-> 350 4.0 450 5.00 550 5.0 B0 700 750 a.do sho 5do

Mass spectrum of acetylated 2-methyl-1,4-diazepane (2i, biotransformation):
Abundance]
160000

198
140000+
120000
100000+
20000
B0000

400004

200004

0 L |‘ .‘“ ‘|| .|‘|. ll, L | . I

1l
miz-s &0 80 1b0 12 140 180 180 2b0 2 2l 20 20
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Chromatogram of acetylated 2-methyl-5-phenylpiperazine and/or 2-methyl-6-phenylpiperazine (3b, 3b*,
biotransformation):

Abundance
5000000 ®
X
8
Ac Ac - o
4000000 Nj/ N K
()
1 ¢
N ©/[N
3000000 Ac Ac
3b 3b*
2000000 %
Exact Mass: 260,15 g
1000000
Time--> 3k 400 o 5o sk 5.6 5o 7o 74 2.0 ko 5l

Mass spectrum of acetylated 2-methyl-5-phenylpiperazine and/or 2-methyl-6-phenylpiperazine (3b, 3b*, peak 1
biotransformation):

Abundance
300000
260000

260

200000

150000

100000

50000

0 |.\J|l il |JIL |h| AL .J‘d‘ h.JI‘|I H|h ‘ ‘|‘|I |h|| [ L Al ‘ | L
A S A LA s LA T T

1 || 1
miz> 4 0 80 100 120 14 160 180 200 220 Ao 20 2o

Mass spectrum of acetylated 2-methyl-5-phenylpiperazine and/or 2-methyl-6-phenylpiperazine (3b, 3b*, peak 2

biotransformation):

Abundancs
100000
0000
80000
70000 260
BO0000
50000
40000
30000
20000

10000

ol ,‘I,n!H N ,n|\,|. !“I sl ] ,.||‘.|‘
d gﬂ 160

miz-r 4h 0

1é0 140 1é0 1éD 260 IZéDI o ‘2AD 260 T I2éhl o

=

Mass spectrum of acetylated 2-methyl-5-phenylpiperazine and/or 2-methyl-6-phenylpiperazine (3b, 3b*, peak 3
biotransformation):

Abundance]

400000
300000
260

200000+

100000+

TR |\|||| |‘|l sl |I‘. ulnt “. I||||||‘\ "'||.|‘ |||| ||H|. 1 ‘|| 1l LL | . |
T h 1

mizs 40 B ) 100 120 1dn 180 180 20 2 240 260 20

o
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Chromatogram of 1,4-dimethyl-2-phenylpiperazine (3d, biotransformation):

Abundance]

3000000

2500000 j
N

2000000

15000001 3d \

1000000 Exact Mass: 190,15

500000

Time-> 350 400 45 sl 55 5o o 700 750 2.0 8.50 500

Mass spectrum of 1,4-dimethyl-2-phenylpiperazine (3d, biotransformation):

Abundance]

300000 190

250000
200000+
150000
100000+

500004

n I | I“ .|||| | ||.||' ||‘ ‘I |‘

miz> 4 éull g R T T T T T T M P o

Chromatogram of acetylated 1-ethyl-3-phenylpiperazine and/or 1-ethyl-2-phenylpiperazine (3e, 3e*,
biotransformation):

Abundance
1.6e+07

1.4e+07] ( (
N N
1.26+07 4 j j
N
Ac xc

Te+07

8000000 3e 3e*

000000 acetylated Exact Mass: 232,16

diamine substrate (e)
4000000

2000000 ] \

Time-» o IS.éDI o I4.bDI o I4.gDI o Is.éﬂl o ISéDI o IB.ﬁDI o IE.%DI o I?bDI o ‘?.éﬂl o IE.&DI o IS.%DI o IS.bDI T

Mass spectrum of acetylated 1-ethyl-3-phenylpiperazine and/or 1-ethyl-2-phenylpiperazine (3e, 3e*,
biotransformation):

Abundance]

1000000 232

200000
600000
400000

200000

o

; IMI '.| ||Im !‘hl 1l ‘ulhl Ll A ‘ '!'HJ‘ h . ‘.”Hl . .‘||
5] a0

miz-r 160 1!0‘ g 1410 160‘ T I1éDI I IZHIDI o IEéDI I II2¢lDI o I2éD‘ T
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Chromatogram of 1-benzyl-3-phenylpiperazine and/or 1-benzl-2-phenylpiperazine (3f, 3f*, biotransformation):

Abundance

20407, (@ K@

1.5e+07 j Nj

N

1e+07 H
3f 3f

Exact Mass: 252,16
50000004

Time-» 3. DI o I3.JSDI o I4.6DI o I4.JSDI o IS.bD‘ 5.!150 B.bD B.ED I I?éﬂl o I?.JSDI I 8.bD B.EJ:'DI o IB.bDI o

Mass spectrum of 1-benzyl-3-phenylpiperazine and/or 1-benzl-2-phenylpiperazine (3f, 3f*, biotransformation):
it
1600000
1400000
12000004
1000000
8000004
6000004
4000004

252
2000004

ol Illl """"ll I,‘
méz-» 40 &0

1&0 Wéﬂ 140‘ - I1IéDII o ITéDI o IZHIDI o IZéDI o IZA{UI I IZéDI T

_ =‘|'. |
a0

Chromatogram of acetylated 3-phenyloctahydro-2H-pyrido[1,2-a]pyrazine and/or 4-phenyloctahydro-2H-pyrido[1,2-
a]pyrazine (3g, 3g*, biotransformation):

N
X
Abundance] g
o
1.26+07]
1e+07 ] N
N
&0o0000- N
Ac N
39 g %
Bo0n000+ acetylated 9 s
diamine substrate (g) Exact Mass: 258 17 o
400000 ’
2000000 \ A
Time-> 350 s 450 sdo 5k gdo sk 7o 7o a.fo 880 a.do
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Mass spectrum of acetylated 3-phenyloctahydro-2H-pyrido[1,2-a]pyrazine and/or 4-phenyloctahydro-2H-pyrido[1,2-
alpyrazine (3g, 3g*, peakl, biotransformation):

Abundance

600000+
5000004
4000004
000004
2000004 258

1000004

ol — .'."l‘!' |I\I!‘II :||||! ."I |.Ihl |‘ Ly |.' |=“|I " :.lulllll.l T .'|."."||.| !.! e ol ——— . ||

méz-» 40 B Bb 160 1éD 1410 1é0 180 ZHID 2£D ZJD o IZéDI o IZéDI T

Mass spectrum of acetylated 3-phenyloctahydro-2H-pyrido[1,2-a]pyrazine and/or 4-phenyloctahydro-2H-pyrido[1,2-

alpyrazine (3g, 3g*, peak2, biotransformation):

A ooano]
1600000
1400000
1200000
1000000

200000

E00000
258
400000

200000

0 . .'.‘l‘!'| .I'.||'. I|||I|I|I‘ .".‘.h' |‘ L |= |I||\I N .'l'lll."l oo oplil |I !.ll! | ! — —uly ——— —_— I| ——— ———
miz-» 4h B0 80 160 1i0 110 1&0 180 200 2é0 2AU Qéﬂ 2é0

Chromatogram of acetylated 2-phenyldecahydroquinoxaline (3h, biotransformation):

Abundance

4000000

3500000 Ac

N
3000000 D
N

2500000
Ac

2000000 acetylated 3h \

N h
1500000 diamine substrate (h) Exact Mass: 300,18

1000000 \

500000 A

Time--» I S I 4.b0 I T I E.bU C C 8.60 I n I ?.60 I I S.bD I I 8.60 I I1D.IDD
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Mass spectrum of acetylated 2-phenyldecahydroquinoxaline (3h, biotransformation):

Abundanc:

200000
180000
160000
140000
120000
100000
800004
E0000
400004
200004
iE!

miz-y

]

300

o

ZéD 210 2 DI I

Chromatogram of acetylated 2-phenyl-1,4-diazepane (3i, biotransformation):

Abundance

250000

200000

150000

100000

50000

Time--»

Ac
N>
N
Ac

3i \

Exact Mass: 260,15

280 300 o ISéDI o

T~

I3JD‘ I

I3éUI I4bUI o I{éﬂl o IE&UI o IE%U

EbU Eéﬂ 7.

b

Mass spectrum of acetylated 2-phenyl-1,4-diazepane (3i, biotransformation):

Abundance]

10000
A000

2000

70004
6000
50004
4000
30004
20004

10004

[=]

AJI\JLM,.M«LJ
ElI T I?éﬂl o 'aﬁul T

260

IB%UI o

I&bﬂl I

miz-y

40

. |! ”I‘HI II||!|MJLI!‘” ul‘”l||J IhlJ
EIU Sh 1H|U

ro——

1
120 1AD

“‘!I . ‘!"‘||.' .| Id
1é0

!|| . ”||J . Ih L| ! .
1é0 260

Chromatogram of acetylated 2,3,5-trimethylpiperazine (4b, biotransformation):

Abundance]

2800000

2000000

1500000

1000000

500000

Ac
L
N
Ac

4b

Exact Mass

1212,15

Peakl

Peak2

ZéD ZJD 2&0

Time-->

ISéDI I II4hD‘ o Idéﬂl I IIEﬁD ‘ IIE%DI T

IEéDI o

I?bﬂl ?éﬂl —

ISﬁDI I IB%D‘ Y IBbDI o
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Mass spectrum of acetylated 2,3,5-trimethylpiperazine (4b, peakl, biotransformation):

Abundance]

200000

150000

100000

500004

212

[=]

miz->

Mass spectrum of acetylated 2,3,5-trimethylpiperazine (4b, peak2, biotransformation):

Abundance

200000

150000

100000

500004

. ,.1|,‘|,| h I‘ L
5h Bh %U a0 SIU

mll
1

|
o

...\M!..
1'|U

I1éDI - I1éDI ” A

L
140 1éD

1

1

Iwn
i

I I1éDI o

I1éDI T

260‘ o

212

=1

miz-y

Chromatogram of acetylated 1,2,3-trimethylpiperazine (4c, biotransformation):

B
2500000
2000000
1500000
1000000

500000

. ,.1|,‘|,| h I‘ L
5h Bh f[l a0 SIU

mll
1

Peakl
Peak2

\\“\ 1
0 'I'IU 'Ié[l

Exact Mass: 170,14

X

4c

I I'Ié[ll o

I'Ié[ll T

ZEIEII o

Time--»

Mass spectrum of acetylated 1,2,3-trimethylpiperazine (4c, peakl,biotransformation):

Abulite]
300000
250000
200000
150000
100000

50000

0

‘3.%0‘ o

Id.ﬁﬂl o

Id.éﬂl S

IB.&DI o

IB.JSDI o

I?.éﬂl S

?.éﬂl o

IB.bDI o

170

IB.JSDI o

IQ.ﬁDI T

miz--»

a0

100

120

CE

Yo

I

I1éDI T

”‘IéD””

1w
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Mass spectrum of acetylated 1,2,3-trimethylpiperazine (4c, peak2,biotransformation):

Abundance

3000004
2800004
200000+ 170
150000+
100000+

50000

wes B B0 b @@ 1d0 Mo 120 EE '1JUI' T T T v T ke T kT

Chromatogram of 1,2,3,4-tetramethylpiperazine (4d, biotransformation):

Abundance]

200000

\
X
1500004 :]
I
4d \

Exact Mass: 142,15

100000+

50000

“*—_HM__.[\J\‘W-\A‘_ WAA

Time-> 3.0 e 400 5o 5ho 5o ?Fn 850 ; 7o 75 gho 2o 5do 3ho

Mass spectrum of 1,2,3,4-tetramethylpiperazine (4d, biotransformation):

Abundance
35000
30000 142
25000
200004
150004

10000

5000 ‘
A,

ol '.'!|‘! N !I‘I|II . !ul !. . ..'J|! III I

miz-y 0 = 7l el a0 1&0‘ I 110 II1£DI TéD 1JD ‘ II1éDI I II1éDI I II1+DI o I1éﬂl I II1§DI I II2dDI I I‘24DI o

Chromatogram of acetylated 1-ethyl-2,3-dimethylpiperazine (4e, biotransformation):

Abundancs]

7000000

Peakl

EO00000

N
5000000 :[ j

N

Ac

4000000

3000000 de

Exact Mass: 184,16 acetylated

diamine substrate (e)

e

A

2000000

1000000

r_Ev—— Peak2

Time--» o '3én' o I460I o I4éDI o ISbDI o ISéD o IB&DI o IBéDI o I?éﬂl o I?éDI o I&bﬂl o I&éﬂl o ISbDI o
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Mass spectrum of acetylated 1-ethyl-2,3-dimethylpiperazine (4e, peakl, biotransformation):

Abundance]

BO0000

500000

400000+

300000

200000

100000+

184

mizs 40 5 &0 7 a T S (T AT MY P T

I H}D‘II

o kT2 2o T

Mass spectrum of acetylated 1-ethyl-2,3-dimethylpiperazine (4e, peak2, biotransformation):

Abundance
350000

300000

250000

200000

150000

100000

50000 H

184

mzs D B &0 7 B T P S MY 170

Chromatogram of acetylated 1-benzyl-2,3-dimethylpiperazine (4f, biotransformation):

Abundance]
1.4e+07

Peakl

1.2e+07
1e+07
3000000

)

4f

000000 |
4000000
Exact Mass: 246,17
2000000

o

T T

acetylated
diamine substrate (f)

~

L
% Peak2

L

o —

Time-> 35 400 4o sdo sk 500 550 J;ﬁu 750

glo 2t ado

Mass spectrum of acetylated 1-benzyl-2,3-dimethylpiperazine (4f, peakl, biotransformation):

Abundancs

28000004

20000004

15000004

10000004

5000004

246

T II . .jH.JI . ."!". TR T |‘ ”. . .|'. ETIN | R
100 120 140 160 180 200

ety L
20

L '.| M
&0

0 . ."!

b

méz-

2o’

2’ S
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Mass spectrum of acetylated 1-benzyl-2,3-dimethylpiperazine (4f, peak2, biotransformation):

Abundance]

300000+
280000
200000+
150000+

100000

246

mizs 40 ey ' a0 1d0 120 140 160 180 2o 2 A

50000

Chromatogram of acetylated 3,4-dimethyloctahydro-2H-pyrido[1,2-a]pyrazine (49, biotransformation):
Abundance]
5000000

2000000

7000000

£000000 I N

5000000 N
Ac

4000000

Peakl

4g
Exact Mass: 210,17

acetylated
diamine substrate (g)

1

Time--» o I}éﬂl o I4ﬁ0‘ o I&éﬂl o IE&DI o ISEDI o IE&DI o IE%DI o I?éﬂl o I?éﬂl o I&éﬂl o ‘SEDI o I&éﬂl o

3000000

2000000

1000000

=—— Peak3

——o——— Peak?2

Mass spectrum of acetylated 3,4-dimethyloctahydro-2H-pyrido[1,2-a]pyrazine (49, peakl, biotransformation):

Abundance]

1000000
8000004
BO0000-
400000+

210
200000+

o

miz-»

I|H|I |||||| .|I|!H|| |‘|.' i |||||.‘. .I||. .|I|I o 1 | 1h
s B0 70 81 %0 100

R Y A T T T R T " T " ! Y T T

Mass spectrum of acetylated 3,4-dimethyloctahydro-2H-pyrido[1,2-a]pyrazine (4g, peak?2, biotransformation):

Abundance

350000
300000
280000
200000
180000
100000+

210
500004

[=]

| II|\.‘. all ‘I‘h ll | il
! 5

I|‘| | !
o wo 1o 120 1do o s b0 190 8o 190 200zl 2o 230

d!n Iy m‘H.I
miz-> % e 70 8 90
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Mass spectrum of acetylated 3,4-dimethyloctahydro-2H-pyrido[1,2-a]pyrazine (4g, peak3, biotransformation):

Abundance]

200000

150000

100000+

210
50000

=1

“I. .!'h'...”l'....”.|!'!..'!|.|....'|". 11 | R | Ll
1

|H My
mizs '5h'|' 'l!sh' ' 'l‘fu' o 'a'g' "' 1do 1o 10 130 140 180 160 130 180 190 200 2o 2w 230

Chromatogram of acetylated 2,3-dimethyldecahydroquinoxaline (4h, biotransformation):
Abundance]
E000000

5000000 Ac
N
4000000 :[ :O
A
c
aonnnnn - ah

acetylated
2000000 diamine substrate (h) Exact Mass: 252,18

1000000 \

Time> 3k 4bo 4&?0_ B ) 2.0 730 abo 8E0  abo

Mass spectrum of acetylated 2,3-dimethyldecahydroquinoxaline (4h, biotransformation):

Abundance
800000
Fo0ano
6000004
500000
400000+
300000 252

200000

100000

oLl iy ,|||||;.‘., T
[

il a0 1 60 1 iﬂ

Chromatogram of acetylated 2,3-dimethyl-1,4-diazepane (4i, biotransformation):

Abundance

160 180 2&0 2éD 2&0 I I2éDI T

. !||“. . |||I .
1110

miz-y

£00000-

5000004 Ac
N
400000 4 I >
N
Ac
300000

4i

200000 Exact Mass: 212,15

100000+

Time-> 3k +ho 4o 500 5k 5o o 7.00 75 gho 2o 3ho '
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Mass spectrum of acetylated 2,3-dimethyl-1,4-diazepane (4i, biotransformation): 212

Abundancs]

8000
Foa0
B000
5000
4000

3000

2000
1000 ‘ ‘ ‘ ‘
ol '.'| L '|‘.‘ 11—

miz-> & a0 1

‘ ‘ . ”“||L .‘ ! 1 |J [ ‘IJ || T R ‘!
0o

120 T kT ik Tabo R

Chromatogram of acetylated decahydroquinoxaline (5a, biotransformation):

Abundance

5000000

Peakl

4000000

Ac
(1)
3000000 N
Ac

5a
Exact Mass: 224,15

2000000

1000000

Te—o— Peak2

Time--» o I3.JSDI o Id.bﬂl o Id.éﬂl o IS.bDI o IS.éDI o IBbDI o IB.éU‘ o I?.éﬂl o ‘?.JSDI I ILIE.&U

—s
2

I.%DI o I&éﬂl

Mass spectrum of acetylated trans-decahydroquinoxaline (5a, peakl, biotransformation):

Abundancs

F00ana
224
E00000
500000
400000
300000

200000

100000

o L |
1d0 120 14 160 180 200 2k 2h0

o

T T
B g

miz--»

Mass spectrum of acetylated cis-decahydroquinoxaline (5a, peak2, biotransformation):
Ahundance
1800004 224
160000
1400004
1200004
1000004
800004
E00004

40000

20000

.. L, |
120 140 180 180 200 20 2o

[=]

]
b

..IH!M ”H”. L
&0

—

| 0l
miz-> 40 B 100
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Chromatogram of acetylated 2-methyldecahydroquinoxaline (5b, biotransformation):

Abundance
30000004

B0000004

Peakl

50000004 5b
4000000
3000000
20000004

10000004

)

Ac
7000000 C[ N ]/
5000000 N
Ac

Exact Mass: 238,17

8_‘; Peak2

Time--» o I3.éDI o I4.bDI o I4.éDI o IS.EDI o IS.éDI o IB.&DI o B.JJ'D o ‘?.ﬁDI o I?.JJ'UI o

Mass spectrum of acetylated 2-methyldecahydroquinoxaline (5b, peakl, biotransformation):
Ab |
CAiE
800000
Foonoo
BO0000
RO00no
4000004
238
300000

200000

100000+

[=]

IB.EJSDI o ISbDI T

miz-r 4

. .M\.. Il ‘I. ]
140

180 140 2l 20 2o

L it .M\
&0 a0

L

1o 120

Mass spectrum of acetylated 2-methyldecahydroquinoxaline (5b, peak?2, biotransformation):

Abundance]
000
60000
50000
40000

238

30000

20000

100004

o

0

. .|H‘H.l ..m‘hh“ “HI ||‘ ll Ly ..H ‘l . .'l.‘
EO =il 1HIU 1 0

| .|,.\|,,,|‘.|,,., R | P A
b 1 ’ !

miz-- TéD 1a20 200 20 24!10

Chromatogram of acetylated 1-methyldecahydroquinoxaline (5c, biotransformation):

Abundance]

3000000

Peakl

2500000

\
)
2000000 N
Ac

5¢c
Exact Mass: 196,16

Peak2

1500000

1000000

5000004

I2éDI

Time--» 5.&0‘ o IS.ADI o I5lISDI o ‘S.éﬂl o IB.bDI o IB.éDI o IB.I!D‘ o IB.éDI o IE.éUI o I?.ﬁﬂ‘ o I?.éﬂl o I?.llﬂl T

?.éD o
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Mass spectrum of acetylated 1-methyldecahydroquinoxaline (5c, peakl, biotransformation):

Abundance]

250000
200000+
196
150000+

100000

500004

T[T ||H||| il .‘||H. . | Al
miz 40 = B0 fu'"l'sh"!'sh"":du"'Hu"'1éu R T T T T "I " T " " T A=

=1

Mass spectrum of acetylated 1-methyldecahydroquinoxaline (5¢, peak2, biotransformation):

Abundance
2500004

200000
150000
196

100000

500004

Il
T T T T S P T T T ST T A T A A

o

,ml!. .I.||H|.||! ,
e

L
miz--> 4h Sh Bh

Chromatogram of 1,4-dimethyldecahydroquinoxaline (5d, biotransformation):

<
Abundance] ©
(4]
o
£000000 \ ~
N 3
(0]
5000000 j a
N
4000000 |
5d
3000000 Exact Mass: 168,16
2000000
1000000
Time-> 450 5.00 5.0 £.00 5o 7.0 740 2.0 g4 5.00

Mass spectrum of 1,4-dimethyldecahydroquinoxaline (5d, peak 1, biotransformation):
Abundance
1400000

1200000
168
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Mass spectrum of 1,4-dimethyldecahydroquinoxaline (5d, peak 2, biotransformation):
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Chromatogram of acetylated 1-ethyldecahydroquinoxaline (5e, biotransformation):
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Mass spectrum of acetylated 1-ethyldecahydroquinoxaline (5e, biotransformation):
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Chromatogram of 1-benzyldecahydroquinoxaline (5f, biotransformation):
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Mass spectrum of 1-benzyldecahydroquinoxaline (5f, biotransformation):
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Chromatogram of acetylated dodecahydro-2H-pyrido[1,2-aJquinoxaline (5g, biotransformation):
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Mass spectrum of acetylated dodecahydro-2H-pyrido[1,2-a]Jquinoxaline (5g, peak 1, biotransformation):
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Mass spectrum of acetylated dodecahydro-2H-pyrido[1,2-a]quinoxaline (5g, peak 2, biotransformation):
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Chromatogram of tetradecahydrophenazine (5h, biotransformation):
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Mass spectrum of tetradecahydrophenazine (5h, peak 1, biotransformation):
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Mass spectrum of tetradecahydrophenazine (5h, peak 2, biotransformation):
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Mass spectrum of tetradecahydrophenazine (5h, peak 3, biotransformation):
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Chromatogram of acetylated decahydro-1H-benzo[b][1,4]diazepine (5i, biotransformation):

Abundance]
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Mass spectrum of acetylated decahydro-1H-benzo[b][1,4]diazepine (5i, biotransformation):
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Chromatogram of acetylated 2-ethyl-3-methylpiperazine (6a, biotransformation):

Abundance

£0000004

Peakl

s0nnnnn N
40000
annnnnn
Exact Mass: 212,15

20000004

10000004

F——— Peak2

- ﬂ

Ll
2§D

Time-> 3k +ho o5 sdo 5k 5o 550 7.0 780 800

Mass spectrum of acetylated 2-ethyl-3-methylpiperazine (6a, peakl, biotransformation):
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Mass spectrum of acetylated 2-ethyl-3-methylpiperazine (6a, peak2, biotransformation):
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Chromatogram of acetylated 2,3-diethylpiperazine (7a, biotransformation):
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Mass spectrum of acetylated 2,3-diethylpiperazine (7a, peakl, biotransformation):
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Mass spectrum of acetylated 2,3-diethylpiperazine (7a, peak2, biotransformation):
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Chromatogram of acetylated 2-isobutyl-3-methylpiperazine (8a, biotransformation):

Abundance N
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Mass spectrum of acetylated 2-isobutyl-3-methylpiperazine (8a, peakl, biotransformation):
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Mass spectrum of acetylated 2-isobutyl-3-methylpiperazine (8a, peak2, biotransformation):
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Chromatogram of acetylated 2-methyl-3-phenylpiperazine (9a, biotransformation):
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Mass spectrum of acetylated 2-methyl-3-phenylpiperazine (9a, peakl, biotransformation):
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Mass spectrum of acetylated 2-methyl-3-phenylpiperazine (9a, peak2, biotransformation):
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Chromatogram of acetylated 2-(4-fluorophenyl)piperazine (10a, biotransformation):
Abundance]
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Mass spectrum of acetylated 2-(4-fluorophenyl)piperazine (10a, biotransformation):
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Chromatogram of acetylated 2-(4-fluoro-2-methylphenyl)piperazine (11a, biotransformation):

Abundance
500000
ﬁc
700000 j
-
£00000 N
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Mass spectrum of acetylated 2-(4-fluoro-2-methylphenyl)piperazine (11a, biotransformation):
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Chromatogram of 2-(6-methoxynaphthalen-2-yl)piperazine (12a, biotransformation):
Abundance
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Mass spectrum of 2-(6-methoxynaphthalen-2-yl)piperazine (12a, biotransformation):
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Chromatogram of acetylated 6b,7,8,9,10,10a-hexahydroacenaphtho[1,2-b]pyrazine (13a, biotransformation):

Abundance]
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Mass spectrum of acetylated 6b,7,8,9,10,10a-hexahydroacenaphtho[1,2-b]pyrazine (13a, biotransformation):
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(D) GC-MS chromatograms of selected examples
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Figure S7: GC-MS chromatograms of 2c¢ and 3c (both acetylated) extracted from biotransformation
showing the formation of only one of two possible regioisomers.
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Figure S8: GC-MS chromatograms of 4c and 5a (acetylated compounds) extracted from
biotransformation. In both cases two possible diastereomers were formed using disubstituted 1,2-
dicarbonyls. This might be a result of the already discussed imine-enamine tautomerization of
intermediate 111 prior the final reduction step. Due to the reaction of (x)-trans-1,2-diaminocyclohexane
(h) and glyoxal (1) yielding the same compound 5a/1h on a complementary route (lower chromatogram),
it was possible to assign the left signal to be (z)-trans-5a.

S53



(E) Chiral GC analysis of 1-methyl-3-phenylpiperazine (3c)
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Figure S9: Chiral GC analysis of biotransformations with R-IRED_Ms (green), R-IRED_Sr (blue) and
S-IRED_Pe (red). The black chromatogram represents racemic 1-methyl-3-phenylpiperazine (3c)
compared to synthesized (S)-enantiomer standard (depicted in pink). Analytes were detected in their
derivatized (acetylated) form, prepared as described in chapter 3(B).
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5 HPLC chromatograms
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Figure S10: Chiral HPLC analysis of biotransformations with R-IRED_Ms (top right), R-IRED_Sr
(bottom left) and S-IRED_Pe (bottom right) using a Daicel Chiralpak IC column. The red chromatogram
represents racemic 2-methylpiperazine (2a). Analytes were detected in their derivatized form, prepared
as described in chapter 3(C).
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Figure S11: Chiral HPLC analysis (using a Daicel Chiralpak 1B column) of biotransformations with
R-IRED_Ms resulting in 2-phenylpiperazine (3a, left, red). The blue chromatogram represents racemic
2-phenylpiperazine (3a). The utilization of synthesized (R)-enantiomer standard of 1q (Scheme S1)
demonstrates the formation of the enantiopure product (R)-1q in the biotransformation. Analytes were
detected in their derivatized form, prepared as described in chapter 3(C).

6 Chemical syntheses
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NH, MeOH NH,
or EtOH
S3 R=Me u 89%
Et v 97%
NHz*CI” NH,
OH  GH,NH, NHR
—_—
o] H,0 o)
s4 R=H S5
Me S6
R O R O
/@){ Se0, /@)&o
Dioxane, )
F H,0 F H20
R=H S7 R=H 10
Me S8 Me 1

NH,

L NH,

NH,

NHR

O)ﬁ]/ NI
+ B —
o [ >
D,0 N
S1

4

Oﬁ R
o) N
IRED [
—_— N
7~
*  NADP
NADPH +H + R=H
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Scheme S1: Overview of all syntheses carried out, of which all general procedures are listed below.

All products are known compounds and synthesized partially on the basis of instructions published in
literature. Generated spectral data are in agreement with reported values.?-°

Methyl 2,3-diaminopropanoate (u) and ethyl 2,3-diaminopropanoate (v): A solution of 2,3-
diaminopropionic acid S3 (5.00 g, 4.80 mmol) in either methanol (20 mL) or ethanol (20 mL) was
prepared and cooled to 0°C before thionyl chloride (1.39 mL, 19.2 mmol, 4 eq.) was added dropwise
within a period of 10 min. After heating the reaction mixture at reflux for 4 h, excess thionyl chloride and
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solvent were removed under vacuo. Compound u (0.50 g, 4.26 mmol, 89%) was obtained as colorless
solid without further purification. H NMR (500 MHz, D20) 6 = 4.48 (dd, J = 5.3, 8.3 Hz, 1H; CH), 3.86
(s, 3H; CHs), 3.58 (dd, J = 8.2, 13.9 Hz, 1H; CH>), 3.48 (dd, J = 5.1, 13.9 Hz, 1H; CH2) ppm. 3C NMR
(125 MHz, D20) 6= 167.4, 54.3, 49.7, 37.9 ppm. Compound v (0.62 g, 4.67 mmol, 97%) was obtained
as colorless solid. *H NMR (500 MHz, D20) 6 = 4.46 (m, 1H; CH), 4.37 — 4.28 (m, 2H; CH), 3.60 — 3.48
(m, 2H; CH2), 1.27 (t, J = 7.2 Hz, 3H; CHz) ppm. C NMR (125 MHz, D20) 6= 166.9, 64.6, 49.8, 38.0,
13.1 ppm.

5,6-Dimethyl-2,3-dihydropyrazine (S1): Solutions of each ethylenediamine a and butanedione 4 in
D20 (100 mM, 250 uL) were combined and let to react for 5 h at room temperature. *H NMR analysis
verified the quantitative formation of compound S1 in the corresponding reaction mixture. TH NMR
(500 MHz, D20) & = 3.23 (s, 4H; CH2), 2.07 (s, 6H; CHs) ppm.

(S)-2-Amino-N-methyl-2-phenylacetamide (S6): (S)-(+)-2-Phenylglycine methyl ester hydrochloride
S4 (2.02 g, 10.0 mmol) was slowly added to an aqueous solution of methylamine (40% m/v, 11.7 mL,
150 mmol) under stirring until the solid was dissolved. The reaction mixture was heated to 40°C for 3 h
and then extracted with dichloromethane (3 x 40 mL). After the combined organic extracts were dried
over MgSOs, the solvent was removed under reduced pressure. The desired compound S6 (1.44 g,
8.74 mmol, 87%) was obtained as viscous oil without further purification. *H NMR (500 MHz, CDClz) d =
7.40 — 7.27 (m, 5H; Har), 7.05 (s, 1H; NH), 4.52 (s, 1H, CH), 2.82 (d, J = 5.0 Hz, 3H; CHs), 1.84 (s, 2H;
NHz) ppm. ¥C NMR (125 MHz, CDCl3) 6= 173.6, 141.1, 128.8, 127.9, 126.9, 59.9, 26.1 ppm.

(S)-N*-Methyl-2-phenylethane-1,2-diamine (r) and (R)-1-phenylethane-1,2-diamine (q): Under
nitrogen atmosphere, a solution of lithium aluminium hydride in dry THF (1 M, 25.0 mL, 25.0 mmol) was
cooled to 0°C. After adding (S)-2-amino-N-methyl-2-phenylacetamide S5 (0.89 g, 5.41 mmol) or (R)-2-
amino-2-phenylacetamide S6 (0.75 g, 5.00 mmol) dissolved in THF (25.0 mL) over a period of 30 min,
the reaction mixture was heated at reflux for 6 h. Excess of LiAlHs was quenched by adding dH20
(2.50 mL) under ice cooling. The precipitate was filtered off over celite and washed with diethyl ether
(20 mL), following a washing step of the filtrate with brine (2 x 10 mL). The organic phase was dried
over MgSO4 and concentrated under reduced pressure. Further purification steps were omitted, since
the compounds r and g were needed only for analytical purposes. Therefore considerable amounts of
educt were still present in the corresponding product mixture. Compound r was obtained as slightly
yellow liquid. *H NMR (500 MHz, CDCls) & = 7.35 — 7.33 (m, 4H; Har), 7.28 — 7.24 (m, 1H; Har), 4.04 (dd,
J=5.0, 7.9 Hz, 1H; CH) 2.79 — 2.71 (m, 2H; CH2), 2.44 (s, 3H; CHa), 1.62 (s, 3H; NH, NH2) ppm. 13C
NMR (125 MHz, CDCl3) 6 = 144.7,128.6, 127.2, 126.4, 59.9, 55.4, 36.4 ppm. Compound q was obtained
as yellow oil. *H NMR (500 MHz, CDClz) & = 7.35 — 7.31 (m, 5H; Har), 3.91 (dd, J = 5.7, 6.9 Hz, 1H; CH)
2.93 —2.79 (m, 2H; CH2) ppm. 3C NMR (125 MHz, CDCIs) d = 144.3, 128.5, 127.2, 126.5, 58.4, 50.0
ppm.

4-Fluorophenylglyoxal hydrate (10) and 4-fluoro-2-methylphenylglyoxal hydrate (11): Selenium
dioxide (2.22 g, 20.1 mmol) was dissolved in a mixture of dioxane (5.50 mL) and water (0.34 mL). After
addition of 4’-fluoroacetophenone S7 (1.53 g, 11.1 mmol) or 4'-fluoro-2’-methylacetophenone S8
(1.69 g, 11.1 mmol) the reaction mixture was heated for 4 h at 80°C and afterwards filtered through a
pad of celite. The solvent was removed under reduced pressure and the crude product was purified via
flash chromatography on silica gel (n-heptane/EtOAc, 1:1 v/v). The resulting yellow oil (partially
anhydrous arylglyoxal) was dissolved in hot water (5 mL) and crystallized in order to obtain the
corresponding hydrates. Compound 10 (1.39 g, 8.17 mmol, 74%) was obtained as colorless solid. *H
NMR (500 MHz, DMSO-ds) 8 = 8.16 — 8.00 (m, 2H, Har), 7.42 — 7.35 (m, 2H, Ha/), 6.83 (s, 2H, OH), 5.63
(s, 1H, CH) ppm. Compound 11 (1.21 g, 6.57 mmol, 59%) was obtained as slightly red solid. H NMR
(500 MHz, DMSO-ds) & = 8.07 —8.04 (m, 1H, Har), 7.19-7.12 (m, 2H, Har), 6.66 (s, J = 7.4 Hz, 2H,
OH), 5.56 (t, J = 7.4 Hz, 1H, CH), 2.43 (s, 3H, CHs) ppm.
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7 NMR analysis of acetylated and extracted products from up-scaled
biotransformations

1,1’-(Piperazine-1,4-diyl)bis(ethan-1-one)
OY IH-NMR (500 MHz; CDCls): & = 2.13 (s, 6H, CHz), 3.58 (m, 8H, CH2) ppm.

N
[Nj Obtained spectroscopic data for the acetylated product extracted from biotransformations
/J*o are consistent with those of the product standard

1a
(acetylated)

(R)-1,1°-(2-Methylpiperazin-1,4-diyl)bis(ethan-1-on)

Oy~ H-NMR (500 MHz; CDCl): & = 1.13 — 1.18 (m, 3H, CHCHs, A), 1.21 ~ 1.20 (m, 3H,

N CHCH3, B), 2.10 (s, 3H, CHs), 2.11 (s, 3H, CHa), 2.14 (s, 3H, CH3), 2.16 (s, 3H, CHz), 2.63

[Nj\ —2.75 (m, 1H, CHz, A), 2.87 — 2.95 (m, 2H, CHz, B), 3.16 — 3.25 (m, 1H, CHz, B), 3.31 —

_k,  341(m, 2H, CHz A), 357 -3.63 (M, 2H, CHz, A), 3.77 (m, 1H, CH, B), 4.06 (m, 1H, CH,
B), 4.36 — 4.47 (M, 2H, CHz, B), 4.56 (m, 1H, CHa, A), 4.84 (m, 1H, CH, A) ppm.

2a
(acetylated)

A double set of signals in the 'H NMR spectrum suggests that two conformational isomers are present
at room temperature in the ratio 1:1. Significantly broadened signals also indicate a slower structural
fluctuation, which is explained by a low-frequency inversion of the chiral nitrogen center.1%-12 Signal
assignment was enabled by COSY and HSQC spectroscopy on acetylated product standards. Signals
corresponding to each conformational isomer are marked with the letters A and B.

(R)-1-(4-Methyl-2-phenylpiperazin-1-yl)ethan-1-on

1H-NMR (500 MHz; CDCls): & = 2.08 (m, 2H, CH2, B), 2.16 (s, 6H, CHas), 2.30 (s, 6H,

\
N
[ CHs), 2.37 — 2.42 (m, 2H, CHa, A), 2.81 (m, 2H, CHz, B), 2.95 (m, 1H, CH2, A), 3.31
/1 (m, 1H, CHz, B), 3.40 (m, 2H, CHz, A), 3.55 (m, 1H, CHz, B), 4.53 (m, 1H, CHa, A),
o 4.97 (m, 1H, CH, B), 5.86 (m, 1H, CH, A), 7.25 — 7.44 (m, 10H, Har, A, B), ppm.
3c

(acetylated)
At room temperature, two conformational isomers are present in a 1:1 ratio.’® The signal assignment

was based on COSY and HSQC spectroscopy for an acetylated product standard. Signals pertaining to
the particular isomer are indicated by the letters A and B.
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Figure S12: 'H NMR spectrum of acetylated piperazine la extracted with CDCIz from up-scaled
biotransformation.
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Figure S13: 'H NMR spectrum of an acetylated product standard (piperazine 1a) extracted with CDCls.
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Figure S14: 'H NMR spectrum of acetylated (R)-2-methylpiperazine 2a extracted with CDCIlz from up-
scaled biotransformation.
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Figure S15: 'H NMR spectrum of an acetylated product standard (2-methylpiperazine 2a) extracted
with CDCla.
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Figure S16: 'H COSY spectrum of an acetylated product standard (2-methylpiperazine 2a) extracted
with CDCls.
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Figure S17: H-13C HSQC spectrum of an acetylated product standard (2-methylpiperazine 2a)
extracted with CDCla.
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Figure S18: 'H NMR spectrum of acetylated (R)-1-methyl-3-phenylpiperazine 3c extracted with CDCls
from up-scaled biotransformation.
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Figure S19: TH NMR spectrum of an acetylated product standard (1-methyl-3-phenylpiperazine 3c)
extracted with CDCla.
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Figure S20: 'H COSY spectrum of an acetylated product standard (1-methyl-3-phenylpiperazine 3c)
extracted with CDCla.
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Figure S21: 'H-13C HSQC spectrum of an acetylated product standard (1-methyl-3-phenylpiperazine
3c) extracted with CDCls.
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Figure S23: 13C NMR spectrum of methyl 2,3-diaminopropanoate u.
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Figure S24: H NMR spectrum of ethyl 2,3-diaminopropanoate v.

|<r
(=]

T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 0 ppm

Figure S25: 13C NMR spectrum of ethyl 2,3-diaminopropanoate v.
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Figure S27: 13C NMR spectrum of (S)-2-amino-N-methyl-2-phenylacetamide S6.

S66



| e e L

T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 4, 3.5 3.0 25 20 1.5 1.0 0.5 ppm

5 4.‘0
g i 8
<+ - o

Figure S28: *H NMR spectrum of (S)-N!-methyl-2-phenylethane-1,2-diamine r (containing impurities of
(S)-2-amino-N-methyl-2-phenylacetamide S6).
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Figure S29: 3C NMR spectrum of (S)-N!-methyl-2-phenylethane-1,2-diamine r (containing impurities
of (S)-2-amino-N-methyl-2-phenylacetamide S6).
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Figure S30: *H NMR spectrum of (R)-1-phenylethane-1,2-diamine g (containing impurities of (R)-2-
amino-2-phenylacetamide S5).
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Figure S31: 13C NMR spectrum of (R)-1-phenylethane-1,2-diamine g (containing impurities of (R)-2-
amino-2-phenylacetamide S5).
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Figure S33: 'H NMR spectrum of 4-fluorophenylglyoxal hydrate (10).
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Figure S34: *H NMR spectrum of 4-fluoro-2-methylphenylglyoxal hydrate (11).
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