- 1 - PROCESS FOR THE ENZYMATI C SYNTHESI S COF (75)-3, 4-
| METHOXYBI CYCL014. 2. 010CTA-1, 3, 5- TRI ENE- 7- CARBOXY C ACI D AND
APPLI CATION | N THE SYNTHESI S OF | YABRABI NE AND SALTS THEREOF The
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et hyDam nol propy1) -7, 8-di net hoxy-1, 3 4,5-tetrahydro-2H—3-benzazepin-%
_one, iThe peasdittinyentionl relatesi tora Brashsr loa s enzyaiabiy sypibest abithe sRmMePUgA P
their @éﬁ@ Hzf. | vabradi ne, and addition salts thereof wth a

phar ma cal'ly acceptable acid, and nore 10 especially the
hydrochl ori de thereof, have very val uabl e pharnacol ogi cal and

t herapeutic properties, especially bradycardic properties, which
render those conpoungs gsebul in_the treatnment or prevention of
various clinical conditions rdial ischaem a, such as angi na
pectoris, myocardial infarcti r and |assgci ated rhythm @)sorders, as
wel | as in various pathol ogi eg!involivi ng(® hyt hm di sorders, especially
supraventricul ar rhyghmdi et de and i, 15heart failure. - 2 - The
preparation and therapeutic use of ivabradimé and addition salts
thereof with a pharnaceutically acceptagé acid, and nore especially
t he hydrochl ori de thereof, have been de i bed in European patent
specification EP 0 534 859. That patent specification describes the
synt hesis of ivabradi ne hydrochloride starting fromthe 5conpound of

formula (] ot - ‘s of i : la (ID):
(251 Frdolihdapplication hereof in the synthgsis ofivabragipe of formul (N,
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or 3-{3-[{[(7S)-3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl Jmethyl } (methyl)amino]-
propyl}-7,8-dimethoxy-1,3,4,5-tetrahydro-2H-3-benzazepin-2-one,

its addition salts with a pharmaceutically acceptable acid and their hydrates.

Ivabradine, and addition salts thereof with a pharmaceutically acceptable acid, and more
10  especially the hydrochloride thereof, have very valuable pharmacological and therapeutic

properties, especially bradycardic properties, which render those compounds useful in the

treatment or prevention of various clinical conditions of myocardial ischaemia, such as angina

pectoris, myocardial infarction and associated rhythm disorders, as well as in various

pathologies involving rhythm disorders, especially supraventricular rhythm disorders, and in
15  heart failure.



nmet hyl net hanam ne: H3G-0 H3C-0 \CH3 The conpound of formula (I111)
is a key internediate in the synthesis of ivabradine and

phar maceutical ly acceptable salts thekeof 10 The prior art discloses
several nethods for obtaining the conpound of fornula (Ill). Patent
specification EP 0 534 859 describes synthesis of the conpound of
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That patent specification describes the synthesis of ivabradine hydrochloride starting from the
5 compound of formula (II), (7S)-1-(3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl) N-

methyl methanamine:
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CH;

The compound of formula (III) is a key intermediate in the synthesis of ivabradine and

pharmaceutically acceptable salts thereof.
10 The prior art discloses several methods for obtaining the compound of formula (III).

Patent specification EP 0 534 859 describes synthesis of the compound of formula (III) by

reduction of the nitrile of formula (IV):

H C—0O
j} Iv)

N\
N N
by BHj in tetrahydrofuran,
15  followed by addition of hydrochlonc acid, to yield the hydrochloride of the racemic amine of
formula (V):
H,C-0
N
| W),
S
H 3 C-0 NH 2

which is reacted with ethyl chloroformate to yield the carbamate of formula (VI):



t he reduction of which, by Li AlH4, yields the racem c nethyl ated
amne of fornmula (VMI1): H3 GO0 H3C-0 the resolution of which, using
canphor sul phonic acid, yields the coampoeund of fornmula (Il11). 5That
met hod has the di sadvantage of yielding the conpound of formula (111)
inonly a very lowyield of 2 to 3 %starting fromthe racemc
nitrite of formula (I1V). That very lowyield is due to the lowyield
(4to5 9% of the step ﬁf e¢o| ution of the secondary am ne of

3pec

formula (M1). Pat ent n EP 2 166 004 descri bes

obtai ning the conpound of for a (IfI1) by 10optic&VDresol ution of
the racemic nitrite of fornul I t#st\Qg iral chromat ography to
yield the optically purlds&rt®@ite st for DO)GEH3C 0 H3C-0 ~ whi ch
is reduced using NaBH4 or by hydrol ytic hydrofyjen, to yield the
primary am ne of forrmula (VII1). 15 The pri y am ne can then be

met hyl at ed usi ng the sane reaction sequence as above (conver sion into

A S A S S {‘Q i

formula (1V), in ayie déf 45. 6% for the resolution step -

Using hydrolytic nitri EC 3.5.5.1 in the |nternat|onal
classification of enzynes) seerred pfromising in ordgm’o all ow t he
optically pure acid of forrmulall(l) f1o ke obHai ned directly starting
fromthe racem c nitriggCetOfor a (1 thereby to reduce the
nunber of steps for obtaining the rrethylated @ ne of formula (111)
starting fromthe racemc nitrite. 5The nitrile of formula (X) has

been d scri ubstrat e
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same NMhdtih@B&Bh&the hﬁ‘saﬂkf&r[tageeobiqelfdmgn%&o(ﬂpb@lnd of fordmbp@Hpin vy a very
low yield of 2 to 3 % starting from the racemic nitrile of formula (IV).

That very low yield is due to the low yield (4 to 5 %) of the step of resolution of the

secondary amine of formula (VII).

Patent specification EP 2 166 004 describes obtaining the compound of formula (III) by
10 optical resolution of the racemic nitrile of formula (IV) using chiral chromatography to yield

the optically pure nitrile of formula (IX):

C-0_~y
t e (X),
-0

N
N

which is reduced using NaBH; or by hydrolytic hydrogen, to yield the primary amine of
formula (VIII).

15 The primary amine can then be methylated using the same reaction sequence as above
(conversion into the carbamate, and then reduction).
The compound of formula (III) can be obtained thereby in 5 steps starting from the racemic

nitrile of formula (IV), in a yield of 45.6 % for the resolution step.



Exanpl e A) showed themto have low activity with [ittle selectivity,
resulting in nost cases in 10 the sinultaneous formation of am de
(nitrite hydratase activity) and acidgd-which is difficult to exploit
for the purposes of synthesis for obtaining internediates in the

synt hesi s of the conpound of fornula (I [1). The probl em of the
presen C 1
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Sur pri s%ré&ﬂid@h%éﬂk@%'lﬁr hy 86:8patS/ Slnthsi Ng this over-expressed
nitrilase 1s not enantioselective for the substrate of formula (X)

(cf. Conparative Exanple C), H3C-0 (0 (5) H3C-0 HO by

enanti osel ective enzymatic is of the rgggm c, or not
optically pure, nitrite of a—{(1V): H3C -0 H3C -0 (IV) b5using
the nitrilase of Rhodococcu odocruays NCI MB 11216 over-expressed in
anot her organi sm having a conpet ent bR} ogi cal system such as a
bacteria, a yeast or a fungus, in a mxture of an organic sol vent and

an aqueous sol uti o r 10, b
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of solvent m xture
10  the simultaneous formation of amide (nitrile hydratase activity) and acid, which is difficult to

exploit for the purposes of synthesis for obtaining intermediates in the synthesis of the

compound of formula (III).

The problem of the present invention was accordingly to find a nitrilase allowing
enantioselective synthesis of the optically pure acid of formula (I) starting from the racemic

15  nitrile of formula (IV), whilst minimising the formation of amide.

The Applicant then found evidence of nitrilase activity in various whole micro-organisms
with preferential formation of the acid of formula (I), of configuration S. Of the micro-
organisms tested, only Rhodococcus rhodocrous allowed the (S) acid to be obtained with very
good enantioselectivity, without formation of amide (cf. Comparative Example B).

20  This activity was improved by over-expression of the nitrilase.

Surprisingly, enzymatic hydrolysis using this over-expressed nitrilase is not enantioselective

for the substrate of formula (X) (cf. Comparative Example C).

More specifically, the present invention relates to a process for the synthesis of the optically

pure compound of formula (I):



at an EfSratio of from1/1 to 1/100, at a tenperature from25C to
40C. In accordance with an aspect of the invention, the nitrilase
is over-expressed in a bacteria conprpsing a rearranged plasm d, such
as Escherichia coil, preferably E. coil BL21(DE3), E. 15 col
BL21(DE3) pLysS, E. coli BL21star(DE3) or E. coil 1MB(DE3). In
accordance wth an aspect of the invention, the organic solvent is a
sol vent conpletely or Eﬁittgkjy m scible with water, such as

di rnet hyl sul phoxi de, 3~ace exacetonitrile, an al cohol such as
et hanol or isopropanol, or an e[her such as THF or (UTBE. In
accordance with another}ﬁzﬁegg T Ven%ﬁon, the organic sol vent
is not mscible wwth 20 er for exanprfca hydr ocar bon such as

hept ane or octane. The aqueous squtioQ{'s preferably a buffer
solution having a pH of about 7. - 6 -"In accordance with an aspect
of the inventiaogn, the bacterga ?verhgx ressing the nitril.ase aret¥seg
di r ect Py epsntiopelegiivscauymatin hyqelyst of dhe Z2958¢ 95 APt QRFAYY RyFe, mitrie o
Iyophi%%ﬁg%ﬁrvihe E/Sratio is preferably from1/1 to 1/10 in the
case of a bacterial slurry, and from1/10 to 1/20 in the case of a

| yophilisate. 5In accdigan©e w anot her aspect of the invention
the nitrilase is used in the fiormgf purified enzyqﬁg The schenma for
enzymati ¢ hydrol ysis according to tlhe invention is‘as foll ows:

Advant ageously, the n&ggLLg igunation (R), the secondary
reaction product, is em'sed 10 by th ction of an organic base
such as DBU or of a m neral base such as swdi um hydroxi de, potassium
hydr oxi de, potassium carbonate or sodi um.carbonate in order to be

r edsyclesing Heonitiilase af yRerpeochys readpsioys BB 11216\ gyer-exprgssed in another
racem sat i.on [ | Sie it e ©4 findgs t 0
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makes int a ROSGII0E dnoo@hhial soltdne afid ami shjuebusl Soliibembheng|d phii fromah teelO,
of nore than 98 % The acid of fornula (1) is preferably isolated

fr om tireterabiy 8 peHerhayimga é@W’éﬁéﬁgr nmore enzymatic hydrolysis
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at a éonzeﬁtraggﬁ
to be a conpoun avi ng an enant’i oneri’c excess greater than or equal
t 0100 Sér litre of solvent mixture,

at an E/S ratio of from 1/1 to 1/100,

at a temperature from 25°C to 40°C.

In accordance with an aspect of the invention, the nitrilase is over-expressed in a bacteria
comprising a rearranged plasmid, such as Escherichia coli, preferably E. coli BL21(DE3), E.
15  coli BL21(DE3)pLysS, E. coli BL21star(DE3) or E. coli IM9(DE3).

In accordance with an aspect of the invention, the organic solvent is a solvent completely or
partially miscible with water, such as dimethyl sulphoxide, DMF, acetone, acetonitrile, an

alcohol such as ethanol or isopropanol, or an ether such as THF or MTBE.

In accordance with another aspect of the invention, the organic solvent is not miscible with

20  water, for example a hydrocarbon such as heptane or octane.

The aqueous solution is preferably a buffer solution having a pH of about 7.



A nitrile which is not optically pure is understood to be a nitrile
havi ng an enanti oneri e 5excess less than 90 % A racemc Mrile is
understood to be a nitrile in the forfmof a m xture of two
enantiomers in a ratio of from55:45 to 45:55. Enantiosel ective
hydrol ysis of a racem c, or not optically pure, nitrile is understood
to be preferential hydrolysis of one of the enantionmers of the
m xture. 10A conpetent biological systemis understood to refer to
(a) bi bl agbrhhces péthi amsaspbastf theidvehtiohdbe bgwerit dverrapresiing theasitiewsnare
nodi fied b netjc reconpi ion, ki ng, i.t/them capabl e of
pr oducPSﬁ’S d;regt& ¢ RE9ESSp %%‘?Wb‘?f ﬁ‘r‘%‘ﬁﬁ’ggih.mﬁﬂr Q)?Bﬁg?g?‘on vect or
(plasm d) constructed for t hat purpose allows the DNA coding for the
gene of interest to be transferred into the host cell, which may
t her ebyheﬁ;rs whent prefarahly frome XfirteI41@ inghé aasetof erharteplotleny, angla‘m%merto
aspectwgf) e inv tll 0 1:at es to a process for the synthesis of the
conpoutid”’ &t 5?§ﬁﬂ 4L gsai?‘n only two steps, starting fromthe
optically pure acid of forrmula (1), which is converted into the
optically pure am de of fornula (XI): H3CGO H3C-O - 8 -ev;t[he .
corfpoulncicedrdpmgerithanathqrjaspest ef s deratien.fhenitpase is gspl @dheiqrm of purified
corrpound():ﬁoﬂ formula (XI1): H3CO 03 CO wherein X represents a
hal oge om preferably an iodine atom 5or subjected to a reductive
am nation reaction with a corrpound of fornmula (XIII) in the presence
of a reduci ng agent rein re re ent s rou el ected from
CHO anHheghaipa for enzym%"l‘e]f‘@eﬂlyﬁi% agpgdi Hn‘feé‘ﬁ?‘g’sgﬁt 0% ¥ near or
branched (G -C6)al koxy group or form toget her 10with the carbon atom
carrying them a 1, 3-di oxane, 1, 3-di oxol ane or 1, 3-di oxepane ring, to
yield iy (?dl ne, which is thean:@n@ert into an a#dctioQn salt with
a phar ma%eu cceptabl e acid, sd d gal bei_q_g i n ani US| or
hydrate form Nitrilase _ ®
H,C-0 N H;C-0 %, -0

N
AN N HO

I base

Advantageously, the nitrile of configuration (R), the secondary reaction product, is racemised

H,C-0

10 by the action of an organic base such as DBU or of a mineral base such as sodium hydroxide,

potassium hydroxide, potassium carbonate or sodium carbonate in order to be recycled into

the enzymatic hydrolysis process.
When the racemisation step is carried out in sifu, the process according to the invention is a

dynamic kinetic resolution (DKR) process which makes it possible to obtain the S acid of

15  formula (I) with an ee of more than 98 %.

The acid of formula (I) is preferably isolated from the reaction medium after one or more

enzymatic hydrolysis cycles.



The conpound of fornula (111) nmay al so be used in the reductive
amnation reaction in the formof its addition salt wth a

phar maceutical ly acceptable acid, preferably its hydrochloride. 15In
that case, ivabradine is obtained directly in the formof the

hydr ochl ori de. Anong the pharnmaceutically acceptabl e acids there may
be ﬁEan ﬁ%msmnthout inmplying any limtation, hydrochloric acid,
hydrobuuu T aci d, sul phuric acid, phosphoric acid, acetic acid,
trifluoroacetic acid lactic acid, pyruvic acid, malonic acid,

succi ni c aci Iutarlcald fUITHI’IC acl

aci d, éptqpﬁeﬁgy e cqupgps 1§ Updpi§toogd e bf @ %&P&un‘ig%%&ﬂégﬂ}tw o gxcess

aci d, %%%pﬁﬁﬁ!& Nifo@ej. d and canphoric acid. - 9 - Anpng the
r educi g agents that nay be used for the reductive am nation reaction

bet ween the conpound of fornula (III) and the conpound of formula

(X11rn) be ne tLO

by | 48 WOHE o Ao SODR et BRI L bP Bt i Smiomeric
SO0y umse¥aeanahvely. de, and di hydrogen in the presence of a
5cat al yst such as palladium platinum nickel, ruthenium rhodium or

a conmpound thereof, especially on a support or in the form of oxides.
The pref ort 'ﬁ?f%ﬁl‘c‘) Ve a Ak AR b PR &éﬁﬁéfﬁ&s ina
bet vvee% ?%el%cg{tﬁ%ﬁ%gﬂ%?&gggh%{)gg?H?%)l an '%rhe gonpound of formula

( XI'1 1) ratis offidoydsngeto 45955l ysed by pal | adi um oncarbon. 10The Exanpl es
hereinbelow illustrate the invention. Abbrevi ati ons

TFATr i Fl uor oAceti c acid TLCThi n-Layer Chr omat ogr aphy

DBUDI a Yt VRadRae16sid Bf RNREMARNTLE nit BSt daﬁ @l 1itr{1©1s understood to be
DVFDI ﬁﬁhﬁ ornan?ﬁﬁ Eﬁ% Di Met hyl Sulphcxl 6 tical density

Enant i pxs&lr@mtal hydrylysisef bicpethe eQ@é@memﬁtmetéreexces s eqnol ar

equi val ent HPLCHi gh Performance Liquid Chronmatography | PTA soPropyl

p- D- 1- Thi oGal act opyranosi de LBLysogeny Broth cul ture nmedi um

10 A competent biological system is understood to refer to (a) biological species (host cells)

whose genetic material has been modified by genetic recombination, making it/them capable
of producing a recombinant protein of interest. An expression vector (plasmid) constructed
for that purpose allows the DNA coding for the gene of interest to be transferred into the host

cell, which may thereby efficiently (over-)express the functional protein.

15  Another aspect of the invention relates to a process for the synthesis of the compound of
formula (II1) in only two steps, starting from the optically pure acid of formula (I), which is

converted into the optically pure amide of formula (XI):

H,C-0O

]| . o,
o

the reduction of which, preferably by BHs, NaBH, or LiAlH,, yields the compound of
20  formula (III).



25 MeOHMet hanol MIBEMet hyl Tert-Butyl Ether opoptical or enantioneric
purity E/S rati oEnzyne/ Substrate ratio, expressed in g/ g NVRNucl ear
Magneti ¢ Resonance (spectroscopy) --80 - MSMass Spectronetry

THFTet r aHydr oFuran TMSTetraMet hyl Sil ane EXA P E

1: (7S) -3, 4-Di net hozybi cycl o[ 4. 2. 0locta-1, 3,5-triene-7-carboxylic acid
50ver - P ' iy 1 ' iotihd o
Rhodoc‘(i;\ié?:ru"rs()ﬁﬁ%?)1 &(;c rgéj%ﬁﬂ CI(K}EQ ﬁ%‘% Sﬁqgggle}gggt?%ﬂeg&;ﬁﬁ%s@%irthgrr?g ound. of
gcnonefatabiEl@3dBs. The sequence of the sought gene is |isted under the
identifier SVA (Sequence Version Archive) "EF467367" in the ENA

(Eur opean Nucl eotide Archive) of EMBL-Bank. This sequence corresponds
to the reference "AALABEO ni Prot KB/ Tr EMBL dat abase. The
production strain E. colt DE3) , m@swr/l%d Wi ¢dm,t he expressi on
vect or pET28aNitl, was used a__Ni
is described in Appli et S ochéni yNand Bi ot echnol ogy 2010, Vol
160(2), pp 393-400. 15The cells there@y transforned are either used
directly in the formaf a bacteri% lyurr.y or are |yophilised before
use. EWRCHeHL K ECOAGRsRts I ahalogendfary R r'% eLIgIBE R0 nitril ase. The
celds ' i i Andh (X[16AnMe
condcen(rt){sgltb8 gﬁ:&g? gégagegc%rgg)ggﬁ? gé/aﬁti&?‘?ﬁag?ﬂgg‘%?uﬁfgbat Ok_):lg( 600 nm
cor r espeswise bha fediGidglgetteri a and about 2010 ng of bacterial slurry
or 1.5 ng of |yophilisate). To a solution of 250 nL of phosphate

buf fer 1CH2PO4/ Na%ngfl 1/15 Mat pH 7 there are added 1 g of

| yophi |l i sate of E. (9| adNp00 Ny (c=2 g/ L, 10nmV) of 3, 4-

di met hoxybi cycl o[ 4. 2. 0l © , 3, SNtLiéng; 7- car boni tri lgnyn 2% of DMSO
(5 mL) The reacti oo« URe pgi ntained at 30C, with rotary
stirring at 220 rpm for 6 hours."p25The reaction is nonitored by
chiral - phase HPLC under conditions allow ng the cnantioneric excess

of theyAGEH eNEpbddtd 4 Brdup sBRctd@ EBMTAE ind CHR;R,

wherein R; and R4 each represent a linear or branched (C;-Ce)alkoxy group or form, together

10  with the carbon atom carrying them, a 1,3-dioxane, 1,3-dioxolane or 1,3-dioxepane ring,

to yield ivabradine, which is then converted into an addition salt with a pharmaceutically

acceptable acid, said salt being in anhydrous or hydrate form.

The compound of formula (II[) may also be used in the reductive amination reaction in the
form of its addition salt with a pharmaceutically acceptable acid, preferably its hydrochloride.

15  Inthat case, ivabradine is obtained directly in the form of the hydrochloride.

Among the pharmaceutically acceptable acids there may be mentioned, without implying any
limitation, hydrochloric acid, hydrobromic acid, sulphuric acid, phosphoric acid, acetic acid,
trifluoroacetic acid, lactic acid, pyruvic acid, malonic acid, succinic acid, glutaric acid,
fumaric acid, tartaric acid, maleic acid, citric acid, ascorbic acid, oxalic acid,

20  methanesulphonic acid, benzenesulphonic acid and camphoric acid.



Chiral pak 1B colum 90 % n-hexane 10 % 2-PrOH + 0.1 % TFA | nlL/mn
30C 288 nm %nitrile ee (nitrile) %acid ee (acid) conversion E 6
hours 49.9 94 50.1 97 0.49 >100 * enantioselectivity coefficient E =
In[1-c(1-tee(acid))] / In[l-c(1l-ce(acid))] 5 The chiral -phase HPLC
chromat ogram after hours is shown in Figure 1. After reacting for 6

6
hour s. ) . ; . i £ : ' "
obt ai nAcaaTQﬁngtﬁ?])c/eh{é%?% g%ﬁt%%% @%y g?\ gg%dsfofﬁlg\r%%%{%%lg’act eg tl\l?mﬁ] 'f %%g%béltggenrrt{l ©
of di cbdmpmanEt dfefoemulkh@IIpraganhe cohpsed of firmwia OLHI) Ahsrecomd be mentioned,

extraction usjnq tol uene f2,x_100 nmL). makes it osshg#e t o, recover,.
al |t h&itBe¥duiERPlyBgai Hivnglimifatiph fis JARQE e COMRRUYISGatHCE ifasiRdium

are mﬁﬁ%&o%ﬁo@o}gﬁﬂa@#gﬁ}gﬁé '&%ﬁ%%ﬁ@& ?f{@ldd&l)”}%tggﬁ li#dhd phddbnce of a

anhydr ous nagnesi"um su r evaporation of {he solvents, the
cr ude gatalgistcduch sisoffiadived, pletiivoh niskeburuthienaan bshoflivas lor cheanpauogrthergt,
on a sili c.gucol um under, e.foll.o ng conditions: Columm type: 80 g

Si OH fREHBY B2 mwort orin tﬂpe form Iof oxid

The preferred reducing agent for the reductive amination reaction between the compound of
formula (II) and the compound of formula (XIII) is dihydrogen catalysed by palladium-on-

carbon.

10  The Examples hereinbelow illustrate the invention.

Abbreviations
TFA TriFluoroAcetic acid
TLC Thin-Layer Chromatography
DBU DiazaBicycloUndecene
15 DKR Dynamic Kinetic Resolution
DMF DiMethylFormamide
DMSO DiMethyl SulphOxide
oD Optical density
E Enantioselectivity coefficient
20 ee enantiomeric excess
eq molar equivalent
HPLC High Performance Liquid Chromatography
IPTG IsoPropyl B-D-1-ThioGalactopyranoside
LB Lysogeny Broth culture medium
25 MeOH Methanol
MTBE Methyl Tert-Butyl Ether
op optical or enantiomeric purity
E/S ratio Enzyme/Substrate ratio, expressed in g/g

NMR Nuclear Magnetic Resonance (spectroscopy)



Material and nethod: Reveleris 15 Eluant: Isocratic (cycl ohexane + |
% acetic acid / ethyl acetate + | %acetic acid 75/25) Detection: W
288 rimFlowrate: 60 m/mn Result:-10- Nitrite (R: yield 36%
(179 ngy), ee (R: 96% 20 Acid (S): yield 39 (Yo (246 ng), ee (S): 96%
EXAMPLE 2:

3,4-Di hoxybi cy 0l -1,3,5-triene-7-carbOnitlile by
racen‘i@ion of tﬁ%ﬁ%%pzeﬁl ?ﬁfé{rg - 12- magnetic stirrer. Heat for 2
hours @HF65C and therHidksPuiréro return to ambient tenperature. Filter
to obtain the title conpound. EXAMPLE 3:

(7S) - 3TMDi et hoxyloraddsthylSHrR el 014. 2. 01oct a- 1, 3, 5-tri ene- 7-

ear boxam de 5Suspend the

75) - 3.4- di bi | ofd. 2. 0] gct a- j id
ot &1 pESAMPERESY QU513 B kot 3 el BT M e bial
and then add triethylamne (200141). Ethyl chloroformate (150 )41) is

added slowy to the mxture. The reaction m xture precipitates
( M5t ubeerkgxpressibn ofittwtheilasel ask, mnet hyl am ne, as a 2M solution in THF

2.25 ,. 1S stirred. wt t ath . 0
(B 7% B it el bt ok RSB L ARG PR e
M XU GorjothAdEIREhsEO THS bélfunde BN G kbighRthent iaTiat@Ntndee R aitiTier SVA

overnight. The reaction m xture is then evaXorat ed and purjfied by
pr epar @eivenceiP{@sion Archive) "EF467367" in the ENA (European Nucleotide Archive) of

(75) - 3.4-Di pet.hoxy:-.N-net hyl bi cyc] 42-QJlo - - L risane-s&<ear:ho

i de isE%l#ﬁgﬁ% i y%eé‘l‘%‘cgf %’8"%%0111‘@% HQ%{INEB?DI]\I/E%%g% p%%%/A 78?Ms)1R S
2. %l (OhiP36HKB/BENBLMatabkde, 3. 71 (s; 6H); 4.05 (m 1H); 6.78 (s; 1H);
6.81 (s; 1H); 7.78 (br_s; .1% EXAMPLE 4: ) .

(75) - 3The pioduetExSiHiR felcal BIZ 1§PER), fransformeq with the exprepsion yegtpR pET28a-
met hangm ng,Siispend the (75)-3 , 4-dirnet hoxy- N-met hyl bi cycl o

[4. 2. g?oc’t a-1, g,'S-tri ene- 7- car boxam de 20 obtained in Exanple 3 (450

my) i nTheet niadlyer ofver-arprie@Gor pro&rvel t fserdesé¢riwdly iaddippliel nBiogherpisgry and

Li AlH4_sol ution jn . t r of o the reaction m xture at anbi ent
terrper%‘ﬂﬁcg’?"lﬂﬂf@(?’ %Lf@ig}aﬁpﬁé?‘g‘gé is observed and the reaction

M pet Ureh DGRBSy §asforiRAlark BRNraR6d URECtI ihltHE Gordt of £bhdtidl Qlurdlor are
m nutes. After réturning to anbient tenperature, hydrolyse and then

ext r aclyophilieddtefork usset ate. Dry 25 over MgSO4 and then evaporate. The
resi due obtained is purified by preparative HPLC (el uant:
wat er/ acetonitrile/trifluoroacetic acid from98/2/0.2 to 20/80/0. 2)

over 3hAaut 8§diobysis el thBevér éxpeespidadiiilisei n a yield of 46 % - 13
) The cells transformed according to the above protocol are stirred at a concentration of 5.6 x

10° cells/mL (ImL of culture at OD=1 (600 nm) corresponds to 1.1 0’ bacteria and about

20 10 mg of bacterial slurry or 1.5 mg of lyophilisate).
To a solution of 250 mL of phosphate buffer KH,PO4/ Na;HPO4 1/15 M at pH 7 there are
added 1 g of lyophilisate of E coli and 500 mg (c=2 g/L, 10mM) of 3.4-
dimethoxybicyclo[4.2.0]octa-1,3,5-triene-7-carbonitrile in 2% of DMSO (5 mL).

The reaction mixture is maintained at 30°C, with rotary stirring at 220 rpm, for 6 hours.

25  The reaction is monitored by chiral-phase HPLC under conditions allowir.g the enantiomeric

excess of the acid and nitrile to be determined:

Chiralpak IB column
90 % n-hexane 10 % 2-PrOH + 0.1 % TFA



NVR (DMSO- d6, ppm/ TMs) = 2.60 (m 3H); 2.85 (m 1H); 3.15 (m 1H);
3.25 (dd; 1H); 3.30 (m 1H); 3.62 (m 1H); 3.70 (s; 6H); 6.82 (s;
1H); 6.89 (s; 1H); 8.48 (hr s; 1H. -11-

PLE(75) - 3, 4- Di et hoxybi cyclo[4.2.0]octa-1, 3,5-trien-7-yl] N-nethyl
met hanam ne hydrochl oride 520 nL of a nolar solution of BH3 in
tetrah ur added, at anbient tenperature, to a m xture of
2.2 g %I Mc%%

S) - 3, 4-di net hoxy- N- et hyl bi cycl o[ 4. 2. 0]octa-1, 3,5-triene-7-

Cal‘bo am de obtained in FYRI’YTHQ 3.in 45 - o fnfrah\l rGf HFah- ,/_\‘fl_r\r
stirring for 1 |houy hidfleml oge(gllﬁeu@o ud/ £did of &I—dﬁaup teéﬁ@hgidﬁoqua
are apgded—After—stTrTiig gverni ght at anbi ept t enper@ture nL_ of
et hanpl 6dromradded di®fwi se |and ¥he mixtib ik st%red un'rQ49 no nﬁl@
gas 10 is evolved (about 1 hour). 20 nmL of hydrochloric acid solution
i n et hanatiosakeiviherficedEd di-ofptieead)Afnfles(l-eddcidD]l ng for 4 hours, the
precipitate obtained (1.2 g of the title product) is filtered oft The
filtrate is concentrated and an additional 0.65 g of the title

pr aducthd chi@l ;:HasBQIPLhS/c}ineﬁﬂ&fgjrmg after Glodurslisishown i18Biga®e di xt ure of

et hyl acetate/ethanol. The two precipitates are conbined to yield
1.85 g of the title product (yield: 77 % . 15 EXAMPLE 6: 1 vabradi ne
hydr OC‘Q{:}QJ dfegﬁldg%géfhoﬁrsk ¢theQkaction mixture is acidified with 1M HCl in order to obtain a
342- (1, ol"an- 2-yBef hyl |- 7, 8- di met hoxy- 1, 3- di hydr o- 2 nzazepi
n-2- omghly2gidpH i(pH ékamﬁ isdhersgrtiacied avitehx 0 mlpad 41%}3:19% DE fllfo‘ﬂga ¢

t L I P
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Then return to anbi ent tenperature and, depressurise the aut
Thigh a@@lrzqteﬂgNg@ solutlon nE then dr?ed using Fzinhy rous magnesium Su pixae%e After

(79)- gfaﬂﬁﬁ (M%cilei 4t{1% %],1 'g'i‘o@uc?’l? Mdlﬁ‘é?l‘ ikl iBFpeitfedl by flash

rrethana Ior| of ethanol, 5.5 litres of water
and 1 &gomﬁtogﬂlphﬁdnumlmnmakuhmun@ﬁm@rfgIéOWENOnﬁltlﬁltﬁgen and then with
hydr ogen, heat to 85C, and then hydrogenate at that tenperature under
a pressure of 30 bars until the theoretical anobunt of hydrogen has
been ap. _Npge/back to anbient tenperature, purge
t he aut oc%%peagggibgg#fﬁ??ﬁt%gthe reaction mxture; distil off the
soI venifateaiad akdeathod oRetebertsi®® i vabr adi ne hydrochl ori de by

stalllsatlonfr tolu th [ 1 X1-LiF

i WP e sens iRl St AP IR E R Ve 5
W|th apeREM.Lcy PR ALY 5 greater than 99 % COVPARATI VE EXAMPLE Az
Screening commercial nitrilases for enzymatic hydrol ysis of
3, 4- di FewhawylbDenidhio] 4, 2, Ol octa-1, 3,5-triene-7- carbonitrile Weigh
the nitrilase being studi ed (15 nmg), in the formof a |yophilisate,
into a tube and then 10add 4 ml of 0.1M I CH2PO4 buffer pH=7 and
3, 4- di gezhoxybi cyclo[4 2.0]octa-1,3,5-triene-7- carbonitrile (20 nm)
di ssolved 1n 100 DMSO. Pl ace in an incubator at 28C and 220
rpm TNéribdR\)eri@lﬁ%ﬁ %4tY nEs eﬁré%)sé?ﬁe/‘d by HPLC after 24 hours and 72

Topc T ol IO B AN B TN 112 and NT 113 (Almme) o

not hydrol yse the nitrite after 24 hours (no

EXAMPLE 2: 3,4-Dimethoxybicyclo[4.2.0]octa—l,3,5-triene-7-carbonitrile by

racemisation of the (R) nitrile

Transfer 100 mg of (R)-(3,4-dimethoxybicyclo[4.2.0]octa-1,3,5—trien—7—yl)nitrile (0.53 mmol),
5 mL of isopropanol and 121 mg of DBU (1.5 eq.) to a flask provided with a condenser and a



formation of acid or of amde). The results obtained with the
nitrilases NIT 107, NIT 110, NIT 114 and NIT 115 (Al nmac) are coll ated
in the Table below. N trilase 72 hour$2-Amde Acid Nitrile NIT 107
23% 16% 61% NI T 110 24% 15% 61% NI T 114 21% 22% 57% NI T 115 7% 47%

46%

10

15

20

25

magnetic stirrer. Heat for 2 hours at 65°C and then allow to return to ambient temperature.

Filter to obtain the title compound.

EXAMPLE 3: (75)-3,4-Dimethoxy-N-methylbicyclo[4.2.0]octa-1,3,5-triene-7-

carboxamide

Suspend the (7S)-3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-triene-7-carboxylic acid obtained in
Example 1 (300 mg) in THF (3 ml) at ambient temperature and then add triethylamine
(200 pl). Ethyl chloroformate (150 pl) is added slowly to the mixture. The reaction mixture
precipitates (mixture I).

In another flask, methylamine, as a 2M solution in THF (2.25 ml), is stirred with water (1 ml)
and triethylamine (300 pl). Stirring is maintained for 20 minutes and then the resulting
mixture is added to mixture I and stirred at ambient temperature overnight.

The reaction mixture is then evaporated and purified by preparative HPLC.
(7S)—3,4—Dimeth0xy—N-methylbicycio[4.2.0]octa-1,3,5-triene—7-carboxamide is obtained in a
yield of 60 %.

'H NMR (DMSO-d6, ppm / TMS) = 2.61 (m; 3H); 3.16 (m; 2H); 3.71 (s; 6H); 4.05 (m; 1H);
6.78 (s; 1H); 6.81 (s; 1H); 7.78 (br s; 1H).

EXAMPLE 4: (7S)-3,4-Dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl] N-methyl

methanamine

Suspend  the (7S)-3,4-dimethoxy—N—methylbicyclo[4.2.0]octa—1,3,5—triene—7~carboxamide
obtained in Example 3 (450 mg) in tetrahydrofuran (20 mL) and then slowly add 1.6 mL of
oM LiAlH, solution in tetrahydrofuran to the reaction mixture at ambient temperature.
Marked evolution of gas is observed and the reaction mixture becomes clear. Heat the
reaction mixture at reflux for 30 minutes.

After returning to ambient temperature, hydrolyse and then extract with ethyl acetate. Dry
over MgSO, and then evaporate. The residue obtained is purified by preparative HPLC

(eluant: water/acetonitrile/trifluoroacetic acid from 98/2/0.2 to 20/80/0.2) over 30 minutes to

yield the title product in a yield of 46 %.



20 Anal ytical conditions: Phenonmenex LUNA .FI ST 50*3 col umC18(2) 2.5
pmO0%to 100% B over 8 mins 0.8 inl/mn 40C - 15 - A (1000 water+25
ACN+1 TFA) B (1000 ACN+25 water+1 TFAJ3The nitrilase NIT 115 was then
used in another study to determine if hydrolysis of the nitrite is

enantioselective. 5 The nitrilase NIT 115 (12 ng; Alrmac) was used in

6 nL [ h huf _ A - 1H C1H) T
3,40 (hUARBME QR S TV 240 qridly 2854y 1K) L5 o 110: 325 104 {11
t o reasdBoamf 1 Hal3.€0omeerH); Al70¢s) 60T); 6.8, 1H)1 89 &ofl HE R (hoselBlkti vity

was neasured by HPLC using the follow ng analytical conditions:
Chiral pak 1C 250*4.6 colum 10 30 % absolute ethanol + 0.1 % TFA + 70

% hept ane + % IF anin 30C t.e. - Under, thes

c ]9 n;j iht Ew]g@e hn&ﬁﬁ ?’éﬁﬁi’r‘ge%f’x%‘éyci‘ﬁlgt}ﬂg]?‘gg'slg%g'?gf@g '%ES'%S?IY% hose

0 enitrile. The ghr [ ined after reacting for 5 hours
s showmn in Fi guremﬁﬁmfg@%égﬁ%@{pgﬁﬁk 6 enanti osel ecti vi tgy IS
observed. CO P T PLE B: Screening nitrilases of bacterial and fungal

strai menzymatic hydrolysis of
3, 4 di 2@ idioxfybinoya IsofudioR of Bibitia tetiahydtofiren ere7adslad bad reimbi¢nt gemperature, to a

mixture of 2.2 g (10 mmol) of (75)-3,4-dimethoxy-N-methylbicyclo[4.2.0]octa-1,3,5-triene-7-
carboxamide obtained in Example 3 in 45 mL of tetrahydrofuran. After stirring for 1 hour,
10 mL of the solution of BHj in tetrahydrofuran are added. After stirring overnight at ambient
temperature, 20 mL of ethanol are added dropwise and the mixture is stirred until no more gas
10 is evolved (about 1 hour). 20 mL of hydrochloric acid solution in ethanol are then added
dropwise. After stirring for 4 hours, the precipitate obtained (1.2 g of the title product) is
filtered off. The filtrate is concentrated and an additional 0.65 g of the title product is obtained
by rendering it solid in an 80/20 mixture of ethyl acetate/ethanol.
The two precipitates are combined to yield 1.85 g of the title product (yield: 77 %).

15 EXAMPLE 6: Ivabradine hydrochloride

Load 5.5 kg of 3-[2-(1,3-dioxolan-2-yl)ethyl]-7,8-dimethoxy-1,3-dihydro-2H-3 -benzazepin-2-
one, 27.5 litres of ethanol and 550 g of palladium-on-carbon into an autoclave.
Purge with nitrogen and then with hydrogen, heat to 55°C, and then hydrogenate at that
temperature under a pressure of 5 bars until the theoretical amount of hydrogen has been
20  absorbed.
Then return to ambient temperature and depressurise the autoclave.
Then add 4 kg of (7S)-3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl] N-methyl
methanamine hydrochloride, 11 litres of ethanol, 5.5 litres of water and 1 kg of palladium-on-
carbon.
25  Purge with nitrogen and then with hydrogen, heat to 85°C, and then hydrogenate at that

temperature under a pressure of 30 bars until the theoretical amount of hydrogen has been

absorbed.



A study using a nunber of bacterial inducers (propionitrile,
benzonitrile, 4- 20bronobenzonitrile) showed that propionitrile
provi ded the best induction of nitrilase activity with

3, 4-di met hoxybi cyclo[4.2.0]octa-1, 3,5-triene-7-carbonitrile. The
bacterial strains were induced with propionittile at 72mM for 72

hours, ..and, t.he.cel |l s re. t [ 0 | ce ted, :
conc. ' TERBIGE i 1€ Bt ftattRe RurO LB b AL B URETBAE, Flaractipn
PH=7. 3maftdre; distil off the solvents and then isolate the ivabradine hydrochloride by crystallisation
3,4-d|nethox§gic¥clo 4.2.0]octa-1,3,5-triene-7-carbonitrile 25 was
added fema tobwsae htmathylohpyrolipane mixires of DVSO v/ vimat. The fungal

strai nﬁ/amﬁﬁlei@@%ﬁﬂ)g\@g:ig %égélﬁf AhihEd §ifa yield 1885 9ahd Wi & @RGhicAINpurity

m Xt ures were Irre pmat 30C i'n the case of the bacteria
and at gr2ater than Ohé&o.case of the fungi and nonitored for 96 hours by
rever se- phase HPLC and by chiral -phase HPLC according to the nethods
descri bed bel ow. 5Reverse-phase anal ysis Phenonenex LUNA HST 50*3

col uMCOMPARAHVEEXRAMPLE A0S veding comBerdinlottdlasds/ for pagmatic 1000
wat er +25 ACN+1 TEA) B (1000 ACN+25 water+1 TFA) 10 Chiral - phase

anal ysis Chiral pak 1C 25O%@Qb‘@h@ﬁﬁﬁﬁ%ww’élO&*MHM&R»:‘@“W%%A
+ 70% heptane + 0.1 % TFA | m/mn 30C 288 run 15 The results
obtained are collated in toEbomBile pel ow M CRO ORGANI SMB A

conpounds fornmed after 96 hours
Weigh the nitrilase being studied (15 mg), in the form of a lyophilisate, into a tube and then
10 add 4 ml of 0.1M KH,PO; buffer pH=7 and 3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-triene-7-
carbonitrile (20 mg) dissolved in 100 pl of DMSO.
Place in an incubator at 28°C and 220 rpm.

The conversion rate was measured by HPLC after 24 hours and 72 hours.

The nitrilases NIT 101, NIT 102, NIT 103, NIT 104, NIT 105, NIT 106, NIT 108, NIT 109,
15 NIT 111, NIT 112 and NIT 113 (Almac) do not hydrolyse the nitrile after 24 hours (no

formation of acid or of amide).

The results obtained with the nitrilases NIT 107, NIT 110, NIT 114 and NIT 115 (Almac) are
collated in the Table below:

Nitrilase 72 hours

Amide Acid Nitrile
NIT 107 23% 16% 61%
NIT 110 24% 15% 61%
NIT 114 21% 22% 57%
NIT 115 7% 47% 46%

20  Analytical conditions:
Phenomenex LUNA HST 50*3 column C18(2) 2.5 um
0 % to 100 % B over 8 mins 0.8 ml/min 40°C




Residual nitrite am de acid Rhodococcus etythropolis NCIMB11215 23 42
35 (S) Rhodococcus rhodochrous NCl MB11216 65 / 35 (S) Rhodococcus

r hodochrous NCI MB11273 100 / / Rhodocogcus rhodnii NC vB11279 100 / /
Aspergil hts niger BO 95 / <5

10

15

20

25

A (1000 water+25 ACN+1 TFA)
B (1000 ACN+25 water+1 TFA)

The nitrilase NIT 115 was then used in another study to determine if hydrolysis of the nitrile

is enantioselective.

The nitrilase NIT 115 (12 mg; Almac) was used in 6 mL [2 mg/mL] of buffer.
3,4-Dimethoxybicyclo[4.2.0]octa-1,3,5-triene-7-carbonitrile was added to reach a final

concentration of 4 mg/mL thereof.

Enantioselectivity was measured by HPLC using the following analytical conditions:

Chiralpak IC 250%4.6 column
30 % absolute ethanol + 0.1 % TFA + 70 % heptane + 0.1 % TFA

1 ml/min 30°C 288 nm

Note: Under these conditions, the enantiomers of the acid are separated but not those of the
nitrile.

The chromatogram obtained after reacting for 5 hours is shown in Figure 2.

Conclusion: No enantioselectivity is observed.

COMPARATIVE EXAMPLE B: Screening nitrilases of bacterial and fungal strains for
enzymatic hydrolysis of 3,4-dimethoxybicyclo[4.2.0]octa-

1,3,5~triene-7-carbonitrile

A study using a number of bacterial inducers (propionitrile, benzonitrile, 4-
bromobenzonitrile) showed that propionitrile provided the best induction of nitrilase activity
with 3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-triene-7-carbonitrile.

The bacterial strains were induced with propionitrile at 72mM for 72 hours, and the cells were
taken up in 50 mL (twice concentrated, conc. 10 mg of cells per ml) of 0.1M phosphate buffer
KH,PO4/K,HPO, pH=7.3 and 3,4-dimethoxybicyclo[4.2.0]octa-1 ,3,5-triene-7-carbonitrile
was added at a concentration of 10mM in 2 % of DMSO v/Vginar.

The fungal strains were induced with valeronitrile.



Aspergillus alliaceus NRRL 315 95 / <5 Cunni nghanel | a el egans NRRL
1392 95 <5 Rhi zopus nigricans NRRL 1477 95 / <5 Absidia
cylindrospora MW 1569 95 / <5 Mortienglla isabellina NRRL 1757 95 /
<S Mucor plunbetes ATCC 4740 95 / <5

10

15

All the reaction mixtures were stirred at 220 rpm at 30°C in the case of the bacteria and at
27°C in the case of the fungi and monitored for 96 hours by reverse-phase HPLC and by
chiral-phase HPLC according to the methods described below:

Reverse-phase analysis
Phenomenex LUNA HST 50*3 column Ci18(2) 2.5 um
0 % B to 100 % B over 8 mins 0.8 ml/min 40°C
A (1000 water+25 ACN+1 TFA)
B (1000 ACN+25 water+1 TFA)

Chiral-phase analysis
Chiralpak IC 250%4.6 column
30 % absolute ethanol + 0.1 % TFA + 70 % heptane + 0.1 % TFA

1 ml/min 30°C 288 nm

The results obtained are collated in the Table below:

: ; . % compounds formed after 96 hours
~ MICRO-ORGANISMS | Residual | amide |  acid
, - . b e
Rhodococcus erythropolis NCIMB112135 23 42 35(9)
Rhodococcus rhodochrous NCIMB11216 65 / 35 (S)
Rhodococcus rhodochrous NCIMB11273 100 / /
Rhodococcus rhodnii NCIMB11279 100 / /
Aspergillus niger BO 95 / <5
Aspergillus alliaceus NRRL 315 95 / <5
Cunninghamella elegans NRRL 1392 95 / <5
Rhizopus nigricans NRRL 1477 95 / <5
Absidia cylindrospora MMP 1569 95 / <5
Mortierella isabellina NRRL 1757 95 / <5
Mucor plumbeus ATCC 4740 95 / <5
Beauveria bassiana ATCC 7159 86 / 14
Stibella fimetaria CBS 548-84 100 / /
Stibella fimetaria CBS 511-67 100 / /
Stibella fimetaria CBS 294-81 100 / /




Beattveri a bassi ana ATCC 7159 86 / 14 Sabena firnetaria CBS 548-84
100 / / Stibella finetaria CBS 511-67 100 / / Stibella finmetaria CBS
294-81 100 / / - 17 - COVPARATI VE EXAWPLE C. Enzymatic hydrolysis f
bicyc oH. 2. triene-7-carbonitrile using the over-expressed nitrila
Rhodocoecus rhadochrous NUMB 11216 5Pl ating on LB+agar +kananycin,
static incubation at 37C for 24 hours (strain 11216 of nitrilase of
reconmbinant E. coli). Preculture in 5 m of LB+kanamycin (50 ng/1),

i ncubatioMPAR ATIVE B3O\ MPI B e rDazyntatichyidrolysis of bixiyslogt.2.8befd-1315-L.B
and 500 1. of preculture to non-baffled 250-m Erlenneyer fl asks,

i ncubation at 28C, 160 r pnirienei7-carbeniGiile using)haloveetp@syed nitrilagenft 4
hours). 10l nduction with 1PTG (0.5mV), incubation at 17C, 160 rpm
overni ght (17 hours). ActiRkedpcoess rhedoshirausNfIMBl12lft ures at 4C,
6000 rpmfor 20 m nutes, resuspend the slurry in 10 m of 0.1M
B_hosplhate buffer pH 7. Add

i cycl o] 4. 2. - -tr] -7- itri

| ncub a?gﬁ&g? oglzgg%&ﬁ%-kw& 5_ tyrc%n(,a r;?atiz i(l-’;lgéb% 131'1 tali: |3|7QC(1369W h(->|-urs2 W(%&}j@ﬁﬁ?{@ of

nitrilase of recombinant E. coli).
Preculture in 5 ml of LB+kanamycin (50 mg/l), incubation at 37°C, 180 rpm overnight.
Culture: transfer 50 ml of LB and 500 pl of preculture to non-baffled 250-ml Erlenmeyer
flasks, incubation at 28°C, 160 rpm until the OD is equal to 0.6 (i.e. about 4 hours).

10 Induction with IPTG (0.5mM), incubation at 17°C, 160 rpm overnight (17 hours).
Activity test: centrifuge the cultures at 4°C, 6000 rpm for 20 minutes, resuspend the slurry in
10 ml of 0.1M phosphate buffer pH 7. Add bicyclo[4.2.0]octa-1,3,5-triene-7-carbonitrile

(10mM) + 2 % ethanol. Incubate at 220 rpm, 30°C.

Note: If the culture is more than 50 ml when centrifuging, take off 50 ml and carry out the
15 activity test using a slurry of 50 ml of culture.

Hydrolysis monitoring by chiral chromatography: at 45 mins and 2 hours.

Column: Phenomenex® LUNA HST 50*3 C18(2) 2.5 um
Eluant: A +B (from 0 % to 100 % B over 8mins)
A: 1000 water+25 ACN+1 TFA
20  B: 1000 ACN+25 water+1 TFA
0.8 ml/min - 40°C - UV 210 nm

Results:

Time Nitrile Carboxylic kacid
45 minutes 50 % 50 %
2 hours 0% 100 %

Monitoring by chiral chromatography shows that the reaction is not enantioselective.




Note: If the culture is nore than 50 m when centrifuging, take off
50 M and carry out the 15activity test using a slurry of 50 m of
culture. Hydrolysis nonitoring by chit& chromatography: at 45 m ns
and 2 hours. Colum: Phenonmenex0 LUNA HST 50*3 CI8(2) 2.5 pm El uant:
é +?Oggrzgkgz@6to 100 % B over 8m ns) A: 1000 water+25 ACN+ 1 TFA 20
: 5 water+1 TFA 0.8 m / w 0C - WV 210 nm Results:
Time Nitrite Carboxylic acid 45 m%rr‘l%néd%O%So % 2 hours 0% 100%
Monitoring by chiral chromatography shows that the reaction is not

enantioselectiye. - 18 - | V5.
1. Process \flor the syn%hesm o?lflfé (I)\I/)%cally pure compound of formula (I):

H,C—O
B (
1)
S
= “
H3 C—0O “, /O
HO

by enantioselective enzymatic hydrolysis of the racemic, or not optically pure, nitrile of

5 formula (IV):
H,C—O__ X
| av
=
H,C—O

N\
AN

using the nitrilase of Rhodococcus rhodochrous NCIMB 11216 over-expressed in another

organism having a competent biological system,
in a mixture of an organic solvent and an aqueous solution having a pH from 5 to 10,

10 at a concentration from 1 to 500 g of nitrile of formula (IV) per litre of solvent mixture,

at an E/S ratio of from 1/1 to 1/100,
at a temperature from 25°C to 40°C.

2. Process according to claim 1, wherein the organism having a competent biological system

is a bacteria comprising a rearranged plasmid.

15 3. Process according to claim 2, wherein the bacteria over-expressing the nitrilase are used

directly, in the form of a bacterial slurry or lyophilisate.

4. Process according to any one of claims 1 to 3, wherein the organic solvent is selected

from dimethyl sulphoxide, DMF, acetone, acetonitrile, ethanol, isopropanol, THF and

MTBE.



1. Process for the synthesis of the optically pure conpound of

formula (1): H3 GO (1) H3 CG10 HO by enanti osel ective
enzymati c hydrolysis of the racemc,-o9-not optically pure, nitrile
of 5formula (1V): using the nitrilase of Rhodococcus rhodochrotts

NC1MB 11216 over-expressed in anot her organi sm having a conpetent

bi ol ogic § ' 15U AE oRE AN CRIHANT Go SO WABleiR ke Btrile of
aqueoug' ?XP%@% hg?/sisn%dcgrp fersomygoto 10,C 10at a concentration from
1 to 500 @nfifunation (R)etlefsetardant mrodudpf therreddtipne of sol vent mi xture,
at an EfSratio of from1/1 to 1/100, at a tenperature from25C to
40C. 2. Process according tp13@a'0n 1, erein the organi smhaving a

conpetent biol ogical systemis a b erRa—e9npri sing a rearranged

pl asm d. 153. Process according to gl aim2, erein the bacteria
over - expressing the nitrilaﬁe&?r& rec{ly, inthe formof a
bacterial slurry or |yophili'sate-” 4. Process cording to any one of

claims | to 3, wherein the organic solvent is Nl ected from di nethyl
sul phoxi de, DMF, acetone, acetonitrilc, ethanol, isopropanol, THF and
MIBE. - idfcemfed By mlidwsion ofadags® faos trediangnicaitaiteotbfeemula (EY ainrpsdar to
to 4, wherein the nitrite of, fﬁogf'i}guration (R), the secondary product
of % he r ®5&eqysled intodlee enzvmiatip hydrolysis praces$ o sed by the action of a
base to formthe raccmc nitrile of formula (1V) in order to 5be
recycled into the enzymatic hydrolysis process. 6. Synthesis process
accor dé.n@yhihesis piavess acodrding tn claie Sbadbereinsthpiese iy DBYnt hesi s process
according to either claim5 or claim®6, wherein the racem sation step
is carried out in situ. 8. Synthesis process according to any
one of 7 ClsghikBsi® pfdReds acobig 1 dither éeleindls oF claih iy wdiefelin) tHesradediisatloatsegp is
after one or nore enzymatic hydrol ysis cycl es.

carried out in situ.

8. Synthesis process according to any one of claims 5 to 7, wherein the acid of formula (I) is

10 isolated after one or more enzymatic hydrolysis cycles.

9. Process for the synthesis of the compound of formula (III):
H,C—O

AN
T a
2 H
H,C—0 ’a/N\
CH,
starting from the nitrile of formula (IV):
-0
H,C §
| av),
=
N N

15 which is hydrolysed to form the optically pure acid of formula (I):



. Process for the synthesis of the conpound of fornula (111): H3CO
) HH3C-0 CH3 starting fromthe nitrite of formula (1V): H3C-0 HC O
N 15whi ch is hydrolysed to formthe2@®ptically pure acid of formula
): - 20 - H3G0 H3GO0 (I) in accordance with any one of claims |
8, which is then converted into the optically pure am de of
formula (XI'): 5the reduction of which yields the conpound of fornula
(111). 10. Synthesis procHs§dcoreding to claim9, wherein the
reduction of the conpound of forrula (XI] to formthg conpound of
formula (111) is carried out by , PpaBHS4 or Li Al fhL 11.

Synt hesi s process accordiHgC-eOgi t her cIa’Z%@or claim 10, wherein
the conmpound of 10forrmula (I11) is subseﬁ] ntly either coupled with a
conpound of formula (XII): O

9
(s
\\
(1
to

in accordance with any one of claims 1 to 8§,

which is then converted into the optically pure amide of formula (XI):

H;C-0O
AN
j] e XD,
H 3 C—O "’/,/4 O
HN
“CH,
5 the reduction of which yields the compound of formula (III).

10. Synthesis process according to claim 9, wherein the reduction of the compound of

formula (XI) to form the compound of formula (III) is carried out by BHs, NaBH4 or
LiAlH4,

11. Synthesis process according to either claim 9 or claim 10, wherein the compound of

10 formula (III) is subsequently either coupled with a compound of formula (XII):

OH3C

OH3C
O

wherein X represents a halogen atom,

or subjected to a reductive amination reaction with a compound of formula (XIII) in the

presence of a reducing agent:



OH3C OH3C wherein X represents a hal ogen atom or subjected to a
reductive am nation reaction wth a conmpound of fornmula (XIII) in the
presence of a reducing agent: -21 --2Wherein R2 represents a group
sel ected from CHO and CHR3R4, wherein R3 and R4 each represent a
| i near or branched (Cl-C6)al koxy group or form together with the
carbon atomcarrying them_ a I 3 di oxane, 1, 3-dioxol ane or 1, 3-

5di oxepane ring, to yie mhlch is then converted into an
addition salt with a pharnacg caIIy | e aci ¢XIiln anhydrous or
hydrate form 12. SyntQ§§i eSS arcordlngzto claim1l, wherein X
is an iodine atom 13. hesis p oc‘as according to claim 11,
wherein the conmpound of foiitila (I11)Y s used in 10the reductive

am nation reaction in the form of gﬁ%éocg gfﬂ e toyield
i vabr adi AEerein Rp EePreehis s ropse) Vﬂ?%%ﬂp and ¢ nt hesi s process
according to either claim10 or claim13, wherein the reductive

am nation reaction with the conpound of formula (XI11) is carried out
in the prdeesic®;oinddRhyedclogepressat allinsed obprasgheda (6 ufw)alkoswy s, or form,

together with the carbon atom carrying them, a 1,3-dioxane, 1,3-dioxolane or 1,3-

5 dioxepane ring,

to yield ivabradine, which is then converted into an addition salt with a pharmaceutically

acceptable acid in anhydrous or hydrate form.
12. Synthesis process according to claim 11, wherein X is an iodine atom.

13. Synthesis process according to claim 11, wherein the compound of formula (III) is used in

10 the reductive amination reaction in the form of its hydrochloride to yield ivabradine in the

form of the hydrochloride.

14. Synthesis process according to either claim 10 or claim 13, wherein the reductive
amination reaction with the compound of formula (XIII) is carried out in the presence of

dihydrogen catalysed by palladium-on-carbon.



