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1. Introduction

The widespread use of biocatalysts in organic-fitthesearch
still much depends on their ease of use, the peddity of
substrate acceptance, and to a lesser extent cavéilability of
stereocomplementary enzymes in asymmetric synthé8iereas
industrial chemists have long embraced the polentih
biocatalysis and have created productive overlapt o
biotechnology, biocatalysis and organic synthesifié production
of bulk and fine chemicals, as well as marketedphaeuticals
— scientists working in exploratory research ofténn the option
of enzymatic catalysis for its alleged higher aligffort to reach a
set goal of selectivity, or scale. Stronger innmratand
development is thus needed to bring these powerdtihods closer
together*

We envision two main areas for improvement to fiaté the
broader application of enzymes in organic synthes@alyst
formulation and stability, and development as wels a
demonstration of reliable use for certain reactidime first issue is
critical to the user, but given the inherent comiyeof enzymes
the solutions to this problem are usually more @iate than e.g.
simple exclusion of oxygen and moisture for certametal
catalysts. Tremendous effort is invested on thpgctt® The second
area addresses the organic chemist’s desire torhkeseto predict
selectivity, or more generally, reaction outcomie Reelog’s rulé
for alcohol dehydrogenases or Kazlauskas's®rfie lipases).
Alternatively, clear superiority over other catadysr reagents also
promotes usage (e.g. Merck & Co.’s department séaech and
development has recently restricted their screewhgarbonyl
reduction reactions to enzymes orfly)ith this work we want to
contribute in this way for the class of Baeyer{gir
monooxygenases (BVMOSs).

The first BVMOs were discovered more than 40 yeges they
are so far indisputably the best catalysts for asgtric Baeyer-
Villiger oxidations (BVOXx)'*>*? Many enzymes of this class have
been characterized in great detail from both biotbal and
synthetic perspectives, resulting in knowledge aftiple hundred
accepted substrat&sStill, most synthetic studies focused on a
holistic description of an enzyme’s substrate peofising model
compounds, or showed the performance of partidi&vOs in
the synthesis of certain molecules of interest.s Tbontinued
attention and the emergence of such publicationkiaky
illustrates the lack of a general rule for reatjiand selectivity.

This study aims to establish BVMOs as excellenglgats for
the synthesis of nitrile-containing lactones asatiuilding blocks
derived from their respective nitriloketones. Thestarting
materials are themselves easily accessible fromapchieulk
chemicals. The combination of three functional g@®ou
(carboxylate, secondary alcohol and nitrile) wittoisgly distinct
reactivity patterns provides a plethora of possielactions. Our
investigations were based on the discovery of #usvity by
Alphand and co-workers on two cyclohexanone sulestfaiVe
expanded the scope to cyclopentanones, —heptanameés—
octanones, identified general trends and indepdiyden
corroborated the assignment of absolute configamasll in order
to facilitate the planning of synthetic strategissing the products
described herein.
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2. Results and Discussion

We synthesized eight racemic ketone substragesBa via
Stork enamine reactionsS¢heme )'° First, the respective
unsubstituted cycloketones were condensed with pgimel as
benzene or toluene solutions in a Dean-Stark trgarapus. We
used the resulting enamines without further puriftca for
alkylation with chloroacetonitrile (for compounds, 3a, 5a and
7a) or for Michael addition to acrylonitrile (for cquounds2a,

E>200). CDMO performed sluggishly, and CPDMO gavelltss
similar to the CHMO-group’s. In total, we detectedtthdhe
remaining ketone enantiomer (3-and the normal lactone (-)-
1b with excellent optical purity, but its regioisonmibr only with
poor optical enrichment.

In strong contrast to the above results, all CHM@es/except
CHMOgryi 1 plus CDMO and CPDMO converted the
enantiomers of cyclohexanoneg8a with almost perfect

4a, 6a and 8a). All reactions and subsequent purifications stereospecificity to the regioisomess and 3c (Figure 1b), as

proceeded smoothly; the conjugate additions gedyegave
higher yields (up to 88% after vacuum distillati@eioneda).

In preparation for the biocatalyst screening readt all

suggested by the initial finding using CHMQs,"* The CPMO-
types had negligible activity, and CHMQ}; 1 produced only8b.
Interestingly, in addition to the high specificitye observed a
pronounced difference in rate constants for theoret

expected lactone products were synthesized by BVORQUSI anantiomers. Thus at first one enantiomer was retally

meta-chloroperbenzoic acid (mCPBA) for
characterization and GC method development (datasmown).
We selected 14 BVMOs for the evaluation: three linestone-
converting enzymes (phenylacetone monooxygenase, ®AM
from Thermobifida fusca p-hydroxyacetophenone MO,
HAPMO, fromPseudomonas fluorescerssteroid MO, STMO,
from Rhodococcus rhodochrouand 11 cycloketone-converting
enzymes, which are further sub-grouped in severohgsianone
MO-type (CHMOs from Acinetobacter calcoaceticus
Arthrobacter sp. BP2, Brachymonas petroleovorans
Brevibacterium epidermjR. ruber Xanthobactesp. ZL5), two
cyclopentanone MO-type (CPMO froBomamonasp. NCIMB
9872 and CHMO fromB. epidermi} and two large ring-
converting BVMOs (cyclododecanone MO, CDMO, frof
ruber and aPseudomonadyclopentadecanone MO, CPDMO).
The Supplementary Data contains detailed informataor
references. All enzymes were tested as heterologooteehl|
over-expression systems iBscherichia coli BL21(DE3) or
TOP10, which harbored standard vectors with a T7 ptonfor
expression control (except PAMO, HAPMO, STM@nd

CPDMO: ara regulon). The reactions were carried out in multi-

well plates with 1 mL initial volume for up to 24 $tarting in the
early exponential growth phase of the bacteria. $ssnpere
withdrawn after 4, 8 and 24 h, extracted with EtOAc, an
analyzed the extracts on chiral-phase GC-FID. Adaditio
reactions containing acetophenone (PAMO),
hydroxyacetophenone (HAPMO), 3-benzylcyclobutanon
(STMO) and rac-bicyclo[3.2.0]hept-2-en-6-one (all other
BVMOs) were performed and analyzed as positive contial
enzyme activity (data not shown).

2.1.Results from screening reactions on analytical scale

Already with the first substrate, cyclopentandree we found
a strongly different trend than expected from thewn results'
with CHMO,inetro @nd the higher homolog ketoBa (1:1 ratio of
regioisomers). All active enzymes preferentiallyatged the
formation of the levorotatory normal lactone {){Figure 1a);
even at full conversion of the starting material, ardy found
<20% of abnormal lacton8c in any of the reactions. CHMO-
type BVMOs were moderately enantioselective, with daes
ranging from 50-90% (selectivity factor E up to .3Bxcellent
selectivity was achieved with CPMO-types (up to >9@%

P"trifluoroperacetic

analytical gepleted, before the remaining one was convertea vitiferent

transition state mechanism (stereoelectronic cnftd’ This
was a peculiar finding from a kinetic and structaspect.

Cycloheptanonéa was the first substrate in this library to
illustrate the known limitations in ring size for wtituted
cycloketones in BVMO-catalyzed reactionBigure 2a).'**"*°
Only six enzymes could accommodate this ring inrtlaetive
site, and in all these biotransformations we onljecked the
formation of normal lactonebb. The large-ring converting
BVMOs CDMO'?° and CPDMQ"**** were already previously
described as not proficient at oxidizing bulky ardéubstituted
medium to large ring ketones. Neither did CPMO-types
measurably oxidizéa. Mainly CHMO-type enzymes were active
in kinetic resolution of this substrate with moderatlectivity.
We measured the best result using CHME -(E = 11 at 39%
relative conversion). In general, the reaction ra#s also much
lower than for the smaller ring sizes we tested leeféds we
expected after these findings, we could not detagt @moduct
formation with both cyclooctanone derivatésand8a with any
of the 15 tested BVMOs.

All active wild-type BVMOs in our test set convertedeth
hree remaining substrat@s, 4a and6a to the respective normal
actones, exclusively, in kinetic resolution rean8. It was
reported that stoichiometric reagents as mCPBA
acid favored the nucleophiliedsiven
earrangement, but also produced substantial ammoahtthe
abnormal product froma (6—20%)™* We could corroborate this
trend with ketone&a and6a qualitatively during the synthesis of
racemic reference samples (unquantified reactiatsa not
shown). We further hypothesized that the virtuallys@ute
regioselectivity of BVMOs with these substrates wasmmted
by the lower inductive effect of the nitrile groum dhe a-
carbonyl carbon atom over threebonds in ketone&a, 4a and
6avs. twoo-bonds inla, 3a. Cycloheptanon&a was too poor a
substrate to possibly be taken into considerationhiis trend.

or

All cycloketone-converting enzymes accepted cycltgeone
2a as a substratd-igure 2b) and producedR)-2b exclusively.
We measured comparable reaction rates througheutatalysts
(40-50% conversion after 4 h), except for CDMO (0880
after 24 h). CPMO-types, CPDMO and CDMO could not



discriminate between ketone enantiomers, but most OHijypes

showed excellent enantioselectivity. CHME) 1 scored the best
and preparatively highly useful result (E>200 a¥@E = 79 at

38% conversion).
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Again, all cycloketone-converting catalysts effidign
oxidized cyclohexanonda to normal lactonetb (Figure 20).
CHMO-types and CDMO catalyzed the formation Rf-4b with
excellent selectivity (E>200), whereas the CPMO-sypbhowed
poor, but enantiodivergent selectivity. CPDMO hadapparent
preference for the ketone enantiomers over theseoof the
reaction. We observed a similar reactivity and ctelity pattern
for cycloheptanonesa. CHMO-types save CHMgL., 1 were
active and highly selective for the formation of)-6b, and
CPDMO produced racemi€b. In this case, we could not
measure any activity with CPMO-types and CDMO.

0 CPMO 0o
F156L o 0
~~CN - +
@ (9)]""\—CN ) CN
4a (+)-(5-4b ()-(R)-4c
Scheme 2Formation of abnormal lactorde using variant F156L of
CPMQeoma

Inspired by results from a concurrent BVMO projectye
found a surprising new activity when screening aalipr of
CPMO variant&"* with ketoneda. Not only did stereoselectivity
improve (although not better than CHME) -, but the F156L
variant also preferentially produced the abnorraatdne (—}c
(approx. ratio 3:4b/4c; Scheme 2 unfortunately with mediocre
enantioselectivity (45% ee). A double mutant, F158157L,
performed with better selectivity (75% ee, #hb/4¢), but at a
very low rate (see Supplementary Data). This cobectof
mutants had already previously been generated Wwehatim of
improving the selectivity and/or of extending thebstrate
acceptability of wild-type CPM3 2 Four active site positions
were varied (F156, G157, G449, F450), to modulatelaai
space and hydrogen bonding properties specificalithout
randomization, including four double mutants. Thessults
strongly suggest that migratory preference can ghainastically
with rather small perturbations in catalyst struefumly recently

o) OH OH
NaBHy — m SR
" \~CN THF 78 \—~CN Q}s)\/CN
()-2a 152R-2d 15252d

Scheme 3Reduction of the enantiomerically enriched ketef)e2a to
the previously characterizédins-configured alcohol $2R-2d.

This goal was achieved by reducing enantioenrichgefd,
obtained by kinetic resolution using CHMQ;, to the
corresponding diastereomeric cyclopentanols usimgliusn
borohydride, and subsequent separation of theedémners by
careful column chromatography. Despite the massoss lin
chiral information due to the strongly basic reacticonditions
(ee, = 88%, eg<30%), we were able to measure the sign of
optical rotation of thetransisomer. By comparison to the
published value for this compoufidve safely assigned th®-
configuration to (—2a, as the main topic of the cited study was
the assignment of absolute configurations to morod
polycyclic lactones similar to our compounds. Owteipendent
pathway thus corroborated the previous assignmedtfalowed
the general trend in BVMO-catalyzed oxidations afubstituted
cycloketones: the preferential oxidationfoketones?’

2.3.Exemplary preparative biotransformations

We performed preparative biotransformations withssuatbes
la—6a to confirm the results we obtained in the screening
reactions, and to demonstrate the usefulness ahéikod in the
synthesis of chiral nitrilolactone building blocksulti-100 mg
scale). The reactions were linearly scaled up floenlt mL scale
in standard shake flasks and without pH control. \Atdaied
most products in high to excellent optical purignd with
reasonably good yields for kinetic resolution reat (Table 1).

Table 1. Summary of preparative biotransformation results.

a similar effect was demonstrated on another BVMO in a

mutagenesis study addressing regioselectiVity.

In summary, we found that CHMO-type BVMOs performtbes
with  nitriloketones. As often, CPMO-types acted as
complementary catalysts, either in terms of agtigit selectivity.
The large ring-converting BVMOs CPDMO and CDMO were
not particularly useful in this substrate classisTieature was
surprising, given the otherwise wide applicability @MO.*
The linear ketone-converting BVMOs in our test sanhptetely
failed to accept any of the substrates with a sirgeeption:
HAPMO converted keton2a enantiodivergently to (+2b, but
with poor selectivity (E<10; see Supplementary Data).

2.2.Corroboration of the assignment of absolute configion

In their initial publicatioh® Berezina et al. assigned the
absolute configuration of (+a by comparison of the sign of

Entry Ketone Enzyme Product 1 Product 2
. (-)-1la (-)-1b
la CHMOsrei1 4605 580 e 41%, 97% ee
> a4 CHMOwn (922 (R
0.3 g scale 40%, 98% ee 31%, >99% ee
3 CHMOgevi 1 (=)-(9-2a (=)-R)-2b
1.2 g scale 47%, 88% ee 33%, 97% ee
(-)-3b (-)-3¢
4 3a CHMOsachy 1995 >0006 e 34%, >99% ee
(+)-(9-4a ()-R)-4b
5 4a CHMOamo 3804 9796 ee  39%, 98% ee
(+)-(5-4b (-)-4c
6 CPMQr1se 18%, 96% ee  47%, 59% ee
(-)5a (+)-5b
7 Sa CHMOenodo2 4194 6806 ee  10%, 66% ee
8 6a CHMOxantno (-)-6a (-)-6b

43%, 99% 42%, 95%

optical rotation to a published valu®. The authors of the cited
reference had based their assignment on the raattzhanism
of the alkylation of cyclohexanone&R)prolinol enamine with
acrylonitrile. This assignment was unfortunately erexross-
validated or confirmed using unambiguous methods, gngle-
crystal XRD. We opted to obtain a second referendet par the
assignment of absolute configuration in this seme®rder to
provide higher fidelity in stereochemical planniddgter all, this
method should serve as a means to generate chiitalinig
blocks for more elaborate synthetic targets.

@ The reaction was performed in a small bench-topeictor with pH and
aeration control.

We observed substantial racemization of the enauetically
enriched cyclopentanones and —hexanones upon qatidin on
regular silica, but not of the cycloheptanones Brperimental
Section). We did not further investigate or optienithis issue,
but are convinced that other more neutral chromafdgc
stationary phases would alleviate the problem.

We performed the transformations of ketd@eon different
scales and reaction vesselalfle 1, entries 2 and 3), and found
that the controlled environment of a bioreactor riowed the
results only slightly in yield. In any case, it wesnvenient and
easy to quench the reaction after such time th#t ktarting



material and product could be isolated in highlgrio-enriched
form (Figure 3).
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Figure 3. Time course of preparative kinetic resolutionsy&lees were
deteremined by chiral-phase GC; conversion valuee walculated from ee
data according to Sih’s equatiofidlop: ketone2a using CHMQG ey 1.
Bottom: ketoneta using CHMQ\hyro.

3. Conclusion

In this work we demonstrated the potential of BVMOsha
synthesis of chiral nitrilolactones. The respectigtarting
materials were easily accessible from cheap stariagerials
(cycloketones, pyrrolidine, chloroacetonitrile ocryonitrile).
We identified suitable biocatalysts to generate B-,and 8-
membered lactones with excellent optical purity godd yields
on the sub-gram to gram-scale. In total, CHMO-typéVi®s
performed best, with CPMO-types serving as a usefténsion
for different selectivity. Large ring-converting@itinear ketone-
converting BVMOs were found unsuitable for this sudistr
class. In most cases, the nucleophilicity-govereneormal
lactones were formed with high selectivity. We albserved and
interpreted cases which deviated from this trend. WWe
convinced that the extensive analytical screenggrtion data
and the exemplary preparative biotransformationspvesented
are sufficient to make use of this method for tythsesis of such
chiral building blocks. Their lactone and nitrileoieties should
provide ample opportunity for various synthetiastgies.

4. Experimental

4.1.General — Chemistry

Unless noted otherwise, all reagents were purchased fr
commercial suppliers and used without further peaiion.
Anhydrous dioxane, THF and toluene was obatainedasgipg
the pre-distilled solvents over A; columns (PURESOLYV,
Innovative Technology). Chromatography solvents veisélled
prior to use. Column chromatography was performed @&iichi
Sepacore Flash System using silica gel from Med€kg3 um)
using the indicated solvent mixtur®MR spectra were recorded
from CDCL solutions on a Bruker AC 200 (200 MHH
resonance) spectrometer and chemical shifts amtezpbin ppm
relative to tetramethylsilane.Reaction progress of non-
biocatalytic reactions was determined using GC-MS(Etermo
Finnigan Focus GC / DSQ I, capillary column BGB5 (3@m
0.32 mm ID). Enzyme screening data and enantionesidess of
products was determined via GC-FID using a BGB175n(30
0.25 mm ID, 0.25 pm film) or BGB173 (30 m x 0.25 mBy, |
0.25 pm film) column on a ThermoQuest Trace GC 20t a
ThermoFocus GC. Specific rotation was measured oAraon
Paar MCP500 polarimeter at the specified conditioHigh

7
resolution mass spectrometry was performed on anider
Scientific LTQ Orbitrap XL hybrid FT-MS, equipped Wwita
Thermo Fischer Exactive Plus Orbitrap (LC-ESI+) amd
Shimadzu IT-TOF Mass Spectrometer.

4.2.General — Cultivation of E. coli

Bacterial cultures were incubated in baffled Erlependlasks
in orbital shakers (InforsHT Multitron 2 Standard)290 rpm.
All materials and biotransformation media were sted by
autoclaving at 121 °C for 20 min. Various aqueousclst
solutions were sterilized by filtration through 0.p0n syringe
filters. Agar plates were prepared with LB medium @Q*
bacto-peptone, 5 g'lyeast extract, 10 g1NaCl) supplemented
by 1.5% w/v Agar Agar.

4.3.General procedure for the alkylation of cycloketouiesthe
corresponding pyrrolidine enamines

Following the procedures of Stofk,the cycloketone and
pyrrolidine (1.1 equiv.) were dissolved in benzemetauene
(300 mL mol" ketone; toluene for n>1) and refluxed for 5-10 h
(cyclopentanone and —hexanone) or 24-48 h (cyctahepe and
—octanone). Excess pyrrolidine and solvent were vechainder
reduced pressure and the yellow to brown oily residues
directly used for further reactions. For mediunesdizrings a
small amount op-toluenesulfonic acid was added (n>1).

Next, the enamine (typically 5-20 g) was dissolved in
anhydrous dioxane (400 mL midlunder an argon atmosphere.
Then the electrophile (1.5 equiv.; chloroacetolaitrifor
compoundsl, 3, 5 and7, or acrylonitrile for compoundg, 4, 6
and8) was added in one shot using a syringe. Occasiomatiye
electrophile was added in case of stagnant reacfidres mixture
was refluxed for 10-48 h until complete conversidn tloe
enamine could be detected by GC-MS. Subsequentlyerwat
(200 mL mot') was added and the biphasic mixture was heated
to reflux for 30—60 min. Dioxane was then removedrbtary
evaporation and the residue was partitioned betwe®AE
(2 mL mmol*) and 2N HCI (0.5 mL mm&). The aqueous phase
was extracted with EtOAc (4 x same volume as beford)the
pooled extracts were dried over sodium sulfate amtentrated
under reduced pressure. Purification of the browremnils was
performed on MPLC or via distillation.

4.4.2-(2-Oxocyclopentyl)acetonitriléa

Following the general procedure in section 4.3 with
cyclopentanone pyrrolidine enamine (9.0 g, 66 mmaid
chloroacetonitrile and purification via chromatggng
(LP/EtOAC 4:1) yielded the title ketone as a yelloiv (@.1 g,
14%). The spectral data was in agreement with previou
literature®* 'H-NMR: & 1.61-1.89 (m, 2H), 2.00-2.20 (m, 2H),
2.27-2.47 (m, 4H), 2.59-2.72 (m, 1HJC-NMR: 5 17.1 (t), 20.1
(t), 28.8 (t), 37.0 (t), 45.3 (d), 118.0 (s), 2162

4.5, 3-(2-Oxocyclopentyl)propanenitriza

Following the general procedure in section 4.3 with
cyclopentanone pyrrolidine enamine (7.5 g, 55 mmaifd
acrylonitrile and purification via vacuum distillah yielded the
title ketone as a pale yellow oil (4.1 g, 54%). b23-124 °C at
5 mbar."H-NMR: 51.37-1.84 (m, 3H), 1.87-2.37 (m, 6H), 2.47
(dt, 2H,J, = 3.6 Hz,J, = 7.2 Hz)."*C-NMR: 5 15.4 (t), 20.4 (t),
25.5 (1), 29.3 (1), 37.7 (t), 47.5 (d), 119.4 &)9.4 (s).

4.6. 2-(2-Oxocyclohexyl)acetonitrilga

Following the general procedure in section 4.3 with
cyclohexanone pyrrolidine enamine (15.1 g, 100 mnaoid
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chloroacetonitrile and  purification via chromatgang = under the same conditions until an optical densfty).2—0.6
(LP/EtOAC 4:1) yielded the title ketone as a darkoye oil (4.7  was reached. Inducing agent (see Supplementary RQathj-
g, 34%). The spectral data was in agreement withiguev cyclodextrin (1 equiv.) were added, the mixture wasrdughly
literature® 'H-NMR: 5 1.36-2.72 (m, 11H)"*C-NMR: 5317.9 (),  mixed and split in 1.0 mL aliquots into 24-well @at Substrates
24.9 (1), 27.6 (1), 33.4 (), 41.6 (t), 46.8 (dL816 (s), 208.8 (S). were added as 0.8 M solutions in dioxane to a fioakcentration
of 4 mM. The plates were sealed with adhesive filnd an
4.7. 3-(2-Oxocyclohexyl)propanenitrika incubated at the appropriate temperature (see Sungpitary
Following the general procedure in section 4.3 withData) in an orbital sh_aker forup to 24 h._AnaNt'mnmpI_es were
cyclohexanone pyrrolidine enamine (454 g, 3 mol)d an pr_epared by extraction of 0.5 mL of_ biotransformaticulture
acrylonitrile and purification via vacuum distilian yielded the ~ With 1.0 mL EtOAc (supplemented with 1 mM methyl bemieo
title ketone as a colorless liquid (400 g, 88%).h144-146 °C at 85 internal standard) _after centrifugal separatiénthe cells
10 mbar. The spectral data was in agreement withiquev (@PProx. 15 kRCF, 1 min, rt).
literature®® 'H-NMR: 51.16-2.12 (m, 8H), 2.18-2.49 (m, 5H). o -
B3C-NMR: §15.0 (t), 25.0 (t), 25.5 (t), 27.8 (t), 34.1 (tR.2 (1), 4.13.General procedure for preparative biotransformatiams

48.7 (d), 119.7 (s), 211.7 (s). shake flasks
LB growth medium was inoculated, induced, and charged
4.8. 2-(2-Oxocycloheptyl)acetonitriléa with additives as described in section 4.12. Thestsate was

Following the general procedure in section 4.3 withthen added directly to the shake flask as appr@ Iw/v)

cycloheptanone pyrrolidine enamine (4.56 g, 28 mmaid solution i_n dioxane. _Incubation_ at the approprit&mpera_ture
chloroacetonitrile and  purification via chromatqung ~ WaS caried out until the desired degree of conearsias
(LP/EtOAC 5:1) yielded the title ketone as a yelloiv(@.28 g, determ|ned via GC control._ The anueous solution we t
31%). The spectral data was in agreement with previoucentifuged (17 kRCF, 15 min, 4 °C) and the supmiawas
literature®**> *H-NMR: & 1.23-2.03 (m, 8H), 2.34-2.70 (m, 3H), extracted with EtOAc (_5x equal vqlume). The pooledanrg
2.87-3.00 (M, 1H)*C-NMR: & = 19.7 (t), 23.6 (1), 28.9 (1), 29.2 layers were washed with brine, dried over sodium sulénd

(t), 30.7 (1), 43.1 (), 48.1 (d), 119.0 (s), 21(sh concentrated. The crude compounds were purified by
o e T ' chromatography on silica using LP/EtOAc mixtures.

4.9. 3-(2-Oxocycloheptyl)propanenitrilga

Following the general procedure in section 4.3 with
cycloheptanone pyrrolidine enamine (13.6 g, 82 mMnwid

acrylonitrile and purification via chromatographiP{(EtOAc ) . . :
10:1) yielded the title ketone as a pale yellow(6iE g, 40%). 10.5 h reaction time and subsequent purificatioR/E0 1:3),

The spectral data was in agreement with previousilee® 'H-  the title compound was obtained as a yellow oil (46 #5%).
NMR: 31.17-2.12 (m, 10H), 2.21-2.58 (m, 4H), 2.64-2.78 (mNMR data: seela ee (GC) = 58%uwp™ = ~115.4 ¢ 0.54,
1H). BC-NMR: 8 15.2 (t, C-2), 23.7 (1), 27.5 (t), 28.8 (t), 29t ( CHCh)-

31.6 (1), 43.4 (t), 49.9 (d), 119.6 (s), 214.3 (s).

4.14.(-)-2-(2-Oxocyclopentyl)acetonitrile (4a

Following the general procedure in section 4.13 wéditemic
ketonela (100 mg, 812 umol, 4 mM) and CHMRQ, ; after

4.15.(-)-2-(6-oxotetrahydro-2H-pyran-2-yl)acetonitrile)¢1b
4.10. 2-(2-Oxocyclooctyl)acetonitriléa Following the general procedure in section 4.13 wdttemic
hketonela (100 mg, 812 pmol, 4 mM) and CHMR) ,, after
cyclooctanone pyrrolidine enamine (4.22 g, 24 mmahd 10.5.h reaction time and supsequent purificatioﬁ/lﬂ:cgo 1:3),
chloroacetonitrile  and purification via chromatggng Ehe title compound was obtained as a yellow oil (48 AL%).
(LP/EtOAc 10:1) yielded the title ketone as a paddioy oil ~ H-NMR: 6 1.58-2.13 (m, 4H), 2.35-2.79 (m, 4H), 4.46-4.62

13, .
(2.05 g, 53%). The spectral data was in agreemehtpvévious (m, 1H). "C-NMR: 3 18.2 (1), 24.6 (t)’2527'0 (1), 29.1 (1), 74.8 (d),
literature® *H-NMR: 3 2.57-3.10 (m, 2H, CHCN), 1.35-2.5 (m, 115.9 (S), 169.9 (s). ee (GC) = 978%™ = -4.0 £ 0.70, CHCJ).

29.6 (), 40.5 (t), 44.7 (d), 117.3 (s), 213.8 (3). 1.54 ppm.

Following the general procedure in section 4.3 wit

4.16.(-)-(S)-3-(2-Oxocyclopentyl)propionitrile (=)-(3
Following the general procedure in section 4.13 wéditemic
ketone2a (300 mg, 2.19 mmol, 4 mM) and CHMR, ,, after
10.5 h reaction time and subsequent purificatid/BtOAc 2:1),
10:1) yielded the title ketone as a pale yellow(aiD g, 25%). (he title compound was obtained as a colorless Il (mg,
The spectral data was in agreement with previousfitee® *H- ~ 40%)- NMR data: sea ee (GC) = 98% before purification,

e H 25 _
NMR: §1.00-2.53 (m, 16H), 2.72-2.86 (m, 1HYC-NMR: 85% afterpurificationap™=—100.8 ¢ 2.42, CHCY).
515.4 (1), 24.6 (1), 24.9 (1), 25.0 (1), 27.2 (1.2 (1), 32.9 (1),

4.11. 3-(2-Oxocyclooctyl)propanenitril8a

Following the general procedure in section 4.3 with
cyclooctanone pyrrolidine enamine (16.0 g, 89 mmafd
acrylonitrile and purification via chromatographiP{(EtOAc

42.9 (t), 48.3 (d), 119.4 (s), 218.4 (s). ;1.(}?7).(Z—b)-(R)-S-(G-Oxotetrahydro-2H-pyran-2-yl)propionItri(—
4.12.General procedure for substrate acceptance and Following the general procedure in section 4.13 wéitemic
biocatalyst performance screening on analytical scal ketone2a (300 mg, 2.19 umol, 4 mM) and CHMQ, , after

10.5 h reaction time and subsequent purificatid/BtOAc 1:1),
the title compound was obtained as a yellow oil (f@} 31%).
'H-NMR: 3 1.40-1.66 (m, 1H), 1.71-2.01 (m, 5H), 2.32-2.66
(m, 4H), 4.27-4.43 (m, 1H}’C-NMR: 3 13.2 (1), 18.3 (1), 27.5
(1), 29.2 (t), 31.4 (1), 77.9 (d), 119.0 (s), 17{s) ee (GC) >99%
before and after purification,® = -132.9 € 0.38, CHCJ). ESI-

A baffled Erlenmeyer flask was charged with LB medium
with appropriate antibiotics supplement (10 mL),dulated with
a bacterial single colony from an Agar plate andibated at 37
°C in an orbital shaker o/n. The biotransformatimedium,
supplemented with appropriate antibiotics, was therciilated
with 2% v/v of the preculture and incubated for apprl-2 h



FT-MS: m/z [M+HJ calc. 154.08626, found 154.086Q41.59
ppm.

4.18.3-(2-Hydroxycyclopropyl)propanenitriles 1R,28-and
1S,252d

9

4.22.(-)-(R)-3-(7-Oxooxepan-2-yl)propionitrile (-)-(Rk
Following the general procedure in section 4.13 wédttemic
ketone4a (300 mg, 1.98 mmol, 4 mM) and CHM@:., after 5 h
reaction time and subsequent purification (LP/EtGAtL), the
titte compound was obtained as a yellow oil (131 88$0). The

NaBH, (248 mg, 6.56 mmol, 5 equiv.) was suspended irspectral data was in agreement with previous litezdfu'H-

anhydrous THF (20 mL) under an argon atmospheren T
solution of ketone—)-2a in THF (10 mL) was added at 0-5 °C.
The mixture was stirred at this temperature for 2bht no
conversion of starting material was detected. Thalicg bath
was removed and stirring was continued for 2 d. MdaiH,
was added (5 equiv.) and stirring was continued {24ter 3 d
total reaction time 50% conversion was reached. Asrott0
equiv. NaBH and THF (20 mL) were added and stirring was
continued at rt. After 4 d the reaction mixture wasined on 2N
HCI (150 mL) and extracted with 8 (3 x 100 mL). The pooled
extracts were dried over sodium sulfate and conat@runder
reduced pressure. Careful column chromatographyg(5@ica,
LP/EtO 1:2) separated both diastereomers as colorlessTdie
spectral data of theansisomer was in agreement with previous
literature®® 1R,2S-2d (48 mg, 26%):'H-NMR: & 1.07-1.25 (m,
1H), 1.45-2.02 (m, 9H), 2.39-2.47 (m, 2H), 3.80 (g, 14,6.1
Hz). ®*C-NMR & 16.1 (t), 21.5 (t), 29.6 (t, 2C), 34.9 (t), 47dJ,(
78.9 (d), 120.1 (spp”® = —4.0 € 0.96, CHCJ); Lit.: ap>> = —38.9
(c 7.5, CHC}).? d.r. (GC) = 2:9&is/trans ee (GC) = 34% ee.
1S2S-2d (15 mg, 8%):'H-NMR: & 1.15-2.04 (m, 10H), 2.31—
2.56 (m, 2H), 4.21 (br s, 1H’C-NMR: 5 16.3 (t), 21.8 (t), 25.2
(t), 28.6 (1), 35.6 (), 44.4 (d), 73.9 (d), 12@s3. ap™° = +4.9 €
0.1, CHC}). d.r. (GC) = >99:kig/trans ee (GC) = approx. 13%
(no baseline separation).

4.19.(-)-2-(7-Oxooxepan-2-yl)acetonitrile (3

Following the general procedure in section 4.13 wéditemic
ketone3a (300 mg, 2.19 mmol, 4 mM) and CHMR,, after 4 h
reaction time and subsequent purification (LP/EtCAt), the
titte compound was obtained as a colorless oil (64 18%). The
spectral data was in agreement with previous liteedfu'H-
NMR: & 1.38-1.82 (m, 3H), 1.88-2.13 (m, 3H), 2.50-2.83 (m,
4H), 4.48-4.59 (m, 1H)*C-NMR: & 22.5 (t), 25.2 (t), 27.8 (t),
33.9 (t), 34.7 (1), 74.9 (d), 116.4 (s), 173.7 &9. (GC) >99%.
ap?® = —22.6 ¢ 1.28, CHCY).

4.20.(-)-2-(2-oxooxepan-3-yl)acetonitrile (3

Following the general procedure in section 4.13 wéditemic
ketone3a (300 mg, 2.19 mmol, 4 mM) and CHMR,, after 4 h
reaction time and subsequent purification (LP/EtGIAt), the
titte compound was obtained as a colorless soli& (b, 34%).
The spectral data was in agreement with previoustiiee™* 'H-
NMR: & 1.44-1.80 (m, 3H), 1.82-2.11 (m, 3H), 2.49 (dd, dH,
=16.8 Hz,J, = 7.4 Hz), 2.67 (dd, 1H], = 16.9 Hz,J, = 5.8 Hz),
2.92-3.07 (m, 1H), 4.14-4.37 (m, 2HC-NMR: 3 21.0 (t), 27.7
(), 28.4 (1), 29.1 (t), 39.9 (d), 68.9 (t), 1189, 174.6 (s). ee
(GC) >99%.0p> = —27.0 ¢ 2.30, CHCJ).

4.21.(+)-(S)-3-(2-Oxocyclohexyl)propionitrile (+)-(S)a

Following the general procedure in section 4.13 wédttemic
ketone4a (300 mg, 1.98 mmol, 4 mM) and CHM@., after 5 h
reaction time and subsequent purification (LP/EtCAt), the
titte compound was obtained as a pale yellow oil (A3 38%).
NMR data: seda. ee (GC) = 97% before purification, 80% after
purification.ap?® = +24.6 ¢ 2.26, CHCJ).

NMR: & 1.38-1.68 (m, 3H), 1.74-2.02 (m, 5H), 2.43-2.59 (m,
4H), 4.25-4.35 (m, 1H):°*C-NMR: & 13.4 (t), 22.6 (t), 27.8 (1),
31.7 (t), 34.2 (t), 34.6 (t), 77.5 (d), 119.0 (5}4.8 (s). ee (GC) =
98%.0p> = —100.5 ¢ 2.62, CHC)).

4.23.(#H-(S)-3-(7-Oxooxepan-2-yl)propionitrile (+)-(3p
Following the general procedure in section 4.13 wédttemic
ketoneda (265 mg, 1.75 mmol, 7 mM) and CPMQ\.Fise after
22 h reaction time and subsequent purification Etf® 3:1), the
titte compound was obtained as a colorless solidn(§2 18%).
m.p.: 48-54 °C. ee (GC) = 96%> = +56.5 ¢ 1.04, CHCJ).

4.24.(-)-3-(2-Oxooxepan-3-yl)propanenitrile (4§

Following the general procedure in section 4.13 wéditemic
ketoneda (265 mg, 1.75 mmol, 7 mM) and CPMQ\.Fise after
22 h reaction time and subsequent purification Etf@ 3:1), the
titte compound was obtained as a colorless soli® (b8, 47%).
m.p.: 62-66 °C'H-NMR & 1.46-1.80 (m, 5H), 1.83-2.03 (m,
2H), 2.04-2.22 (m, 1H), 2.48 (dd, 2B},= 7.6 Hz,J, = 6.4 Hz),
2.63-2.85 (m, 1H), 4.17-4.34 (m, 2HJC-NMR 3 15.1 (t), 27.9
(), 28.5 (1), 28.7 (t), 30.1 (t), 41.3 (d), 681, (119.4 (s), 176.0
(s). ee (GC) = 59%ap™® = —9.3 ¢ 1.39, CHCJ). ESI-FT-MS:
m/z [M+H]" calc. 168.10245, found 168.10¥83.89 ppm.

4.25. (-)-2-(2-Oxocycloheptyl)acetonitrile (Bg

Following the general procedure in section 4.13 wédttemic
ketoneb5a (100 mg, 661 pmol, 4 mM) and CHMQ, 2 after 24
h reaction time and subsequent purification (LPAt(3:1), the
titte compound was obtained as a colorless oil (4f #1%).
NMR data: seda. ee (GC) = 68% before purification, 66% after
purification.ap® = —=58.8 ¢ 0.82, CHCY).

4.26.(+)-2-(8-Oxooxocan-2-yl)acetonitrile (+3b

Following the general procedure in section 4.13 wéttemic
ketoneb5a (100 mg, 661 pmol, 4 mM) and CHMQ, 2 after 24
h reaction time and subsequent purification (LPAt(3:1), the
titte compound was obtained as a yellow oil (11 n@f6l *H-
NMR: & 1.47-1.94 (m, 8H), 2.44-2.54 (m, 2H), 2.67 (dd, 1H,
J,=16.8 Hz,J, = 5.8 Hz), 2.74 (dd, 1H}, = 16.9 Hz,J, = 6.3
Hz), 4.87-5.00 (m, 1H)-)C-NMR: & 24.0 (t), 24.4 (t), 26.6 (t),
29.4 (1), 33.1 (1), 36.9 (1), 73.3 (d), 116.5 (5J5.8 (s). ee (GC) =
66% before and after purificationp™ = +31.5 ¢ 0.22, CHCJ).
ESI-FT-MS: m/z [M+H] calc. 168.10191, found 168.1017D,
1.22 ppm.

4.27. (9-3-(2-Oxocycloheptyl)propionitril¢-)-6a

Following the general procedure in section 4.13 wéditemic
ketone6a (200 mg, 1.21 mol, 4 mM) and CHMQn, after 19 h
reaction time and subsequent purification (LP/EtOAt), the
titte compound was obtained as a colorless oil (8 #8%).
NMR data: se@a. ee (GC) = 99% after purificationy® = -25.9
(c1.70, CHC)).

4.28.(-)-3-(8-oxooxocan-2-yl)propionitrile (-§b

Following the general procedure in section 4.13 wédttemic
ketone6a (200 mg, 1.21 mmol, 4 mM) and CHMGQ. after
19 h reaction time and subsequent purification Bt®Ac 2:1),
the title compound was obtained as a yellow oil (94, #2%).



'H-NMR: & 1.38-2.04 (m, 10H), 2.39-2.63 (m, 4H), 4.60—4.7431.
(m, 1H).®C-NMR: & = 13.8 (t), 23.7 (t), 26.1 (t), 28.8 (t), 31.0 3%

(t), 32.3 (t), 36. 8 (t), 76.2 (d), 119.1 (s), ¥Gs). ee (GC) =
95% after purificationap® = -26.4 € 1.82, CHCY). ESI-FT-MS:
m/z [M+H]" calc. 182.11756, found 182.117281.51 ppm.

Supplementary Data

A document containing NMR spectra of the lactonetaisd

from preparative transformations, numerical datamfr all
screening reactions and detailed biocatalyst Bnatoli strain
information can be downloaded from the publisher gsite.
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