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Zusammenfassung

Haloalkan-Dehalogenasen, wie LinB aus dem Orgarsssphiingomonas paucimobilis,
zahlen zu den entgiftenden Enzymen, welche einBegandbreite an halogenierten
Kohlenwasserstoffen als Substrate akzeptieren. Riedukt der Hydrolyse des
Halogenatoms entsteht der entsprechende Alkohol eruntinversion der
Absolutkonfiguration. Basierend auf Vorversuchem Waiversitat Brno, wurden die
Stereoselektivitat und die Kinetik der Dehalogemngy von rac-1,3-Dibrombutan in
Tris-Sulfat-Puffer bei pH 8.2 mit Hilfe der Dehaktase LinB genauer untersucht. In
Abhangigkeit von der Regioselektivitat des Enzyrfiesdas primére bzw. sekundare
Halogenatom und der Praferenz des Enzyms flir jeweih Enantiomer des
racemischen Substrates wurden durch Substitutior #&logenatome die
entsprechenden primaren bzw. sekundéren Mono-Alkolgebildet, die in einem
zweiten Reaktionsschritt zu den Diolen als Endpktelumgesetzt wurden.

Ziel dieser Arbeit war die Bestimmung der Absolutkguration der gebildeten regio-
isomeren Halo-Alkohole als Zwischenstufen und desl-Endproduktes, sowie die
Enantiopraferenz fur das Substrat.

Wahrend das racemische Substrat und die Enantiomdex Diol-Endprodukte
kommerziell erhaltlich waren, mussten Standardsli@Enantiomere der Halo-Alkohol
Intermediate chemisch synthetisiert werden. MiféHdieser unabhangig synthetisierten
Referenzen konnten die GC-Peaks der Intermediateiesder Endprodukte eindeutig
zugeordnet, und die Absolutkonfiguration bestimrataen.

Somit konnte eindeutig bewiesen werden, dass dagnkhinB das R)-Enantiomer
von rac-1,3-Dibrombutan bevorzugt, die Enantioselektividat ersten Hydrolysestufe
(ausgedriickt durch den E-Wert) liegt bei ca. 5. Bagym zeigt eine Regioselektivitat
fur das sekundare Halogenatom und bildet durchrémwe §)-1-Brom-3-butanol mit
einem E.gnax VON 86%, das Regio-Isome®){3-Brom-1-butanol entsteht langsamer mit
einem E.guax von >97%.

Die Reaktionsgeschwindigkeit im zweiten Hydrolysegt ist ebenfalls um den Faktor
5 bevorzugt, d.h.§)-1-Brombutan-3-ol wird um den Faktor 5 schnellergesetzt als
(9-3-Brom-1-butanol, wobei der zweite Reaktionsdthrieine niedrigere
Enantioselektivitat aufweist als der erste. Alsgeotlavon wird das Endprodul@<{1,3-

Butandiol mit einem E.gaxVvon 35 % gebildet.



Summary

Haloalkane dehalogenases, such as LinB fiphingomonas japonicum (formerly
Sphingomonas paucimobiligite detoxifying enzymes which hydrolyze a widegeaof
halogenated compounds by replacing the halogen atidima hydroxyl group with
inversion of configuration. Following preliminaryuslies carried out at the University
of Brno, Czech Republic, the dehalogenation mafc-1,3-dibromobutane was
investigated using LinB in Tris-sulfate buffer & B.2.

Depending on the regioselectivity of the enzyménfary vs secondary halogen atom),
and its enatioselectivity on the racemic substrdltes corresponding primary or
secondary haloalcohol are formed, which are coaddrt a consecutive hydrolysis step
to furnish 1,3-butanediol as end-product.

The goal of this thesis was to study and deterrttieeenantio-preference of LinB on
rac-1,3-dibromobutane and to determine the absolutefiguration of the regio-
isomeric halo-alcohols formed as intermediatesyalsas that of the diol end-product.
While rac-1,3-dibromobutane and botR)¢ and §)-1,3-butanediol were commercially
available, standards for the enantiomers of the-hklohol-intermediates had to be
independently synthesized. With the latter maternialhand, the absolute configuration
of both intermediate products and the end-prodogtdcbe unambiguously determined.
It could be proven that dehalogenase LinB exhipitsnounced regioselectivity for the
secondary halogen atom in the first hydrolysis sted forms $-1-bromo-3-butanol
through inversion of configuration with a E.g. of 86%; the regioisomericS-3-
bromo-1-butanol is formed somewhat more slowly vatl.en.x of >97%. Thus, the
enzyme prefers the RJ-enantiomer of rac-1,3-dibromobutane with poor
enantioselectivity (E ~ 5) in the hydrolysis octograt the secondary halocarbon while
the ©-enantiomer is preferred in the hydrolysis takphgce at the primary halocarbon.
In the second step, a switch in regiopreferencaurscas $-1-bromobutan-3-ol is
converted five times faster tha®)-{3-bromo-1-butanol. As a consequence, the end-
product §-1,3-butanediol is formed with a Exgy of 35 %.



Table of contents

ACKNOWIEAGEMENTS ... e s 4
ZUSAMMENTASSUNGY ....iieieiieieeeeeiiiiii i mmmmmmmr e et s s e e e e e e e e e e e e eaeeeeeeenneeeees 5
SUMIMITY ettt et e e e e et e e e et e e e et e e e et e e eeba s eneennsaeeeesnnas 6
INEFOTUCTION et e e e e e e e e e e e 8
Haloalkanes SOUICES ........coooiiiiiiiiiiieeeeeeeeeeei e eeeeaeeee 8
Physical Properties........covvveviiiiiiiiiimmmmmme et e e e e e e e 13
[ F= 100 =T = 11 [0 o R 13
Dehalogenation ...........oeuuiiieiiiii e 15
Haloalkane dehydrogenase LinB ..............uuciiiiiiiiiieiiiiiieeeeeiiiii 22
RESUILS ANd DISCUSSION ......uuuiiiiiiiiiiiiiiieeeeieieieeeeee e e e e e e e s s breeeeee e 25
GBNETAL ..ttt 26
SYNINESIS. .. ————————— 27
Kinetic Resolution of 1,3-Dibromobutane ..o, 28
e d 0 1= ] 1= ] = | 30
GBNEIAL ...ttt 30
ENZYME LINB ... s 30
General Procedure for Biotransformation......ccccc.....ovveeiiiiiiiiinneeeeeeeeen. 31
ANalytical Data ...........ccovvviiiiiiiieiieee e e 31
GC-FID Detector Calibration...........cccoeieeeeeeeiiiiieee e 32
Synthesis of COMPOUNGS..........ouuiiiiiiiiiee e 33
BIotransformation ............ueeeeiiii e 38
Assignment of GC - Product PEaKS ..........cccccmvererririiiiniiiiniiieeeeeeeeeeeee 39
Kinetic Resolution of 1,3-Dibromobutane with LinB............................ 42
Reaction Rate and Kinetic Coefficient K ............couvviiiiiiiiiiiiiiiiiieee, 43
CONCIUSIONS ...ttt ettt e e e e e e e e e e e e e eeeeenes 48
RETEIENCES ...ttt e e e e e e e e e e e e e e s s s s s nnnnnr e e e e e eeeeeas 49
SUPPIEMENTArY DALA .....cevvvviiieiiiee e e rss s e e e e e e e e e e e e eeeeeeaeeeee e nnnnarennes 50
PUBICALIONS. ...oviieiiiiii et e e e e e e e e e e e eees 51



1 Introduction

1.1 Haloalkanes - Sources

On one hand, haloalkanes are chemically synthesiziedlustry on a large scale and on
the other hand, haloalkanes are formed naturatly Tinere are also many substances
which derive from both origins. Due to the signgince of halo-organic compounds in
organic chemistry and as solvents for technicatgsees, haloalkanes are omnipresent
in daily life. [2]

1.1.1 Native sources

Actually, haloalkanes are not only syntheticallyguced by mankind, but are also
assembled in nature by many different organismstdigate, more than 3500 halogen-
metabolites have been identified. Some of them e Ichloramphenicol or 7-
chlorotetracyclin — are important antibiotics. [6]

In nature, haloalkanes are mostly formed by tengdsirganisms and in marine species
and they encompass also surprisingly simple comggusuch as chloromethane,
bromomethane and 1,2-dibromomethane. [2] [5]

Especially, low halogenated molecules were foundragchloro- and bromo-alkanes.
Higher halogenated analogs are bromoalkanes, likbbrommomethane and
bromomethane, of which up to 1®ns per year are released into the atmosphetieeby
coastal brown algaeAscophyllum nodosumit is thought that haloalkanes are
enzymatically produced in order to prevent the ©ilsim microbial attack. [5]

Due to the high amount of bromide in seawater, lor@tkanes dominate in aquatic
organisms, while chloro-alkanes are mostly synieesby terrestrial organisms. Other
(non-biological) mechanisms of formation are foriss or geothermal and volcanic
processes. The formation of fluoro-, chloro-, brerand iodo-haloalkanes in nature is
reflected by the chemical properties of the halogem, which in turn determines its
position in the periodic system. The biggest fiattof haloalkanes is made up by
chloroalkanes, followed by bromo- and a small amoohiodoalkanes. Although
fluorine is available in a rather high amount, ¢there just very few fluoroalkanes
known, which reflects the difficulty in activatiaf fluorine. [1]



In many cases, halogenation processes in orgarasmeatalysed by haloperoxidases.
That kind of enzyme use hydrogen peroxide for tkiglation of halide anions at the

expense of hydrogen peroxide for the introductibrh@ogen into the substrate (see
section 1.2).[3]

1.1.2 Anthropogenic sources

The starting point of the introduction of a largaaunt of fluoro-chloro-hydrocarbons
(FCCH) is congruent with the very beginnings ofocbtchemistry. Some properties are
their high stability, hard flammability, high vapopressure and their long lifetime.
Once liberated in nature, FCCHs are disintegrategt slowly. These properties render
FCCH's very interesting in many fields of chemistfg] To highlight the most
important and hence most widely spread halo-orgamicpounds, they are used as:

-Solvents (e.g. dichloromethane, trichloromethamnehloroethene)

-Metal degreasing (e.g. trichloroethane, tetraddthane)

-Starting materials of numerous chemical synth@sgs chloro- and
bromoalkanes)

-Cryogenic agents (e.g. dichlorodifluoromethane)

In addition to the above mentioned applcationsanoghalogens are also ubiquitous in
daily used agents like disinfectants, cleaning tgyguesticides, fungicides and flame-
retardants. Important pathways for the synthesitiadbalkanes start from ethene as

substrate and are shown in figure 1.[3]
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Fig. 1 Systematic overview of halogenation starting weithene [3]

In addition, many halogenated substances are pedduicintentionally as side products
(i.e. during incineration, e.g. dioxins or as mipooducts during chemical synthesis of
halogenated organic compounds, such as pentachlemopy which is often used as
intermediate in the agrochemical industry. In paidr, many halo-aromatics are
thought to be toxic and/or carcinogenic.[6]

In addition, the dirty dozen has to be mentionedb{& 1). These twelve persistent
organic pollutions (POP) have been prohibited sig601 by the POP-Convention
(Stockholm Convention). The dirty dozen includesnplprotecting agents, insecticides,

industrial chemicals, and side products of burmineresses.[17]

Table 1 List of the dirty dozen
10
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1.2 Physical properties

Compared to their chemical reactivity and physioalperties, haloalkanes are quite
different compared to the corresponding alkanesar&fteristics, like boiling points,
bond lengths and -strengths are strongly deperatirtge halogen atom.

Due to the increasing size of therbital from fluorine to iodine, the length of tiieX
bond in haloalkanes increases. Due to the factth®atlectronegativity of halogens is
always higher than that of carbon, the C-X bongoksrised. Consequently, the electron
density of the C-X bond is not symmetric, but shfttowards the halogen. The
electrophilic 8 - carbon atom is now a good target for attack tectebn-rich and
nucleophilic groups. On the other hand, electroincemt groups, like cations would be
attacked by thé - halogen atom.

The polarity of the C-X bond shifts also the baglipoint (BP), which is always higher
than the BP of the corresponding alkanes. Thisiestd the formation of dipole-dipole
interactions. Due to the increase of the atomicsnfiaen fluorine to iodine, the BP's are

increasing in the same direction within a homogeseseries of haloalkanes. [4]

1.3 Halogenation

Although just a few types of halogenating enzymeslkaown to date, the number of

naturally formed haloalkanes is impressive. Theomgjpes of halogenating enzymes

are:
- Flavin dependent halogenases
- a-Ketoglutarate dependent non-heme iron halogenases
- Haloperoxidases
haloperoxidase
HiGn T H,0, T x + H > H.,GX T 2H0

Fig. 2 Schematic representation of enzymatic halogendtyomaloperoxidases, with X being
Cl,Br orl. [3][5]

13



The major group of naturally formed halometaboli$ormed by the redox enzyme
haloperoxidase, which is widespread in nature. piloxidases mediate the conversion
of alkenes by a hypohalous acid (HOX), obtained dir@ct enzymatic oxidation of
halide, yielding the halonium intermediate. [5] @rithe reactive halogenating species is
formed in the active site of the enzyme, it diffsigeto the medium, where it performs a
chemical (non-enzymatic) halogenation of a substr@onsequently, halogenations
mediated by haloperoxidases are usually not steetsxtive. The reaction pathways 1,
2 and 3 in figure 3 show the different product $peu by using a hydroxy group (1), a
carboxylic group (2) and a second halide ion (3y@deophile for the reaction with the
initially formed halonium intermediate. Due to th@ge spectrum of structurally
different haloalkanes and the small amount of dzffie types of halogenating enzymes,

the product selectivity of those enzymes is raker
=

haloperoxidase
HOX]or X,

/E halonium

~J1  intermediate

€] ©
1 2
Y
C |
° C
X

Fig. 3 Transformation pathways of haloperoxidases stastiith an alkene
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1.4 Dehalogenation

Halogenated substances are a very important tygecbtihical chemicals, of which a

certain fraction is unavoidably released into tbesphere. Owing to the fact, that halo-
organic compounds are also produced by nature,nsben of pathways have been

evolved to ensure their microbial biodegradatiohe Tsolation and characterisation of
those organisms, which are involved in dehalogengprocesses is important for the
bioremediation of halo-organics. Without microbid¢halogenation, the amount of
halogenated substances would rather fast polligestosystem. There are just a few

pathways for the degradation of haloalkanes. Thoseaiven in table 2.

Table 2 Pathways of enzymatic haloalkane degradation
Reaction type Starting material Products
Reductive dehalogenation C-X — C-H+X
Oxidative degradation H-C-X —  C=0 +HX
Dehydrohalogenation H-C-C-X — C=C+HX
Epoxide formation HO-C-C-X —  epoxide + HX
Hydrolysis C-X + H,O —  C-OH + HX
X=Cl,Br, |

(i) For the substitution of the halogen by a hy@mo@tom, a redox system is applied,

yielding the corresponding alkane.

(ii) Alternatively, oxidative degradation of hal@ganics can occur.

(i) In contrast, dehydrohalogenation is a red@umal process, where the elimination
of hydrogen halide leads to the formation of theresponding alkene intermediate,

which is further degraded via oxidation.

(iv) Dehydrohalogenation of a halohydrin is catatysy halkohydrin dehalogenases,
which yield the corresponding epoxide. The latsehydrolytically further metabolised

by epoxide hydrolases to furnistc-diols.

15



(v) The nucleophilic substitution of the halide, iah is typically responsible for the
toxic properties, by e.g. a hydroxyl group to femithe corresponding alcohol as
inocuous degradation product going in hand withridease of halide anion, is the key
step in enzymatic dehalogenation, which is catalysedehalogenases. [7] In the year
1960, a dehalogenase of bacterial origin was puariffor the first time. This
dehalogenase was involved in the dechlorination2athloropropionic acid and
chloroacetate, which are widely used chemicals. [6]

For pathways (i) - (iii), the interest for biocatit syntheses is small, because the
corresponding transformations go in hand with the&s lof the functional group or by
destruction of a chiral centre.

In contrast, pathway (iv) may proceed with the esteelective formation of epoxides,
which represent valuable intermediates for stefeoBee synthesis. Consequently,
halohydrin dehalogenases have been intensely igaestl with respect to their

mechanism of action and the stereochemical conseqad5] [7].

1.4.1 Hydrolytic dehalogenation

I QoH
H+H + H)0 > H——H + HCl
R R
Scheme 1 Hydrolytic dehalogenation reaction

For the nucleophilic displacement of halide by droxyl anion catalyzed by-haloacid
dehalogenase, no cofactor is needed and the halsgeubstituted by water as
nucleophile vyielding the corresponding alcohol asodpct. Many a-haloacid
dehalogenases have been isolated from differenansns (mostly bacteria) like

Moraxella sp., Pseudomonas spXanthobacter autotrophicufg]

16



The enzymatic dehalogenation by dehalogenases gusceia formal nucleophilic
substitution, where the halogen atom is replacea ydroxyl group. The enzymatic
activity is independent of cofactors and metal idhreviously, it was assumed, that the
displacement can be achieved by retention or immersf configuration, depending on
the type of enzyme. Later, however, it was provast the (assumed) retention was
based on erroneous interpretation of data and tddeygenerally accepted that the
enzyme-catalysed nucleophilic displacement of leaijenerally proceeds with inversion
of configuration [16]. This stereospecific propeliyy responsible for the growing
interest for synthetic applications. Degalogenaass grouped into the following
subtypes (table 3).

Table 3 Specificities of enzyme subtypes of dehalogenases
Substrate Enzyme subtype Specificity
Alkyl-halide Haloalkane dehalogenase Low
Aryl-halide Haloaromatic dehalogenase Low
a-Haloacid a-Haloacid dehalogenase High

As shown in Table 3, haloalkane dehydrogenaseshartegght to have a low substrate
specificity, which is due to the fact, that theg anainly involved in biodegradation. In
the course of this work, it will be shown, thatstié not always the case and that there

are exceptions.

In relation to the mechanism, haloalkane dehydrages are very similar to epoxide
hydrolases, provided that the substitution proceauser inversion of configuration.

The first step in catalysis is the nucleophiliaekt of an Asp-carboxylate group on the
haloalkane, forming an activated alkyl-ester enzymiermediate (Scheme 2). The latter
is hydrolyzed by a water molecule, which is actxbaby a histidine group, which forms
the corresponding alcohol as hydrolysis product kivelates the Asp-carboxylate to

close the catalytic cycle. [5]

17
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Scheme 2 Mechanism of haloalkane dehalogenases by invediconfiguration with X = ClI, Br,
I[5]

The enzyme fronXanthobacter autotrophicuis the best understood and most studied
dehalogenase. This enzyme of tii hydrolase family builds up a catalytic triad wéh
histidine and an aspartate as nucleophile, whidbstgutes the halogen from the
substrate. The cleavage of the C-X bond is additipnsupported by (variable)
phenylalanine or asparagine residues and a comsagEophan. [6] [7]

Two types ofa-haloacid dehalogenases are known: 2-Haloacid debgdases and
haloacetate dehydrogenases. While 2-haloacid dgéédses are accepting various

types of short-chain 2-haloacids as substrate,abaetate dehalogenases prefer only
haloacetate.

al al a -haloacid

H Hal OH
z dehydrogenase B H
PN > PN
R COH R COH Sy2inversion R COH R COH
@) R =Me, Et, Br-CH2

S [OH] R Hal = Cl, Br S ®
Scheme 3 Biotransformation ofa-haloacids by 2-haloacid dehalogenase with invarsad
configuration

The most interesting facette of dehalogenases eg #nantioselectivity shown in
scheme 3. Historically, the major reference fortthand of substrate is 2-
chloropropionic acid. Its S-enantiomer is used for a wide range of synthetic
applications, most prominently in the sector oft@des. With the use oRj-specific
dehalogenases, the racemic substrate can be cemerthe pureSj-enantiomer in a

very elegant way. For getting access to other saflest, like long-chaia-haloacids or

18



hydrolytically sensitive substrates, other solvdiks anhydrous organic ones could be
used. [5]

The enzyme LinB, which is of major interest in thwerk, is a good example for a
haloalkane dehalogenase. LinB catalyzes the debaddigpn of e.g.
tetrachlorocyclohexadiene, which is an intermediatethe dehalogenation of-
hexachlorocyclohexane, also called lindane (sch@mg]

a c HCO ¢ cl HCl ¢ Cl H,0 Hcl HO Cl H0 Hcl HO cl
LinA LinA LinB LinB
cl Cl cl Cl cl Cl cl Cl cl OH
cl cl

Scheme 4 Dehalogenation steps of lindane by LinA (dehydtoganation) and LinB (hydrolytic

dehalogenation)

Hexachlorocyclohexane (HCH) and technical mixtwesICH (a-, -, y- andé-) have
been produced worldwide for their insecticide agtiiNowadays, many countries have
banned its use due to its toxicity and persistei@ee organism, which is able to
degrade HCH isSphingomonas paucimobiligshich uses HCH as carbon- and energy
source. [8]

The hydrolytic degradation op-chloroacrylate is believed to occur via enzyme-
catalyzed hydration of the activated (conjugatedlCond via addition of water, to
form an unstable intermediate, which collapsesubinoHCI elimination with formation

of malonate semialdehyde, as shown in scheme 5. [6]

Cl / +H,0 Cl -HC O\/\
\/\COZH — Y\COZH CO,H

OH

Scheme 5 Enzymatic dehalogenation d-haloacrylate via hydration - dehydrohalogenation

sequence
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1.4.2 Oxidative dehalogenation

As substrates for enzymatic oxidative dehalogenatialoaromatic compounds as well
as haloaliphatic analogs are accepted. Monooxygenéike methane monooxygenase,
or dioxygenases (scheme 6) have to be mentionetl.aBa lignin and manganese

peroxidase are involved in these processes.

COyH COH
4-chlorophenylacetate
3,4-dioxygenase - HCl .
+0,+ NADH +H*
© OH
Cl OH
Scheme 6 Two component system for oxidative dehalogenation

1.4.3 Reductive dehalogenation

This kind of dehalogenation can proceed either uadeobic or anaerobic conditions.

)] Aerobic conditions

One well-understood reductive dehalogenation is tldehalogenation of
pentachlorophenol. The first step is catalyzed bpeatachlorophenol hydroxylase
(monooxygenase reaction) vyielding a tetrachloroopé which is further
dehalogenated by tetrachloroquinone dehalogenagaggihe trichloroquinone as
product (Scheme 7). Tetrachloroquinone dehalogermesengs to the familiy of
glutathione transferases.

20



al cl cl cl c cl
+GSH .
- HCI
a cl a SG c H
o & 0 SG
OH O
i\ / o
Ho i 5\
S CH» +GSH | H, + GS-SG
Ve
8,
?J/% sby%
Scheme 7 Glutathione transferase catalyzed reductive dejeslation under aerobic conditions

i) Anaerobic conditions

In this case, the halogenated substrate acts eeetnon acceptor while an electron-rich
reactant is oxidized. This reaction type dependsafactors like cobalamin and iron-
sulfur clusters, e.g. as shown for the reductivhattegenase fronDehalococcoides
ethenogene¢Scheme 8). This kind of dehalogenation is strorgypled to energy

metabolism. [6]

Cl Cl . H cl
reductive
| dehalogenase |
cl cl cl cl
H- Cl-
(caof actor)
Scheme 8 Reductive dehalogenation of tetrachloroethene wadaerobic conditions

Up to date, there are three different types of céde dehalogenases known.

- Trichloroethene reductive dehalogend3ehalococcoides ethenogepes
- Tetrachloroethene reductive dehalogenBshélospirillium multivorans
- ortho-Chlorophenol reductive dehalogenase Degulfitobacterium

dehalogenans

Trichloroethene reductive dehalogenase substikdel halide step by step ending up
with ethene after three consecutive cycles. Thiyme also accepts 1,2-dichloroethane
and 1,2-dibromoethane. With genome sequencingsitdegn shown that there may be

more different types of dehalogenases presebehmalococcoides ethenogengs.
21



Haloalkane dehalogenase LinB

Haloalkane dehalogenase like LinB frddphingomonas paucimobilere detoxifying
enzymes which are accepting a wide scope of hakdgdrcompounds. The product is
the corresponding alcohol. The haloalkane dehakggcatalyzes the substitution of a
halide in primary or secondary position with a fopdd group. [9] LinB is a compact
globular enzyme from the/p-hydrolase family. Other members of this family arg.
lipases, acetylcholine esterases, epoxide hydmmlaseine carboxypeptidases and many
more. All these proteins contain a catalytic trngith a nucleophilic carboxylate. The
histidine residue is supporting the,®tactivation. The most conserved structural
characteristic of haloalkane dehydrogenases iacgeophilic elbow and a centrét
sheet. The hydrophobic core which includes thelyatatriad of aspartate-histidine-
aspartate/glutamate represents the main domaih. [11

The first step is the binding of the lipophilic stitate in a hydrophobic pocket. The
nucleophilic attack of aspartate anion onto théa@arbearing the halogen atom is the
next step, which yields a covalent alkyl-enzymeeiimtediate. The latter is further
hydrolyzed with water which is activated by a hisie residue acting as a base. [9]
Another aspartate (or glutamate) acts as acichtoligte the charge of the imidazole ring
of the histidine during the hydrolytic half reactiq11] By formation of an alkyl-ester
enzyme-intermediate bound to aspartate, the hadidierated. [10] Kinetic studies
showed that product release is the rate-determstem

The substrate spectrum of LinB is rather broad.idewange of halo-alkanes as well as
-alkenes, halogenated cyclic dienes, like 1,3.dt&thlorohexadiene-1,4-diol, which
occur as intermediates in HCH dechlorination (saléty are accepted in the reaction,
which is independent on a cofactor or oxygen. [B Dinding of 1,2-dichloroethane
(1,2-DCE) and 1,2-dichloropropane (1,2-DCP) resultthe inhibition of the enzyme.
While 1,2-DCE is produced in many industrial preess 1,2-DCP arises as a side
product from the synthesis of epichlorohydrin amdpene oxide. Since 1,2-DCP and
1,2-DCE are not converted by haloalkane dehalogsnabey represent problematic

and recalcitrant pollutants. [10]
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of the enzyme LinB (PDB entry 1CV2);

Fig. 4 3D-Structure

23



Fig. 5 Zoom of the active site, built up by Glu 132, Ri&2, Asp 108 and Trp 109 residues.
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2. Results and Discussion

1] os)
—
Y
w

\ /\/VH\
Br/\/\ ‘%r HO
R)-1 \ Ho/\/\

(R) -2

lyophilized enzyme LinB

Tris-sulfate (pH 8.2, 50 mM) B}
21 °C, 120 min

illle)
T

Hoo TN

(R)-4
(R)-3

Fig. 5 Regio- and stereoselective sequential enzymaltialdgenation ofac-1,3-dibromobutane by LinB
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2.1 General

Based on preliminary studies carried out at thevehsity of Brno, Czech Republic, the
dehalogenation ofac-1,3-dibromobutanergéc-1) was investigated using LinB in Tris-
sulfate buffer at pH 8.2 and room temperature (€). in principle, there are two

reaction pathways possible (Fig. 5):

Depending on the regioselectivity of the enzymethe preference of the enzyme for
the replacement of th@im- or thesechalogen atom, producgor 3 would be formed.
During replacement of thgrim-halogen, the configuration of the remainseghalogen
would be retained [i.e.R)-1 -> (R)-2 and §-1 -> (9-2], while reaction of thesec
halogen atom would proceed with inversion [iB)-{ -> (-3 and §-1 -> (R)-3].
Analogous considerations are applicable to the reesbep, i.e. retention takes place
from (9-3 -> (-4 and R)-3 -> (R)-4. Inversion occurs fromR)-2 -> (9-4 and Q-2 ->
(R)-4, respectively. Overall, during the first step,&tic resolution ofac-1 takes place,
going in hand with the formation of four differeptoducts, i.e. enantiomeric pairs of
two different regio-isomeric halo-alcohdsand3. In the second step, two enantiomeric
pairs of regio-isomers are kinetically resolvedyteld one pair of enantiomers of the
final hydrolysis producé. The distribution of each enantiomeric isonZr3 and 4
depends on the relative rate constants of each step

The major task of this work was to determine theoalie configuration of the
intermediates2 and 3 and of the final productt as well as which enantiomer of
substratel is preferred by the enzyme LinB. Whikac-1, (§-4 and R)-4 were
commercially available, the intermediate9-8, (R)-3, (9-2 and R)-2 had to be

independently synthesized.

26



2.2 Synthesis 0of$)-3 and R)-3
In order to access the enantiomers of halo-alc8htthe primary alcohol functionality
of diols R)-4 and §)-4 was activated witlp-toluenesulfonyl chloride in pyridine on ice
as a good leaving group, which selectively occurtha sterically less hindergatim-

hydroxy group, to yield the correspondimgpnatosylates R)-5 and §)-5.

H
X/\ nVerS|0£ A/\
Appel- OCPhs

& OCPh3  reaction

\\
\@‘y{ R or (95 Sor®-7 \ Br
H /§\/\
i/\ ”
o (9 or (R-2

2
(R)or (94 Y
H
ﬂ/\ LB X/\
OTs
(R) or (9)-6 (R or (9-3
Scheme 9 Schematic overview of synthesis &){ and §)-3 as well asR)- and §)-2

In a subsequent step, the tosylate was easilyaeglay bromide using LiBr in DMF at

room temperature, to furnisB)(3 and R)-3.

2.3 Synthesis 0of$)-2 and R)-2
For the synthesis of§-2 and R)-2, the same starting materiaS)-4 and R)-4 were
used. First, the primary alcohol moiety was pradatith trityl chloride in pyridine at
room temperature, which prefers m@m-hydroxy group with excellent regioselectivity.
For the substitution of the remaining non-convertgdroxyl group in the secondary
position by bromide, the Appel-protocol was chog&a] With carbon tetrabromide and
triphenylphosphine in dichloromethane at room terajee, this reaction proceeded
with inversion of configuration. Finally, the trityprotecting group was carefully
cleaved under mild acidic conditions with aceti@aet 50 °C yielding R)-2 and §)-2
from (9-4 and R)-4, respectively.
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With these independently synthesised standard rakstén hand, the GC-peaks for the
intermediate2 and 3 and the final product# could be annotated with respect to their

absolute configuration.

2.4  Kinetic resolution of 1,3-dibromobutane

» (8)-1
o R)-1
] (8)-2
o (R)-2
Y (5)-3
a (R)-3
& (R)-4 e.e. 35%
+* (S)-4 .

00 ®
1.0 4 . e.e. 86%
P i

& e.e. >97%
Y

0.8

Conc. [mM]
o
| 2
(&

0.6

0.4 4 &

2ap
- 2
=]
=]

100 120

Time [min])

Fig. 6 amounts of intermediates depending to the time ideal by the group of Zbynek Prokop -
University of Brno, Czech Republic; data from 4 wemken from a separate experiment,

whereby different reaction rates explain the nmselmass balance.

Figure 6 shows that the first mainly formed intedimage after 10 minutes i€§¢3 with
an e.e. >99%, which means that the substrate enagtipreferred by LinB isR)-1,
because hydrolysis of tleechalogen atom occurs with inversion of configurati®he
k-value of this particular step is 68 pmol/min amthe highest of the whole reaction.
After 30 minutes, the velocity of the hydrolysislo§lows down somewhat and the e.e.

of (9-3 decreases to about 80 %, which can be expectadkinetic resolution, when
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the good-fitting R)-enantiomer ofl is gradually depleted (to an e.e. of 30% at 30
minutes) and the mirror-image is increasingly coteag The k-values ofg-2 and §)-

3 are nearly the same.

After 40 minutes, the e.e. a1 is higher than 90 % which means, that the preferre
(R)-enantiomer is almost completely converted. As thoint, all intermediates [except
(9-2, whose ee-value is still rising] are at the p&die k-values of9-3 and R)-2 after

60 minutes confirm that the reaction fro8)-8 to (§-4 is dominant and the fastest from
the intermediate to the final product.

While k-values are decreasing, after 90 minu®s4(is formed with an e.e. of about
15 %. Due to the good water-solubility df its amount could not be accurately
determined but only be calculated by taking thdedince ofl, 2 and 3 to the total
amount of compounds of 100 %. Di&){4 is formed more than twice as fast &-4
and after 120 minutes the e.e.-value §f4 is 35%. The amounts of all intermediates

are given in figure 6.

Conclusion

LinB prefers the R) enantiomer of the substralefor hydrolysis of thesechalogen
atom. The initial rate ofR)-1 is about 5 times higher tha®){1 (figure 6, marked as
"1M).

As consequence, intermedia®-8 is formed faster tharg[-2 (figure 6, marked as "2").
Actually, the stereo-preference for thecbromide is R)-1 => (-3 where §)-3 has an
€.€.max Of 86%.

The stereo-preference for them-bromide is §-1 => (-2 where §)-2 has an e.guax
of >97%.

The initial rate of -3 => (§-4 is about 5 times faster thag){2 => (R)-4 (figure 6,
marked as "3"), thus yielding in the final prod(g}-4, as shown in figure 7, with an
€.€.max Of 35%.
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3. Experimental

3.1 General

All chemicals, substrates and reference materialewsed without further purification
and were purchased from Sigma Aldrich, Fluka andchater. All solvents were
purchased from Roth. Solvents marked "anhydrouséwleed over molecular sieve 4
A. Anhydrous THF was distilled over sodium/benzommten Enzyme LinB was
provided by the group of Z. Prokop (University ahB, Czech Republic).

All biotransformations and rehydration of proteiere done in Eppendorf tubes (1.5
mL) mounted in a horizontal position on a HT Infausitron shaker AJ 260 at 120 rpm
and 21 °C. Centrifugation was done in a HareaeofuBe pico at 13.000 rpm at room
temperature.

NMR spectra were recorded in CR@ks solvent with 0.03 % TMS as internal standard.
The spectrum recording was done on a Bruker NMR atn800 MHz. Chemical shifts
are reported in ppm and coupling constants in Hmas

GC-MS analyses were recorded on a Agilent Techmedog890A GC-System coupled
with an Agilent Technologies 5975C inert XLMSD dste using a HP-5MS column.
GC-FID on a chiral stationary phase were carrietdwith an Agilent Technologies
7890A GC-system using Hydrodex @ ¥BPAc 50 m column.

TLC analyses were carried out on silica gel 6§, Bheets from Merck. As spray reagent

cerium ammonium molybdatefBO, was used.

3.2 Enzyme LinB

Enzyme LinB was prepared as reported in literafi8. The enzyme (10 mg/mL) in

phosphate buffer (50 mM, pH 7.5) was lyophilized ased as such in further reactions.
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3.3

General Procedure for Biotransformation

To 20 mLTris-buffer (pH 8.2, 50 mM) in 50 mL Samtd¢ubes was addechc-1,3-
dibromobutane (12 pL, 5 mM). Then, LinB (500 pLnra stock solution containing

1.5 mg/mL, final concentration 37.5 pg/mL) was atided the solution was incubated
with shaking for 120 min at 21 °C and 120 rpm.

The reaction was stopped by saturating the solutitin NaCl and the products were

extracted twice with ethyl acetate (10 mL). Afteparation of the phases, the combined

organic layers were dried over Nagahd transferred into GC-glass-vials.

3.4

Analytical Data

Table 4 Overview of analytical Rdata and retention times

GC-MS

L GC-MS- GC-FID retention GC-FID
compound reteFrEi(:]r]l time method/column time [min] method/column TLC-method/R
H
/V\/\ 5.89 AlA 15.55 B/B Cc/0.10
(R)»butane-l,S-digH
(R-4
(=)H
/\/\O 5.89 AlA 14.93 B/B C/0.10
(S)-butane-1,3-diol H
(9-4
.
/L/\o 6.45 AlA 13.90 B/B C/0.48
(R)-3—bromobutan-l-c:l;l|
(R-2
Er
/\/\O 6.45 AlA 13.55 B/B C/0.48
(S)-3—brom0butaln-l—tg-l|
(9-2
H
/v\/\ 6.22 AlA 13.30 B/B C/0.50
(R)-4-bromobutane-2‘-agl
(R-3
C=)H
AN~ 6.22 AlA 12.72 B/B C/0.50
(3-4-bromobutane-2‘-?gl
(9-3
L\B n.d. AlA 8.40 B/B n.d.
r

1,3-dibromobutane
1

n.d. = not determined.
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Method A: Initial temperature 70 °C, hold for 2 minutesating with
20 °C/min to 240 °C; split: 90:1; flow: 0.5 mLitm inlet
temperature: 250 °C; pressure gas: 3.14 psi.

Column A: HP-5MS; 30 m x 0.25mm, 0.25um film.

Method B: Initial temperature 130 °C, hold for 7 minutbsating with
5 °C/min to 135 °C and hold for 5 minutes; hegtith
5 °C/minutes to 140 °C and hold for 5 minutesating with
10 °C/min to reach finally 170 °C.

Column B: Hydrodex ® B-TBPAc (50 m x 0.125 mm, 0.12 pum film).

TLC method C: petroleum ether / ethyl acetate 2:1.

3.5 GC-FID detector calibration

Due to the different response factors of referencaterials, a calibration with

compounddl, 2, 3 and4 was performed. By theory, the response factoenahtiomers

(R) and ©) are identical. The results are given in figure 7.

GC-FID
detector calibration

300

250 -

200 -
©
< ~ 13,897x
S 150 | y=o
I y =9,4346x y=7,6266x
@ A

0 2 4 6 8 10 12 14 16

concentration [mM]

18

* 2
=3
A4

Fig. 7 GC Calibration curves of compoun®, 3 and4
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3.6 Synthesis

3.6.1 Synthesis of 3-hydroxybutyl 4-methylbenzenekonate (5)

For protecting the primary hydroxyl group hfthe sequences given in scheme 10 were

used.

/%\/\ : : ﬁ Pledlne j\/\
—ClI
OO
(Ryor (-4

O_T

(Ryor (Q) 5

Scheme 10 Synthesis ofQ)-3-hydroxybutyl-4-methylbenzenesulfona{®)-5)] [12]

To a solution of R)-4 respectively $-1 (200 mg, 2.22 mmol) in pyridine (1.5 mL)
cooled on ice (0 °Cp-toluenesulfonyl chloride (472 mg, 2.48 mmol) wasled. After
stirring for 3 hours, the reaction mixture was thhl with water and extracted with
diethyl ether (three times with 10 mL). The orgalsiger was washed with saturated
CuSQ-solution and dried over NaQOAfter solvent evaporation under reduced
pressure, the product was purified by chromatograph silica gel with hexane/ethyl
acetate (2:1) to give a yield of 305 mg (56 %)(l)x-5 and 327 mg (60 %) fo§-5.

(R)-5:

TLC R = 0.60 (petroleum ether / EtOAc) 1:2

GC-MS: RT = 13.8 min, m/z [fragment] 229.0,(H,50,S], 185,0 [GHsOsS], 172.1
[C7H;O3ST, 155.1 [GH;07], 91.1 [GH7]

(S-5:

TLC R = 0.60 (petroleum ether / EtOAc) 1:2

GC-MS: RT = 13.8 min, m/z [fragment] 229.0,(81304S], 185.0 [GHyOsS], 172.1
[C/H;O3ST, 155.1 [GH;07], 91.1 [GH/]
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3.6.2 Synthesis of 4-bromobutane-2-ol (3)

For substituting the tosyl protecting group, agaibtemide, the sequence given in

Scheme 11 was used.

%ﬁ +L|Br?/§\ﬂ

T
®orS-5 (R)or (9) -3

Scheme 11 Synthesis ofR) and §)-4-bromobutane-2-ol ) and §-3)] [13]

To a solution o [305 mg, 1.25 mmolR)-5; 327 mg, 1.34mmolS)-5] in dry DMF
(600 pL) lithium bromide (163 mg, 1.87 mmol) wasded. After stirring at room
temperature for 5 hours the reaction mixture wagetli with a small amount of water
and extracted with diethyl ether (three times with mL). The organic layer was
washed with water and brine, dried over NaSdhd concentrated under reduced
pressure. The product was purified by chromatographsilica gel with hexane/ethyl
acetate (1:1) to give a yield of 74 mg (39 %) 1&)-8 and 82 mg (40 %) foiy-3.

(R)-3:

TLC R = 0.50 (petroleum ether / EtOAc) 2:1

H-NMR: § = 1.27 - 1.25 (d, 3 H] = 6.24 Hz), 1.76 - 1.65 (s, 1 H), 2.05 - 1.95 PH),
3.61 - 3.48 (m, 2 H), 4.03 - 3.99 (m, 1 H)

®C-NMR: 5 = 66.1, 41.5, 30.4, 23.5

GC-MS: RT = 6.22 min, m/z [fragment] 150.9/152.9HEBr]", 137.0/139.0 [gHsBr]’,
106.9/108.9 [@HBr],, 92.3/94.3 [CHBr], 79.0/81.0 [Br] 73.1 [CGH,O], 45.1
[C2H50T,

(9-3:
TLC Rs = 0.50 (petroleum ether / EtOAc) 2:1
H-NMR: 8 = 1.27 - 1.25 (d, 3 H = 6.24 Hz), 1.64 - 1.40 (s, 1 H), 2.02 - 1.71 Pty),
3.61 - 3.48 (M, 2 H), 4.05 - 4.01 (m, 1 H)
¥*C-NMR: § = 66.06, 41.50, 30.40, 23.52
GC-MS: RT = 6.22 min, m/z [fragment] 150.9/152.9H{EBr]", 137.0/139.0 [eHsBr],
106.9/108.9 [@HBr],, 93.0/95.0 [CHBr], 79.0/81.0 [Br] 73.1 [GH,O], 45.1
[CoHsOT,
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3.6.3 Synthesis of 4-(triphenylmethoxy)butan-2-d6)

For protecting the primary hydroxyl group bfthe sequence given in Scheme 12 and

Scheme 14 was used.

O OH
OH

ridine
/\/%\ i / \ c %YMAP‘ O/\/%\
25°C

48h

(Ror(9-1 O (Ror(S-6

Scheme 12 Synthesis ofR) and §)-4-(triphenylmethoxy)butan-2-olR) and §)-6] [14]

HO

A solution of1 (180 mg, 2 mmol) in pyridine (350 uL) was addedrityl chloride (631
mg, 2.2 mmol) in pyridine (1.75 mL). DMAP (6 mg,004 mmol) was added and the
reaction mixture was stirred for 48 hours at ro@mperature. After adding water (5
mL, O °C) the residue was extracted with dichlortrage (three times with 10 mL),
dried over NaS® and purified by chromatography on silica gel withxane/ethyl
acetate (2:1) to give a yield of 614 mg (92 %)(l6 and 570 mg (85%) foiS-6.

(S-6:

TLC R = 0.58 (petroleum ether / EtOAc) 2:1

GC-MS: RT = 18.9 min, m/z [fragment] 332.2,(,40,], 259.1 [GoH150], 255.4
[C17H190]", 243.2 [GoH14], 89.1 [GHYO,]", 77.1 [GHs], 73.1 [GHO],

(R)-6:

TLC R = 0.58 (petroleum ether / EtOAc) 2:1

GC-MS: RT = 18.9 min, m/z [fragment] 332.22j8,40;], 259.1 [GoH150], 255.4
[C17H100,]", 243.2 [GoH14], 89.1 [GHYO,], 77.1 [GHs], 73.1 [GHYO],
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3.6.4 Synthesis of 7

For substituting the alcohol group d§){6 and R)-6 against bromide, the sequence

given in Scheme 13 was used. This reaction stegepds under inversion of

r
O OH [ l /[ ] l
/\A T CHLCl,
—_— O
0 =+ CBry + Oocéﬁsoc

(R) o (96 ‘ (9 or(R-7

Scheme 13 Synthesis ofR) and §)-7 [15]

configuration.

To a cooled solution on ice 6f(570 mg, 1.71 mmolgj-6; 614 mg, 1.85 mmolR)-6)
and carbon tetrabromide (623 mg, 1.08 mmol; 670 2@@2 mmol) in dichloromethane
(750 uL; 800 pL) triphenylphosphine (493 mg, 1.8 ol 535 mg, 2.04 mmol) was
added over 30 minutes. After stirring for 3 hoursam temperature, hexane (10 mL)
was added. The white precipitate was filtered ofl @he remaining solution was
concentrated under reduced pressure. The produecpwaied by chromatography on
silica gel with hexane/ethyl acetate (6:1) to gawgeld of 650 mg (95 %).

(9-7:

TLC Rs = 0.76 (petroleum ether / EtOAC) 6:1

GC-MS: RT = 19.7 min, m/z [fragment] 394.2/396.2,4d»3:BrO], 317.1/319.1
[C17H1eBrOJ’, 259.1 [GoH150]', 243.2 [GoH15], 135.0/137.0 [GHgBI]", 77.1 [GH¢] ,

(R)-7:

TLC Rs = 0.76 (petroleum ether / EtOAC) 6:1

GC-MS: RT = 19.7 min, m/z [fragment] 394.2/396.2,4d»3BrO], 317.1/319.1
[C17H1eBrOJ’, 259.1 [GoH150]', 243.2 [GoH15], 135.0/137.0 [GHgBI]", 77.1 [GH¢] ,
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3.6.5 Synthesis of 3-bromobutan-1-ol (2)

The cleavage of the triphenylmethyl ether was darger mild acidic conditions shown

in Scheme 14 yielding.

O Br Br

/\)\ AcOH, HO /\)\
(0) HO

50°C
3h

‘ (9or(R)-7 (9or(R)-2

Scheme 14 Synthesis of$) and R)-3-bromobutan-1-ol [)-2 or (R)-2]

The protected alcohdl (540 mg, 1.37 mmolg)-7; 650 mg, 1.64 mmolR)-7) was
dissolved in acetic acid (11 mL) at 50 °C with ratig. Water (1.2 mL) was added and
the cloudy solution became clear after stirring3drours at the same temperature. The
product was extracted with hexane/ethyl acetatg, (@iree times with 10 mL) and
purified by chromatography on silica gel with heséathyl acetate (2:1) to give a yield
of 130 mg (62 %) for9-2 and 158 mg (63 %) folRj-2. [4]

(9-2

Rf = 0.48 (petroleum ether / EtOAC) 2:1

'"H-NMR: 6 = 1.77 - 1.75 (d, 3 H] = 6.70 Hz),2.10 - 1.96 (m, 2 H)3.85 - 3.81 (m, 2
H), 4.39 - 4.26 (m, 1 H)7.27 (s, 1 H)

¥C-NMR: 5 = 60.87, 47.99, 43.24, 26.55

GC-MS: RT = 6.45 min, m/z [fragment] 136.0/134.QHieBr]’, 120.9/122.9 [eHsBr]’,
109.0/107.0 [@H4Br]", 78.9/80.9 [Br], 73.1 [GHO], 45.1 [GHs0], 31.1 [CHOT
(R)-2

Rf = 0.48 (petroleum ether / EtOAc) 2:1

'H-NMR: 8 =1.89 - 1.71 (d, 3 H] = 6.70 Hz), 2.0 - 1.93 (m, 2 H), 3.79 - 3.75 (4R
4.30-4.23 (m, 1 H) 7.20 (m, 1 H)

¥C-NMR: § = 66.90, 48.05, 43.21, 26.70

GC-MS: RT = 6.45 min, m/z [fragment] 136.0/134@HsBr]", 120.9/122.9 [eHeBI]’,
109.0/107.0 [@H4Br]", 78.9/80.9 [Br], 73.1 [GHO], 45.1 [GHs0], 31.1 [CHO]
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3.7 Biotransformation

The biotransformation was done with lyophilized yne LinB starting withrac-
dibromide 1. The hydrolysis of the halogen atoms catalysedheydehalogenase can
proceed via to pathways going through intermedi@tesd/or3 yielding the diol4

shown in figure 8.

Br

PN

HO
2
Br OH
/\/%\ lyophilized enzyme LinB _ /\)\
Br Tris-sulfate (pH 8.2, 50mM) HO
21°C, 6h
! 4
OH
Br/\/g\
3

Fig. 8 Biotransformation oft with enzyme LinB

Procedure for Biotransformation

To 1 mL Tris-sulfate-buffer (pH 8.2, 50 mM) in 2 mEppendorf vialsrac-1,3-
dibromobutane (0.6 pL, 5 mM) was added. Then, Lirdn a stock solution (125 pL
of a 1.5 mg/mL stock solution, 187.5 pg/mL finabg@in concentration) was added and
the solution was incubated with shaking for 6 hairgl °C and 120 rpm.

The reaction was stopped by saturating the solwtitim NaCl and adding ethyl acetate
(500 pL). The preparation was mixed and centrifugeaén eppifuge (13000 rpm, 5
min). After second extraction, the combined orgdayers were dried over Nag@nd

transferred into GC-glass-vials.
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3.8 Assignment of absolut configuration by GC

After the synthesis of the reference materialsfraisformation samples were spiked
with (R)-2, (9-2, (R)-3, (9-3, (R)-4 and §)-4 respectively, and analyses of the obtained
GC traces allowed determination of the absolutecentration of all compounds. The
results of these spiking experiments are givemguré 9 to figure 14.

1 FID1 &, Front Signal (HANNESYSFIKE_DIOL.O)
= FID1 A, Front Signal (HANNES\SFIKE_DIOL_R.D)

Norm.

ad — biotransformation

referenceR)-4

12.5 14 14.5 15 15.5 min

Fig. 9 GC-FID spectra, spiking withRj-4
1 FID1 A, Front Signal (HANKESVSPIKE_DIOL_R.D)
—— FID1 A, Front Signal (HANKNESVSPIKE_DIOL_R_S.0)

|

—— biotransformation

referencegj-4

8.5 4

7.5 (5)_4

6.5 o

12.5 14 14.5 15 155 16 min

Fig. 10 GC-FID spectra, spiking the same probe \{8h4
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[ FID1 A, Front Signal (HANNES\SPIKE_30_1.0)

Z— FID1 A, Front Signal (HANNESVSFIKE_30_1FRIMBR_S_2.D)

Morm.
20
E —biotransformation
g
| .
1 4 J| synthesized reference (S)-3
|
|
16 |
| (-3
|
|’|
|
{
12 4 | | %
| a
| f
10 o .I I| || I|
i |
ol H
| | H
‘ x
QI 1ID 1|1 1|2 1|3 1|4 1|5 minf
Fig. 11 GC-FID spectra, spiking witt5}-3
1 FID1 A, Front Signal (HANHMES\SPIKE_G0_2SEC_R_2.00
Z— FID1 A, Front Signal (HAMNES\SPIKE_R_R.D)
Morm.
13 —hiotransformation
" “synthesized referend®){3
1|2 12‘5 1|3 1?:.5 1|4 14{.5 1|5 minf

GC-FID spectra, spiking with_}-3
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1 FID1 &, Front Signal (HANNESYSFIKE_BU_ZSEC_R_2.D)
= FID1 A, Front Signal (HANNESYSPIKE_G0_2.0)

Morm.
g -~ ~biotransformation
12 H @ -
synthesized referend®){2
11 4
10
o
s
.
1|2 12‘.5 1|3 1?:.5 1|4 14{.5 minf
Fig. 13 GC-FID spectra, spiking wit(R)-2
[ FIDT A, Front Signal (HANHESASFIKE_30_1FRIMBR_5_4.0)
Z— FID1 A, Front Signal (HAMNES\SPIKE_B0_2.0)
Morm.
. - - - biotransformation
12 o ;
ll*l —synthesized referenc®-
& 9-2
114 |
i
10
o
s
.
1|2 12‘.5 1|3 1?:5 1|4 14{.5 minf
Fig. 14 GC-FID spectra, spiking wit{s)-2
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Conclusion

It could be shown, that for the assignment of afidoict peaks (excefdf) the chosen
method and GC-column gave clear results. Howeves, geaks of the less polar
dihalides R)-1 and §)-1 could not be separated.

The product peak R= 12.7 min was identified a$¢3, Ry = 13.3 min asR)-3, R =
13.6 min as 9-2, Rr= 13.9 min asR)-2, Ry = 14.9 min asY-4 and the peak atiR
15.5 min asR)-4. The peak with R= 8.0 min could be assigned to the edu§jsl(and
(R)-1 but enantiomers were not separated. In genenakbdmpound2, 3 and4, (S-

enantiomers are eluting first. All results are suamzed in table 4.

3.9. Kinetic Resolution of 1,3-Dibromobutane withH_inB

For getting access to kinetic data, a time study d@ne. Herein samples were taken
after 10, 30, 60, 90 and 120 minutes. Analyticahddhown in figure 15 represent the
amount ofl, 2, 3 and4 at specific time points. Due to the high polaritydiol 4,
leading to incomplete recovery from the agueousehey extraction, its amount could
not be accurately measured, but was calculatetieaslifference of all compounds to
100 %.

In order to compensate for the different GC respoifectors of the reference

compounds, calibration curves were prepared assiofigure 7.

kinetic resolution

4,50

4,00

3,50

3,00 -

ml
m2
=3
- 4-calculated

2,50

2,00 -

amount [mmol]

1,50 4

1,00

0,50

0,00

0 20 40 60 80 100 120 140

time [min]

Fig. 15 Time study of LinB-catalysed hydrolysis i@c-1
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Fig. 16 Ee-values ofS)-2, (9-3 and(S)-4 over time

The ee-values of the intermediat&-2, (S-3 and of product$)-4 are given in figure
16. The ee-value ofy-3, after the first 10 min at high values (>99%), eéms rather
stable over time and persists at modest 80 %. €helkie of the productS-4 could
only be detected after 90 minutes where the cakdilamount was higher than 50 %.
Here it is shown that the ee-value increases flmm20 % to finally low 40%. Due to
the analytical separation problem of the edu§jsl(and R)-1, those values could not

be given in figure 16.

Reaction Rate and Kinetic Coefficient k

The kinetic coefficient k is defined as the chamlfieoncentration over time given in
formula 1. Here, the coefficient k was calculateithwdata from the time study and
represents the velocity of intermediate / prodocimfation of §-2, (R)-2, (9-3, (R)-3
and ©§-4 in the unit of [mMM/min]. The results and k-valuae shown in figure 19 -
figure 22. Herein, for each enantiomer the k-valbetween 0-10 minutes (where
possible), 10-30 minutes, 30-60 minutes, 60-90 temuand 90-120 minutes were
calculated.
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k-values
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Fig. 17 Calculation of k-values fofS)-3
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Fig. 18 Calculation of k-values fo(R)-3
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k-values
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Fig. 19 Calculation of k-values fofS)-2
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Fig. 20 Calculation of k-values fofRR)-2

For a better overview, the k-values §j-@ and R)-2, which have the same eduB)-1,

and the k-values of§-2 and R)-3 which have §-1 as educt were plotted against the

reaction time. This correlation is given in fig@e and figure 22.

As shown in figure 21, the k-values d§){3 and R)-2 are decreasing and staying

positive from the beginning until approximately #inutes. This fact could be

interpreted, taking into account that the higher ¢kduct concentratiomR)-1, the higher

the k-value. Up to this point, the velocity of inteediate formation is higher than the

second dehalogenation step yieldigy4. After ~70 minutes, the k-value increases in

negative direction which means, that the velocitproduct formation to$-4 becomes

the dominant process.
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The k-values of9-2 and R)-3 are showing a different behaviour (figure 22). ¢dthe
k-value of Q-2 is increasing with time and the velocity of intemate formation
reaches its maximum after 90 minutes. At this pdiné k-value of R)-3 is already
negative which means, that the product formatio(R}e4 is already ongoing and faster

than the product formation starting frony-@. The results of all k-values are

summarized in table 5.

k-values
starting with (R)-1 as educt

m (S)-3
= (R)-2

k [mmol/min]
| ]

20 40 60 80 100

[]
120

40

-0,04

-0,06
time [min]

Fig. 21 Calculated k-values fq9)-3 and R)-2 between intermediate time points
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140
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u (S)-2
= (R)-3

Fig. 22 Calculated k-values f(fS)-2 and R)-3 between intermediate time points
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With the e.e. value off-4 and R)-4 as well as the calculated concentratiod,ahe k-
values for the diol could be calculated betweera®0 120 minutes. Those results are

given in figure 25. The velocity of producB{4 formation is much faster than
formation of R)-4 at that particular time.

1,8

calculated k-valcues
for (S)-4and (R)-4

1,6
14

/A

1,2 4

0,8

y =0,0421x - 3,5119

06 1
04 1
02

amount [mmol]

y =0,0187x - 1,4797

= (R-
A (S)-

N

20

40

60

time [min]

80 100

120

140

Fig. 23 Calculated k-values fqi9)-4 and R)-4

Actually, the k-value of$-4 has to be seen as a sum 93 and R)-2 as educts and

the k-value of R)-4 as a sum 0f)-2 and R)-3 as educts.

Table 5 k-Values of all intermediates and products

time k-value k-value k-value k-value k-value k-value
[min] (S)-3 _ (R)-2 _ (S)-2 _ (R)-3 _ (S)-2 _ (R)-4 _
[mmol/min] | [mmol/min] | [mmol/min] | [mmol/min] | [mmol/min] | [mmol/min]
Oto 10 0,0676
10to 30 0,0441 0,0081 0,0149 0,0073
30 to 60 0,0216 0,0026 0,0243 0,0065
60 to 90 -0,0266 -0,001 0,0427 -0,0021
90to 120 -0,0353 -0,0028 -0,0128 -0,0064 0,0421 0,0019

a7




Conclusion

For both intermediate® and 3, the reaction rate of th&)configuration is up to ~5
times higher than that of th&®)¢configuration. The k-values oBf-2 and §-3 are in
same range but the k-value &-Q is a little higher. This conclusion is congrueat t
figure 15. Here, the amount 8fat 60 minutes is nearly twice as much as the amafun
2. This means that up to 60 minutes the formatiol® ¢f faster than the subsequent
reaction to4, thus allowing accumulation & before further conversion. The formation

of 2 has a time offset and up to 90 minutes the fownadif intermediate is faster than
the forward reaction.

||I||§‘3
@
w

R)-1

/\/t / (S)-2 \ OH
Br OH Ho/\/\
(9)-1 \ i R)-4
Br/\/\
R)-3

Scheme 2Relative velocity of individual steps in the datggnation of R)- and §)-1.

Scheme 20 shows the possible reaction routes dmongl to 4. As discussed above,
the k-values are changing over the time but theleoof magnitude can be summarized

in that way. The bigger arrows symbolize fasterteésuand are congruent to the
prediction of figure 8.
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Abbreviations

1,2-DCE
1,2-DCP
AcOH
BP

DDT
DMAP
DMF

ee
EtOAC
FCCH
FID

GC
HCH
MS

m/z

n.d.
NMR

PCB
ppm

rac
Rs
rpm
RT
THF
TLC
TMS
Tris

trityl chloride

1,2-dichloroethane
1,2-dichloropropane

acetic acid

boiling point
dichlordiphenyltrichlorethane
4-(dimethylamino)-pyridine
dimethyl formamide
enantiomeric excess

ethyl acetate
flouro-chloro-hydrocarbon
flame ionization detector
gas chromatography
hexachlorocyclohexane
mass spectrum

mass per charge

not determined

nuclear magnetic resonance

polychlorinated biphenyls
parts per million

racemic

retention factor

rotation per minute

room temperature

tetrahydrofuran

thin layer chromatography
tetramethyl silane
Tris(hydroxymethyl)-aminomethane

Triphenylchloromethane
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Figure 32°C-NMR spectrum ofR)-2
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Figure 39 GC-MS spectrum ofR)-6
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Figure 40 GC-MS spectrum ofR)-7
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Figure 41 GC-MS spectrum ofR)-7
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