University of Szeged
Faculty of Pharmacy

Institute of Pharmaceutical Chemistry

ENZYMATIC RESOLUTION OF TETRAHYDROISOQUINOLINE
DERIVATIVES IN BATCH AND CONTINUOUS-FLOW
SYSTEMS

Ph.D. Thesis

Laszl6 Schonstein

Supervisors:
Prof. Dr. Enil$ Forrd
Prof. Dr. Ferenc Fulop

2014



CONTENTS

PUDBICALIONS.......oiii et 3
T o L] TSP 4
ADBDIeVIatioNS .........ccoieee s 6
1. INtroduction @and @IMS..........cccoieiiiiiice e 7
2. LILEIATUIE ..ot sttt st nanan s 9

2.1.Enzymatic O-acylation of primary alcoholswith a one-carbon atom distance

between the stereogenic and reaction CENtreS ..., 10
2.1.1.Burkholderia cepacia lipase (lipase PS).......ccuuuiiiiiiiiiiiiiiiicccemieiiiiiiiiiieee 10
2.1.2.Candida antarctica lipase B (CAL-B) .....cooooiiiieiiieie 14
2.1.3.Pseudomonas fluorescens lipase (lipase AK).........ueeuueiiiiiiiiiiiiiieeneneieeenen. 15
2.1.4. Porcine pancreas liPase (PPL) ........ o, 17
2.1.5. OthEI BNZYMES ....cciiiiiiiiiiieieeeee e e et et e e ettt et aeaane e e e e as 18

2.2.Enzymatic O-acylation of primary alcoholswith a two-carbon atom distance

between the stereogenic and reaction CeNtreS..........ooovvevveieiiieeeeeeee, 19
2.2.1.Candida antarctica lipase B (CAL-B) .....cooooiiiieiiee e 19
2.2.2. Porcine pancreas liPase (PPL) .......uiiccceiiiiieeieeeeeeeeeeeee e, 19
2.2.3.Candidarugosa lipase (lipase AY) ..o 21
2.2.4.Candida cylindracea lipase (CCL).......cuuiuiiiiiiieiiiiiiiiiiiiiieerene s s e e e e e e 21

2.3.Enzymatic O-acylation of primary alcoholswith a three-carbon atom distance

between the stereogenic and reaction CeNtreS.........ocoevveviviiiiieee e, 22

3. Materials and Methods............cccvciieiiiiiiice e 24
3.1 Materials and iINSITUMENTS. .....ccoiiiiiiiiiiiiiiiiee e e e e e e e e 24
3.2.ENZYMALiC EXPEIIMENTS .....eeiiiiiiiiiiiiiieiieiieeeeieeieetbeseeeseeeeneeeeeeeeeeeeeeeeeeseeseeseesnees 24
3.3 Analytical MENOUS.. ... .. .. neees 25
3.4.Syntheses of racemic starting materials [(£)-4—(Z)-6] .....cevveverrmriiiiiiiiiiiiiiiiiiiens 26

4. Results and diSCUSSION...........ccoviiiiiieeiee ettt 28
4.1.SMall-SCAlE rESOIULIONS ... 28

4.1.1. Effect of the €NZYME........ooiiriiiiiiiiie s e 29
4.1.2. Effect of the SOIVENT...........eiiiiii e 31



4.1.3. Effect of teMPErature.............uueueeceeeiiiiiieiieiieiiiiieeievieiie bbb emneneeees 32

4.1.4. Effect of the acyl dONOT.........cooo oo ieeeiieiei e 33
4.1.5. Effect of the additiVe ............oooiiiceeeiiiie e 34
4.1.6. EffeCt Of Pre@SSUIe ....ccoooiiiieeee e e 35
4.1.7. Other €ffECLS .....eviiiiiiiiiii e e 36
4.2.Comparison of different distances between the stereogenic and reaction
(60 L= PP 37
4.3.Preparative-scale reSOlULIONS. ........coooiiiiiiiiii e 40
4.4. Further transformations...........ooe oo 41
4.4.1. Preparation ofcalycotomine enantiomers [R)-1 and (S)-1]........ccccceeennnn. 41
4.4.2. Preparation ofhomocalycotomine enantiomers [R)-2 and §)-2] ............ 42
4.4.3. Preparation Of (R)-177 ...cco oo 43
4.4.4. Preparation ofcrispine A enantiomers [R)-3 and (§)-3]........ccvvvvvvvvveernnee. 43
4.5. AbSOlUtE CONFIGUIALIONS. .....ceiiiiiiiiiiiieiieieiiee ettt e e e e e e e e e e e e e e e e e eeeeeees 45
5. SUMMATY....coiieiee ettt sne e seenes 46
ACKNOWIEAGEMENLS........ooiii e 48
RETEIENCES.....coe e 49
ANNEX L e e e e e e et ea e et e ae e enrae s 52



Publications

Papers related to the thesis

E. Forro,L. Schonstein F. Fulop

Total synthesis of crispine A enantiomers througBuakholderia cepacidipase-
catalysed kinetic resolution

Tetrahedron: AsymmetR®011, 22, 1255-1260.

L. Schonstein E. Forro, F. Fulop

Continuous-flow enzymatic resolution strategy toe ticylation of amino alcohols
with a remote stereogenic centre: synthesis otccadynine enantiomers
Tetrahedron: AsymmetR013 24, 202-206.

L. Schonstein E. Forro, F. Fulop
Enzymatic reaction for the preparation of homooalgmine enantiomers
Tetrahedron: Asymmet2013 24, 1059-1062.

IV. Schénstein L, Forro E., Fulop F.
Tetrahidroizokinolin-vazas vegyuletek enzimes realdlsa szakaszos és aramlasos
kémiai modszerrel
Magy. Kém. Foly2014 120 26-31.

Other paper

V. E. Forro,L. Schonstein L. Kiss, A. Vega-Pefnaloza, E. Juaristi and FOpul

VI.

Direct enzymatic route for the preparation of rloeeantiomerically enriched
hydroxylated3-amino ester stereoisomers
Molecules201Q 15, 3998-4010.

N. Grecso, I. lliszL. Schonstein F. Fulop, W. Lindner and A. Péter
High-performance liquid chromatographic enantiosajpan of aminoalcohol
analogs possessing 1,2,3,4-tetrahydroisoquinokeéet®n on polysaccharide- and
Cinchonaalkaloid-based chiral stationary phases

Biomed. Chromsubmitted.



Lectures

I.  Laszl6é SchonsteinEnik Forrd, Lorand Kiss, Ferenc Fulép
Enzymatic hydrolysis of hydroxylated alicyg@fi@mino esters
Foldamers: building blocks, structure and functi@4-26 September, 2009,
Szeged, Hungary, poster presentation (P-04).

II.  Schonstein Laszlo Forro Enilé, Fulop Ferenc
Kriszpin A enantiomerek szintézise enzim katalkif#itikus rezolvalassal
“Szegedi Ifju Szerves Kémikusok Tamogatasaert’pleany 10. tudomanyos
elbado Ulése, 5 May, 2010, Szeged, Hungary, oral ptaten.

lll.  Laszlé SchonsteinEniké Forrd, Lorand Kiss, Alberto Vega Pefaloza, Eusebio
Juaristi, Ferenc Fulop
Direct enzymatic route for the preparation of noeslantiomerically enriched
hydroxylated-amino ester stereoisomers
Foldamers: Synthesis and Structure of FunctionateMals, 7-9 April, 2011,
Barcelona, Spain, poster presentation (P-06).

IV.  Schénstein LaszlgForro Enils, Fulép Ferenc
Kriszpin A enantiomrek totalszintézise enzim kadédlikinetikus rezolvalassal
“Szegedi Ifju Szerves Kémikusok Tamogatasaert’plaany 11. tudomanyos
elbado Ulése, 18 April, 2011, Szeged, Hungary, oredemtation.

V.  Schonstein Laszl¢ Forrd Enilks, Fulop Ferenc
Kriszpin enantiomerek enzimes szintézise
MTA Alkaloidkémiai munkabizottsaganak 0lése, 16-1WMay, 2011,
Balatonalmédi, Hungary, oral presentation.

VI.  Lé&szl6 SchonsteinEniks Forrd, Ferenc Fulop
Total synthesis of crispine A enantiomers throudguekholderia cepacia lipase
catalysed kinetic resolution
XIV™ Conference on Heterocycles in Bio-organic Chemjstiy8 September,
2011, Brno, Czech Republic, poster presentatie2O)P

VII.  Schdnstein Laszl¢ Forrd Enils, Fuldp Ferenc
Kalikotomin és homokalikotomin enzimes rezolvalsanlasos kémiai
modszerrel
MTA Alkaloid- és Flavonoidkémiai Munkabizottsagéése, 14-15 May, 2012,
Balatonalmédi, Hungary, oral presentation.

VIIl.  Schonstein Laszlg Forré Eniks, Fulop Ferenc
Kriszpin A enantiomerek totalszintézise enzimkad#lkinetikus rezolvalassal
Kutatoegyetemi kivalésagi kézpont létrehozasa egedi tudomanyegyetemen,
Molekulatol a gyogyszerig, 24-25 May, 2012, Szegddungary, poster
presentation (P-03).



Schonstein Laszlg Forré Eniks, Fulop Ferenc

Homokalikotomin enantiomerek enzimegabitasa folyamatos és szakaszos
tuzemmodban

MTA Alkaloid- és Flavonoidkémiai Munkabizottsag&se, 13-14 May, 2013,
Balatonalmédi, Hungary, oral presentation.

Laszl6 SchonsteinEniks Forrd, Ferenc Fulop

Continuous-flow enzymatic preparation of calycotoerenantiomers

15" Blue Danube Symposium on Heterocyclic Chemist#y,eptember, 2013,
Olomouc, Czech Republic, poster presentation (P-67



Ac

AOL

atm.

Bn

Boc

Bz

CAL
CAL-A
CAL-B
Cbz

CCL

CF
CL-10
Conv.
DMAP

E

ee

e&

ee

equiv.
HPLC
iPA
lipase AK
lipase AY
lipase PS
lipase PS IM
LQL

Poc

PPL

t

T

VA

VB

VD

VL

VP

VPr

Abbreviations

acetyl
Aspergillus oryzaéipase
atmosphere

benzyl

tert-butoxycarbonyl

benzoyl

Candida antarcticdipase

Candida antarcticdipase A
Candida antarcticdipase B
carboxybenzoyl

Candida cylindracedipase
continuous-flow

Chirazym&L-10

conversion
4-dimethylaminopyridine
enantioselectivity

enantiomeric excess
enantiomeric excess of product
enantiomeric excess of substrate
equivalent

high-performance liquid chromatography
isopropenyl acetate
Pseudomonas fluorescelifgase
Candida rugosdipase
Burkholderia (Pseudomonas) cepatijzase
Burkholderia (Pseudomonas) cepatijzase
lipase QL fromAlcaligenesspecies
phenyloxycarbonyl

porcine pancreas lipase

reaction time

temperature

vinyl acetate

vinyl butanoate

vinyl decanoate

vinyl laurate

vinyl pivalate

vinyl propanoate



1. Introduction and aims

Tetrahydroisoquinoline derivatives are importanenmbers of the family of
naturally-occurring alkaloid5,and are also of great importance in synthetic dseyn
and drug research in view of their potential phareagical activity?

Some tetrahydroisoquinoline derivatives in enan&dcally pure form are
important building blocks in drugs such as thetassiive noscapihthe antitumour agent
trabectedin (as Yondef¥' and the expectorant emeti{fFigure 1), which is an
Ipecacuanhalkaloid®

1-Methyl- and 1-phenyltetrahydroisoquinoline arag$ with an important role in
the prevention of Parkinson’s disedsénother potential drug with a tetrahydro-
isoquinoline skeleton is ZalypSis(Figure 1), which is currently undergoing Phase |
clinical development for the treatment of solid turs and haematological

malignancie$.

Emetin Yondelis® Zalypsis®

Figure 1.

The primary aim of the research work describechynthesis was the development
of a new enzymatic strategy for the preparatiorbath enantiomers ofalycotomine
homocalycotominend crispine A (Figure 2). Two of these compounds are naturally-
occurring alkaloidscalycotominewas isolated fronCalycotome spinoSandcrispine A
from Carduus crispus® Crispine Aexhibits high biological activity against the huma
cancer cell lines SKOV3, KB and Helt% The third desired compound,

homocalycotominds the key intermediate for the preparation oéén?



MeO MeO MeO

MeO NH MeO NH MeO N
H
OH ©
Calycotomine 1 Homocalycotomine 2 Crispine A 3
Figure 2.

We planned to prepare the enantiopure intermesliatehe desired compounds
through enzymatidO-acylation of the correspondiniy-tert-butoxycarbonyl I{-Boc)-
protected primary alcohols [(#-(£)-6] with a remote stereogenic centre in batch and
continuous-flow (CF) systems. The CF technique hewadays become a popular
technique, thanks to its many advantages, suchsherareaction time (t), safer solvents,
rapid heating and compressitrt>

MeO MeO MeO
enzyme +
( solvent, T ( (

OH OH OAcyl
®H-4,n=1 (Ryor(S)-4,n=1 (R)or(S)-7,n=1
(#)-5,n=2 (R)or(S)-5,n=2 (R)or(S)-8,n=2
()-6,n=3 (R)or (S)-6,n=3 (R)or(S)-9,n=3

Scheme 1Preparation of enantiopure compounds

Another aim was a systematic study of the effetthe remote stereogenic centre
on the reaction rate and enantioselectivity throtigd enzyme-catalysed acylation of
primary alcohols (£4—(+)-6, when the distance between the stereogenic armfiaea
centres was one [(H}, two [(£)-5] or three [(x)6] carbon atoms (Scheme 1).

In order to determine the best reaction conditiéms the preparative-scale
resolutions of these model compounds, a numberafngnary small-scale reactions
were planned in batch and CF systems. Thus, trexteffof the enzyme, acyl donor,
solvent, T and additives on the reaction rate arahgoselectivity [E) were investigated
in batch reactions in an incubator shaker or inr€€ctions in an H-Cube. Furthermore,
the effect of pressure was investigated in the €3€tor.



2. Literature

The most important results of the enzymatic acyhadf primary alcohols and the
effect of the distance between the stereogenic raadtion centres (the latter an OH
group) on the reaction rate akdare presented in this section. Enzymes commordyg us
for O-acylations are the lipases, which are serine Hgdes. The reaction mechanism,
the serine hydrolase mechanisoh lipase-catalyse@®-acylation, reported by Brinck and

co-workers®, is outlined in Figure 3.
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Figure 3. The reaction mechanism of lipase-cataly®ealcylation

The most important part of the active site of tlpades, called the catalytic triad, is

formed from serine (Ser), histidine (His), aspanagdiAsp) or glutamine (Glu) in case of
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Geotrichum candidum lipaseand the ,oxyanion hole”, which has an importarie rio
stabilization of the transition states. In thetfstep of the enzymatic acylation, the OH
group of serine initiates a nucleophilic attacktbe C atom of the ester (a vinyl ester in
Figure 3) carbonyl group and forms the first te¢@tal intermediate, which is stabilized
in an oxyanion hole. Liberation of the leaving godwinyl alcohol in Figure 3) leads to
formation of the “acyl-enzyme” intermediate. Nethie nucleophile alcohol with the non-
bonding electron pair attacks the electrophilicteef the acyl-enzyme intermediate,
and forms the second tetrahedral intermediate, lwisidollowed by regeneration of the
enzyme and release of tBeacylated product.

The enzyme-catalysed acylation of primary alcohelsf great interest and has
been intensively studied, which has resulted imrgd number of article publications,
reviews and book®!'’ In the literature, the most important enzymafieacylation
reactions are collected, divided up as a functibthe distance between the stereogenic

and reaction centres.

2.1. Enzymatic O-acylation of primary alcohols with a one-carbon atom distance

between the stereogenic and reaction centres
2.1.1.Burkholderia cepacia lipase (lipase PS)

The enzyme most frequently used in the literatarehe O-acylation of primary
alcohols with a one-carbon atom distance betweerstéreogenic and reaction centres is
lipase PS, for which good valuesbare usually described.

Nordin and co-workel& reported on a large study of the lipase PS-catdlys
resolution of 3-substituted 2-methylpropan-1-¢9-[L0—«(+)-19] with vinyl acetate (VA).
The reaction conditions and results obtained a®érh are presented in Table 1.
Compounds (+)t0-(%)-17 were resolved with from good to highvalues E = 67—-200),
but in the cases of (18 and(z)-19 theE values were much loweEK 18).

-10 -



Table 1.Lipase PS-catalysed acylation of 3-substituted fhgieropan-1-ols

R Ao

(£)-10-19

lipase PS \)\/
pT’ R_A~_OAc + R OH

(S)-20-29

(R)-10-19

R=10; @f 11:@5 12: /\g/@\; 13:/\/@; 14:\/®;
R= 15: Q\f 16: ©\§ 17: @[;Me 18; O\Sg 19:0\5

Substrate Solvent

ee (%) eg (%) Conv. (%) E
(+)-10 tBuOMe 715 97.5 42.2 170
(¥)-11 CHCl; 61.3 96.6 38.9 108
+)- tBuOMe : : :
(¥)-12 BuOM 65.5 97.3 40.2 144
+)- tBuOMe . : >
(¥)-13 BuOM 76 98.5 43.5 200
+)- tBuOMe . :
(¥)-14 BuOM 61 95.1 38.5 75
(¥)-15 CHCl; 44 97.1 31 105
(1)-16 CHCl, 66.9 96.6 40.9 116
+)- tBu e . .
(+)-17 BuOM 66 94.2 41.2 67
(+)-18 tBuOMe 57.6 81.9 41.2 18
(£)-19 tBuOMe 53.4 83.2 39.4 18

resolution of 5-hydroxymethyl-3-phenyl-2-isoxaz@in[(+)-30].

Sakai et al? presented a noteworthy ‘low-temperature methodttie enzymatic

The reaction was

performed in the presence of porous ceramic-imresull lipase PS with VA at low T
(-60 °C) in acetone. The reaction was charactefisedighE (> 200) after 1 h. Further
literature data have been found for lipase PSysd resolutions with high

enantioselectivity £ > 100):

for monofluorinated phenylcyclopropanesiibted

primary alcohol (£)31 and unsaturated primary alcohol @3- Aryl-substituted primary
alcohols (+)33-36 and aromatic primary alcohols (P, (+)-16 and ()37 with a one-

carbon atom distance from the stereogenic centre also resolved witk > 100 (Figure

4).

=

(1)-35%2 (1)-362°

( ) 1025 26,27

( ) 3725

Figure 4. Further Ilpase PS-catalys@dacylations withE > 100

-11 -



There have also been literature reports of thesépPS-catalyse@-acylation of
primary alcohols with moderate (< 100)?%2

Another large group of primary alcohols is the ilgrof N-hydroxymethylated-
lactams. The lipase PS-catalysed acylation of MibBydroxymethylatedp-lactams
resulted in a relatively large range féy depending on the type of subtrate. Forré6 and
Fulop™ reported the lipase PS-catalys@dacylation of 1-hydroxymethyl-4-phenyl-2-
azetidinone (x)38 and 1-hydroxymethyl-44¢-tolyl)-2-azetidinone (89 (Table 2). The
reactions were performed with vinyl butanoate (\fB}oluene at 25 °C; after 1.5 h, the
lipase PS-catalyse@d-acylation of ()38 was characterised > 200 and that of (39

by E = 57.

Table 2. Lipase PS-cataIyse{d-acyIations

0
lipase PS :

()-38 and (+)-39 (R)-40 and ( R)-41 (S)-38 and (S)-39
Substrate R t (h) eq (%) eg(%) Conv. (%) E
(¥)-38 H 15 98 97 50 > 200
(¥)-39 Me 1.5 95 88 52 57

Further lipase PS-catalys€dacylations of carbocyclitN-hydroxymethylated-
lactams (£)42—47 and acyclicN-hydroxymethylated3-lactams ()38 and (+)48 have
also been described in the literature (Figure 3)e EBnzymatic resolutions of these

compounds were performed with excelléntalues (> 200).

0 0 0
-
N_oH N_oH N\—oH
(£)-42-(1)-44%  Cis-(1)-45% 1)-4646 +)-4747
dj( \—~OH g‘( \—~OH
3848 4849 50,51

Figure 5. B-Lactams subjected to lipase PS-catalySeatylation

-12 -



More lipase PS-catalysed resolutions are to badom the literature foiN-
hydroxymethylated@-lactams, with moderate (< 94)°%°

A lipase PS-catalysed dynamic kinetic resolutiorthoé for primary alcohols
(+)-33 and (+)49-56 was presented by Backvall and co-work8rFhe reactions were
performed under an argon atmosphere in the presaricel-nitrophenyl 3-[4-
trifluoromethyl-phenyl]propanoate and Shvo’s rutibem catalyst in toluene at 80 °C.

After 36 h, the product esters were obtained witbdgyield and higlee (Table 3).

Table 3. Dynamic kinetic resolution of (£33 and (+)49-56

OH o) /@/NOQ o
Ji . MO lipase PS J:O
R R
1(+)—332 FoC Ri” R o
(+)-49-56 (S)-57-65
Yield ee Yield ee
Substrate R; R» %) (%) Substrate R; R» %) (%)
()-33 Ph Me 87 93 (+b3  4-MeOGH, Me 70 71
(+)-49 Ph Et 80 78 (¢b4  4-NOCeH, Me 85 67
(+)-50 Ph n-Pr 70 86 (¥B5  4-BrCgH, Me 81 70
(x)-51 2-MeOGH; Me 72 >99 ()56 cyclohexyl Me 84 84
()-52 3-MeOGH, Me 85 83

Hof and Kellogg’ reported the lipase PS-catalysed regiosele@iaeylation of
1,2-diols (£)66-70. The reactions were performed iilAL,O with VA at room T. For
compounds (£6-69, the reactions were characterised by moddtatalues, but in the
case of ()70 E was high (> 200) (Table 4).

Table 4. Lipase PS-catalysed regio- and enantiosele@rageylation of
1,2-diols (+)66-70

R __oH R OH R oAc
OH lipase PS OH . " SOH
VA

(+)-66-70 (S)-66-70 (R)-71-75
Substrate R t(day) ee (%) eg (%) Conv. (%) E
(+)-66 Et 1 1 7 13 1
(x)-67 n-Pr 1 rac. rac. 8 1
(+)-68 CH,CH=CH, 7 76 78 49 19
(+)-69 CH,CH=CHCH; 3 94 65 59 16
(#)-70 Bn 2 99 93 52 > 200

-13 -



The literature data on the lipase PS-cataly®eacylation of primary alcohols
reflect the good catalytic ability of this enzyntieis not surprising, therefore, that lipase
PS has been used for tBeacylation of a large number of compounds, e.d. @aralkyl-
substituted primary alcohols, and carbocyclic grcic N-hydroxymethylate@-lactams,
with high enantioselectivityg > 100).

2.1.2.Candida antarctica lipase B (CAL-B)

Nanda and Scoft developed a CAL-B-catalyse@-acylation method for th&
andZ isomers of 8-(4-methoxybenzyloxy)-2,6-dimethyl-6een-1-ol [E)- and &)-(%)-
76] (Scheme 2). The enzymatic reactions were perfdrateoom T, 10 Torr and under
an argon atmosphere in the presence of 3,5-dioxgmbexanoate. The enantiomeric
product alcohol and ester were obtained e#» 93% ande = 138. The only difference
between th& andE isomers was that th&isomer required a longer reaction (11-12 h) to
reach the desired conversion of 50% its E counterpart, which needed 8 h for a

conversion of 50%.

(D)~(R)-76;
HO NN \OPMB CAL-B (E)-(R)-76
(2)-(£)-76: 3,5-dioxomethyl +
(E)-(i)-76' hexanoate R \n/o\/l\/\)\f”\opMB

)

(2)-(S)-77
(E)<(S)-T7

Scheme 2Enzymatic acylation off)- and &)-8-(4-methoxybenzyloxy)-
2,6-dimethyl-oct-6-en-1-ol

Gotor and co-worker$®*®*described the CAL-B-catalysed enzymatic resolution
of trans-N-phenyloxycarbonyl-4-(4’-fluorophenyl)-3-hydroxynhipiperidine (+)78>°
and transN-benzyloxycarbonyl-4-(4'-fluorophenyl)-3-hydroxynmsipiperidine (+)79%°
through acylation in toluene (Table 5). The resotutof (+)-78 was performed in the
presence of glutaric anhydride at 30 °C, and &ffeh the unreacted alcohol was obtained
with ee= 74% and the ester witte= 95%, at arkE of 84. In the case of (9, the acyl
donor used wadiallyl carbonate at 30 °C, and after 48 h the pobekster was obtained
with ee= 94% and the alcohol wite= 28%, at arft of 42.

-14 -



Table 5. CAL-B-catalysed resolution dfans-N-protected-4-(4’-fluorophenyl)-
3-hydroxymethylpiperidine

HO HO

Acyl donor ee eg Conv. E Acyl donor ee eg Conv. E
(%) (%) (%) (%) (%) (%)

Glutaric anhydride 74 95 43 84 Diallyl carbonate 28 94 23 42

More literature data on the CAL-B-catalysed adgla of primary alcohols with
a one-carbon atom distance between the stereogewmicreaction centres, but with
somewhat lower enantioselectivities, are presenmt&igure 6. It is noteworthy that in the
case of (£)80, which bears a primary and a tertiary OH group,eéhzymatic-acylation

took place only at the primary OH group of the coonud.

>N OH  oH OMe OH
| OH
DXV, oL -
0
F CN

(£)-80%217 (1)-81%° (1)-82% (1)-83%
E=70 E =48 E=20 E=41

Figure 6. CAL-B-catalysedO-acylations

As a conclusion, the limited number of literatutata relating to the CAL-B-
catalysedO-acylation of primary alcohols prove that CAL-Badess successful enzyme
than lipase PS. Only one study has reported ambigh100) for the CAL-B-catalyseQ-

acylation of primary alcohols.
2.1.3.Pseudomonas fluorescens lipase (lipase AK)

Ferraboschi and co-work&Pspresented the lipase AK-catalysed regio- and
enantioselectiv®-acylation of diols (£)84-86. The enzymatic reactions were performed
under the same conditions: the enzyme was usednat ML, with 4 equiv. of VA, and
the reactions were performed in CH@L 30 °C. The regioselective acylation of g84-
was not enantioselectivé (= 1.3), but in the cases of (8 and ()86 the reactions

were characterised by go&d(> 79) and the products were obtained with reglvalues

-15 -



[ee = 92% for both R)-88 and R)-89, ee = 98% for §)-85 andee = 92% for §)-86
(Table 6)].

Table 6. Lipase AK-catalysed acylation of (8486

)& lipase AK M . J&l
R OH VA R OH R OAc

(+)-84-86 (S) or (R) 84-86 (S) or (R) 87-89
Substrate R Selectivity t(h) ee (%) eg(%) Conv. (%) E
(¢)-84 Ph S 69 10 10 50 1.3
(+)-85 Bn R 66 98 92 52 110
(+)-86 (CH3),C=CHCH, R 15 92 92 50 79

Cheong and co-workéfs described the lipase AK-catalysed highly
enantioselectivel > 200) acylation of (+)-2-cyano-2-phenyl-1-hexaii)-90 (Scheme
3). The reaction was performed with VA as acyl domoanhydroush-hexane/EtOAc
(9:1) at 32-34 °C. Interestingly, althouBhwas given as > 200, the authors stopped the
reaction after 48 h at conversion of 22%, and ttoelpct acetateS)-91 (ee= 99%) and
the alcohol R)-90 (ee= 28%) were separated.

CN ) H CN CN
lipase AK g N N\
VA
OH OH OAc

(£)-90 (R)-90 (S)-91
Scheme 3Lipase AK-catalysed acylation of (£

There have been literature reports on a numbepa$é AK-catalysed resolutions
with highE (> 100), such as the acylation of epoxy alcohp92 N-substituted benzyl-
trans-2-acetoxymethyl-5-(hydroxymethyl)pyrrolidine (88, cis-4-hydroxymethyl-2-
phenyl-1,3-dioxane (94, cis-4-hydroxymethyl-2-(4-methoxyphenyl)-1,3-dioxane)-(+
95, 2-methyl-1,3-propanediol monosilyl ethers [@§-and (+)97], an a-vinyl derivative
of alanine ()98 and carbocyclitN-hydroxymethylate@-lactam ()46 (Figure 7).
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(£)-9268:69 (£)-937° +)-9471

9571
" H\ | H\
§i—0  on <~—Si—o OH ety @If \—OH
Ph |
(£)-9672 (£)-9772 (+)-987369 £)-46%0

Figure 7. Lipase AK-catalyse®-acylations

There are also literature data on lipase AK-catldyresolutions with moderate
enantioselectivityf < 95)/47°

To summarize, lipase AK has been used most sdatlgdsr the acylation of the
primary OH group in saturated heterocyclic subttdunethanol derivatives.

2.1.4. Porcine pancreas lipase (PPL)

Only a few studies have been published on the €&®alysed acylation of a
primary OH. Deska and Backw®Ireported the PPL-catalysed acylation of axiallyaih
primary allenic alcohols (¥99-109 with VB in iPr,O at room T, with very differenE
values (Table 7). In the cases of @9-(£)-105 (+)-106 and()-107, E > 200.

Table 7.PPL-catalysed acylation of allenic alcohols £8}-109

ACYOH i, \\CYOH . RAC /?l\/\
R, VB 1 Y\O

(£)-99-109 (S)-99-109 (R)-110-120
e e Conv.
Substrate R, R, t (h) ((y?) ((y?) %) E
(£)-99 Ph Me 24 67 98 42 > 200
(¥)-100 Ph H 72 n.d. 76 25 9
(#)-101 Ph Et 24 61 97 39 127
(#)-102 o-Tolyl Me 30 21 94 19 40
(#)-103 m-Tolyl Me 42 74 97 43 176
(1)-104 p-Tolyl Me 24 82 95 46 102
(#)-105 p-CIPh Me 28 96 97 49 > 200
(+)-106 p-CF:Ph Me 30 23 99 10 > 200
(#)-107  2-Naphthyl Me 31 58 98 37 > 200
(¥)-108 iPropenyl Me 24 n.d. 81 30 13
(¥)-109 n-Pentyl Me 17 97 n.d. 59 23
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Other literature data are to be found for PPL{ga&dl resolutions with high
enantioselectivity £ > 100), e.g. 2-(4-methoxyphenyl)propan-1-ol £ and 2-amino-
butan-1-ol (£)122 (Figure 8).

OH ~"oH
NH,
MeO

(£)-12181 (+)-12282
Figure 8. PPL-catalysed acylations
There have also been PPL-catalysed acylations rohapy alcohols with
somewhat lower enantioselectiviti€s € 76), e.g. for 2-phenylpropan-1-512°
Thus, PPL has been used successfully with Hgk> 100) in only a few

acylations of a primary OH group.
2.1.5. Other enzymes

Table 8 presents literature results on the enzgatalysed acylation of primary
alcohols with a one-carbon atom distance betweerstéreogenic and reaction centres,

involving enzymes other than those featuring irtieas 2.1.1-2.1.4.

Table 8.Enzyme (CAL-A, AOL and LQL)-catalysed acylations

Substrate Enzyme ACYl t(h) Solvent €& €§ Conv
donor (%) (%) (%)

HO trans()-79’ CAL-A VA 10 toluene 88 96 48 143
NCbz

o

/@)VQH (#)-123° AOL VP 34 tBuOMe 98 72 58 27
OMe

OH (#)-33° R=Me LQL iPA 0.3 iPr,O 24 14 63 2

(+)-124® R=Et 0.8 60 62 49 8

R (+)-125® R=iPr 2 59 82 42 18

(+)-126"® R=n-Bu 0.8 63 77 45 15

Q)/\OH (#)-127° LQL iPA 0.3 iPrO 5 10 33 1.3

[OH (#)-128" LQL iPA 1.3 iPr,O 49 66 43 8

©>§OH (#)-129° LQL iPA 1.1 iPr,O 22 27 45 2
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It may be seen that a high enantioselectiviy (100) was obtained only with CAL-A.

2.2. Enzymatic O-acylation of primary alcohols with a two-carbon atom distance

between the stereogenic and reaction centres

Very few literature articles have dealt with thezymatic acylation of primary
alcohols with a remote stereogenic centre, i.e.nthe distance between the stereogenic
and reaction centres is two or more carbon atorns.ldw number of such articles might
be caused by the fact that the chiral recognitibthe enzyme is lower in the case of
primary alcohols with a remote stereocefftend the enzymatic acylation proceeds with
relatively lowE.

The present section will deal with the enzymatglaion of primary alcohols

with a two-carbon atom distance between the ster@o@nd reaction centres.

2.2.1.Candida antarctica lipase B (CAL-B)

Gotor and co-workef8described the CAL-B-catalyse®selective acylation of
benzyl-(3-hydroxy-1-phenylpropyl)carbonate [#3] (Scheme 4). Although the authors
performed a detailed optimization for the acylatioh (+)-130 (optimum conditions:
EtOAc as acyl donotBuOMe as solvent and a reaction T of 30 *E)yvas so low (no

value was given) that the authors considered thetim without practical use.

NHCbz NHCbz NHCbz
©/KAOH CAL-B ©)\/\OAC N ©/\/\OH
EtOAC
(£)-130 (S)-131 (R)-130

Scheme 4CAL-B-catalysedO-acylation of (+)130

2.2.2. Porcine pancreas lipase (PPL)

Enantiomerically pure citronellol (32 was prepared bghattopadhyaynd co-
workers?® through the PPL-catalysed acylation of (+)-3,7-elinyloct-6-en-1-ol [()-
132 (Scheme 5). The reaction was performed with VAaeg donor imn-hexane in two

steps. In the first step, the reaction was stogiet 24 h at 30% conversion, wide =
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68%, eq = 93% andE = 56. The enzyme was filtered off and the prodster and the

unreacted alcohol were separated by column chragregtby. The enantiomerically
enriched alcohol was subjected to a second enzgmasolution under the same
conditions untilee reached 92% after 42 h.

PPL .
| OH Tva OH OAc

| |
(£)-132 (S)-132 (R)»-133
Scheme 5PPL-catalyse@®-acylation of (£)132

Hedenstrom and co-workétsnvestigated the effect of lipase, acyl donoryent
and T on the enzyme-catalysed acylation of primaophols (+)134-137 (Table 9).
Under the optimized conditions [vinyl propanoatd’(yas acyl donoiPr,O as solvent,
temperature of -25 °C], the highest enantioselagt( = 11.6) for (+)137was observed
with PPL (entry 7), while in the cases of (34 and (+)-135 the enantioselectivities
were slightly higher when the authors used Chira®ym-10 (CL-10) (lipase from
Alcaligenesspecies) instead of PPL (entries 1-4). The grealdi&rence inE was
observed in the acylation of (#36 [E = 11.3 for CL-10 (entry 6ysE = 1.9 for PPL
(entry 5)].

Table 9. Enzyme-catalyse@-acylation of (+)134-137

R R R
©/K/\OH VPr ©)\/\OH N ©)\/\OCOEt
(£)-134-137 (R) or (S)-134-137 (S) or (R)-138-141
, Enantio- t(h) ee e Conv.
Entry SubstrateR Lipase preference (%) (%) (%) E
1 (+)-134 Me PPL R-(-) 24 56 11 325 1.3
2 CL-10 (9-(+) 2 35 44 44.2 3.6
3 (¥)-135 Et PPL R-(+) 23 19 30 38.7 2.2
4 CL-10 (9-(+) 6 409 47 46.5 4.1
5 (£)-136 iPr PPL R-(+) 15 15 25 375 1.9
- CL-10 (R-(+) 1.8 39.2 77 33.7 113
.37 BU PPL (R-(+) 155 11.7 822 124 116
*) CL-10 R®)-(+) 24 316 434 421 3.4
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2.2.3.Candidarugosa lipase (lipase AY)

Doganand co-worker¥ studied the lipase AY-catalysed resolution of Zalo-
3-arylpropanols [(x)t42-148 through acylation of the primary OH group (Talle).
Preliminary reactions were performed on thecylation of the model compound (%)-
142 The authors determined that lipase AY was th¢ éresyme, VA the best acyl donor
and cyclohexane the best solvent at 20-25 °C. fesyatic study of the acylation of (z)-
3-halo-3-arylpropanols was carried out under thiénmoped conditions. After 3 h, thie
values were very similar (Table 10), even thoughdliferent substituents were situated
at different positions of the aromatic ring. Bromidentries 4 and 7) is larger than

chloride (entry 3) but this had practically no effen the enzyme selectivity.

Table 10.EnzymaticO-acylation of (+)142-148 with lipase AY

Ry OH Ry OAc R, OH
N lipase AY N + N
i VA i g
R {_~ R _~ R{__~
(£)-142-148 (-)-149-155 (+)-142-148
Entry Substrate R; R, ee (%) eg, (%) Conv. (%) E
1 ()-142 H Cl 29 33 44 2.6
2 (£)-143 p-F Cl 21 32 40 2.4
3 (+)-144 p-Cl cl 21 37 39 2.6
4 (+)-145 p-Br cl 23 30 38 2.2
5 (2)-146 o-F Cl 25 24 52 2.0
6 (£)-147 o-Br Cl 43 36 52 3.1
7 (3)-148 H Br 21 38 38 2.7

2.2.4.Candida cylindracea lipase (CCL)

In order to prepare enantiopure etodolac, whick hati-inflammatory and
analgesic effects, Brenna and co-workersarried out the CCL-catalysed acylation of
(¥)-156. The optimised reaction conditions for the highesantioselectivity E = 17)
were CCL and VA inBuOMe at room T (Scheme 6). The gram-scale resoluwf (+)-
156 was performed under the optimum conditions aner &4 h the acetat®)-157 was
isolated withee = 59% and the unreacted alcohol wah= 33%. To increase thee of

the enantiomerically enriched alcoh8-156, the authors performed a second enzymatic
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acylation of the enantiomerically enriched alcobntler the same conditions, and after
12 h theeewas increased to 90%.

0] CCL

—_—

VA

Iz

N S
Ho\ OH
(£)-156 (S)-156 (R)-157

OH

Scheme 6EnzymaticO-acylation of (+)156

2.3.Enzymatic O-acylation of primary alcohols with a three-carbon atom distance
between the stereogenic and reaction centres

We have found only one literature reference, t® work of Cheongand co-
workers®, in which the authors described the lipase AKlyatal O-acylation of 4-
cyano-4-(3,4-dimethoxyphenyl)-4-isopropyl-1-butaf@)-159 (Table 11). The highest
enantioselectivity £ = 13) was observed with lipase AK and VA in a soltvmixture of
n-hexaneftOAc 9:1 at 32—-34 °C after 1.5 h. To incre&sthe authors investigated some
additives (Table 11). When 18-crown-6 was used dufitige for the §-selectiveO-
acylation of (£)158 E increased considerabli € 49); theee of the unreacted alcohol
(R)-158 was found to be 88%, while tlez of the product $-159 reached 89% (entry
12).

Tabel 11.Effects of additives on the resolution of (#58

Me _/Me Me
Me CN - Me—. CN Me—\ CN
MeO oH __PaseAK _ yeo - OH 4+ MeO N OAc
VA
MeO MeO MeO
(£)-158 (R)-158 (5)-159
" Conv. (R)-Alcohol (9-Acetate
Entry Additives t (h) (%) ee (%) ee (%) E
1 E&N (35 pL) 3 30 37 82 14
2 Py (35 uL) 3 66 > 99 52 15
3 Piperidine (35 pL) 3 20 20 78 9.8
4 Piperazine (18 pL) 3 14 14 76 8.4
5 iPLNH (35 pL) 4 48 64 76 14
6 Imidazole (15uL) 21 30 12 52 3.6
7 K.CO; (15pL) 2 67 > 99 52 16
8 LiCl (2.5 M, 35pL) 25 7 6 32 2.1
9 Molecular sieve 4 A (35 mg) 2 63 > 98 60 17
10 HO (35 L) 21 10 8 84 12
11 NaOAc (15 mg) 2 45 62 74 12
12 18-Crown-6 (10 mg) 1.5 70 88 89 49

%lipase AK, VA, 32-34°C, im-hexane
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As stated earlier, the lipase-catalysed asymme@tacylation of primary alcohols
with a remote stereogenic centre is a well-knowattien. The articles dealing with the
enzymatic acylation of compounds with a one-carladom distance between the
stereogenic and reaction centres describe IEghalues (usuallyge > 200 at 50%
conversion) (section 2.1§*?223When the distance between the stereogenic centre a
the OH group is two carbon atoms, the number efdiure data is much low&?3 The
best result in the literatur& (= 56) was observed for the PPL-catalysed acylaifot)-
132 (section 2.2° The number of literature data is extremely lowlyoone article)
when the distance between the stereogenic andiaeamntres is three carbon atoms.
The bestE value of 49 was obtained for the lipase AK-catatysicylation of ()58
(section 2.3*

The literature revealed that lipase PS generaty to highE values for the
acylation of primary alcohols when the OH group was distance of only one carbon
atom from the stereogenic centre. CAL-B and PPLewwrostly used in cases when the
distance between the stereogenic and reactionesewts one or two carbon atoms, with
relatively goodE (> 100) for primary alcohols with a distance ofeonarbon atom
between the stereogenic and reaction centres. dip&swas also used successfully for
the acylation of primary alcohols when the distabe®veen the stereogenic and reaction
centres was one carbon atom. It is noteworthylibase AK also yielded relatively high
E values in the acylation of primary alcohols in @hithe distance between the
stereogenic and reaction centres was three catborsa

A few additional articles are to be found in theedature on enzymati©-
acylation reactions in a CF reactor. Thus, Poppk @nworkers reported some lipase-
catalysed O-acylation reactions of the secondary alcohols dnptethanof® 1-
cyclohexylethanof” 1-phenylpropan-2-8t and 2-methylene-substituted cycloalkafdls
by using a CF reactor. We have found no examplélseoénzymatic acylation of primary
alcohols in a CF system.
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3. Materials and methods

3.1 Materials and instruments

The enzymes used were commercially available. BAlipase B fromCandida
antarcticg immobilized on acrylic resin (L47777) was frongBia, lipase PS IM (from
Burkholderia cepaciaimmobilised on diatomaceous earth) was from AmEnayme
Europe Ltd. Lipase P$6eudomonas cepagiand PPL (porcine pancreas lipase type Il)
were from Sigma, and CAL-A (lipase A fro@andida antarctica from Novo Nordisk.
Lipase AK Pseudomonas fluorescengas purchased from Amano Pharmaceuticals and
lipase AY Candida rugospwas from Fluka. Before use, lipase PS, lipase liiése AY
and CAL-A (5 g) were dissolved in a Tris-HCI buf{&02 M; pH 7.8) in the presence of
sucrose (3 g), followed by adsorption on Celite ()7 The lipase preparation thus
obtained contained 20% (w/w) lipaSeThe solvents were of the highest analytical grade.

The enzymatic reactions in the CF system wereopedd in a flow reactor (H
Cubé by Thales Nano), while the batch reactions weréopmed in an incubator shaker
(Innova 4000). The analytical measurements wergecaput with a high-performance
liquid chromatography (HPLC) system equipped withagco PU-2089 Plus quaternary
gradient pump and a Jasco MD-2010 Plus multiwvagttedetector. The columns used
were an amylase-based Chiralpak IA and a cellubesed Chiralcel OD-H column. The
optical rotations of the compounds were measured aiPerkin-Elmer 341 polarimeter.
'H NMR and °C NMR spectra were recorded on a Bruker Avance D&DO
spectrometer. Melting points were determined on ddlek apparatus. The elemental

analyses were performed with a Perkin-Elmer 2400IStélemental analyser.
3.2.Enzymatic experiments

In general, the enzymatic work was started wittinoigation of the reaction
conditions of the model compound on a small scatle tlie batch or the CF system. The
preliminary experiments were begun with enzyme estrgy to determine the best

catalyst. After selection of the most appropriatzyene, the preliminary experiments
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were continued with determination of the best salvacyl donor, additive and T. The
experiments performed in the CF system allow thssiility of testing the effects of
pressure orE and the reaction rate. To verify the usabilityairbatch reaction of the
optimised conditions determined in the CF systesmall-scale reaction was performed
in an incubator shaker under the best conditions.

The preliminary experiments were followed by pragiae-scale experiments.
The product ester and the unreacted alcohol werarated by column chromatography.
The product enantiomers were characterised wath optical rotation, absolute
configurations, melting point, NMR and elementaalgses. The absolute configurations
were determined by comparison of the optical rotetiof the enantiomers or derivatives

with the literature data.

3.3.Analytical methods

The enzymatic reactions were followed by analytioathods. HPLC with chiral
columns was used to determine #wvalues of the compounds from the reaction mixture
(eeyandeg,). The conversion anf were then calculated via the following equations:

ees= (A2 — A)l(AL + Ay)
e = (As — Ag)/(Az + Ay)
Conv. =eeJfee; + eg,
E ={In[(1 - eey)/(1 +eefesq)}AIN[(1 + ee)/(1 +eeles)]},
where A, A,, Az and A, are the areas of peaks ang>AA;, Az > As.

Theeevalues folN-Boc-protected amino alcohols (4){+)-6, esters (£)8, (£)-9,
(¥)-174 and (x)4175 and (x)-triisopropylsilyl-1-(2-hydroxyethyl)-6,dimethoxy-1,2,3,4-
tetrahydroisoquinoline [(£)-77] were determined by HPLC on Chiralpak 1A column,
while in the cases of (£]-andcrispine AenantiomersR)-3 and(S)-3 a Chiralcel OD-H
column was used for the enantioseparation.

The exact conditions concerning the eluent, flater detection and retention

times for the HPLC analyses can be found in thgiral papers!”
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3.4.Syntheses of racemic starting materials [()-4—%)-6]

The starting compounds used in the enzyme-cataligsextic resolutions were
prepared according to literature methd4¥" Before the enzymatic acylation reactions,
all the prepared amino alcohols @){+)-6 wereN-Boc-protected to avoid the possibility
of enzymatic acylation of the NH group. Thalycotomine(z)-1 intermediateN-Boc-
protected 1-hydroxymethyl-6,7-dimethoxy-1,2,3,4dbydroisoquinoline (¥} was
prepared fron-(3,4-dimethoxyphenyl)ethylamind§0), which was reacted with diethyl
oxalate 161). The product amidel62) was cyclised via a Bischler—Napieralski reaction
to give ethyl 6,7-dimethoxy-3,4-dihydroisoquinoliiecarboxylate 163), which was
reduced first on Pt/C, and then on LiAlHThe NH group of the resulting 1-
hydroxymethyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoguline [(+)-1] was protected with
Boc,O and furnished the desired (&)Scheme 7).

Meom ?OOEt i MeOm ii MeO
+ — HN. _O — _N
MeO NH2"  cooEt MeO ¥ MeO

E

MeO MeO MeO
NBoc VYV v

MeO MeO N MeomH
OH OH COOEt

(+)-4 Calycotomine ()-1 (+)-164

Scheme 7Preparation of (£}
(i) 140 °C, 6 h; (ii) POGI PhMe, 3.5 h; (iii) H, 5% Pt/C, EtOH, 25 atm.
25 °C; (iv) LiAIH4, THF, 5 h; (v) BogO, NaOH, dioxane/kD (4:1).

N-Boc-protected 1-(2-hydroxyethyl)-6,7-dimethoxy-B,2-tetrahydroisoquino-
line (a homocalycotominéntermediate) was prepared according to the titee®%*
starting with the reaction of homoveratrylamii®@ and HCOOH 165. The product
formamide (66) was ring-closed in a Bischler—Napieralski reactidbhe 6,7-dimethoxy-
3,4-dihydroisoquinoline1(67) obtained was then transformed into the amino 69
with malonic acid 168). The amino acid 169 was reduced with LiAlg and the
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resulting amino alcohol [(£} was transformed with BgO to the desired (£)-(Scheme
8).

Meom ' Mer@/\‘ ) MeO
+ HCOOH —— HN. O —1» m
N
MeO H, MeO \]: MeO _N
166 167

160 165
COOH
iii <
COOH
168
MeO MeO MeO
v iV NH
Meoj@NBOC ‘ MeojijiNH MeoD?
OH ~_-OH COOH
(+)-5 Homocalycotomine (1)-2 (1)-169

Scheme 8Preparation of (xp
(i) 170 °C, 5 h; (ii) POG| PhMe, 1 h; (iii) 120 °C, 45 min;
(iv) LiAIH 4, THF, 8 h; (v) BogO, NaOH, dioxane/bD (4:1).
The synthesis of (#- was achieved by a known literature metAdt?
This started with the reaction d¢f-(3,4-dimethoxyphenyl)ethylaminel§0) with y-
butyrolactone 170, and the resulting amidel{l) was then subjected to Bischler—
Napieralski cyclisation. The ring-closed 1-(3-hydypropyl)-6,7-dimethoxy-3,4-
dihydroisoquinoline 172 was reduced with NaBHto give 1-(3-hydroxypropyl)-6,7-
dimethoxy-1,2,3,4-tetrahydroisoquinoline [(})-3. Finally, N-Boc protection with
Boc,O furnished the desired (§{Scheme 9).

MeO MeO
m + (Ofo i m 0
MeO NH, MeO
160

170 171
HO
J i
MeO ~ MeO MeO
NBoc : NH -
MeO OH MeO OH MeO =N o4
(2)-6 (£)-173 172

Scheme 9Preparation of (+p
(i) 150 °C, 5 h; (ii) POGI CHCE, 3 h; (iii) NaBH,, MeOH, 10% NaOH, 3.5 h;
(iv) Boc,O, NaOH, dioxane/kD (4:1).
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4. Results and discussion
4.1.Small-scale resolutions
Small-scale preliminary experiments were carried iauorder to optimise the

lipase-catalysed enzymatic resolutions of 4£}+)-6 (Scheme 10). The preliminary

experiments were performed either as reactiongdf aystem or as batch reactions.

MeO MeO MeO
enzyme +
( solvent, T ( (

OH OH OAcyl
®H-4,n=1 (Ryor(S)-4,n=1 (R)or(S)-7,n=1
(#)-5,n=2 (R)or(S)-5,n=2 (R)or(S)-8,n=2
(#)-6,n=3 (R)or (S)-6,n=3 (R)or(S)-9,n=3

Scheme 10Lipase-catalyse@®-acylation of (+)4—(x)-6

The preliminary experiments to determine the optimconditions for theO-
acylation of ()4 and (x)5 were performed in a CF reactor in an H Cube systeiiNo
H,’ mode (Figure 9). The main components of the Clete were the HPLC pump and
the heat- and pressure-resistant holder equipped &i70-mm-long stainless-steel
CatCart, filled with different enzymes. The HPLCngu pumped the reaction mixture
[the substrate (&% or (£)-5 and acyl donor (VA)] through the CatCart and thedpcts
were collected and analysed by HPLC.

MeO
MeO

« NBoc
MeO
MeO ©

(
Flow reactor OH

(
_ (OH (R) or (S)-4, n = 1
§3§ 2 - ; HPLC (R)or(S)-5,n=2
pump [—{t_Enzyme {T.p
(@) +« NBoc

MeO
/\OJ\ (

(R) or (S)-7,n
(R) or (S)-8,n

MeO

OCOMe

N —

Figure 9. EnzymaticO-acylations of (£} and (+)5 in a CF reactor
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To determine the best conditions for the enzym@tarcylation of (£)6 (Scheme

11), the preliminary reaction was performed astalbeeaction in an incubator shaker.

MeO MeO MeO
NB __enzyme _ NB NBoc
MeO o acyldonor ~ MeO N0+ Meo T
oH solvent_ oH OACY]
()-6 batch reaction (R) or (S)-6 (R) or (S)-9 Y

Scheme 11EnzymaticO-acylation of ()6

In both types of reactions (CF and batch), systemaeliminary experiments
were performed to investigate the effects of theyere, acyl donor, solvent, T and

additives on the conversion akd

4.1.1. Effect of the enzyme

The preliminary reactions of (#-and (+)5 were started with enzyme screening

at 80 bar, 0.1 mL mihflow rate and in the presence of VA as acyl dofiable 12).
PPL did not catalyse the reaction for either 4+pr ()5 (entry 1), while CAL-A
catalysed the acylation of (#)without E, and no reaction was observed in the case of
(1)-5 (entry 2). Lipase PS catalysed the acylation ¢f4(with E = 3, but in the case of
(¥)-5 no reaction was detected (entry 3). Lipase AY waiag tried for the acylation of
(¥)-4, butE was also lowE = 3), and in the case of (H)lipase AY did not show any
activity (entry 4). The bedE values for both substrates were observed in tbgsepice of
CAL-B [E > 200 at 35% conversion for (#andE = 5.2 at 42% conversion for (&}-
(entry 5). The reactions were performed at 45 °@ WPL, CAL-A, lipase PS, lipase AY
or lipase AK, and at 60 °C in the presence of CALHhally, CAL-B was chosen for

further preliminary reactions.
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Table 12.Enzyme screening for the acylation of @)and (+)5°

MeO MeO
Me OJC(ENBOC MeO NBoc
OH
(+)-4 OH ()-5
Entry Enzyme ee’ e’ Conv. E ee’ e’ Conv. £
() (%) (%) () (%) (%)

1 PPL No reaction No reaction
2 CAL-A rac. rac. 14 1 No reaction
3 Lipase PS IM 6 54 10 3 No reaction
4 Lipase AY 4 50 7 3 No reaction
5 CAL-B 52 99 35 > 200 41 56 42 5.2

20.012 M substrate, 2 equiv. of VA, 80 bar, 0.1 min™ flow rate, n-hexane, after one ruR.0.012 M
substrate, 4 equiv. VA, 80 bar, 0.1 mL rhiftow rate, toluene, after one runAccording to HPLC.

To determine the best enzyme for tBeacylation of (£)6 with VA, several
enzymes (CAL-A, CAL-B, lipase AK, lipase AY, lipageS and PPL) were tested in
reactions in an incubator shaker. No reaction (romygct was detected) was observed
after 24 h with CAL-A, lipase AK, lipase AY or PRI able 13, entries 1-4), while with
CAL-B the acylation was fast, but the product ofal was racemic artd was 1 (entry
5). E = 1.6 was observed at 15% conversion only in the cadpade PS (entry 6). To

increasekE, the preliminary experiments were continued wiplade PS.

Table 13.Enzyme screening for the acylation of ¢f)-
Entry Enzyme t(h)y ee’() eg (%) Conv.(%) E

1 CAL-A 24 No reaction
2 Lipase AK 24 No reaction
3 Lipase AY 24 No reaction
4 PPL 24 No reaction
5 CAL-B 1 rac. rac. 43 1
6 Lipase PS 1 4 22 15 1.6
aHOP.IOi%:ZS M substrate, 30 mg mlenzyme, 1.1 equiv. of VA, 1 milPr,0, 45 °C" According to
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4.1.2. Effect of the solvent

To improve the conversion without a decreaseEinfor the calycotomine
intermediate (4 and thehomocalycotominéntermediate (xb, the effects of solvents
were tested (Table 14). BuOMe, E for both reactions was quite low (entry 1). When
the acylation of (x4 was performed im-hexane,E was excellent (> 200 at 35%
conversion), in contrast with (H- in which caseE remained very low (entry 2). In
toluene, the conversion of the acylation of ¢feached 50% after one run (entry 3). The
highestE for the acylation of (+p was obtained in toluen& (= 22 at 16% conversion)
(entry 3). Toluene was, therefore chosen as thiedbéke solvents tested in the enzyme-
catalysedO-acylation of ()4 and (z)-5, which was in good agreement with literature

data?®

Table 14.Solvent screening for the acylation of @)and (+)5°

MeO MeO
Mer(\jig\IBOC MeO NBoc
(¥)-4 o (£)-5 >
Entry  Solvent (eof) (ecﬁ;; (Co/i)))n Ve E (eof) (ecﬁ;; (Co/i)))n Ve E
1 tBuOMe 15 95 14 45 4 5 44 11
2 n-hexane 52 99 35 > 200 7 26 21 1.8
3 toluene 99 99 50 >200| 17 90 16 22

20.012 M substrate, CAL-B, 2 equiv. of VA, 80 b&®,°C, 0.1 mL mift flow rate, after one run.
®0.012 M substrate, CAL-B, 4 equiv. of VA, 80 b25,°C, 0.1 mL mift flow rate, after one run.
¢ According to HPLC.

In order to increas& for the lipase PS-catalysed acylation of §tvith vinyl
decanoate (VD), several solvents were tested fer rdactions performed as batch
reactions: MeCN, toluene-hexane andBuOMe (Table 15). No reaction was observed
when the reaction was performed in MeCN (entry vhjle in tolueneE = 5 was
observed (entry 2). In-hexaneE was 20 at a conversion of 23% (entry 4) and in the
case oftBuOMe, in spite of a slower reactiogg, = 95% was achieved at a conversion of
10% andE = 43 (entry 5). A&BuOMe is considered a green solvent, the prelinginar

reactions for the acylation of (§were continued ilBBuOMe.
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Table 15.Solvent screening for the acylation of @&)-

Entry  Solvent ee’ (%) e’ (%) Conv. (%) E

1 MeCN No reaction

2 toluene 5 67 7 5
3 iPr,O 9 85 10 13
4 n-hexane 26 88 23 20
5 tBuOMe 10 95 10 43

20.0125 M substrate, 30 mg mlipase PS, 1.1 equiv. of VD, 1 mL solvent,
45 °C, after 1 h® According to HPLC.

4.1.3. Effect of temperature

The effect of T on the conversion aBkdwas also investigated. In the case of
(¥)-4, the tested T values were 60 °C, 40 °C and rodm 25 °C). It was observed that
remained higher than 200, while the conversionetesed from 50% to 48%, and then to
42% with the decrease of T (Table 16 entries 1-3).

Table 16.Effects of T orE and the conversion in the
acylation of (#°
Entry T (°C) e’ (%) eg’ (%) Conv. (%) E

1 60 99 99 50 > 200
2 40 92 99 48 > 200
3 25 71 99 42 > 200

20.012 M substrate, CAL-B, 2 equiv. of VA, 80 bar] mL min®
flow rate, toluene, after one ruhAccording to HPLC.

In an attempt to increase tEeobtained for the CAL-B-catalysed acylation (VA)
of (x)-5, the reactions were performed at different T valukhe results obtained in this
screening are presented in Table Efncreased from 5.2 to 10, and then to 22 with the
reduction of T from 60 °C to 45 °C and then to Z5 While the conversion decreased
from 42% to 16% (entries 1-3). Finally, a reactwas performed as a batch reaction too
in an incubator shaker at 3 °C. As supposed, adudecrease in the conversion (11%),
but a considerable increasel= 55 was observed (entry 4).
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Table 17.T screening for the acylation of (5§-°
Entry T (°C) ee’ (%) ee (%) Conv.(%) E

1° 60 41 56 42 5.2
2 45 17 80 18 10
3? 25 17 90 16 22
4 3 12 96 11 55

20.012 M substrate, CAL-B, 4 equiv. of VA, toluer®, bar, 0.1 mL min
flow rate, toluene, after one ruth0.012 M substrate, 30 mg MICAL-B, 4
equiv. of VA, 1 mL toluene, after 10 minAccording to HPLC.

In the investigation of the effect of T on the BpaPS-catalysed acylation (VA) of
(¥)-6 in an incubator shaker, only slight differencesevaebserved in the conversion, and
there was no beneficial effect dafter 1 h (Table 18). In view of the reaction rate

further preliminary experiments were conductedsat@ (entry 1).

Table 18. Temperature screening for the acylation of§%)-
Entry T (°C) ee’ (%) e’ (%) Conv.(%) E

1 45 4 22 15 1.6
2 30 4 26 13 1.8
3 2 3 29 9 1.9

20.0125 M substrate, 30 mg mlipase PS, 1.1 equiv. of VA, 1 mL solvent,
45 °C, after 1 h> According to HPLC.

4.1.4. Effect of the acyl donor

In the CAL-B-catalysed-acylation of ()4 in a CF system in the presence of 2
equiv. VA, E was > 200 at 50% conversion after one run (TaBleehtry 1). When the
qguantity of the acyl donor was increased signifiga(B0 times more acyl donor), the

same result was obtaindglyemaining higher than 200 at 50% conversion (eRfry

Table 19.Effects of VA equiv. orE and the conversion in the
acylation of (#°
Entry VA (equiv.) ee’(%) eg’ (%) Conv. (%) E

1 2 99 99 50 > 200
2 60 98 99 50 > 200

30.012 M substrate, CAL-B, 80 bar, 60 °C, 0.1 minfrilow rate, toluene,
after one run® According to HPLC.
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To improve the lovE obtained in the preliminary experiments for thgnasetric
acylation of (£)6 with VA in an incubator shakethe effects of the acyl donors were
investigated (Table 20). With isopropenyl acetaRAf, E was slightly higher than with
VA (entry 2vs 1). With vinyl pivalate (VP), no reaction was ebged (entry 4), but
there was a slight increase Enwhen VB was used (entry\& 1). The best (13-14)
were obtained with the use of long carbon chair degors such as VD and vinyl laurate

(VL) (entries 5 and 6). For further preliminary eximents, VD was used as acyl donor.

Table 20.Effects of acyl donor ok and the conversion in the
acylation of (#°
Entry Acyldonor ee’ (%) eg’(%) Conv.(%) E

1 VA 4 22 15 1.6
2 iPA 8 35 19 2.2
3 VB 12 71 14 7

4 VP No reaction

5 VD 9 85 10 13
6 VL 8 86 7 14

20.0125 M substrate, 30 mg mlipase PS, 1.1 equiv. of acyl donor, 1 mL
of iPR0O, 45 °C, after 1 if. According to HPLC.

4.1.5. Effect of the additive

It is known from the literature data that additiyestentially have an increasing
effect onE.** In our enzymatic experiments, the effect of thditake was tested oB and
the reaction rate. In the case of the acylatioftp#, the effect of an additive was not
tested because of the excell&r 200 obtained at 50% conversion.

In the case of the acylation (VA) of (5)-the bestE achieved was 55 at 11%
conversion. In order to increageand the reaction rate, several additives wereedest
(Table 21) in reactions in an incubator shaker.cReas performed with the use of a
catalytic amount of alkali salt as additive, oriwitther additives such @r,NEt showed
low E (entries 1-3), while on the use of;Etboth the conversion and were slightly
increased (entry 5). The best restX 88 at 24% conversion when the reaction was
carried out at 3 °C with VA in toluene) for the gnmtic acylation of (x5 was obtained

when catalytic amounts of & and NaSO, were added to the reaction mixture (entry 5).
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Table 21.Effects of additives o& and the conversion in the acetylation of &#)-

Entry  Additive ee’ (%) e’ (%) Conv. (%) E

1 LiCl 15 83 15 12
2 KCI 14 86 14 15
3 iPLNEt 41 81 34 14
4 E&N 22 96 19 60
5 EtN + NaSO, 30 97 24 88

20.012 M substrate, 30 mg MLCAL-B, 1 mL of toluene, 4 equiv. of VA, 3 °C, aft10 min.
® According to HPLC.

In the lipase PS-catalysed acylation of @)4th VD in the presence of B with
NaSO, as additive, the amount of acyl donor was alstete€lable 22). With 1.1 equiv.
of VD and a catalytic amount of additivE,was 45 at a conversion of 14% after 1 h
(entry 1). When the amount of acyl donor was ineeeao 3 equiv., the conversion dad
increased (entry 2). On the use of 4 equiv. of ¥BJight decrease i& was observed at

26% conversion (entry 3).

Table 22.Effects of the amount of acyl donor in the pregeoic
EtN + NaSQ, for the acylation of (+B°

Amount of acyl e€® eg’ 9
BNty donor (equiv.) (%) (%) Conv. (%) E
1 11 15 95 14 45
5 3 19 96 17 59
3 4 33 95 26 53

20.0125 M substrate, 30 mg mlipase PS, VD, 1 mL of solvent, 45 °C,
after 1 h? According to HPLC.

4.1.6. Effect of pressure

The use of a flow reactor allows the performancepraliminary reactions at
different pressures and gives a possibility fotstesf the effects of pressure on the
conversion and. The reactions were performed from atmospherisgane up to 100 bar
in 20 bar steps. When the acylation of &jvas performed in the presence of VA in
toluene,E was > 200 at all pressures, and the conversiaeased from 38% up to 50%
at approximately 60 bar (Figure 10) after one rAh.80 and 100 barE remained

excellent (> 200) without change in conversion (50%
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p=1bhar

_ €8, = 62%, conv. = 38 %
p=20 har

ee, = 64%, conv. =39 %

p =40 har 22, =92%, conv. =48 %

p =60 har ee,=98%, conv. =50 %

p =80 har 22, =99%, conv. =50 %

p =100 har L e, =99%, conv. =50 %

Figure 10. Dependence adeand conversion on pressure

Unfortunately, the acylation of (5-at different pressures did not lead to an
increasedE, but resulted in similar moderate results (Taldg 2

Table 23.Effects of pressure da and the conversion in the acylation

of (+)5°

Entry Pressure (bar) ee’ (%) eg’(%) Conv.(%) E

1 1 18 89 17 20
2 20 17 a0 16 22
3 40 16 91 15 24
4 60 17 a0 16 22
5 80 17 a0 16 22
6 100 16 89 15 20

20.012 M substrate, CAL-B, 4 equiv. of VA, 80 barl mL mir* flow rate,
toluene, after one rufi According to HPLC.

4.1.7. Other effects

The effects of the substrate concentrationEoand the reaction rate were also
tested in an attempt to increase the efficiencghefasymmetric acylation (VA) of (-
(Table 24). The acylation of the 5 (0.06 M) and (0QL2 M) times more concentrated
substrate led in both cases to excele# 200) at 50% conversion.
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Table 24.Effects of substrate concentration®@and the conversion in the
acylation of (+)4°

Entry Concentration ee’ (%) eg’ (%) Conv. (%) E

1 4 mg mL* (0.012 M) 99 99 50 > 200
2 20 mg mC* (0.06 M) 99 99 50 > 200
3 40 mg mt* (0.12 M) 99 99 50 > 200

3 CAL-B, 2 equiv. of VA, 80 bar, 60 °C, 0.1 mL nirlow rate, toluene, after one run.
b According to HPLC.

Finally a preliminary small-scale enzymatic reactiof (+)4 (0.012 M) was
performed with 30 mg mtof CAL-B, 2 equiv. of VA in 1 mL of toluene at 60 9@ an
incubator shaker, to verify that the optimum coiedis found in the CF system were also
valid in a batch reaction. The results obtainedeweary similar to those observed in the
CF systemE was excellent (> 200) at 50% conversion after andl further optimization
for the acylation of (x4 was therefore not necessary. We decided to pertiien
preparative-scale resolution of (4)as a batch reaction.

The best conditions found in the preliminary exmpents for the enzymatio-
acylation of ()5 were as follows: CAL-B as enzyme in the preserfcé equiv. of VA
and a catalytic amount of §& with Na&SQO, in toluene at 3 °C. We therefore planned to
carry out the preparative-scale reaction offtjader these conditions.

On the basis of the earlier optimization for thglatton of (x)-6, its preparative-
scale reaction was planned with lipase PS, 4 eqfiivD and a catalytic amount of &t
with N&SOy in tBuOMe at 45 °C.

4.2.Comparison of different distances between the stereogenic and reaction centres

A systematic study was performed to investigate #ffects of a remote
stereogenic centre (n = 1, 2, 3) on the converasimhE in the enzyme-catalysed-
acylation of (x)4—(x)-6.

When CAL-A, PPL, lipase AY or lipase AK was used anzyme, it was
practically impossible to distinguish any effecttbé distance between the stereogenic
and reaction centres (n = 1, 2, 3) eitherboar on the reaction rate since the extremely

slow reactions (7% conversion after one run) wegacterized by very lo® (< 3).

-37 -



When CAL-B was used as enzyme under the best consli(VA as acyl donor in
toluene at 60 °C, 80 bar and 0.1 mL fhifiow rate after one run) observed in the
acylation ofcalycotominantermediate ()} in a CF system, the results are presented in
the Table 25 were obtained.

Table 25.Enzymatic acylation of (xJ—(+)-6

MeO MeO
% NBoc NBoc
MeO NBoc /A toluene  Meo
( CF reaction ( (

OH OCOMe
(+)-4,n=1 (R-4,n= 1 (S)-7,n=1
(+)-5,n=2 (S)-5,n=2 (R)-8, n=2
(+)-6,n=3 (#)-6,n=3 #)-9,n=3
Entry Substrate ee’ (%) ee’ (%) Conv. (%) E
1 (4, n=1 99 99 50 > 200
2 ()5, n=2 34 88 28 21
3 (x6,n=3 rac. rac. ~64 1

20.012 M substrate, CAL-B, 2 equiv. of VA, tolue®®, bar, 0.1 mL min flow rate, after one run.
® According to HPLC.

As seen from Table 25, for thmlycotomineintermediate [(£)4], where the distance
between the stereogenic and reaction centres isarben atomkE was excellent (> 200)
at 50% conversion (entry 1) after one run. Whenrteetion was performed with the
homocalycotominéntermediate [(£)5], where the distance is two carbon atomsyas
significantly lower at a conversion of 28% (entry Zhe lowestE was obtained in the
case of the greatest distance between the sterieagsrire and the OH group [(§)-n =
3] (entry 3).

The differences between tleg, andee data for the reactions were followed by
HPLC and are illustrated in Figure 11.
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Figure 11. Progress of acylations of (#)to (x)-6 under the same conditions

In the next part of the study on the effect of thenote reaction centre on the
conversion and, lipase PS was used for tReacylation of (x)4—(£)-6, under the best
conditions obtained for th@®-acylation ofcrispine Aintermediate (xB. The reactions
were performed as batch reactions with VD as aoylod in tBuOMe at 45 °C and

catalytic amounts of BNl and NaSQ,. The results are summarised in Table 26.
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Table 26.Enzymatic acylation of (+}—(+)-6

MeO MeO MeO
lipase PS NB + NB
MeO NBoC \/p, tBuOMe MeO ¢ MeO oc
batch reaction ( (
OCO(CHy)gM
(x)4,n=1 OH (x)4,n =C%H No product, n =1 (CHz)sMe
(+)-5,n=2 (R)-5,n=2 (S)-174,n=2
(+)-6,n=3 (R)-6,n=3 (S)-175,n =3
Entry Substrate ea’ (%) eg’ (%)  Conv. (%) E
1 ®4,n=1 rac. No reaction
2 (x)5,n=2 5 64 7 4.8
3 (x)6,n=3 19 96 17 59

20.0125 M substrate, lipase PS, 4 equiv. of YduOMe, EtN and NaSQ,, 45 °C, after 1 h.
® According to HPLC.

The bestE (= 59) was obtained when the distance betweerstdreogenic and reaction
centres was three carbon atoms §fentry 3). At a two-carbon atom distance between
the stereogenic centre and the OH grdugyas 4.8 (entry 2). Finally, for the enzymatic
acylation ofcalycotominantermediate ()}, when the distance between the stereogenic
and reaction centres is one carbon atom, no reaet#s observed.

From the results obtained in the systematic stu@yconcluded thdE is strongly
dependent on the enzyme used. In the cases of CARPA, lipase AY and lipase AK,
the distance between the stereogenic and reactioines did not have any effect &n
while in the case of CAL-B a significant decreas& iwith increase of the distance was
observed, in contrast with lipase PS, where a fogmit decrease it was seen with
decrease of the distance.

We plan to carry out a molecular modelling studyomder to determine the
relation between the structure of racemic 4+£J+)-6 (the distance between the

stereogenic and reaction centres) and the corrdsppi.

4.3. Preparative-scale resolutions

The preparative-scale resolutions of compounds4{£)-6 were performed
under the optimum conditions obtained in the priglary reactions. Thealycotomine
intermediate (+)4 was resolved with excelle (> 200) in the presence of 25 mg L

CAL-B and 2 equiv. of VA in toluene at 60 °C. Aftérh, the reaction was stopped at

- 40 -



50% conversion and the product es®rq{ and the unreacted alcoh®){4 were isolated
with higheevalues ég, = 99% andee, = 99%) in a good chemical yield 43%).

The optimum conditions for (J-were 30 mg ml* CAL-B and 4 equiv. of VA in
toluene with catalytic amounts of &tand NaSOy at 3 °C. After 10 min, the esteR)(8
was isolated witreq, = 95% and the unreacted alcoh8)-% with ee = 46% at 33%
conversion. To increase tleeof the unreacted alcohol, a second enzymaticiceaetas
performed with the enantiomerically enriched aldol#dter 30 min, the reaction was
stopped aég = 94%.

The resolution of racemic (6-was performed with 30 mg riLlipase PS in
tBuOMe by using 2 equiv. of VD, 0.1 equiv. of;Htand a catalytic amount of b0, at
45 °C. After 1 h, the reaction was stopped at 48%version by filtering off the enzyme,
and the ester§-178 was isolated witteg, = 94% and the unreacted alcohB)-6 with
ee = 70%. To obtain a higher, the enantiomerically enriched alcohek(= 70%) was
subjected to a second enzymatic resolution. Afteéh3 the reaction was stopped and the
alcohol was obtained witke= 95%.

4 4 Further transformations

This section describes the preparation of the etargalycotomine
homocalycotomineand crispine A enantiomers. The reactions were performed on the

enantiomers obtained in preparative-scale resaisitjsection 4.3).

4.4.1. Preparation ofcalycotomine enantiomers [R)-1 and (5)-1]

The products obtained in the enzyme-catalysed imadsection 4.3) were
separated andRj-4 and §-7 were transformed to the desire®)-L and §)-1.
Deprotection of the amino group and hydrolysishaf éster were achieved with 18% HCI
(Scheme 12). After refluxing for 5 h, 5 M NaOH wadded to the product, and both
enantiomers ofalycotoming(R)-1 and §)-1, were obtained with gocgke (> 99%).
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MeO MeO

NBoc 1. 18% HCI, A
MeO 2. 5M NaOH MeO

NH

OH OH
(R)-4 (R)-1 calycotomine

MGODQ MeO
1.18% HCI, A j@@
MeO NBoC 5 EMNaOH ~ MeO AN

SOCOMe “OH
(S)-1 calycotomine

(S)-7

Scheme 12Preparation of both enantiomerscalycotomine

The physical data on the compoundR){¢ and ©)-7] obtained from the enzymatic
reaction and on thealycotominesnantiomers R)-1 and §)-1] are presented in Table 27.

Table 27.Physical data on the prepared enantiomers
Compound Yield ed (%) [a]p™ (CHCh)

(%)
(R)-4 46 99 +82 (c 0.255)
(9-7 43 99 -103 (c 0.24)
(R)-1 73 99 +16 (c 0.165)
(9-1 76 99 -15 (¢ 0.18)

& According to HPLC.
4.4.2. Preparation ofhomocalycotomine enantiomers [R)-2 and ©)-2]

The homocalycotominenantiomers f)-2 and R)-2] were prepared in a similar

way as described in section 4.4.1, starting fr§¥b(and R)-8 (Scheme 13).

MeO MeO
1. 18% HCI, A
NB X NH
MeO T2 5MNaoH MeO
OH OH
(S)-5 (S)-2 Homocalycotomine

MeO:E;G MeO
1.18% HCI, A :@@
' NH
MeO NBoc g

Y 2. 5M NaOH MeO :
~_-0OCOMe ~_-OH
(R)-8 (R)-2 Homocalycotomine

Scheme 13Preparation of both enantiomersh@imocalycotomine
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4.4.3. Preparation of (R)-177

(1R)-Triisopropylsilyl-1-(2-hydroxyethyl)-6,7-dimethgx1,2,3,4-tetrahydroisoquinoline
(R)-177 was prepared by the reaction d®){homocalycotomineand triisopropylsilyl
chloride (76) in the presence of imidazole adddimethylaminopyridine (DMAP) in
dimethylformamide (DMF) at room T (Scheme 14). Theaction was performed
according to the method described by Tietze and@dkers®

MeO
MeO imidazole
Ve NH \(Si DMF :
e Si
~_-OH Y
176 RA7T . —

(R)-2
Homocalycotomine
Scheme 14Preparation of compoun®)177

Physical properties of §-5, (R)-8, (9-2, (R-2 and {R)-177, prepared in other
transformations described in this section are piteskin the Table 28.

Table 28 Physical data on the prepared enantiomers
Compound Yield eé (%) [a]p™ (CHCE)

(%)
(95 35 94 +95 (c 0.24)
(R)-8 32 95 -49 (c 0.2)
(9-2 71 94 +9 (c 0.18)
(R)-2 74 95 -10 (c 0.2)
(R-177 71 94 +10.6 (C 0.44)

& According to HPLC.

4.4.4. Preparation ofcrispine A enantiomers [R)-3 and (§)-3]

In the preparation of therispine Aenantiomers, the first step was the hydrolysis
of the ester group of§-175 (ee= 94) (Scheme 15). The reaction was performed in the
presence of BCO; in MeOH. After 8 h, the productS(-6 was obtained without a
decrease iee(= 94%).
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MeO MeO

K2003/MeOH
MeO NBoc MeO NBoc

OCO(CHz)gMe

(S)-175 (S)-6 OH

Scheme 15Hydrolysis of §-175

Both enantiomers ofrispine Awere prepared from the correspondMdBoc-protected
amino alcohols. Deprotection of the amino group eydlization of the enantiomerR)y-

6 and §)-6 were performed in one step in the presence of S@OCH,Cl, at 40 °C
(Scheme 16). After 2 h, NaOH was added to the i@achixture and therispine A
enantiomers were obtained without a decrease {r 95%).

MeO

SOChL/CH,Cl, €0
MeO NBoc o N
e 5 M NaOH MeO
- OH
(S)-6 (S)-3 crispine A
MeO

MeO

:

SOCI,/CH,Cl; ~ MeO
NBoc 5 M NaOH N
MeO \7
\/\OH

(R)-6 (R)-3 crispine A

w

1

Scheme 16Preparation ofrispine Aenantiomers

The physical properties of the enantiomeric complsunbtained through the enzymatic

acylation of ()6 followed by different further transformations gmesented in Table 29.

Table 29 Physical data on the prepared enantiomers.
Compound Yield eé (%) [a]p™ (CHCh)

(%)
(9-175 31 94 +52 (c 0.2)
(9-6 89 94 +60 (c 0.31)
(R)-6 31 95 -60 (c 0.5)
(9-3 78 96 -61 (c 0.28)
(R)-3 83 95 +60 (C 0.255)

& According to HPLC.
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4.5. Absolute configurations

The absolute configurations of thalycotomineandcrispine Aenantiomers were
determined by comparing the specific rotations hef enantiomers prepared with the
rotations known from the literature data [f@)-calycotomine lit.'® [a]p®° = -13.1 (c
0.31, CHC}), and for the enantiomericalycotomineobtained through the enzyme-
catalysedO-acylation of (+)4 [a]p?° = - 15 (¢ 0.18, CHG); for (R)-crispine A lit.*%*
[a]p> = +96.9 (c 1.1, CHG), and for the enantiomeririspine Aobtained through the
enzyme-catalyse®-acylation of (+)6 [o]p>> = +60 (c 0.255, CHG)]. The CAL-B-
catalysed asymmetri®o-acylation of (£)4 and the lipase PS-catalysed acylation of§z)-
therefore both displayesE.

To determine the stereochemistry of thimmocalycotomineenantiomers,
enantiomeric  triisopropylsilyl-1-(2-hydroxyethyl)-&dimethoxy-1,2,3,4-tetrahydroiso-
quinoline (L77) was prepared from the enantiomeric alcadhohccording to the method
described by Tietze and co-work&$he a value of enantiomerit77 [a]p>° = +10.6 (c
0.44, CHC}), obtained through the enzyme-catalys@dacylation of ()5, was
compared with the literature difa]p® = -12.9 (c 0.58, CHG) for the S enantiomer of
triisopropylsilyl-1-(2-hydroxyethyl)-6,7-dimethox¥;2,3,4-tetrahydroisoquinoline. It was
concluded that the CAL-B-catalysed asymme®iacylation of ()5 proceeded witlR
E.
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5. Summary

Racemic primary alcohols [(#-(x)-6] were resolved through enzyme-catalysed

asymmetridO-acylation (Schemel7).

MeO MeO
_enzyme +
NB
NBoc acyl donor  pMeO oc MeO NBoc
solvent, T ( (
OH

OCOR
(+)-4, n=1 (R)-4,n=1 (S)-7,n=1,R=Me
(£)-5,n=2 (S)-5,n=2 (R)-8,n=2;R=Me
(x)-6,n=3 (R)-6,n=3 (S)-175, n = 3; R = (CH,)sMe

Scheme 17Lipase-catalyse®-acylation of (+)4—(+)-6

A new enzymatic method was developed for the CAtaBalysedS-selectiveO-
acylation of N-Boc-protected 1-hydroxymethyl-6,7-dimethoxy-1,2;8trahydroisoqui-
noline [(x)4] in a CF reactor. The optimized conditions in @ system were valid in a
batch reaction and the preparative enzymatic daoylatas performed with excellekt(E
> 200) by using CAL-B as enzyme, and VA as acylatdn toluene at 60 °C. After 1 h,
the product estei§-7 and the unreacted alcoh®){4 were isolated with higkevalues
(> 99%) at 50% conversion.

The optimum conditions for the-selectiveO-acylation ofN-Boc-protected 1-(2-
hydroxyethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisopline [(£)-5] were determined
with a combination of the batch and a CF systemthénCF system, the bdstwasE =
22 in the presence of lipase PS as enzyme, witha¥Acyl donor in toluene at 24 °C.
The best conditions obtained in the CF system watenced in the batch reactions by
using catalytic amounts of & and NaSO, as additives at 3 °C. The bdstobtained
was 88 at 24% conversion.

We have developed the first total synthetic rdatethe preparation afrispine A
enantiomers, which involves an enzymatic key stbp,S-selectiveO-acylation of N-
Boc-protected 1-(3-hydroxypropyl)-6,7-dimethoxy-B,2-tetrahydroiso-quinoline [(z)-
6] (E = 59). The reaction was performed with lipase B®mrzyme, vinyl decanoate as
acyl donor, and BN and NaSQ, as additives inBuOMe at 45 °C.
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The preparative-scale resolutions of #)+)-6 were performed in batch
reactions under the optimum conditions. Amino atiddk)-4 was resolved witle > 200
and the resulting unreacted alcoh®)-4 and the estelS§-7 were obtained with excellent
ee (> 99%). The preparative-scale resolution of [Gk)was performed in two steps to
obtain the unreacted alcohol and the ester enaat®mith highee values. In the first
step, the reaction was stopped after 10 min at 88%ersion, and the estdR){8 was
obtained withee= 95% and the unreacted alcoh§)-% with ee= 46%. After separation
of the products with the enantiomerically enriclacbhol a second enzymatic reaction
was performed under the above-described conditioieen the alcohol §-5 was
obtained withee = 94%. The enzymatic resolution of [(&)-was also performed in a
two-step preparative-scale acylation under thenogt conditions. First, the reaction
was stopped after 1 h at 43% conversion, and tteg -175 was obtained witleg, =
94%. The enantiomerically enriched alcoH®)-6 with eg, = 70% was then subjected to a
second enzymatic reaction, which after 3.5 h fumeisthe unreacted alcohol wide =
95%.

Both enantiomers afalycotomineandhomocalycotomin&vere prepared through
Boc deprotection and ester hydrolysis of the eoamric productsR)-4, (9-7, (9-5,
and R)-8, obtained in the preparative-scale enzymatic utwois of (+)4 and (x)5. In
the cases ofR)-6 and §)-6, the Boc deprotection and the cyclisation werdgoered in
one step and resulted in battispine Aenantiomers.

We performed a systematic study to investigate ¢ffects of the remote
stereogenic centre (n = 1, 2, 3) on the conversi@E with six different enzymes. When
CAL-A, PPL, lipase AY or lipase AK was used, thstdince between the stereogenic and
reaction centres did not have an effecttorin the presence of lipase HSincreased as
the distance between the stereogenic centre andkhgroup increased from one carbon
atom (no reaction) to two carbon atoris{4.8) and then to three carbon atofs (59),
while with CAL-B E decreased from 200 to 21 and then to 1 as thandistincreased
from one to three carbon atoms.

All the enantiomers obtained were characterizetHBy.C measurements, optical
rotation, '"H NMR, *C NMR, elemental analysis and melting point measerg. The
absolute configurations were determined by compgatime optical rotations of the

enantiomers or their derivatives with optical rmtas described in the literature.
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