- 1 - PROCESS FOR THE ENZYMATI C SYNTHESI S OF

(7S) - 1- (3, 4- DEMETHOXYBI CYCLJ 4. 2. 010CTA- 1, 3, 5- TRIEN-7-YL) N METHYL
METHANAM NE, AND APPLI CATI ON I N THE SYNTHESI S OF | VABRADI NE. AND SALTS
THEREOF Tk@CESS 8GR MHE ERZGMATIO §YNEHESISOF (18- EELXYRICY 4 N9 Tt
synt hegirgenofyvity Revie i ouEh ADfAMINE, AND APPLICATION IN THE SYNTHESIS OF IVABRADINE AND
formula(l), (7S)-1-(3, 4-di met hoxybgy¥shk@Ekkeor. O] octa-1,3,5-trien-7-y1)N
-nmet hyl nethanamnc: H3 GO H3 G O 5and to the application thereof
in the synthesis of ivabradi ne of formnul

a (11):. 3- -
{[ (7S) ThedpreieneithoR§wl £5/eiF [ a Progest £4- the §§§Yf%?t?0e?¥“%“gﬂs] %@%y‘ﬁ“@r"r‘é‘i‘%?f
eam nol.-_pr.opyl -1-(3.4-di i 2.0Jocta-1,3,5-trien-7-yl N-methyl
-7,8-dﬁﬂ%¥ﬂ%xy-k?3,4,gﬁ?étGé%g%ﬁ%&%?@%yggkgégggin-2-0ne, i%% addi tion
sal t s whdthamdnph@ar maceuti cal ly acceptable acid and their hydrates.
10l vabradi ne, and addition salts thereof with a pharmaceutically
acceptabl e acid, and nomgdespeci t he hydrochl ori de thereof, have
very val uabl e pharmacol ogi cal arnd t apeutic properQbes, especially
bradycardi c properties, which render |[thdsg c ounds ‘useful in the
treatment or preventionﬁp%}y 0 //'iniCQI %gﬁditions of nyocardi al
i schaem a, such as angi néd pectoris, nyocafdfél\&ﬂfarction and
associ ated rhythm di sorders, as well as in various 15pat hol ogi es
i nvol ving rhythm di sorders, especially supraventrjcular_rhythm
di ser deins o eechpplicdtieartberbafi ihdhesynttesis of é»ﬁ‘gfaéﬁed# famarle e apeut i ¢ use
of i1vabradine and addition salts thereof with a pharmaceutically
acceptabl e acid, and nore especially the hydrochl oride thereof, have
been descri kggg n Eur opean patent specification EP O 859. -2-
That patent specifieation describes thg synthesi f71 vabr adi ne
hydr ochl ori de st & st he conpoum§3of (I'). The coppound
of fornulaC [ ) S ar medi at e iN&L,? S of ivabradrne
and its pharmaceut bl e><al t 3 OCH,

or 3-{3-[{[(7S)-3 .4-dimethoxybicyclo[4.2.0]octa-1,3 ,5-trien-7-yl]methyl } (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.

10  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
pectoris, myocardial infarction and associated rhythm disorders, as well as in various

15  pathologies involving rhythm disorders, especially supraventricular thythm disorders, and in

heart failure.

The preparation and therapeutic use of ivabradine and addition salts thereof with a
pharmaceutically acceptable acid, and more especially the hydrochloride thereof, have been

described in European patent specification EP 0 534 859.



5The prior art discloses several methods for obtaining the conpound

of fornmula (1). Patent specification ERP.0 534 859 describes the
synthesis of the conpound of fornmula (I) by reduction of the racemc
nitrite of formula (I11): HCO0 1-0 by BH3 in tetrahydrofuran, 10
foll owed by addition of hydrochloric acid, to yield the hydrochl oride
of the FhatBapet easifieatism doserihes ahq spyshesisiof Igbragine hydsochiorids stastipg &em the

wth et f e to yield the earbamate of formula (V):
\tr-CEf%%hf@€#8fg§8£ﬂ% "fi3 the resolution of which, using
canphor sul phonic acid, yields the conpound of formula (1). That
met hod has the dlsadvantage of yielding the conpound of fornula (

in onl y't§ caspReung\plyfosmplagh) i ¢ dey I%egrfl%él@tp A8 thff Shitherds phdwbradine ald its
nltrlt ﬁﬁﬁn&§5€§h§*&£ Qﬂeéﬁgat very lowyield is due to the | ow
f

yield ( e step of resolution of the secondary am ne of
formula (VI). Patent specification EP 1 598 333 descri bes obtaining

t he co ound of formula (1
rTl":)he prior art discloses sevgra} meyhods for obtaining the compound of formula ().

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

reduction of the racemic nitrile of formula (II):

X
j | (1m)
=

)

by BHj in tetrahydrofuran,
10 followed by addition of hydrochloric acid, to yield the hydrochloride of the racemic amine of

formula (IV):
—0
~
j[ a)
—0 Z NH,

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

xr

j\ V),

H,C
- \__-OEt
J

;W”

zm

15  the reduction of which, by LiAlHy, yields the racemic methylated amine of formula (VI):



conversion of the racemc primary amne of fornmula (1V) into a salt
using N-acetyl-L- glutamc acid, followed by recrystallisation and
then returning to the base, to yield the 10optically active primry
am ne of formula (VI1): H3 GO (5 N 112 which is then methyl at ed
usi ng the sant reaction sequence as above (conversion into the
carbamate, and then reductian) . That nmethod results in the

nmet hanam ne of fornmula (I') in steps—n a yield of about 30 %
15starting fromthe racemc pri$ary ami pe or fornul dVOTV). The
probl em of the present |nveqi to btaﬁn t he conpound of
formula (1) by redu0|ng§tﬂe unber of steps starting fromthe
raceinie primary amine of fornula (1V) whilst féintaining a good
overall yield. - 4 - 14,C0 113 G0 R10 wherein Rl represents a
l'i near th¢ rehslarich eflwhilch G kydmphakduyphoaic deah) 3iuldsghe b@mpdayad of formula (I).
enanti gsel ective enzymatic acyl ation of the racem c amne of formula

(1'V) ushiygmgthodhas @%(E@dxa@aae of yigldingghe sprapound; of farmigp 48 49 piyt Yegh Tow
of enzymgbe 34 51 GaALbARHR Al @I LMAntEIO1( 1, wherein RL i
as defi’ned hérei nb § I'n an anount ranging 1 to 15 nol ar
equbvallént yeryelot |yv@d tio dubeo ahe hew oficliofntd a %) ‘an,the: Rtepnoforegalntion @f the
aqueous sol vent f organic solvents or a m xture of

or gani ¢CEHd m&ﬁﬁ@ﬁﬁgggg %H@ﬁ at a concentration from5 to SOD
g/ L of compound of formula (IV) per litre of solvent or 10m xture of
solvents, at an EfS ratio of from10/1 to 1/100, preferably from1/1
to 1/ 1Qateat saetibogimmnakblr ke 5B 0iA328&ctibesd OB aining hiee campaumlt ef ¢brnfudz ri)l by

(10, L8085, D 1% BEECR8, 2 Lin LIl DL, B GhEok i

enant | %’l‘iﬁéﬂn@‘c 848381 Red"BY Gedhaflidfiof0%d BN uiMhgl tPaRCBahik& Ridi@Mhe
be used in the enzymatic esterification process according to the

pr é8entopiealbmactizd primerseamiy ofréoreiubhedD: wi t hout i npl yi ng any
limtation, the |ipases of Pseudononas .fluorescens, of Pseudotnonas
cepaci a, of por ci ne pabefeds,_a he Iipases PS ' Amano' SD

(Bur khol deri a cepaciet) and | (iﬁﬁrbilised on Di atopit.e). 20 Lipases
that are preferred according tg thejinviggtion are th )1pases of
Pseudononas cepacia a 53 O ' eferred g @{bonates R10- (Q0) - ORL
are those wherein Rl represents an allyl,~&thyl* or benzyl

which is then methylated using the same reaction sequence as above (conversion into the
carbamate, and then reduction).
That method results in the methanamine of formula (I) in 4 steps in a yield of about 30 %

15  starting from the racemic primary amine of formula (IV).

The problem of the present invention was to obtain the compound of formula (I) by reducing
the number of steps starting from the racemic primary amine of formula (IV) whilst

maintaining a good overall yield.

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

20  of formula (IX):



-5 Anong the organic solvents that may be used for the enzymatic

*acylation reaction according to the prgsent invention, there may be

mentioned, wthout inplying any limtation, ethyl acetate, TBME, THE,

2- MeTHF, tol uene, 1, 4-dioxane, ten-anyl alcohol, CPME and

acetonitrile. 5 Preferred solvents are TBME, THF, 2-MeTHE and

1, 4-di oxane, on their omcolgi n adm xture with a buffer of pH=7. The

enzymati c acyl ati on schenme accordi to, the invention is as foll ows:

The carbamate of fornmula (1X) is thep isqlated from@Re reaction

m xture, and then it is 10red ng %fn al,ym ni um hydri de such as

| i t hi um al umi ni um hydrlﬁe ("L@A1H4) or sodium o

bi s(2- met hoxyet hoxy) al um ni um hydri de (Red-Al) el d the

met hyl ated amine of forrmula (I). The latter is gubsequently either

coupled with a conmpound of formula (X): H3CO #13C0 15wherein X

represents a hal ogen atom preferably an iodine atom or, in the

presence of gHLAHR, PHrAQaRNa h@apme&aﬁ&ea e, 5126%&?11 GlVVE b%hﬁ;'rl\fl%ﬁédlp n

reaction with a conpound of fornula (X1): 300 erein R2

represents a group selected from CHO and CHR3R4, wher ein R3 and R4

each represent |near or. hed G - CB).al kox

Foget ndb BT et LEF R e GRVEPT 9T MG TPRONE Sae o BRI Y) il a ipase
3- di qrel ane 3ah tHe BecthARRPASsIficAGen of enzymes)

5  with a carbonate of formula R;0-(CO)-OR;, wherein R; is as defined hereinbefore,

in an amount ranging from 1 to 15 molar equivalents relative to the amine of formula (IV),

in an organic or aqueous solvent, a mixture of organic solvents or a mixture of organic and

aqueous solvents,

at a concentration from 5 to 500 g/L. of compound of formula (IV) per litre of solvent or
10  mixture of solvents,

at an E/S ratio of from 10/1 to 1/100, preferably from 1/1 to 1/10,

at a temperature from 25°C to 40°C.

The carbamate of formula (IX) obtained by the process of the present invention preferably has
an enantiomeric purity of more than 85 %, that is to say an enantiomeric excess of more than

15 70 %.

Among the lipases which may be used in the enzymatic esterification process according to the
present invention there may mentioned, without implying any limitation, the lipases of
Pseudomonas fluorescens, of Pseudomonas cepacia, of porcine pancreas, and the lipases PS
‘Amano’ SD (Burkholderia cepacia) and IM (immobilised on Diatomite).
20 Lipases that are preferred according to the invention are the lipases of Pseudomonas cepacia

and PS ‘Amano’ IM.

Preferred carbonates R;O-(CO)-OR; are those wherein R, represents an allyl, ethyl or benzyl

group.



5to yield ivabradine, which is then converted into an addition salt

" wWith a pharmaceutically acceptable acig.. The conpound of formula (1)
may al so be used in the reductive am nation reaction in the form of
its addition salt with a pharnaceutically acceptable acid, preferably
its hydrochloride. In that case, ivabradinc is obtained directly in

t he forAmong theeorpgide eelkierds e maydpeafsedifer tha snAmaiicichiabor erastom dcdosding
under st.0 to be a compound in the formof a.mxture.of twg. . .

enant; dnars Asrent PabRERGHRte ghiet B saSiiihnis. Bufoct iiefyiBk ahlQpmiion. ety
acyl at izesaf BBVE) THF| R-MEHROI il@hed 10-dokhiRe, Oferi MRyl€ ARBAGIONEPHIE $ind
understood to be preferential acylation of one of the enantioners of

t he mixcepBittiecAnong t he pharmaceutical |y acceptabl e acids there may
be nentioned, without inplying any limtation, hydrochloric acid,

hydr obrotni ¢ acid, sul phuric acid, phosphoric acid, acetic acid,

tri 6l uarefened sclvatts dre TBERIE, THES Rdyle PHFWndd ,Adiostandyeh aidieowa iod in admixture
succinic acid, glutaric acid, fumaric acid, tartaric acid, nmaleic

aci d, dY%h?EuﬁﬁﬁQ§PE§§éorbic acid, oxalic acid, nethanesul phonic acid,
benzenesul phoni ¢ acid and canphoric acid. - 7 - inplying any
limtation, hydride donor conpounds such as sodi um

t r i aeetlixeychoymydadytigionscisoti accoeyanohbe olvyationdie as oibwdt hydr ogen i n
the presence of a catalyst such as palladium platinum nickel,

rut henium rhodium or a conpound thereof, especially on a support or
in the formof oxides. 5Theypreferred reduci ng agent for the

reductive am nation.peactioff between tfie conpound of formula &) an

t he conpoun rmul a (RXI/)U\CPFs di hx%&@g@m@a 2l YO8 by 1, & B,
pal | adi um on ockhe Eﬁ% | es herei nbel ofy | strat€ the oo
i nvention. Abbreviations 1 MECycl oPent yl MethyloCEt her }

DEADI Et hyl Ami nevEnant i oseP&€ti vity coeffici entixEl SEnzyne/ Substrat e
rati o expressed in gig ccenantioneric excess 15egnol ar equi val ent
HPLCH gh Performance Liquid Chromatography Red- Al sodi um

bi s(2-rnet boxyaboxy) al um ni um hydri de NVRNucl ear Magneti c Resonance

(spect QsC - . yi e 0, T o] o

5_ Mo H@?ﬁ%&ﬁx#&ﬁﬂﬁ?%gﬁf% ﬁé\’ﬂ%eﬁl 1sol|2:r{ela frot?l thll_llgac%{OE]%JXXlﬂre, EH& Ak it is

10 reduced using an aluminium hydride such as lithium aluminium hydride (LLiAlH4) or sodium
bis(2-methoxyethoxy)aluminium hydride (Red-Al)

to yield the methylated amine of formula (I).

The latter is subsequently either coupled with a compound of formula (X):
H;CO
N X X,
H;CO N
\\S
15  wherein X represents a halogen atom, preferably an iodine atom,

or, in the presence of a reducing agent, subjected to a reductive amination reaction with a

compound of formula (XI):



rpnrevol utions per mnute - 8 - EXAMPLE 1: Ethyl

" {[(7S)-3, 4-di met hoxybi cycl o[ 4. 2. 0] oct agl, 3, 5-trien-7-ylinmethyl)-
carbamate 5 ng of

1- (3, 4-di net hoxybi cycl o[ 4. 2. 0] octa-1, 3, 5-trien-7-yl) methanam ne and
12.6 ng (10 eq) of diethyl carbonate are dissolved in 2-MeTHF. 5 5 ny
of lipase |l of Pseudgenonas cepacia (PS-CH Anmano) are then added to
the mxture (EI'S rati 6 1r4 Re” reaction mxture i s nmaintai ned at
30C, with rotary stirring D rpm nor _2&4pours to @hhours. The
reaction is nonitored b e/ HPLC und@r conditions all ow ng
the enantioneric excésS &\carbanate and the am ne to be
determ ned: 10Chiral - phase conditions:0Chiral pak(r) IC 250*4.6 col umm
50% absol ute ethanol + 0.1 % DEA + 50% heptane + 0.1 % DEA 1 m hnin,
25C 288yipRifrGentsoatd Derotip Glosted FHOCHOEW FER{) anmine (R) Ee (9
carbarnate (S) Cail 10 g/L 24 hrs 38 57.7 92.3 45 20 g/L 96 hrs 51

wherein R3 and R4 each represent a linear or branched (C;-Cg)alkoxy group or form, together

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

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

acceptable acid.

The compound of formula (I) 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.

10  Definitions

A racemic compound is understood to be a compound in the form of a mixture of two

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

Enantioselective acylation of an amine in the form of a mixture of two enantiomers is

understood to be preferential acylation of one of the enantiomers of the mixture.

15  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, cifric acid, ascorbic acid, oxalic acid,

methanesulphonic acid, benzenesulphonic acid and camphoric acid.

20  Among the reducing agents that may be used for the reductive amination reaction between the

compound of formula (I) and the compound of formula (XI) there may be mentioned, without



93.2 88.8 58 50 g/L 96 Ins 57 99.9 76.1 69 EXAMPLE 2: Et hyl
([(7S)-3, 4-di net hoxybi cycl o[ 4.2.0]octas1,3,5-trien-7-yl]nmethyl)-
15carbamate 0.5 g of

1- (3, 4-di net hoxybi cycl o[ 4. 2. 0]octa-1,3,5-trien-7-yl) nethanamne is

di ssolved in 50 nL of 2-MeTHF and then diethyl carbonate (1.5 raT" 12
eq) i s ingbee agy Bmgtatien, hiydetle dongridongouhdspsush s IsodiinPeagdonytwneltydride or

ia (PS- QT iy d to the ni i ch is maintai
ot 30 c b hefTERde AT ER RS 528 Bishb s At b NalS SRR S Halgftum,
react i itatifiunt, Wickel, Sruftichfued, 9Hodiim0 bl @lcohpolidreiegedf NEspBEEN BN &Nghpb&rt or in

t hen evaporated. The carbatnate of configuration S is obtained after
separ atthoPrEmiaridist h col um, eluting with cycl ohexane/ ethyl acetate

95/ 5, / fi . er _the r ]
23 e AP0 AL DB 1o TR Py EERLS]  HOR PP PR o
obt ai negrohula aDyakl theotordgoumd% r fIrabiaveXT ds tdiigydsd gent ¢angyad be phlbklidm-on-
relative to the expected anount of carbamate) and with an

cnanti SA¥OPc purity of 90 % The reaction is nonitored by

chiral -phase 1-1PLC under conditions allow ng the enantioneric
5excesses of both the carbamate and the am ne to be determ ned:

Chi r al ‘Thedse@npiasdictdintedovChilusabeakd myehtion250' 4. 6 col uim 50% absol ut e
ethanol + 0.1 % DEA + 50% heptane + 0.1 % DEA 1 m/mn, 25C, 288 am
Time (h) Conversion (% Ee (carbamate) (% Ee (amne) (r/c) E 24

Abbreviations
10 CPME CycloPentyl Methyl Ether
DEA DiEthylAmine
E Enantioselectivity coefficient
E/S Enzyme/Substrate ratio expressed in g/g
ee enantiomeric excess
15 eq molar equivalent
HPLC High Performance Liquid Chromatography
Red-Al sodium bis(2-methoxyethoxy)aluminium hydride
NMR Nuclear Magnetic Resonance (spectroscopy)
TBME Tert-Butyl Methyl Ether
20 THF TetraHydroFuran
2-Me HF 2-MethylTetraHydroFuran

rpm revolutions per minute



34 88 45 23 48 53 81 93 35 10EXAMPLE 3: Allvyi

" 11(7S) -3, 4-di net hoxybi cycl o[ 4. 2. 0] octagl, 3,5-trien-7-yllmethyll-
carbamate 0.87 g of

1- (3, 4-di net hoxybi cycl o[ 4. 2. 0]octa-1, 3,5-trien-7-yl) nethanam ne are
di ssolved in 100 nL of 2-MeTHE and then diallyl carbonate (1.5 m, -2
eq) is added. 0.5 g (EFS ratio 1/1) of lipase Il of Pseudonobnas

o i ASELE Gopb SR aR bl ekt dbe S B Qumetty)-

reaction m xture i Scarbgiafd | tered in order to renove the enzynme and
then evaporated. The allyl carbamate is obtained after separation on

an Si Q2_colu | u h cycl ohexane/ et hyl etate 95/5, n
80/ 20 a%dnmg?;ﬂr@ %%ngef Cy%ewv?e&%tﬁel %aért@%&yg} r%ﬁﬁl%@m%@n& {3 meg
car bamag g o ARy BUEAl RS ofdd0cd B2 Meliien obtained in a yield of

35 %relative to 0 the starting amne (70 %relative to the expected
am@tM%ﬁMMMWMMWMme@MMMWWMmww%&%ﬂMR@S

0, i 0, ! 0,
(h) Conver Sl/ P)n e/()reaEc%og Crr%rXPu%Q Iis?‘ }nee'\l}n(ta/i?lecF gt gSJB, Q}%lh Fotary s(tir/?ing at 250 rpm, for
24 hours to 96 hours.
The reaction is monitored by chiral-phase HPLC under conditions allowing the enantiomeric

excesses of both the carbamate and the amine to be determined:

10 Chiral-phase conditions:  Chiralpak® IC 250%4.6 column
50 % absolute ethanol + 0.1 % DEA + 50 % heptane + 0.1 % DEA
1 mi/min, 25°C, 288 nm

Concentration ¢ COICI‘E;:;S;OH alf:l?n(eqzl){) carllla:ngzzz (S) N
10 g/L 24 hrs 38 57.7 92.3 45
20 g/L. 96 hrs 51 93.2 88.8 58
50 g/L 96 hrs 57 99.9 76.1 69

EXAMPLE 2: Ethyl {[(75)-3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-ylJmethyl}-

15 carbamate

0.5 g of 1-(3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl) methanamine is dissolved in
50 mL of 2-MeTHF and then diethyl carbonate (1.5 ml., 12 eq) is added. 0.5 g (E/S ratio 1/1)
of lipase I of Pseudomonas cepacia (PS-CII Amano) is added to the mixture, which is
maintained at 30°C for 48 hours with stirring at 220 rpm.

20  After 48 hours, the reaction mixture is filtered in order to remove the enzyme and is then
evaporated. The carbamate of configuration S is obtained after separation on an SiO, column,
eluting with cyclohexane/ethyl acetate 95/5, then 80/20 and finally 50/50, to recover the more

polar amine.



42 50 89 82 26 The reaction mxture is anal ysed by reverse-phase

" HPLC, and the enantioselectivity (cc)_of the carbamate and of the

am ne are nonitored by chiral -phase HPLC in accordance with the 25

nmet hods descri bed herei nbel ow. Reverse-phase conditions:

Rhenct nenexaD LUNA HST 50*.7 columC 78(2) 2.5u m - 10-

Chi r al %@@l@mmtmfyonﬁgul%mm 1@31%19)‘ lsmmﬁéqtalaednnrﬂ)y@dmf@rﬁiwmmve

i ral ot e A (67 Ufefbahv o) B, Pt RSB e gl el ang with an

hept anendntbnler?® fehity oftdd m.N, BOC, 288 nm EXAMPLE 4: benzyl
{[(7S)-3, 4 di met hoxybi cycl o[ 4. 2. 0] oeta-L3,5-trien-7- yIirrethyIIcarbarra
te 0.5 1- (3, 4-di net hoxyhi cyclo[4.2. (Hocta-1,3,5-trien-7-y
met han erféaq;wé iy yPird by thirpbphse HEPlff UQdW@PPﬁim% aﬂw&a thg ﬁ@ﬁ?g?meﬂc
car on %Qﬂ 0 1/1) of lipase 11
seﬁeggens%ef\saogt%gbglg?g (at%t E{%mamo tfggégégr %%% the m xture, which
|s mai ntained at 30 wth stirring at 220 rpm After 24 hours, the
react i athirdl>phdsecdnditfonkt er @trabod Y e stchigmenzyme and i s t hen
evapor at ed. The car bamat e 50t @@nkd glardt-iod. SEA s 50t iRpmed @f % eEA
Separation on an Si 02 col um¥mireacizagnmi th 15 cycl ohexane/ et hyl
acetate 95/5, then 80/20 and final v 50/50 to reco ver t he nore pal ar
am ne. The car bamat e. urat 5 B (amsinehen
obt 1 hed 1 b’?"’%ﬁ/@ SRSRETT | B L hERa P o i (80| F
relative tio theg exp<=ct ed agppunt of car bamage) and with ans 23
enanti onmerjic PUE T Ty Oof 95788 The reacuog mxturefis apglysed sgy
rever se- plldbe I‘II"LL, d.IIU LIIU UIId.IILI bel ectTvi Ly \L,L,) UI 20 LIIE
carbarnate and of the am ne are nonitored by chiral -phase HPLC in
accordance wth the nmethods descri bed herei nbel ow. Reverse-phase

confi t ilRAMEE o meMbsst (K7 S -3raline thasgbyelol 42Ar8(-2 P A-Figny-yllmethyl}-

carbamate

0.87 g of 1-(3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl) methanamine are dissolved in
100 mL of 2-MeTHF and then diallyl carbonate (1.5 mL, ~2 eq) is added. 0.5 g (E/S ratio 1/1)
of lipase Il of Pseudomonas cepacia (PS-CII Amano) is then added to the mixture, which is
15  maintained at 30° for 42 hours with stirring at 220 rpm.
The reaction mixture is then filtered in order to remove the enzyme and then evaporated. The
allyl carbamate is obtained after separation on an SiO, column, eluting with
cyclohexane/ethyl acetate 95/5, then 80/20 and finally 50/50, to recover the more polar amine.
The allyl carbamate of configuration S (440 mg) is then obtained in a yield of 35 % relative to
20  the starting amine (70 % relative to the expected amount of carbamate) and with an

enantiomeric purity of 88 %.

Time () | Conversion (%) | Ee (carbamate)(%) Ee ((z:gx)me) E
2 Al 89 82 | 26

The reaction mixture is analysed by reverse-phase HPLC, and the enantioselectivity (ee) of
the carbamate and of the amine are monitored by chiral-phase HPLC in accordance with the
25  methods described hereinbelow:

Reverse—phase conditions: Phenomenex® LUNA HST 50%3 column CI18(2) 2.5um



0%to 200% of B over 8 minU. S m/mn40C A (1000 water + 25 ACN + |

© TEA) 25B (1000 ACN + 25 water + 1 TEA) jghiral -phase conditions:
Chiralpal A1C 250" 4.6 colum 50% i sopropanol + 0.1 % DEA + 50 %
heptane + 0,1 % DEA | m hnin, 25C, 288 nm Tine (h) Conversion (% Ee
(carbamate) (% Ee (am ne) (% 24 58 90 87 12 EXAMPLE 5:

(7S) - 3, 4- Di et hoxybi cycl 0[04%2’1@?%@1”%0‘?%’"‘3 tri @drag ] NfGret hyl

net hanani ne Load into a re%(ﬁo Waeh AT £ dBen, 1ithi um al uni ni um
hydride (1.41 kg) and tet rBa( ﬂgydrze{r‘imfé?]g ), and then pour in, at

20C, _a Epl it 7}5&57 ?éna%f]&bré] Cjéh A 2k®31 5(51!4@%1%9?‘3”3' cyclo[4.2.0]octa- 5

1,355-trien: oga Mg)a/ B SELnadrefupan (50 1).
Heat at reflux for 1 hour Jaym,jl hep 5ok, to a tenperature bel ow 15C

and hydrol yse the reaction mxture with water (11), 5N aqueous sodi um
hydr oxi de solution (1 1) and then water (11). Filter off the solid

he. f orbkaNELka) DaLiRERa simefBosspianids 3 e shimien pgmpi)-
TMS) = 2.60 (M 3BHgqrBafae(in: 1H); 3.15 (m 1H); 325(dd 111);
3.30 (m 1H); 36205l ; 3.70 (s; 6H); 6.82 (s; 1H); 6.89 (s; 1H);
8.48 (sl; 1H) EXAVPLE 6:

et handhs ooy AP B s T g T e ROy Biebypotais, e gissolved in
| ogpa- I5(3mp-dfr- PRI hhd MefRfibH,yNBE PG4 g (Dedd) addel. @tﬁ% \ERCREaUA)

(40 1) and ethanol (10 1) into a reactor. Stlr at 20C for m nut es
and t hedd lapide Lich Hsmdalzfmmonrm@awél’&fc tThénmagrioedded @nthe mstwedwhich is

t ube, gas aéqed%gép%ﬁggﬁ%o%ggo _012 kg) . The suspension obt ai ned

is stir then is filtered or is drai ned

under SAJﬁéﬂ DhhoutflehPreciigi indtibrel i§ fREdISD rthble BeBnXié an®is @thyhaporated.
acet at e/ et hanol 4/1 (2 x5 1) and is then dried to yield the title

pr oductTherragbappase gf esmligpragipn 30s piampdRiter sappbenan e Siydedemnoglpdes with
15  cyclohexane/ethyl acetate 95/5, then 80/20 and finally 50/50, to recover the more polar amine.

The benzyl carbamate of configuration S (0.26 g) is then obtained in a yield of 30 % relative
to the starting amine (60 % relative to the expected amount of carbamate) and with an

enantiomeric purity of 95 %.

The reaction mixture is analysed by reverse-phase HPLC, and the enantioselectivity (ee) of
20  the carbamate and of the amine are monitored by chiral-phase HPLC in accordance with the
methods described hereinbelow:

Reverse-phase conditions: Phenomenex® LUNA HST 50%3 column CI8(2) 2.5 um
0 % to 100 % of B over 8 min 0.8 ml/min 40°C
A (1000 water + 25 ACN + 1 TFA)
25 B (1000 ACN + 25 water + 1 TFA)

Chiral-phase conditions:  Chiralpak® IC 250%4.6 column
50 % isopropanol + 0.1 % DEA + 50 % heptane + 0.1 % DEA
I ml/min, 25°C, 288 nm

Time (h) Conversion (%) | Ee (carbamate)(%) | ¢ ((%;f)me)

24 58 90 87 12




Load 5.5 kg of

© 342- (1, 3-di oxol an-2-yl ) et hyl1-7, 8-di nejyhoxy- 1, 3-di hydr o- 2H 3- benzazep
in-2- one, 27.5 1 of ethanol and 550 g of palladi umon-carbon into an
aut ocl ave. Purge with nitrogen and then with hydrogen, heat to
55C, and then hydrogenate at that tenperature under a pressure of 5
bar s u@M&Eﬁﬁedgﬁl-ﬁédpilmtbmbi@rcl%%r%@féﬁ-lkfaé-ttieieﬂ -yibnethiybd.
Then return to anbi e tenperature and then depressurise the

autocl ave. - 12 - r}rgﬁn %164 kg of

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

met hanar ni ne hydrochl oride, 111 of ethanol, 1 of water and 1 k

5.5
of pal |ladddptoghteagtpb amdemjiggeniftiumdyaigann Andrideandrft k9 g yefrabhgdrpiuran

heat t t !
or ossurd - 450 fheh e b Al APEN TR SuBbn bOGhyt FERT LA MR ARISIey Bprd2 ploca-
Sabsor biedl5-tiiben-Wimalylheakarhae dridgp it tetrehpiofanr S0 Ipudee at beflux for 1 hour

autoclave and then filter the reaction mxture, distil off the

sol vent@ddhen £adnto) & mesatitsebslom oadiand Wdalprenibs iearsiogymixture with water
crystalkhi i 0 - . i L enmeXt.Mr .
vabr adt o hy APERT Se Ry hHRPRAC SO 1L By BT I BRSO SFIEE oF) e goiid
with a abtendd &lry pher orgynit PhaseaThe tilhprdo& i%recEXAMPLIES forSt pEaNdihgn afyield
| i pases fqr the enzymatic acyl ation of

1- (3, 4- i thoxybi cyclo[4.2.0]orta-1,3,5-trien-7-yl) nethanam ne
Racem c¢ 1- (3, 4-di met hoxybicycl o[ 4.2.0]octa-1,3,5-trien-7-yl)

nmet hanam ne (5 tug; c¢=10 g/L) and the carbonate of fornula

R100( COHE BRR (WSE36,amen AT 2eeD (o 35285 (mo fLHFEME (m581ng.26ddd.0lH);

e L i R R A S L

stirring at 250 rpmfor 24 hours. The reaction m xtures are anal ysed
by chi ral - hse HPLC for checking the enantioselectivity, in

L 6 hd 73 Addimethoxybigislol 420decta- 1L 35-pdeprd bNumethyl

250%4. 6 aceto rilel n-2-al /10/0.1 % 201.3 nil/in/n; 30C,
288 inn The resul tég‘gat?lgg%ﬂmé}xdgggﬁ?ﬁgf:he followng table: - 13 -

Car bonat e Product Conversion ee(% .(l11) ee (% Orbamate (S)
Load (7S)-3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl}] N-methyl methanamine (5 kg),

e

15  ethyl acetate (40 1) and ethanol (10 1) into a reactor. Stir at 20°C for 30 minutes and then add,
via the bottom valve of the reactor or an immersed tube, gaseous hydrogen chloride
(1.012 kg). The suspension obtained is stirred at 15-20°C for 1 hour and then is filtered or is
drained under suction. The precipitate is washed with a mixture of ethyl acetate/ethanol 4/1

(2 x 51) and is then dried to yield the title product in a yield of 92 %.

20 EXAMPLE 7: Ivabradine hydrochloride

Load 5.5 kg of 3-[2-(1,3-dioxolan-2-yl)ethyl]-7,8-dimethoxy-1,3-dihydro-2 H-3-benzazepin-2-

one, 27.5 1 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
25  absorbed.

Then return to ambient temperature and then depressurise the autoclave.



Pseudoni onas cepacia |lipase Il Pseudononasfl uorescens Lipase PS
"Amano' SD Lipase PS "Arnano' IM 12-0"---0-1L-0----- 1" | Xa 59
14 4 52 >99.9 12.3 3.9 91.6 69.8 73.8 83.2 83.5 40 7 11 36
Pseudononas cepacia |ipase | T Pseudononas fl uorescens Lipase PS
"Amano’ IMo ,jj,Ph PhOO 1Xb 57 5°

10

15

20

Then add 4 kg of (75)-3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl] N-methyl
methanamine hydrochloride, 11 I of ethanol, 5.5 1 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 ivabradine 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 %.

EXAMPLE 8: Screening of lipases for the enzymatic acylation of 1-(3,4-dimethoxy-
bicyclo[4.2.0]octa-1,3,5-trien-7-yl) methanamine

Racemic 1-(3,4-dimethoxybicyclo[4.2.0]octa-1,3,5-trien-7-yl) methanamine (5 mg; c=10 g/L)
and the carbonate of formula R;0-(CO)-OR; (10 eq) are dissolved in 0.5 mL of TBME.

5 mg (c=10 g/L) of the lipase being studied are then added to the medium (E/S ratio = 1/1).
The reaction mixture is maintained at 30°C, with rotary stirring at 250 rpm for 24 hours.

The reaction mixtures are analysed by chiral-phase HPLC for checking the enantioselectivity,
in accordance with the method:

Chiralpak® IC 20 um column, 250%4.6 acetonitrile/propan-2-ol/ DEA 90/10/0.1 % ;

1.3 ml/min ; 30°C, 288 nm

The results are summarised in the following table:



33 97.0 3.9 44.4 73.4 78.2 89.0 26 8 27 Pseudononas cepacia |ipase |1
Pseudononas fluorescens Lipase PS "Amapg. IMO AlXc 16 3 12 17.7 2.2
11.2 89.6 66.1 84.6 22 5

- T T T Conversion| ee(%) ee(%) |
1pase . Caronate ; rodmk:‘tk (%) | Amine(®) | Carbamate(s) ;
Pseudomonas cepacia lipase 11 59 >99.9 69.8 40
(o]
Pseudomonas fluorescens 14 12.3 73.8 7
_ \/\OJ\O/V/ 1Xa
Lipase PS ‘Amano’ SD 4 3.9 83.2 11
Lipase PS ‘Amano’ IM 52 91.6 83.5 36
Pseudomonas cepacia lipase II 57 97.0 73.4 26
o]
. 78.2
Pseudomonas fluorescens o )J\O ~pn IXb 5 3.9 8
Lipase PS ‘Amano’ IM 33 44 .4 89.0 27
Pseudomonas cepacia lipase 11 16 17.7 89.6 22
O
Pseudomonas fluorescens /\OJ\O ~ IXc 3 2.2 66.1 5
Lipase PS ‘Amano’ IM 12 11.2 84.6 13
H,C—0
~
| o )
— N

IXa: Ry =allyl
IXb: Ry = benzyl
IXc: R = ethyl

? Enantiomeric excess ee (en %) = % enantioB2 - % enantioE1 / % 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

conversion = ee(amine) /[ee(carbamate) + ee(amine)]




13 H3 C RI0O I1Xa: RL = ally' IXb: 1(1 = benzyl |IXe: Rl = ethyl

* 5Enantionerie excess ee (en % = %enanyiLoE2 - %enantioE | / %
enantio E2 + % enantio El (enantio E2 being the predom nant

enanti onmer) Enantioselectivity coefficient E = In[(1-c)(1l-ee(9)]
/(1-c)(1+ee(S)] ; ¢ = level of conversion = ee(am ne) ee(carbanmate) +
ee(amne) - 14 - CLAIMS 1. ProcessCEddM%e synthesis of the conmpound
of formula (1X): H3 0-0 '-0 R10 wherein Rl represents a |linear or
branched Cl-C6al kyl, ally' or benzyl group, by enantiosel ective
enzynati,c Feyckafor @it Ginttekie of @eddntpoand befodhufaqxyl a (1V): (1'V) using
alipase (EC 3.1.1.3 in the international classification of enzynes),
with a carbonate of fourylca-810- -OR1, wherein Rl is as defined
her ei nbef or e, l AN

©
= . N

H,C—O \,
> _—0

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

5 by enantioselective enzymatic acylation of the racemic amine of formula (IV):
H,C—-0
\
av)
H,C—O NH,

using a lipase (EC 3.1.1.3 in the international classification of enzymes),

with a carbonate of formula R;O-(CO)-OR, wherein R; is as defined hereinbefore,

in an amount ranging from 1 to 15 molar equivalents relative to the amine of

10 formula (IV),

in an organic or aqueous solvent, a mixture of organic solvents or a mixture of organic

and aqueous solvents,

at a concentration from 5 to 500 g/L of compound of formula (IV) per litre of solvent or

mixture of solvents,

15 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 is selected from lipases of
Pseudomonas fluorescens, of Pseudomonas cepacia, of porcine pancreas, and the

lipases PS ‘Amano’ SD (Burkholderia cepacia) and IM (immobilised on Diatomite).

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

20 cepacia or a lipase PS ‘Amano’ IM.



in an anount ranging from1l to 15 nolar equivalents relative to the
amne of 10forrmula (1V), in an organi ci9rt aqueous solvent, a m xture
of organic solvents or a m xture of organic and aqueous sol vents, at
a concentration from5 to 500 g/L of conpound of formula (I1V) per
litre of solvent or mxture of solvents, 15at an EIS ratio of from
10/1 to 1/100, at a tenperature from25C to 40C. 2. Synthesis process
accor d|41 9 tS%/ ﬁie‘gls r&Cess\AQccofdlﬁ% thgnj {)rpeaéfed!n?nssfa e?v@]?ergmorﬁ% lE'/§) o s%om
Pseudononas I Gor éSCens ut onas cepacl

pancreas, andid heoli pases PS ~Amano' SD (Burkholderla cepaC|a) and I M
(tmobilised on Diatomte). 3. Synthesis process according to claim
2, wherein the lipase is a Iipase of Pseudonort as 20cepacia or a

Ilpase S I S

one-of 51 ai AR §fess osbilig o AP 3687 SHBEAOEE B ch s Wfored
Synt hesi s fdroaec 83MEBC TOIR]i2ApcTolFamyd dAdediotane] an beid otva ak, 1nV\d{tEmetune twith a
solvent is _selected from TBVE, THE, 2-MeTTIF and 1, 4-di oxane, on

thePr own SWHEholRfdt%ture with a Sbuffer of pH=7. 6. Synt hesi s

process according to any one of clains 1 to 5, wherein RL is an

ethyl, ally] or benzyl group. 7. Process for the synthesis of the
conpourid ofSyhtresis ipaodeds) acc@ding © anfyIgne of @ldnys éna preherciaR y isani adimylpdlly! or
the racem anlne of foilula (TV) in accordance with any one of

clainms 1 t 8BX'&"Pel d the carbamate of formula (TX): Rl O wherein
RI represents a linear or branched Cl -C6al kyl, allyl or benzyl group,
whi ch is then reduced using a reduci ng agent selected fromLi AIRt and
Red- Al % o \Hrededs fdn¢hacsymphesinaf dfe doomoeuhd of fiormula (D:

H,C—0
j] O
"(S) H
H,C— ~, N N
10
by enzymatic acylation of the racemic amine of formula (IV) in accordance with any
one of claims 1 to 6 to yield the carbamate of formula (IX):
j | 1),
o
H,C—0 o, N
> _— o
R;0
wherein R represents a linear or branched C;-Cgalkyl, allyl or benzyl group,
15

which is then reduced using a reducing agent selected from LiAlH4 and Red-Al

to yield the compound of formula (I).

8.  Synthesis process according to claim 7, wherein the compound of formula (I)

subsequently is either coupled with a compound of formula (X):



- 16 - H3CO H3cO wherein X represents a hal ogen atom or, in the
" presence of a reducing agent, subjectegdgto a reductive am nation
reaction with a conpound of forrmula (Xl): H3cO 113C0 wherein R
represents a group selected fromCl -10 and CHR3R4, wherein R3 and R4
each represent a linear or branched (G -C6)al koxy group or form
together with the carbgroatomcarrying them a 1, 3-di oxane,
1, 3-di oxol ane or 1, 3- di oxepa fng, Ko yield ivabradine, which is
t hen converted into an addi sal t vviNh\g/ﬁha\r,cégeuti c@abry
acceptabl e acid, in anhydres ydrare form 159. Synthesis process
according to claims8, Wérein I s>an \odi ne atom 10. Synthesis
process according to claim8, wherein tRe conpound of formula (1)
used in the reductive am nation reaction is in the formof its
hydr ochl or ivdeyreih X sepedseints wablogeh mem,n t he form of the hydrochl ori de.
11. Synthesis process according to either claim8 or claim 10,
wherein the reductive am nation reaction with a conpound of fornula
(X1) 15 cadi! ifGhOtesdle bPE e N Olubflel MY ABRIGERANMEBH rdétion with
pal | adi um on- car bon.

a compound of formula (XI):

H;CO
N \/\RZ O(I) ’
H;CO
O
5
wherein R, represents a group selected from CHO and CHR3Ry,
wherein R3 and R4 each represent a linear or branched (C;-Cg)alkoxy group or form,
together with the carbon atom carrying them, a 1,3-dioxane, 1,3-dioxolane or 1,3-
10 dioxepane ring,

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

pharmaceutically acceptable acid, in anhydrous or hydrate form.

15 9.  Synthesis process according to claim 8, wherein X is an iodine atom.

10. Synthesis process according to claim 8, wherein the compound of formula (I) used in
the reductive amination reaction is in the form of its hydrochloride, to yield ivabradine

in the form of the hydrochloride.

11. Synthesis process according to either claim 8 or claim 10, wherein the reductive
amination reaction with a compound of formula (XI) is carried out in the presence of

dihydrogen catalysed by palladium-on-carbon.



