- 1 - PROCESS FOR THE ENZYMATI C SYNTHESI S OF

(75) -3, 4- D METHOXYBI CYCL( 4. 2. 010CTA- 1, 3, 5- TRI ENE- 7- CARBOXYLI C ACI D
OR ESTERS THERECOF, AND APPLI CATI ON | N"THE SYNTHESI S OF | VADRADI NE AND
SALTS THEREOF The present invention relates to a process for the
enzymati c synthesis of the compound of formula (1): H3C H3CO0 RIO5
wherein RL represents a hydrogen atom or a Cl-C6al kyl group,

pref er abl metqzyl and also to its application i p Eg {43.0%‘:“‘_
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t hei r hipghalag®): | vabradi ne, and addition salts thereof with a
pharmaceutically acceptable acid, and nore especially the
hydr ochl ori de thereof; have very val uabl e pharmacol ogi cal and

t herapeutic properties, gegpasi al | y _bradycardi c properties, which
render those compounds udeful Wi t treat ment or prevention of
various clinical conditions of ocaf di al; i schaenm a, Such as angi na

15 pectoris, mnyocardial infarctiqn-and associated rhythm di sorders,

as well as in various paﬂ%ﬁﬂ%gies i nvol vi’ bhythn1disorders,
especially supraventricul ar rhythmdi sorders, and in heart failure.

- 2 - The preparation and therapeutic Js& of ivabradi ne and addition
salts thereof with a pharmaceutically acceptable acid, and re

especi awhgreintR teprisothi bydeacn permedta Cnaydn &P BSET ¥ sty Eur opean
pat ent specification EP O 534 859. That patent specification
describes the synthesis of ivabradinc hydrochloride starting fromthe
Scompougg Ao foatsapbBcdtionlih the synthesis of ivabradine of formula (II):

(7S)-1-(3, 4-di net hoxybi cycl o[ 4.2.0]octa-1,3,5-trien-7-y1l) N nethyl

met hanam ne: H3C

CH.,O
3 OCH,
CH N

dn,
CH,0 NN “ocn

or  3-{3-[{[(7S)-3,4-dimethoxybicyclo[4.2.0]octa-1 ,3,5-trien-7-ylJmethyl } (methyl)amino -
propyl}-7,8-dimethoxy-1,3,4,5-tetrahydro-2 -3 -benzazepin-2-one,

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

Ivabradine, and addition salts thereof with a pharmaceutically acceptable acid, and more
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
15  pectoris, myocardial infarction and associated rhythm disorders, as well as in various

pathologies involving rhythm disorders, especially supraventricular rthythm disorders, and in

heart failure.



113C - 0 The conpound of fornula (ITT) is a key internediate in the
synthesis of ivabradine and its pharnaceutically acceptable salts. 10
The prior art discloses several nethod? for obtaining the conpound of
formula (111). Patent specification EP 0 534 859 describes the
synthesis of the conpound of formula (I11) by reduction of the
racemc nitrile of formula (1V): 113 C (IV) C 0 by BH3 in
tetrahydrofuran, 15followed by addition of ggghprlc

yield tﬁhe ryenasttiono pndietherpewis ag et &vahrad H@ ia Hi%a S%% %?é% with a
113G 0 ?cefuorwaéc%@r @%Céc?tp a%%ﬁt%ﬁlgfl Ak %Iy@fcﬁﬁﬁo?idé Qhotbsr Hatdlgeen

carbana?
described in Buropean patent specification EP 0 534 859.

That patent specification describes the synthesis of ivabradine hydrochloride starting from the

5 compound of formula (), (78)-1-(3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl) N-

| e (1ID)
—0 5

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

methyl methanamine:

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

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

reduction of the racemic nitrile of formula (IV):

H,C—0O
j[ av)

N
N

by BH; in tetrahydrofuran,
15 followed by addition of hydrochloric acid, to yield the hydrochloride of the racemic amine of

formula (V):
jl V),
NH

2

H,C—O

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

am ne of formula (VI1): H3C (VI1), H3G CH3 the resolution of which,
usi ng canphor sul phoni ¢ acid, yields the conmpound of forrmula (I11).
5That met hod has the di sadvantage of yielding the conpound of
follitula (I11l1) inonly a very lowyield of 2 to 3 %starting from
the racemc nitrile of Ho-nola . That very lowyield is due to
the lowyield (4to5 9% of th s?ép of] resol ution ggIthe secondary
am ne of foinula (VI1). Patent||speciiffication EP | 5 )333 descri bes
obt ai ning the conpoundéff_jg ) \by resol ution of the
racemc primary am ne CroPul a (V) into he7§pl©gally active am ne

of formula (VIIIl): using N-acetyl-L-glutam/¢ acid, followed by
rnet hyl ati on using the sanme reacti on sequence~as above (conversion
into the 15carbamate, followed by reduction). The yield of the

resol ut 0 Q%cﬁltcﬁgn i)iswﬁ{%g?%}f Patient 3{iglﬂ(§ ?f%eflia@@ﬁiic AbtiERated 48T 4oass (Vhps

obt ai ni ng e conpoun fornmu ) by optical resolution of the
racemic nitrile of forfylCa@QLV) chiral chromatography to yield the
optically pure nitrile of fornmyla CIX): - - H3C ﬁ5 which is
reduced by NaBH4 to yield the primanly am ne pf fornula”(Vill), which

is then nethyl at ed usipp t he-sa eact h\on gquence as above
(conversion into the caﬁ%anate, fol | oned by Pqﬂgction).
3

the resolution of which, using camphorsulphonic acid, yields the compound of formula (IIL).

5 That method has the disadvantage of yielding the compound of formula (III) in only 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 1 598 333 describes obtaining the compound of formula (III) by

10 resolution of the racemic primary amine of formula (V) into the optically active amine of

formula (VIII):
H,C—0 .
| S (VIID)
0
H,C—O0

“ /NH2

using N-acetyl-L-glutamic acid,
followed by methylation using the same reaction sequence as above (conversion into the
15  carbamate, followed by reduction).

The yield of the resolution step is 39 %.

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

optically pure nitrile of formula (IX):



5The yield of the resolution step is 45 % The problem of the present
invention was to obtain the conpound Quﬂfoi(ill) using an effective
process, especially having a good yield, nore especially for the
resolution step. The use of bioeatalysis for enabling chiral

nol ecul es to be obtai ned appears to be increasingly val uable as an
alternative to traditiangl—organig synthesis. Indeed, the use of
enzynes which 10 have intrinsi¥ natgrah properties ?gﬁp as cheno-,
regi o- and stereo-selectivity kes |it |pgssible for zynmes to be
used as reagents in grgg@_gg t hat. has respect for the
environnment. In the casg-deScri bed hereiﬁ@;the use of hydrolytic
enzynes (hydrol ases), which function w thouy cofactors, such as
|ipases (EC 3.1.1.3 in the international classification of enzynes)
15 or eshihais@sdyded 1§, NaBHi)tormRdsthe tprivess japtiee 06 fowrwa (VER), rgich 1§ then

conpounds .- . key i.nteinedi ates j.n the synthesi f . maceut

active Wﬁﬁ\'y@ﬁ‘?dg H?lélg-tlhle " ﬁeagh%ts F%ﬁ%&? & e%g 2% gggrwaég%g%gﬁg 91?2‘%‘32"1.‘““6’
Mor e spefiolicg dl ¥ductibg). present invention relates to a process for the
synthesis of the optically pure conpound of fornula (la): H3C O (la)
HC- ® - The yield3d thoresglation siexys 439  using a |ipase or esterase, in a

m xture of al cohol ROH wherein R represents a |linear or branched

Cl- Coal kyl group, and an organic co-solvent, 5 at a concentration
from5 tRe pRABI@A bf tipr plessnalihyentiomnmai 00 optatrothzGOnTpovhd 0 dpoural (15 vsing an

101 1t ochivctivh prosees ErospRyy PrYRE egod g1 e <oy tht ResBuibh 9.

The use of biocatalysis for enabling chiral molecules to be obtained appears to be increasingly
valuable as an alternative to traditional organic synthesis. Indeed, the use of enzymes which
10  have intrinsic natural properties such as chemo-, regio- and stereo-selectivity makes it
possible for enzymes to be used as reagents in green chemistry that has respect for the

environment.

In the case described herein, the use of hydrolytic enzymes (hydrolases), which function
without cofactors, such as lipases (EC 3.1.1.3 in the international classification of enzymes)
15  or esterases (EC 3.1.1.1) makes it possible to obtain chiral compounds - key intermediates in
the synthesis of pharmaceutical active ingredients - in high enantiomeric excesses and good

yields.

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

pure compound of formula (Ia):

H,C—O X
‘ © (Ia)
H,C—O ’//éo
HO

20
by enantioselective enzymatic esterification of the racemic, or other not optically pure, acid of

formula (X):



at a tenperature from25C to 40C. Anong the |ipases and esterases
whi ch may be used in the enzymatic est_gr_i fication process 10
according to the present invention there may nentioned, w thout
inplying any limtation, the |ipases of Candida antarctica, of
Pseudononas fl uorescens, of Pseudononas cepacia, of Rhizopus oryzae,

of Aspergillus niger, of, [ ni cus, of Aspergillus oryzae and
of Penicilliumcanenberti, an he er ases of Rhi zQpus oryzae, of
Mucor ratchet and of Rhizopus fveus. 16Li pases that“dre preferred
according to the inventeégg__? et pases of Candida antarctica and
of Pseudotrionas fl uor n Anmong the | fpases of Candi da antarctica
there may be nentioned, by way of exanp).e, the |ipases inmobilised on

a polymeric matrix, especially on an ac ic resin, such as NovozynD
435 from.t he .corrpan% 1rl\lovozymss or SPRIN adsorbed CALBO fromthe 20
conpany &% ¢ BPFEORASF 8 es, or on a pol ystyrene resin, such as SPRIN

acti pl ug, GABRe oPERLALIAROH WINrBO RorephRBht allinpar @ArBOhEd Omdshibycgaparmpd
Sprin Technol ogies, or on an acrylic epoxy resin, such as SPRIN
epobondarGaEBor Cemvere conpany Sprin Technol ogi es. When the al cohol

ROHJ s [ref Qgﬁ%htratti(?? Iﬁgﬁirre%ﬂ?\égg? I8, Ple ir?ﬂ?tﬁd{n aept %’%UGO' €.of T@enpound of

prefierred” acetoni ratio rom8/2 to 9/1. 25 The
enzynmat foemeakit(&D ipki ktad¢ ool smhenetuegcording to the invention is as

follows: - 6 - I1L,C-0Q (s) C - | a) 4,-Ad t ageously, the
ester oft aélﬁﬂf?ir?jtﬂ%tﬁ‘ﬁﬂ 1?@)20 1(@’?@8%%@3&?%%@&8!?1%& the reaction,
can be an%&g&%ﬁge%ﬂ@(ﬁgwo@@ of a base, preferably KOH, to form
the racemc acid of formula (X) in order to be recycled into the

enzymatic esterification process. 5Wen the hydrol ysis/racem sation
step is,carriged.out in.situ  the. pr reli Estdr INEAGA
is a dyfdmee R figeses PSSR S?So%vﬁl(c %?8%@2@ t%i%g%icgs it poss?%lcgss
to apt ahqrotdies & @6 ifpéeseﬁt hosmMohahéb a)ayi mestivned, Wil Waaplyireg ariydinitatiopsthe
')/ 0. The acid of formula (la) _is preferably isol atfg)frqomthe 0 of
r eact i ohpasex olirlendidae anigrdicar Ohdre Ay rraT e St sr P if SEH498I e SHREE™
10Anot hep . aspe he Jn%ant | r &t BhRSr iBaichs,08RASyillub RRyzae and of
synt nestGoGTE: e Sl PR LR 6 BhRSr SRAICRS OGRS oLt Byzac
Penicillium camemberti, and the esterases of Rhizopus oryzae, of Mucor miehei and of

Rhizopus niveus.

15  Lipases that are preferred according to the invention are the lipases of Candida antarctica and

of Pseudomonas fluorescens.

Among the lipases of Candida antarctica there may be mentioned, by way of example, the
lipases immobilised on a polymeric matrix, especially on an acrylic resin, such as
Novozym® 435 from the company Novozymes or SPRIN adsorbed CALB® from the
20  company Sprin Technologies, or on a polystyrene resin, such as SPRIN actiplus CALB®,
SPRIN acti CALB® or SPRIN lipo CALB® from the company Sprin Technologies, or on an
acrylic epoxy resin, such as SPRIN epobond CALB® from the company Sprin Technologies.

When the alcohol ROH is methanol, the co-solvent is preferably acetonitrile. The preferred

acetonitrile/methanol ratio is from 8/2 to 9/1.

25  The enzymatic esterification scheme according to the invention is as follows:



conmpound of forrmula (Ib): H3C-0 I13C RU wherein R represents a |inear
or branched Ci1-C6al kyl group, preferably nethyl, by enantiosel ective
enzymatic hydrolysis of the racem c, or other not optically pure,
ester of 15fornula (XI): RO wherein R represents a |linear or
branched Cil-C6al kyl group, - 7 - using a |lipase or esterase, in a
buffer solution of pH=7 or in a mxture of organic solvent and buffer
of pH=7, at a concentration of frgm1l to 200 g/L, pref bl y about
100 g of, 0 of formula (Xl)ﬂfrpﬁer10 itrexof- sol vent eﬁo?%bsd(;
mxture, at am E/§rdtio ofLipasom 10/1 tg 1/100,  preferably from1/5 |

to 1/10, 5at a_t epper ture‘{{—m’ t >~ Tol\o by, -SQl-at of ~,__o
the estBICo® fornul a (HH° {)r%ngzﬁ%?e i pases andﬁstera%gs%vmmh my [

be used in the enzy ¢ hydrolysis process according to the presentHO
i nvention there may ntioned, without inplying ary limtation, the
| i pases of Candida anti;cti ca, of Pseudon'gnas fluoreseens, of (1

Pseudonobnas cepacfxé, of 10 Rhi zopus oryzae, of Aspergillus niger, of
[Ilucor javanicus, of per gi | | {¥"NsPYzae and of Penicillium
canenberti, and the esterases of Rhizopus oryzae, of Micor m ehei and
of Rhi zopus niveus. Lipases that are preferred according to this
aspect Afividcbmignthe osteaokcdntigutatipasiy thf sccandtirg aredvehe Cihe seackipy @n be

Pseudonpnas, fl uoreseens 1 non he i e i da. ant i

hor e MEYBESHER FBAE0N By QA BFTaRira CHE P st ERAFhFHafa 00
a _pol ynBr i GerTBbE rébycREREOIRE bizyRiAtidBst@efigatios prsss), such as NovozynD
435 from the conpany Novozynes or SPRI N adsorbed CALBC) from ”;'i

e
conyfany Wenithe Terdishyiivigcenisaon 8P as [sariedt P eftesite ét?enl,’g%ﬁﬁé rAcgerdggajonthe
act i pl us CALBS N Nc%ﬁétic%&ol%&lono D@%I%IC&F R AR B it f()c_;s@i'Elet tla%rllataéns the

conpany EFTHR T8¢ ogi es, or on a crylic epoxy resin, suc
SPRI N epabiang (&ABCRaY mam deheo& timeinyyi8drt 66 Technol ogi es.

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

enzymatic esterification cycles.

10 Another aspect of the invention relates to a process for the synthesis of the optically pure

compound of formula (Ib):

H,C—O N
| " (1b),
s
H3C'—O //é O
RO

wherein R represents a linear or branched C;-Cealkyl group, preferably methyl,

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

15  formula (XI):
H,C—O X
| (XD,
=
H,C—O 0

RO

wherein R represents a linear or branched C,-Cgalkyl group,



Wien the reaction is carried out in the presence of an organic
solvent, the latter is preferably acetgnitrile. The preferred aceto
trile/buffer pH=7 ratio ranges from8/2to 9/1. The enzymatic

hydrol ysis schene according to the Invention is as follows: - 8 -
113C -0 al-13C -0 R (S) H3C-O1-10 OH3c-0 RO (XI) (I b) Advantageously,
the acigki@f 2 GEREIoYLERLk@NN GMuffet beluSec onpldrY opimodmittusf oftdrganie agvénsand

can be racem sed by th ti f b i
KO i i RBPLISTedte, consentistian of Homt haot:D ke P REY By Dl et Hbgfind
be al kyl @b il P UL B LAGEHI0P s@ebfmichurd OF mul & (X1) Sin order to

be recycle ( e enzymati c hydrolysis process. Alternatively, the
aci d of ateanf/$ gutoatfifom (), to tHOOs prebmady yropy Hddetd/18f t he reaction, can

first be alkylated and then ester of configuration (R) thereb
obtélnéﬁaéﬁﬁpﬁ@“¥%@8ﬂg§%§tﬁﬂ5gﬁe action of a base, prefer;bly by ¥he

acti on @f1, PBYL| oldi@n e thesdstd 8 @mffa (OH at anbi ent tenperature, in
order to be retycled into the enzymati c hydrol ysis process. 10Wen

the racem sation is carried out in the hot state, the tenperature is

preferably from50 to §0C Defi njt.i,0 [ . j
under st ggl{\éng 68%211333680 OUHE RavT ﬁr%h %?1& y%aﬁ%doﬁﬁg}ﬁkgeng%ggg gg%?? gr prdcess
than or a&@lﬁdﬁ{dg {00h8 @rdéent ibAmtiag ithlere maghattiontd, ohithost moplymgtanydinijetionr e
is understood to be an acid or_ester havi an enantioneri c_excess.

| s 1 o0 obiCadiceriicrie: f droderane diierss Bod REoBe et of

or tep, in th 0 i . ; ; :
frods 5}:‘3%50}%7% %Lgeg%'f I{Spgigfﬁl%l H[g@r,o(;f IR0 NADLICRITRITS Adpr @liliablRaefand of
Penicillium camemberti, and the esterases of Rhizopus oryzae, of Mucor miehei and of

Rhizopus niveus.

Lipases that are preferred according to this aspect of the invention are the lipases of Candida

antarctica and of Pseudomonas fluorescens.

15  Among the lipases of Candida antarctica there may be mentioned, by way of example, the
lipases immobilised on a polymeric matrix, especially on an acrylic resin, such as
Novozym® 435 from the company Novozymes or SPRIN adsorbed CALB® from the
company Sprin Technologies, or on a polystyrene resin, such as SPRIN actiplus CALB®,
SPRIN acti CALB® or SPRIN lipo CALB® from the company Sprin Technologies, or on an

20  acrylic epoxy resin, such as SPRIN epobond CALB® from the company Sprin Technologies.

When the reaction is carried out in the presence of an organic solvent, the latter is preferably
acetonitrile.

The preferred acetonitrile/buffer pH=7 ratio ranges from 8/2 to 9/1.

The enzymatic hydrolysis scheme éccording to the invention is as follows:



Enanti osel ective hydrolysis of a racem e, or other not optically
pure, ester is understood to be prefergntial hydrolysis of one of the
enantioners of the m xture. Another aégéct of the invention rel ates
to a process for the synthesis of the conpound of formula (I11)
starting fromthe nitrile of fornmula (1V), which is hydrolysed to

formt hg}cr,a(gem Sacid of foi muLa—0X), e enzymatic B6t-érj fication
of whi ch” accordi t9 theLipm¢ention ylel § the optjcally pute acid of
formula (la), [mh/ph iis then—eehvertedli ) opf%cally pur e ari-de’

of fornyla ¢X H3 H3C- OfH,E—=0"0 CH3 =0t he Bsed@ct i on of "f/éo
whi ch, preferably by , NaBH4 or Li A1H4, yj el ds the conmpound of
10fornu|a (rer). AnofR®er aspect of the invention relates to a progg%s
for the synthesis of the conpound of formula (I11) starting fromthe
nitrile of folinuixa (1V), which is hydrolysed to formthe racef¥ c

acid of fornmula (X), and then alkylated to formthe racem c ester of
formula (XI), the enzymatic hydrolysis of which according to the
invention yields the optically pure ester of 15forrmula (Ib), which is

convert | f |
(XI1). %@v@ 'Ebg%ormﬁgf éﬁa%lagdfrcggﬁ%k%rlﬁ%%ﬂg?)e i sgﬁ&fdgfye?rgggﬁ Jf:thé Iraxcﬁblﬂ can be

NaBai ofacdrhibdddy the atids of hdasompofardloby ﬁ)@raﬁﬁq)%o m}} n ei{@t stafe, Bnd then
;thg Jr glc? té\é( I'{;(‘(e? lic ?ugla dﬁqrf: ha‘gﬁﬁlﬁgtc?%ﬁglalkgf{a?gf{oafgw tﬁén'ra(:&gicn&téi‘to@%mﬁﬂa (XD

ion Wth a conpound
foi il a,(hddio bBrdP€led into the enzymatic hydrolysis process.

Alternatively, the acid of configuration (R), the secondary product of the reaction, can first be
alkylated and then the ester of configuration (R) thereby obtained can be racemised by the
action of a base, preferably by the action of DBU in the hot state or of KOH at ambient

temperature, in order to be recycled into the enzymatic hydrolysis process.

10 When the racemisation is carried out in the hot state, the temperature is preferably from 50 to

80°C.
Definitions

An optically pure compound is understood to be a compound having an enantiomeric excess

greater than or equal to 90 %.

15  An acid or ester which is not optically pure is understood to be an acid or ester having an

enantiomeric excess less than 90 %.

A racemic acid or ester is understood to be the acid or ester in the form of a mixture of two

enantiomers in a ratio of from 55:45 to 45:55.

Enantioselective esterification of a racemic, or other not optically pure, acid is understood to

20  be preferential esterification of one of the enantiomers of the mixture.



presence of a reducing agent: C1130 (XIV), CH30 0 5 wherein R7
represents a group selected from CHO apd CHR3R4, wherein R3 and R4
each represent a linear or branched (T'-C6)al koxy group or form
together with the carbon atomcarrying them a 1, 3-di oxane,

1, 3-di oxol ane or 1, 3-di oxepane ri ng, to yield ivabradi ne, which

i s thers,Lanyeldad hilelaR @ddhédnsio, Galtheritiot bpticaiipunp estat iscaliérgtood to be
10acceptabl e acid, said salt being in anhydrous or hydrate form The
conpouruefofenfigrhydraly(is pf ynarefytherragtip@ersddhs WXWE: r educti ve ani nati on
reaction in the formof its addition salt with a pharnmaceutically
acceptabl e acid, preferably its hydrochloride. In that case,

i vabr adiRfhirSaspbitaitnid igidneion Irylaten to heprooesm fof theheyrtagisoethibgrogwound of

Anong t he pharnaceutically acceptabl e acids thet ' :
wi t houtformn gRGtasye fram faiEie Qs dormy QYR éseha‘/c%éé‘?’?%ﬁ?@%‘? feeemic
act g S Biufdrﬁm%cb%’, ARNGSRHRARL estehfithtiodcTtViclaatabrding it tuomoeantami elds
acid, lactic acird, pynivic acid, nmalonic acid, succinic acid 4
gl ut ar i tac apiichllyfrumandid cdidomnule fla), avhich tcthen comerre ne e oRtRlly Puieqde
ascorbic_acid, | i c acid, nethanesul phonic acid, benzenesul phonic
acid ad&“@%ﬂﬂﬁ@gﬁg acid. Anong the reducing agents that may be used
for the reductive aning@@en)rea ion between the 20 conpound of
formula (111) and the conpound’of riul a (XIV) theb§: y be
mentioned, wi thout inplying a § limtatjpn, hydride nor conpounds

such as sodiumtriacet oxybor r£de or- sodium cyanobor ohydri de, and

di hydrogen in the presg e ¥f a catalysffguch as pal |l adi um

pl ati num nickel, ruthenium rhodium or conmpound t her eof

especially on a support or in the for ~0oxi des. The preferred
reduci ng agent for the reductive ammation Kdhction between the
conpound of formula (I TT) and the conpound of fornula (XIV@»is

di hydr ogenregadtiany se /i, patfeedbly i oRHs,5NaBBarer FfdHex sigjsisethe compound of
herei nbelow i|lustrate the invention. Abbreviations

TEAY | FlosgesA8® i ¢ aci d TLCThi n- Layer Chromat ogr aphy 10

DBUDI azaBi cycl oUndecene DKRDynam ¢ Ki netic Resol ution

Another aspect of the invention relates to a process for the synthesis of the compound of
formula (III) starting from the nitrile of formula (IV), which is hydrolysed to form the racemic
acid of formula (X), and then alkylated to form the racemic ester of formula (XI), the
enzymatic hydrolysis of which according to the invention yields the optically pure ester of

15  formula (Ib), which is converted into the optically pure amide of formula (XII):

H,C—0 X
| (X1D),
o
H,C—O '740
HN “
CH

3
the reduction of which, preferably by BH;, NaBHs or LiAlH,, yields the compound of
formula (III).

The compound of formula (III) is subsequently either coupled with a compound of

20  formula (XIII):



Enanti osel eetivity coefficient eeenantioneric excess eqnol ar
equi val ent 15 HPLCHi gh Performance Liquid Chromat ography MeOHMet hanol
opoptical or enantiomeric purity EIS TgiioEnzyne/Substrate ratio
(gi g NWVRNucl ear Magnetic Resonance (spectroscopy) 20 MSMass
Spectronetry THFTetraHydroFuran TMSTetraMet hyl Sil ane EXAVPLE 1:
3,4-[1nethoxyblcyclqthQ.OJ 1-3,5-triene-7-carboxylic acid
Suspend 3/ 1-di nmet hoxybi cy .0]octa-1, 3,5-tgiene--carbonitrile
(11 g, 58 1 nunol) in INZP 0 un1hydhoxk6€\561ution( 'mL) and
reflux (110C) the reactier ure for 2 hours. Allowto return to
anbi ent tenperature then aci dify\the m xture using concentrated
Bydgoc?lprlgogchﬁ. rrgcipitation is dbserved. - 12 - Dissolve the
roduct in o] i chl oronet hanc and t.h act th
Dhase. ‘DGRBS SUHRESY A0 ALRSEE yIdr e AT T e product (11.6
g) in aofébﬁ%&eﬁ {o @frédgct%e kiAMR B edétion with a compound of formula (XIV) in the
(7S)-3,4-Di'met hoxybi cycl o[ 4. 2. Olocta-1, 3, 5-triene-7-carboxylic acid
0.5 g (mresen@OOX ayretliyciog agademi ¢ aci d obtained in Exanple 1 is
dissolved in 2.5 nmL an 8/ 2 5mxture of acetonitrile/nethanol. 0.1
g (c =40 g/L) of liY di da \ant arcti ca NOVOZYM 435(r)
(Novozymes Denmark) is the ded ton-he mixture (E/ S¥¥bio 1/5). The
reaction mxture is nainta at 30C, with retary stirring at 220
rpm for 48 hours. THe,G eaction i pni tored by chiral - phase HPLC
under conditions allowi ng the enanti o®Pneric 1lOexcesses of both the

estér and the acid to be detenni ned: Chiralpa *
wherein R represents a group selected from CHO andeIglgﬁlA,C 250%4.6 col um

10

15

20

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

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

In that 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, maionic acid, succinic acid, glutaric acid,
fumaric acid, tartaric acid, maleic acid, citric acid, ascorbic acid, oxalic acid,

methanesulphonic acid, benzenesulphonic acid and camphoric acid.

Among the reducing agents that may be used for the reductive amination reaction between the
compound of formula (II) and the compound of formula (XIV) there may be mentioned,
without implying any limitation, hydride donor compounds such as sodium

triacetoxyborohydride or sodium cyanoborohydride, and dihydrogen in the presence of a



30 % absolute ethanol + 0.1 % TFA + 70 % heptane + 0.1 % TFA Im/mn

25C, 288nm % acid %ester Ee (% Acid

hrs.

10

15

20

25

S) Ee (% Ester (11) EI 8

59 41 66 >99 77 24 hrs. 55 45 78'L 9 100 48 hrs. 51 49 97 >98

catalyst such as palladium, platinum, nickel, ruthenium, rhodium or a compound thereof,
especially on a support or in the form of oxides.

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

carbon.

The Examples hereinbelow illustrate the invention.

Abbreviations

TFA TriFluoroAcetic acid

TLC Thin-Layer Chromatography

DBU DiazaBicycloUndecene

DKR Dynamic Kinetic Resolution

E Enantioselectivity coefficient

ee enantiomeric excess

eq molar equivalent

HPLC High Performance Liquid Chromatography
MeOH Methanol

op optical or enantiomeric purity

E/S ratio Enzyme/Substrate ratio (g/g)

NMR Nuclear Magnetic Resonance (spectroscopy)
MS Mass Spectrometry

THF TetraHydroFuran

TMS TetraMethylSilane

EXAMPLE 1: 3,4—Dimethoxybicyclo[4.2.()]octa-1,3,5-triene-7-carboxylic acid

Suspend 3,4-dimethoxybicyclo[4.2.0]octa—l,3,5-triene-7-carbonitrile (11 g, 58.1 mmol) in IN
sodium hydroxide solution (70 mL) and reflux (110°C) the reaction mixture for 2 hours.
Allow to return to ambient temperature and then acidify the mixture using concentrated

hydrochloric acid. Precipitation is observed.



890 15 The chiral -phase HPLC chronmat ograns of the raccm ¢ conpounds,
and of the product after 48 hours, arch%hown in Figures 1 and 2.

After 48 hours there is seen the presefnite of optically pure ester and
acid in an optinmum acid/ester ratio of close to 50/50. The reaction

m xture is filtered, the enzyne is washed with 5 nL of nethanol and
then t hesfoild hattodust BVARDRAL Edlithorattiane Thé theptdxtatt the parausphasedDTy
and R 20 ester are separated by chromatogr y.on a sjl gol um

( el uantovedMghOo rodreYararise Heyipldribe tl@%l”rf)i‘.lg[(@f'g&%? y@ﬁi&{]%ag( y %
optical purity > 96 % [c;i]20D at 589nm +57.1 (5 nmg/m in MeO1l-1)
(R) ester: 0.24 g; optical purity > 96 % [cc]20D at 589nm -62.7 (5

i ngi M fxaMasitD 20v evsy 3, 4 bieteth S bicyo[4.0D] ddta-1,3,3 grieneEfaprhoxytic acid

Met hyl ~37Z-dr net hoxybi cycl 014. 2. 0Joct a- L3, 5-tri ene-7-carboxyl atc
Suspend net hyl

(7R) - 3,44 di et i - iRedlin3E Bmiplé ene dksclaedaxybahk of 445/2
ng) (ee&igégeﬁg&fé@%g%%?ﬁc(%%@%) and add di azabi cycl oundecene (58
i1 5 1.rhixeg} of Meatnitriemedrool. on m xture at 65C for 2 hours. Conplete

racem sation is observed at. the. end 5of 2 i blgmark
ester. (hal(§5i4 Zbng PP%?ﬁé’.%%ﬁ?@l“ﬁéﬁ@ﬁ“&@%@@fﬁﬁﬁﬁé%”%s ari
absol ut, HhE nhi S*Hatl® 1% NERt RAEGioh Rixtur®bsTRAintainddnat30° Q51

Soanm 15 ERARRR LS hixtrd B TalO1%) *

3, 4- Di netdnpxtithing wea2(] ond . f0] ¥chewrs, 3, 54ri ene- 7- car bOxyl 1¢ aci d Suspend

met hyl . i " 4 llowine th ti i

(7R) - 3, Thedicagtonds %‘?‘E&?ﬁdolf%?}%aé ]p%l%s[eaﬂl%g ugd %rr ?Oél ﬁléu-o%l? g a?vglc%% yl ?af r(1aan( lgrélem
M) 1 o €Cexe6s JDbdih tHERERAAAM thekcitlth bandteadthepot assi um hydr oxi de (56. 1)

(251 -2 eq). Heat the reaction mxture at 65C for 6 hours.

Hyrdol ysis of the ester to the racemc acid is observed. 15Anal ysis
condi tions: Chiralphip@HQ 25C*260541@ col um '

30 9% absolute ethanol + 0.1 % TFA + 70 % heptane + 0.1 % TFA
Iml/min, 25°C, 288nm

) Ee (% Ee (%
% acid | % ester Asi((i (OS)) Es teg (01)1) E
18 hrs. 59 41 66 > 99 77
24 hrs. 55 45 78 > 99 100
48 hrs. 51 49 97 > 98 890

15  The chiral-phase HPLC chromatograms of the racemic compounds, and of the product after
48 hours, are shown in Figures 1 and 2.
After 48 hours there is seen the presence of optically pure ester and acid in an optimum
acid/ester ratio of close to 50/50. The reaction mixture is filtered, the enzyme is washed with
5 mL of methanol and then the filtrate is evaporated in vacuo. The optically pure S acid and R
20  ester are separated by chromatography on a silica column (eluant: dichloromethane/methanol
98/1).
(S) acid: 0.22 g (44 %) ; optical purity > 96 %; [oc]zOD at 589nm: +57.1° (5 mg/ml in MeOH)
(R) ester: 0.24 g; optical purity > 96 %; [OL]ZOD at 589nm: -62.7° (5 mg/ml in MeOH)
Overall yield (S + R): 92 %.



30 % absolute ethanol + 0.1 % TFA + 70 Y%eptane + 0.1 TFA I m/m n,
25C, 288nm EXAMPLE 5:

(75) -3, 4- D net hoxybi cyclo[ 4. 2. 0] Oct a-'11,33', 5-triene-7-carboxylic acid
202 g (¢ = 200 g/L) of racemc

3, 4-di met hoxybi cyclo[4.2.0]0cta-1, 3,5-triene-7-carboxylic acid are
di ssolved in 20 m of an acetonitrile/nmethanol m xture (9/1). 0.4 g
(c =2 L (&2 Tale 7 3.6 c PR3 -6 ednlefl-tur bGAYIBE
(Spri n%&ﬁ%ﬁéﬁ%i eg?&ﬁgp;i,ﬁgﬁﬂgggggﬁgga?ﬁtez ?nﬁxt urel.\5 The reaction

m xture is maintained at 30C, with rotary stirring at 220 rpmfor 24

hours. The enzyne is filtered off. and t ) .
0.5 g susweon (k) RS B eede PO p oGS i FeaPe PARGres me
Stirring LoswR RtQRGHHOR. Smilyunsadt didfGicythendioehel(S8 jils It hep). :
evaporated 1 n'vacuo. This allows conplete racem sation .angﬁeg};‘%g%l ﬁgl S

of t he HRaesteerastionhoixture at 6ATG fforg? hews.SCopplgte HRESEIGH € AR eHC 0

14 - up in eth acet a and then washed with 10 %citric acid
sol gt i d)rf.zrl@@fsrféﬁcg n\ﬁiSC eeesFe"ﬁ'yl acetate not being sufficient, the

wat er-s&ﬁ%secoaﬁqitﬁmis;s re-extracted with butan-1 -ol solution. The
extracts are dried over NgSOfl to yield, after evaporation, 1.9 g of
aci d hayi ng Ghiradpdks® df 2P§74% comM® . This enantionerically enriched

acid is useiﬁgi%ﬂ%éoig oe?/ganeogl;rydrgtg ¢rl eags %o,%g}d;letmgj@pmence of 0.2 ¢

of |i pase. ours—at 3 the enzy is filtered off and then
washed Wi th mmBhanesoc ABsen evaporation, the residue is

chromat ographed on a silica colum (eluant CH2C12/ MeOH from 99/1 to
99/2) to yield the foll ow ng products: (S) acid: 1.33 g; op > 96

% yiel R0y (thee):flel 2.0t 3H MienRst-edrbolydadd op
>9610% WESt%?ﬁ(l%g%P#ggﬁéﬁzgg}% 21% The overall yield of
the reaction is -88 % NVR and MS characterisation of the acid 11-1
NVR (DMSO- d6, ppm / 3.1 d; X z;~ 2.4 i d¢50 m
111; 13Sewend 5@@@&1) ,J%%aé'cﬁﬂﬁ‘;‘o%%?y &? f@%&?ﬁ’%? -?é&%?g C%El)g);zylét%g (s;g)
1H) 5 1240 deSo) fthethdndy®l (nﬁl)+a)ndl\4@ha@tahsanmimardsadea(sam(% 1208.2 ¢R and
M5 characterisation of the ester 1H NVR (DMSO-.d6, ppm / TI\@5 = 3i'c19'd s
(dd; 1HHed3h6Heaption mixtaye at$h3€ foa@:hopry Bysdadygs obtheigsier 1o thepragemiio Ayt
3.71 (s; 6){—\9; 4.23 (dd; 1H); 6.79 (s; 1H); 6.82 (s;1H). M (El+)

Mol ecul 8P Mk at nfz 222. 20 The sequence of reactions is

mon{ § or gglahyis ebdi@énsphase HPLC under conditions allow ng the

enantioneric excesses of both the ester and the acid to be
det er i ned: Chiraladh@kBT & PHP eadugn col urm 30 % absol ute ethanol + 0.1

H TFA + 70 W%&%pcgbasgﬁtteﬁ_etgar%ol% B-EA/; TFA + 70 % heptane + 0.1 % TFA
Iml/min, 25°C, 288nm

EXAMPLE §: (7S)-3,4-Dimeth0xybicyclo[4,2.0]octa-1,3,5-triene—7—carboxylic acid

20 2¢g (é =200 g/L) of racemic 3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-triene—7—carboxylic acid
are dissolved in 20 ml of an acetonitrile/methanol mixture (9/1).
0.4 g (c = 20 g/L) of lipase of Candida antarctica SPRIN actiplus CALB® (Sprin
Technologies) is then added to the mixture. The reaction mixture is maintained at 30°C, with
rotary stirring at 220 rpm for 24 hours. The enzyme is filtered off and then washed with
25  methanol. 0.5 g of KOH (2 eq) is then added to the mixture (filtrate) and stirring is maintained

for 6hours at 30°C. The mixture is then evaporated in vacuo. This allows complete

racemisation and hydrolysis of the R ester without racemising the S acid. The residue is taken



|/ mn, 25C 288ntn - 15 - EXAMPLE 6: Met hyI

3, 4-di et hoxybi cycl o[ 4. 2. Ol oct a- L3, 5-t{41ene - ear boxyl ate Di ssol ve

3, 4-di et hoxybi cycl o[ 4. 2. 0] oeta-1, 3, 5-t"1lene-7-carbOxylic acid (3 g -
14.4 mmol ) in nmethanol and add acetyl chloride (1.65 g - 21.1 nnDI)
Refl ux the reaction m xture for 2 hours. Analysis by TLC (el uant:

di chl or gt fanelecshouRd Hhaewaliancim ab hatfoagatisoluoh dEstatibhngih ethyl
mat eri a ﬁ'%lorate e reaction mxture, take up the regldue

ethyl aceh@tmt é:mchg\/\asfﬁcnehte tloy g/awmolphl@s@ldmw uacied Witk B‘&Péf%l jodution.
g%p/gi@" %g(%ggt[rslyfet (?1‘138 over l\;l%tgo e?ldpg{%(ii%ggpdr&lcﬁl X'@é df Q(f,ui%Z\/fhg a ratio of
( 79) - 3,A- gk Q(}?R)h mgtyng,yt@drﬁéﬁcaﬁy QAn&icd-atid3s hsddr inerrecdhdeanzyoRid sretidroin the
(c =100 racem c ret ¥ f and then washed
3, 45di mm@m@@gmma@ Bfiee 24 baws a53¢°C, irempymg it Bt affand s

di ssol ve |nh20 of an 80/20 m xture of acetonitrile/bufTer 0.4 g
(c = ’I?)e 8? I'i pase of C andida antarcti ca NOVOZYM 435(r)

( Novoz ym& daperatits), thsrdshime iadhiethatagrarhed mixt sitien ¢ysn (glupes Gl Ml
reaction mxture i s maj g{% r} gq%él vvlth rotary stirring at 230
rpm 1529m 8P/ 1rte §012) ey Yrelt the Wg‘tﬂ“é‘gé’ 8'8), the pfl is adjusted to
7.2. After 24 hours, the enzyne is flltered of f and washed by
stirring in methanol . All the filtrates arc coIIected evapor at ed and
| yophi | (Ssacid: Th2 gf yopHiol Yospick dfacidfenraiisalin’ Eehyl’ “Acet ate, stirring
smalntalnedoernl the n tyee is filtered and
the10f| | (% gtET % %’a"p?org?e@l’ ?gfggsm ﬁeé%ci%lﬁ’y %ﬁﬂ@(f%ie/g on a silica

col um (el uant di chl or onet hane/ et hanol) to obtain 0.81 g of the
ester of the title (75), that is to say in a yield of 41 % [a] 20D at
589m: WQVEré(lBy1ﬁ}§IQﬂth¢Waﬁ?EUHf”$ &-fraction containing the acid is
taken up in ethyl acetate to yield 0.72 g of (7R) acid, that is to

say in I%A)[I&angﬂfgcl?amctzléga% [?ﬂ%a fonm -58.8 (5 my/ni in MeOH)

'H NMR (DMSO-d6, ppm / TMS): 3.17 (dd; 1H; 13.6Hz; 2.4Hz); 3.27 (dd; 1H; 13.6Hz;
5.3Hz); 4.13 (dd; 1H); 3.71 (s;3H); 6.78 (s; 1H); 6.80 (s; 1H); 12.40 (s; 1H).

15  MS (EI+) Molecular ion M+ at m/z 208.

NMR and MS characterisation of the ester

'H NMR (DMSO-d6, ppm / TMS) = 3.19 (dd; 1H; 13.6Hz; 2.4 Hz); 3.33 (dd; 1H; 13.6Hz;
5.5Hz); 3.65 (s; 3H); 3.71 (s; 6H); 4.23 (dd; 1H); 6.79 (s; 1H); 6.82 (s;1H).

MS (EI+) Molecular ion M+ at m/z 222.

20  The sequence of reactions is monitored by chiral-phase HPLC under conditions allowing the
enantiomeric excesses of both the ester and the acid to be determined:

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

Iml/min, 25°C, 288nm



- 16 - EXAMPLE 8: Methyl

(7S) -3, 4-di met hoxybi cycl o[ 4. 2. 010ct a- L3, 5-tri ene-7- car bOxyl ate
Racem ¢ methyl 3, 4-di nethoxybicyclo [h52.0] octa-1,3

, S5-triene-7-carboxyl ate (1 ng; ¢ =1 g/L) is dissolved in 1 nL of a
90/ 10 m xture of phosphate buffer pH=7/toluene. 5 ng (¢ =5 g/L) of

| i pase Mm’ AR (| YOIASRARSy BicFclbDEORdE3|Sotridae- Ttarbukla(eE/ S

Sratio r eact mxture ' is maintai ned at 28C, w
ati ¢ , Wth rotar
stirring at 220 rpm for 48 hours. The reaction mxture is analyseé

by reverse-phase. HPLC and i o Ct ] ' dualk
cyter NSO OrEBe B R AR ML e HCE dRree R th he o
nethodqn%géﬁﬁb@@ﬂypgkgm@m@gdgpna$qunﬂnmﬁﬁﬂﬁnalysis of the reaction

%“igﬁrg? %@é&%@éﬁ?@iﬁi@%& g@ﬂg@%ﬁgg P00 ero R g s
enagrti 3@%@8‘?‘?%‘?@{}6 ﬁ‘&e‘g@ar‘% é-}p %ggﬁ%%{ag igalcﬁlslr; Sgkéh?c 250' 4. 6

col . APz zpetibanal g fenesgsen suBhesareover [ o
b atsmndhbl by oryel o o o LRI HBEPLATD o
ester (7S). 20EXAMPLE 9: pror the

3, 4- Di r net hoxybi cycl 014. 2. Olocta- L3, 5-triellc-7- i i
Suspend , carbOxylic acid

(709 - 3 BEAMBLEGy Y e 6 A o B a1 BT SO eRe EAboRyT ¢ aord

10 2 g (c = 100 g/L) of racemic methyl 3 4-dimethoxybicyclo[4.2.0]octa-1,3,5-triene-7-
carboxylate are dissolved in 20 mL of an 80/20 mixture of acetonitrile/buffer pH=7.

0.4 g (c = 20 g/L) of lipase of Candida antarctica NOVOZYM 435® (Novozymes Denmark)
is then added to the mixture (E/S ratio 1/5). The reaction mixture is maintained at 30°C, with
rotary stirring at 230 rpm.

15  After reacting for 4 hours (pH=5.8), the pH is adjusted to 7.2. After 24 hours, the enzyme is
filtered off and washed by stirring in methanol. All the filtrates are collected, evaporated and
lyophilised.

The lyophilisate is taken up in ethyl acetate, stirring is maintained overnight and then the

reaction mixture is filtered and the filtrate is evaporated.

20  The residue is purified on a silica column (eluant dichloromethane/methanol) to obtain 0.81 g
of the ester of the title (75), that is to say in a yield of 41 %.
[]*°p at 589nm: +64.7° (5 mg/ml in MeOH)

The fraction containing the acid is taken up in ethyl acetate to yield 0.72 g of (7R) acid, that is

to say in a yield of 36 % .
25 [a]’p at 589nm: -58.8° (5 mg/ml in MeOH)



ee > 95 A) in methanol (1 nL) and add potassi um hydroxi de (20 nyg).

Heat the reaction m xture at 65C for 24 hours. Conplete racem sation

of the acid is observed. - 1 7 - Analysis conditions: Chiral pakO IC

250 *46 columm 30 % absolute ethanol + 0.1 % TFA + 70 % heptane + 0.1

% TFA Il /mn, 25C, 288nm 5EXAMPLE 10:

(7S)-3 Mﬂg@gya\%t%gp(-;lgp3pi_guﬁém{,ﬁyb2eﬂld{¢naﬁ dct 34158, S-tiriems 7-tarboxylate
end the

car boxa

7S) -3, 4-di neth bi | o[4.2.0]octa-1 5-tri - 7- | id_ .
Lok ssmEs vt & cosbrgySHRSYREL S | A ERE RIS o7 o
A o B PR L RIVAAHE AL A0 minFhlk pepRiebanERe il ) | s

added sl o e mxture he reaction m xture 10precipitates
(M xt urem)(c 4 B gDpbNEpask| sRseudrepdnys dhivriscerasire tirm alded o dif PRGHE'S

2.25 m), tirred wth wat . tri.et I
St i g S/ it EFOREER U0 S PANEE GG R Ehe P It T e

i's adde&ﬁoglrgﬁ xture | and stirred at anbient tenperature overnight.

The reaction mxture is then evaporated and gurified bty pre a;;a ivefh
HPLC. The reaction mixture is analysed by reverse-phase HPLC and the enantioselecuvity ee) of the

15(75) - 3,.4- Di et hoxy-.\N- hylhi.cycl tef b GasdpidEd
R e R R S e TS
2.61 (M3 ; 3.16 (m 2H); 3.71 (s; 6H; 4.05 (m 1H; 6.78 (s; 1H);
6.81 (s, 1H); 7.78 (s; 111). ) EXAMPLE 11: C-

(79)0- 3, Aol Hoxgraesierha iacfen oops ey e s tss G ene- 7-

20car boxam de Suspend net hyl

75) - 3, 4- di nmet hgxybj 4.2, ta-1, 3, Y 1606 500
Erg))i n aesr Cafr ﬂ%;‘héé@/ i‘?”%w[/di%a@]d&g”é b Z’QM g%é?@(ﬁ? te?’?é'g%'%r?ﬁ f)f 33

% et hyhzmd@%a'%gj@ijLm ragol ute et hanol . After stirring for 3
hours, the reaction mxture 1s evaporated. The residue obtained is

purifi eB (2BO@¥eparatarvé THAV.C (el uant :
wat er/ acetonitrile/trifluoroacetic acid from98/2/0.2 to 20/80/0. 2)

OVEr 30 I DL %08 Sndlht S b Sndhelos SRS L -kl Bl ot 70 % - 18

(7S) -3, 4-Di met hoxybi cycl 014. 2.0l octa-1, 3, 5-trien: 7-ylls t hyl met han
i e Scbipeinak B 08l IR e I DA 20]C: T

octa-1,3,5-triene-7-carboxam de

Enantiomer Retention time (min)
(7R) 7.19
(75) 9.03

Analysis of the reaction mixture shows good hydrolytic activity (percentage of residual ester:

25 %).

Analysis of the enantioselectivity shows an ee of 90 % for the ester (73).
20 EXAMPLE 9: 3,4-Dimethoxybicyclo [4.2.0]octa-1,3,5-triene-7-carboxylic acid

Suspend (7R)-3,4-dimethoxybicyclo[4.2.0]octa—1,3,5-triene—7—carboxylic acid (50 mg -
ee > 95 %) in methanol (1 mL) and add potassium hydroxide (20 mg).

Heat the reaction mixture at 65°C for 24 hours. Complete racemisation of the acid is

observed.



(450 ng) in tetrahydrofuran (20 trilL) and then slowy add 1.6 nlL of
2M Li A11- 14 solution in 5 tetrahydrofipan to the reaction m xture at
anbi ent tenperature. Marked evol ution of gas is observed and the
reaction m xture becones clear. Heat the reaction mxture at reflux
for 30 mnutes. After returning to anbient tenperature, hydrol yse and
t hen e’ﬁ&;{&%géﬁﬁn&ﬂﬁoﬁ&hw acetate. Dry over MySal and then evaporate.
The resi cil e obtained is purified by preparative HPLC 10(el uant:

wat er / acet omifindpai® IG £3Aigroedwric acid from 98/2/0.2 to 20/ 80/0. 2)

over 30 minutes to yield t t] r t, j el fr 46 A. | FI NMR
(\II/)IVBOd6, p%ﬁw%soa%’f\?é%lfleff’wégg(oné%@Fﬁf;wzu."é’gb{(}%g it /gi s (m 111);
3.25 (dd; 131)i.i3- BB Mgsiki) ; 3.62 (m 111); 3.70 (s; 6H); 6.82 (s;

1H); 6.89 (s; 111); 8.48 (s; 1H). EXAMPLE 13:
(7S)-3, 4- D met hoxybi cycl o[ 4. 2.0l ocia-1,3,5-trien-7-y11-N-net hyl 15nmeth

anai_ni ne hydrochiorlde; 20, 0f ANT 1 911 &fta BEBs itRene-7-

t et ?ahﬁmﬂkr é&é&éﬁ?lmaﬁtﬁ%xﬁﬁ%ﬁﬁg@g& zgt urtl,, ?o a mxture of
2.2 g (10 mmol ) of carboxamide .

(7,9-3, 4-di met hoxy- N- et hyl bi cycl o[ 4. 2. 0]octa-1, 3,5-triene-7-

carboxam de in 45 nL of tetrahydrofuran. After stiJri for 1.h .
10 nL dfuspérel t@o|(ﬁS)—bﬁ-déma@pByblﬁyql%[ﬁr%@i%fﬁﬂf%?‘é%en&f g° ﬁ%@' 1C a4 8&%‘“ m
stirri over ni at . anbi.ent, .t r , Bf andOtheh haldolriettyamine
added gk?’@fﬂﬂ?%g &% ?‘ﬁ%lm@ur%rﬁ @t%@gﬁt heﬁ{t%)iel no nore gas i s yﬁ
evol ved,6@ppu k1 RRMEIform&te TLSMAiIHy ddahilowlyctoabe dhisoratlihgrrepgtion mixture
et hanol are 'then added dropwi sc. After stirring for 4 hours, the

pr édi piratipitaes @inede D1. 2 g of the title product) is filtered off The
filtrate is.copcentrat d bodd - ©250nDf istshifred imtithewater (1 ml)
pr oductl%iaélog‘ﬁ{ ?Sﬁ(eale%‘ﬁ%%% ’earsiaz{r%ﬁ%?h}sdc())??%bi}% (gn 80/20 mi xture of ( _
ethyl aggt afctly@id@naloo ﬁ,ﬁIhStirfrm ipreeinpiicdt fs 20 ericgabianédhen the esulting
1.85 g of the'title product (yield: 77 %9. - 19 - EXAI\/E E 14:

| vabr adinirureysiadseh topiigtare lond stimsd phargpient temperature overnight.

342- (1, 3-di oxol an- 2-yDet hyl ] -7, 8-di met hoxy-1

, 3-di hydr o- 2H- 3- benzazepi n-2- one, 27.5 litres of ethanol and 550 g

of pal | agli Rt aRmRenRs theh ovaporaedt ol @ydicd by prénarajie e kR ni t r ogen and
then with hydrogen, heat to 55C t he rogen : t - -

t enffer a8 dohtRethexspNaae Pl t DRIatEn Y AlRE A S Bhid ¥ obtained in a
of hydrolgﬁnof%s%been absorbed. Then return to anbient tenperature and
depressﬁrl se the autoclave. Then add 4 kg of

(7S)-3, 4-di met hoxybi cyclo[ 4. 2.0]octa-1,3,5-trien-7-yli-Nnethyl -

met hanam ne hydr |.oride, litres of..eth 201D §.7hick:16ED); 805\t en);
and 1 kdi W%éﬂ%&g}w/ Té%sa?r b(%’r?.?%aﬂégg 3W?dtqﬁlll’n2|}ftéf ogerg ’ﬁ? the\r(:@vm' th
hydroge@ﬁglagqq{%tQ_gﬁs(;:,l}gpyljgl@@nmydroge_nate at that tenperature under
a pressure 6f 30 bars until the theoretical anount of hydrogen has

been absorbed. Then bring back to anmbi ent tenperature psurrge t?e
aut ocl agE& AVI®LEhEN f?i&)ﬁe(&-mmethogad‘{-mmﬁhylbicyclo 4.2.0]Jocta-1,3,5-triene-7-

20 carboxamide

Suspend methyl (7S)—3,4-dimeth0xybicyclo[4.2.0]octa—l,3,5-triene—7-carboxylate (500 mg) in

water and then slowly add, at ambient temperature, 20 mL of 33 % methylamine solution in

absolute ethanol.

After stirring for 3 hours, the reaction mixture is evaporated. The residue obtained is purified
25 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 70 %.



15m xture; distil off the solvents and then isol i i
hydrochl ori de by crystallisation from ofate the fvabradine

t ol uene/ 1- net hyl- 2- pyl1Tol i di nOne nixtuﬁ%f | vabr adi ne hydrochloride is
thereby obtained in a yield of 85 %and with a chemcal purity
greater than 99 % Conparative EXAMPLE: Screeni ng of |ipases an

cst er aspg A MBLERS: IV IBID i dieHyBidyRiopd. 20pfctavi BiBrien-7-yl]-N-methyl-

3, 4-di . CIol4.2.0;0cta-1f§§5-trielle-?- carbog;late Racem c

ne?hyl 3,4-d|nephomyﬂh@wuhuﬁa.2.0]octa-1,3,5-triene-7-carboxy|ate (1

ng; ¢ =1 g/L) is dissolved in 1 inL of a 90/10 m xture of phosphate

buffer pl1=7/toluene. 5 ny (c =5 g/L) of the lipase or esterase

PZ; Q?i sgug%&? are t(hSP?,&dﬁﬁﬂtHo&y{I\hﬁleﬂ@dh’iuyle[E/ZS)]Qﬁﬂdlﬁ,ﬁ)-t@n@ﬂ'carh@(amide
on mixture is maintai ned at 28C, with rat tLhL) :

sty Srieh e e o b AL EE 25 58], LA s i

HPLG aqgtaatl}gf?lroqﬁﬁﬂtt}) Qﬁﬁ Ir@a%ﬁ%'rﬁi)(tu_(‘@ 69 afbichh nipReneld aMagisddesvolgtion of gas is

noni’t or y chiral-phase LC, 1n accordance with the nethods

descri hagedved ahdhkt oviction r2@ture Gonaties dnar. finat dirarspsiien grixuRgat reflux for

reaction m xture by reverse-phase |1 PLC. Kinetex0 2.6, um C18 50*2.1
40C, 0.% WIASH 100 %A to 100% B over 5ninutes A (1000 water+25 ACN+1

TEA) B Aﬁ%ox%t 28 MedisktHmpEAursGeyidelyiconsl flen amattywith ofifyl tasetate. Dry
enanti oselect v ty bK chiral - phase TI PLC. Chiralpakq.l 250*4.§
col Um 00 KigHR0kd dhet RavsFea TR rsRigke oeined o TSI Prpve HPLC

RO @Bt M e Btk nforbcdil iR 05708 21 B311470 2] BvATRIum do
yield the title product in a yield of 46 %.

'H NMR (DMS0-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 (s; 1H).

EXAMPLE 13: (7S)—3,4-Dimethbxybicyclo [4.2.0]octa-1,3,5-trien-7-yl]-N-methyl-

15 methanamine hydrochloride

20 mL of a molar solution of BH; in tetrahydrofuran are added, at ambient temperature, 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 in 45 mL of tetrahydrofuran. After stirring for 1 hour, 10 mL of the solution of
BH; in tetrahydrofuran are added. After stirring overnight at ambient temperature, 20 mL of

20  ethanol are added dropwise and the mixture is stirred until no more gas 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.

25  The two precipitates are combined to yield 1.85 g of the title product (yield: 77 %).
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EXAMPLE 14: Ivabradine hydrochloride

Load 5.5 kg of 3—[2-(1,3-dioxolan—Z—yl)ethyl]—7,8-dimethoxy—1,3-dihydro-ZH-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
absorbed.

Then return to ambient temperature and depressurise the autoclave.

Then add 4 kg of (7S)—3,4-dimethoxybicyclo[4.2.0]octa-l,3,5-tn'en—7-yl]—N—methy1—
methanamine hydrochloride, 11 litres of ethanol, 5.5 litres of water and 1 kg of palladium-on-
carbon.

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.

Then bring back to ambient temperature, purge the autoclave and then filter the reaction
mixture; distil off the solvents and then isolate the jvabradine hydrochloride by crystallisation
from a toluene/1-methyl-2-pyrrolidinone mixture.

Ivabradine hydrochloride is thereby obtained in a yield of 85 % and with a chemical purity

greater than 99 %.

Comparative EXAMPLE:Screening of lipases an esterases for the enzymatic hydrolysis

of methyl 3,4-dimethoxybicyclo [4.2.0]octa-1,3,5-triene-7-

carboxylate

Racemic methyl 3,4—dimethoxybicyclo[4.2.0]octa-1,3,5-triene—7—carboxy1ate (1 mg;
c=1 g/L) is dissolved in 1 mL of'a 90/10 mixture of phosphate buffer pH=7/toluene.

5 mg (c = 5 g/L) of the lipase or esterase being studied are then added to the medium (E/S
ratio 5/1). The reaction mixture is maintained at 28°C, with rotary stirring at 220 rpm for
48 hours.

The reaction mixture is analysed by reverse-phase HPLC and the enantioselectivity (ee) of the

residual ester is monitored by chiral-phase HPLC, in accordance with the methods described

hereinbelow:



76 24 68 (R enantio) 6 Lipase AR (Pseudonobnas ce [

_ : ) pacia) 90 10 14 (S
enantio) 8 Lipase M"Amano"10 (Micor éﬁyanicus) 60 40)36 (S enangio)
?Péh?asflpf AspergLIIus oryzae 78 22 1S cnantio) Lipase G "Amano"

cilliumcanenbert 40 60 26 (R enantio) NI [ " "
(Candi da rugosa) 60 ( : H pase AYS TAmmnO

Conditions for analysis of the reaction mixture by reverse-phase HPLC:

Kinetex® 2.6um C18 50%2.1, 40°C, 0.6 ml/min 100 % A to 100% B over Sminutes
A (1000 water+25 ACN+1 TFA)
B (1000 ACN+25 water+1 TFA)

5 Conditions for analysis of the enantioselectivity by chiral-phase HPLC:

Chiralpak® IC 250%4.6 column 100 % absolute ethanol, 1 ml/min, 25°C, 288 nm

Enantiomer Retention time (min)
(7R) 7.19
(75) 9.03

The results are summarised in the following table:

Porciﬁe P’ancreati‘c Lipasé T‘ype: I ~ - iOO — 0 -
Lipase PS (Pseudomonas cepacia) 55 45 34 (S enantio) 3
Lipase AY 30 (Candida rugosa) - 100 0 -
Lipase FAP-15 (Rhizopus oryzae) 45 55 52 (S enantio) 4
Lipase A6 (Aspergillus niger) 76 24 68 (R enantio) 6
Lipase AH (Pseudomonas cepacia) 90 10 14 (S enantio) 8
Lipase M "Amano"10 (Mucor Jjavanicus) 60 40 36 (S enantio) 5
Lipase of Aspergillus oryzae 78 22 64 (S enantio) 5
Lipase G "Amano" (Penicillium camemberti) 40 60 26 (R enantio) 2
Lipase AYS "Amano" (Candida rugosa) 60 40 4 (R enantio) 1
Lipase R "Amano" (Penicillium roqueforti) - 100 0
Porcine liver esterase - 100 0
Esterase of Rhizopus oryzae 40 60 50 (S enantio) 3
Esterase of Mucor miehei 79 21 45 (S enantio) 6




40 4 (R enantio) 1 Lipase R "Amano" (Penicilliumroqueforti) - 100 O

Porcine liver esterase - 100 O Ester of Rhi zo
_ pus oryzcee 40 60 50
(S enantio) 3 Esterase of Micor niehe?fgg 21 45 (S enan?io) 6 - 21 -
p se %ester'

- . ‘ o o s o/ b
Lipase . % ester| % acid | be (/0)‘ | B .
~ o ; o _ . ester
Horse liver esterase - 100 0
Newlase F (Rhizopus niveus) - 100 0 -
Lipase of Pseudomonas fluorescens 25 75 90 (S enantio) 6
Lipase B of Candida antarctica (Novozym ®4335) 30 70 94 (S enantio) 9

@ Enantiomeric excess ee (en %) = % enantioE2 - % enantioEl / % enantio E2 + % enantio
E1 (enantio E2 being the predominant enantiomer)
b Enantioselectivity coefficient E = In[(1-c)(1-ee(S)] / In[(1-c)(1+ee(S)] ; ¢ = level of

5 conversion = ee(ester) /ee(ester) + ee(acid)



%au dii Fea/ ) ester Horse |iver esterase - 100 O New asc F

(Rhi zopus niveus) - 100 O - Lipase of eudononas fl uorescens 25 75
90 (S enantio) 6 Lipase B of Candida afitaraica (Novozym O 435) 30 70
94 (S enantio) 9 Enantionerie excess ee (en %9 = %enantioE2 - %
enanti oEl / %enantio E2 + % enantio

CLAIMS

1. Process for the synthesis of the optically pure compound of formula (la):

H,C—O
\

(Ia)

"
H,C—O =

HO

by enantioselective enzymatic esterification of the racemic, or other not optically pure,

acid of formula (X):
H,C—O X
jt )
H,C—0 = O
5 HO
using a lipase or esterase,
in a mixture of alcohol ROH wherein R represents a linear or branched C;-Cgalkyl group,
and an organic co-solvent,
at a concentration from 5 to 500 g/L of compound of formula (X) per litre of solvent
10 mixture,
at an E/S ratio of from 10/1 to 1/100,
at a temperature from 25°C to 40°C.
2. Synthesis process according to claim 1, wherein the lipase or esterase is selected from
lipases of Candida antarctica, of Pseudomonas fluorescens, of Pseudomonas cepacia, of
15 _ Rhizopus oryzae, of Aspergillus niger, of Mucor javanicus, of Aspergillus oryzae and of

Penicillium camemberti, and esterases of Rhizopus oryzae, of Mucor miehei and of

Rhizopus niveus.

3. Synthesis process according to claim 2, wherein the lipase or esterase is a lipase of

Candida antarctica or of Pseudomonas fluorescens.

20 4. Synthesis process according to any one of claims 1 to 3, wherein the E/S ratio is from 1/5

to 1/10.



El (enantio E2 being the predom nant enantioner) Enantioselectivity
coefficient E=1In[(1-c)(1l-ee(S)] / In%%l-c)(l+ee(8)] ; ¢ = level of
5conversion = ce(ester) /ee(ester) + e&(acid) - 22 - CLAIM 1.
Process for the synthesis of the optically pure conmpound of formula
(la): H3GO (la) H3C HO by enantiosel ective enzymatic esterification
of the racemc, or other not optically pure, acid of fornula (X):

113CG-0 (X) H3C-0 HO 5 using a |lipase or esterase, in a. mxtuyr .
al cohol5. ROshthksis @rereRd peor@Be e 4ny ONE 08 £215s %%ﬁcwgﬁe@ﬂh&%ﬁg&?ﬁ% 18
group, and %L% gfg_f%ﬁ,grllvig % nitrile. @t a concentration from5 to

500 g/ L of® ormmula per litre of solvent 10m xture, at
an E/Sratio of from10/1 to 1/100, at a tenperature from25C to 40C.

2. Synthesis process according to.claiml,. erein.the | r s
est er ade iSynthesie Pregss Mﬁfd%g% égmaff G?W&‘?lagﬁ%ﬁ?eé?%hq%/ én,e'“g“ggpra% is from
Pseudormng;z'swfd/yor escens, of Pseudononas cepacia, of 15 Rhizopus

oryzae, of “Asperqgillus niger, of Micor javanicus, of Aspergillus
oryzae and of Penicillium canmenberti, and esterases of Rhizopus

ozyzae,_ of cor mehei and of Rhizo .nj g i S5
accdr dihg St”g/tﬂéﬁl%d’%c?s,s %‘Ealé‘igﬁo fHeCTS gt;%aelmg\rﬁetg?t’ g)r% ggegy ?%Qg&% ?{)g{s?g%gf o

Candi da ankiiifd iedndiry plodBeesfdnERAGSor: | UOr escens.
H,C—O

~

} — (R)

H,C—O0 _—0

is hydrolysed by the action of a base to form the racemic acid of formula (X) in order to

be recycled into the enzymatic esterification process.
10 8. Synthesis process according to claim 7, wherein the base is KOH.

9, Synthesis process according to either claim 7 or claim 8, wherein the

hydrolysis/racemisation step is carried out in sifu.

10. Synthesis process according to any one of claims 1 to 9, wherein the acid of formula (Ia)

is isolated after one or more cycles of enzymatic esterification.

15 11. Process for the synthesis of the optically pure compound of formula (Ib):

H,C—O X
| © (Ib),
P s
H,C—O 740
RO

wherein R represents a linear or branched C;-Cgalkyl group,



-23- 5. Synthesis process according to any one of clains 1 to 4,
wherein the al cohol ROH is nethanol ang t he co-solvent is
acetonitrile. 6. Synthesis process acc Ai‘ﬁi ng to claim5, wherein the
acetonitrile/nmethanol ratiois from8/ 2 to 9/1. 57. Synthesis process
according to any one of clainms 1 to 6, wherein the ester of

conf i gur aty @fhnkiRelediRe ALEARIANrFINSE € thehedntie, srasthéri ron DPHIIE pHLCgfer
is hydrolysed by the action of a base to formthe racem c acid of
formul a (Xformuler(&ér to be recycled into the enzymatic esterification
process. 108. Synthesi S [Ppocgss a cording to claim7, wherein the
base is KOH 9. Synthesi s proc ¢ording to either claim?7 or
claim 8, wherein the hydrolysisf|racerisation step i s@Brried out in
situ. 10. Synthesis process ac dj to.any one of clains 1 to 9,
wherein the acid of foriyCaQla.) Ts isol after one or nore
cycles of enzymatic esterification. 1511. /Process for the synthesis

of the optically pure conpound of foilulRO(Ib): 1-13C-0 H3C RO
wherein R represents a |inear or branched Cl-C6al kyl group, - 24 -

by enant i ebelescRiremessnisyaindas onfrargied 1CY BQUPaceni ¢, or ot her not
optically pure,. ester of foi " I;;lﬁ@- in AFwherdiofedric solvent
r epPesent Bgﬁglailwg%ﬁoro?sg%?%h%: eéﬁfé%r)%};gi I[Eyl 5usi6n?ma |i pase or

est erase, ahdib@rdufrier=7s el aitéraontodtiopki Zreom 1 ite 260 silxefgespermd o frla (XI)
sol vent and buffer of pH 7, at a concentration of from1l to 200 g/L

of conpouner e ¢GORENECSRYCIPBYX % r e of sol vent or sol vent mixture,

at an F/S ratio of from 10/1 to 1/100,
at a temperature from 25°C to 40°C,

10 followed by isolation of the ester of formula (Ib).

12. Synthesis process according to claim 11, wherein the lipase or esterase is selected from
lipases of Candida antarctica, of Pseudomonas fluorescens, of Pseudomonas cepacia, of
Rhizopus oryzae, of Aspergillus niger, of Mucor javanicus, of Aspergillus oryzae and of

Penicillium camemberti, and esterases of Rhizopus oryzae, of Mucor miehei and of

15 Rhizopus niveus.

13. Synthesis process according to claim 12, wherein the lipase or esterase is a lipase of

Candida antarctica or of Pseudomonas fluorescens.

14. Synthesis process according to any one of claims 11 to 13, wherein the E/S ratio is from

1/5 to 1/10.
20  15. Synthesis process according to any one of claims 11 to 14, wherein R is a methyl group.

16. Synthesis process according to any one of claims 11 to 15, wherein the reaction is carried

out in a mixture of acetonitrile and buffer of pH=7.



at an EfSratio of from10/1 to 1/100, at a tenperature from 25C to
40C, 10foll owed by isolation of the es £r of foiloula (Ib). 12.

Synt hesi s process according to claim11, wherein the |ipase or
esterase is selected fromlipases of Candida antarctica, of

Pseudor nonas fluorescens, of Pseudononas cepacia, of Rhizopus oryzae,
of AspergillihsiNpaRess MlcotdigOro chvai 16, Gisreinfthdspanygirilkistior phaé rand is
of Penicillium canenberti, and esterases of Rhizopus oryzae, of Micor
m ehei anffowf8/28RPilzopus niveus. 13. Synthesis process according to
claim 12, wherein the |lipase or esterase is a |ipase of Canclidct
antarctica or ofpseudononasjluorescefls. 14. Synthesis process .
accor di [gsi@haiy peersofacelrdingsto ab$, owhef ailaimshél BoSI F.awhereins the ggid of
1/5 to 1/10. 2015. Synthesis process according to any one of clains
11 to 14, wa@uéﬂtwnFQRgis a methyl group. -25 - 17. Synthesis process
according to claim 16, wherein the acetonitrile/buffer pH=7 ratio is
from8/2 to 9/1. 18. Synthesis process according to any one of clains
11 to 17, wherein the aci dlg§f—0Oenf]j ation (R: 5 H3C H3C-O the
secondary product of the reaction]| is Ylacgm sed by the action of a
base, and then the racem c acid thereby obtmined is alkylated to form
the racem c ester of for (XK i /rder 01 recycled into the
enzymati c hydrol ysis process. 1019. Synthesi/S process according to
claim 18, wherein the acid of configuratigpy(R) is racen sed by the
actison of KOH in the hot state. 20. Synthesis process according to
any one of clainms 11 to 17, wherein the acid of configuration (R,

t he secondary product of the reaction: 143C -0 15is first al kyl ated
and t hen thsseestdary plodoanifitigrmeattiosn (R) t her eby obtained is racem sed
Eg df’ gfygicésl ge;:]c@g)gsse 15)3? e ‘action g? a tt)aose,bgnJ AN CHRAaLAhR 1HE (REEYIBblatned is

alkylated to form the racemic ester of formula (XI) in order to be recycled into the

enzymatic hydrolysis process.

10 19. Synthesis process according to claim 18, wherein the acid of configuration (R) is

racemised by the action of KOH in the hot state.

20. Synthesis process according to any one of claims 11 to 17, wherein the acid of

configuration (R), the secondary product of the reaction:

H,C—0 N
, — (R)
H,C—O0 — 0
HO
15 is first alkylated and then the ester of configuration (R) thereby obtained is racemised by

the action of a base in order to be recycled into the enzymatic hydrolysis process.



- 26 - 21. Synthesis process according to claim20, wherein the ester
of configuration (R) is racem sed by t?g action of OBlI] in the hot

state or of KOH at anbient tenperatures®22. Process for the synthesis
of the compound of formula (I1l): H3C -0 (.5) H3C-OCH3 5starting from
the nitrite of formula (I1V): H3C -0 H3C-0 which is hydrolysed to form
the r a%nkfntﬁc%'léj (gcegsoragwréméﬁo cldf- %0, H3kerBinHBe ester of tcbefigmayerat(Ry is

esterification o which in accordance with any one of claims 1 to 10
yi el ds 10tdeemioypd by ahd actionoé DIYY e e hoostaaraof K@ atiasebian YHERIE 50
which is then converted into the optically pure am de of formula
(XI1): 113C -0 Hc HN CH3 the reduction of which yields the conpound
of formyl a.dcbddthr thesydifesis 8Bthe Roppesal dfdormide (BYnt hesi s of the
conmpound of fotub ( ?/ : HSC 0,-NCHSstart|ngfromthe nitrite of

formula (1V): ’ \T
| (1)
© g
H3C—O , /N\
CH,
5 starting from the nitrile of formula (IV):
H,C—0 X
| av,

H,C—O =

3 \\N

which is hydrolysed to form the racemic acid of formula (X):

H,C—0O
j} 0,
O

HO

the enzymatic esterification of which in accordance with any one of claims 1 to 10 yields

10 the optically pure acid of formula (la):
H,C—O X
| © (Ta),
H,C—O /4 O

HO

which is then converted into the optically pure amide of formula (X10):

H CcC—0
{ (X1D),
(S)
S

HN
CH,

I

the reduction of which yields the compound of formula (I11).



H3 G0 H3C-0 5which is hydrolysed to formthe racem c acid of formnul
(X): H3C -0 H3C-0 HO and then al kylategd_to formthe racernic ester o?
formula (X1): H3C -0 H3C -0 RO wherein ﬁ'represents a linear or
branched Cl-C6al kyl group, 10the enzymatic hydrolysis of which in
accordance with any one of clains 11 to 21 yields the optically pure
ester of fornula (Ib): 1-13C -0 H3C -0 RO wherein R represents a
l'inear or branched Cl-C6al kyl group, which is converted into the

aﬁt aﬁlzwpmm famtmymhem@%ﬁhpaommd of formga (IPc -0 H3C-0 (X 1)

H,C—O
| A (I0)
5 H
H,C—O0 o,/N\
CH,
starting from the nitrile of formula (IV):
H,C—0
\
ji av),
H,C—O =
3 \\
N
5 which is hydrolysed to form the racemic acid of formula (X):
H,C—0 X
X)
=
H,C—O O
HO
and then alkylated to form the racemic ester of formula (XI):
H,C—0 X
XD,
=
H,C—O o)
RO
wherein R represents a linear or branched C;-Cgalkyl group,
10 the enzymatic hydrolysis of which in accordance with any one of claims 11 to 21 yields

the optically pure ester of formula (Ib):

H,C—O
- Ib
j) s (Ib),
H3C—‘O ’//40
RO

wherein R represents a linear or branched C-Cgalkyl group,

which is converted into the optically pure amide of formula (X1D):



t he reduction of which yields the conpound of forrmula (IH). 24.

Synt hesi s process according to either ?%a|n122 or claim 23, wherein
t he reduction of the conmpound of fornu (XI'l) to formthe conpound
of formula (I11) is carried out by M, 5NaBH4 or Li AlH4. 25.

Synt hesi s process according to any one of clainms 22 to 24, wherein
t he conpound of fornulag@@kk) IS \tgfequently ei t her coupled with a

conpound of forrmula (XIIT) : 0 O—herein X rep ents a hal ogen
atom 10or subjected to a reduc ive an1n@;|on reacti hnth a
conpound of formula (XIV) Sence of reduci ng agent: 7Th

N( XI'V), 0 wherein R2 Hepﬁesents a grou'//e ected from CHO and
CHR3R4, wherein R3 and R4 each r%ﬁfezent a linear or branched
(C1-C6) al koxy group or form 15together th the carbon atom carrying

them a 1,3-dioxane, 1,3-dioxolane or 1,3- @lbxepane ring, - 29 - to
yield |vabrad|ne mhlch is then converted into an addition salt with
a phar mac ategatioy odedixt viblde traiotiposad df Hantla{@ng i n anhydrous or
hydrate form 26. Synthesis process according to claim25, wherein X
is an iodine atom 27. Synthesis process according to claim 25,

wher ei m Smﬁl%gfp gMS§£ccBR1115§ 8 &iltek Xlai 22s@cliim 23, heharad uhd: redectlon of the

am nation reactiron in the formof its hydrochlorld é gl BH
|vabrad|neommomm&wﬂﬁnnnﬂaKXﬂHéOﬁvﬂrﬁ@ﬁmﬁﬂpﬂéd0§§¥m§ THy %?ﬁﬁ@ﬁgggg 3
accordlngbﬁggg_ Eﬁg | aim 25 or claim 27, wherein the reductive

ami rat i on Y %h a conmpound of ft.))mula (XIV) is carried out
in the presence of

25. Synthesis process according to any one of claims 22 to 24, wherein the compound of

formula (1I1) is subsequently either coupled with a compound of formula (XIII) :

CH,0
CH,0
O
wherein X represents a halogen atom,
10 or subjected to a reductive amination reaction with a compound of formula (XIV) in the
presence of a reducing agent:
CHO. - .
I\IJ\R2 ’
NS
CH,0
O

wherein R, represents a group selected from CHO and CHR;3Ry,

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

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

dioxepane ring,



di hydrogen catal ysed by pal | adi um on- car bon.
-29 .

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

acceptable acid, said salt being in anhydrous or hydrate form.
26. Synthesis process according to claim 25, wherein X is an iodine atom.

27. Synthesis process according to claim 25, wherein the compound of formula (III) is used in
5 the reductive amination reaction in the form of its hydrochloride to yield ivabradine in the

form of the hydrochloride.

28. Synthesis process according to either claim 25 or claim 27, wherein the reductive
amination reaction with a compound of formula (XIV) is carried out in the presence of

dihydrogen catalysed by palladium-on-carbon.



