WO 2012/ 170923PCT/ US2012/ 041715 PROCESS FOR PREPARI NG HI GH PURI TY AND
CRYSTALLI NE DI METHYL FUMARATE BRI EF SUMVARY OF THE | NVENTI ON [ 0001] The
nmet hods pwouvhtedoase exenpl ary and are not intended to PCEiUS20ib@4EEDpe Of
t he cl ai ned enbodi nents. [0002] 1 n one embodi nent, the present invention
provi des a nmethod for preparing dinethyl fumarate, which conprises:
reacting: (a) fumaric acid; and (b) nethanol; (c) in they%esence of

sul furic aci SROQESS EQR P&E HESHP BRI 1Y g BUERNS kALAd NG mpr i si ng
a low I evel of dinethyl sulfaDiMETODBLIFUMKARADEdI ment, the | evel of
dimethyl sulfate in the product m xture is less than 4.0 ppm |In another
enbodi nent, the level of dinethyl sulfate in the product m xture is |ess
than 3.0 ppm In another enbodinent, the | evel of dinethyl sulfate in the

product m xture is | esBRRIFNSUNIMARY! OFaTPFENVERIIOReNt, the | evel of

dimethyl sulfate in the product m xture is less than 1.0 ppm [0004]in one
enbodi nent, the present invention provides a nethod for preparing dinethyl

f umar at ich cﬂgrep' , ) ting. Hr&q(' el ol ;
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product m Xxtdlsieed@mbodiandigs.a | ow | evel of dinethyl sulfate; and (2)reducing

the particle size of the dinmethyl fumarate. [0605]1n_one en@og]ifmant, t he
ctho 0
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particl@081ze of M ARt wAbodunetathe PEIERS IVEBRLBERIdes0a m I preparng

dimethyl fumarate, which comprises:

reacting:

(a) fumaric acid; and

(b) methanol;

(c) in the presence of sulfuric acid;

in a reaction mixture to obtain a product mixture comprising a low level of dimethyl
sulfate.

[0003] In one embodiment, the level of dimethyl sulfate in the product mixture is less
than 4.0 ppm. In another embodiment, the level of dimethyl sulfate in the product
mixture is less than 3.0 ppm. In another embodiment, the level of dimethyl sulfate in the
product mixture is less than 2.0 ppm. In another embodiment, the level of dimethyl
sulfate in the product mixture is less than 1.0 ppm.

[0004] in one embodiment, the present invention provides a method for preparing
dimethyl fumarate, which comprises:

(1) reacting:
(a) fumaric acid; and
(b) methanol;
(©) in the presence of sulfuric acid;
in a reaction mixture to obtain a product mixture comprising a low level of dimethyl
sulfate; and
2) reducing the particle size of the dimethyl fumarate.

[0G05] In one embodiment, the particle size of dimethyl fumarate ranges from about 20

um to about 250 um.



pmto about 250 pm WO 2012/ 170923PCT/ US2012/ 041715 [ 0006] I n one

enbodi nent, the present invention provides a nethod for the preparation of
di met hyl worearat7e9260f crystal form |, wherein the crystalPCrarsaiRe41715
characteri zed by peaks expressed in degpees 20 at approxi mately 10.96 and
22. 01, which conprises: reacting: (a) fumaric acid; and (b) nethanol; (c)
in the presence of sulfuric acid; in reaction pmxture to obtaln a pro uct
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t he net hod fcmprd‘seafd inclepirees 26 at appn[mymmalyi IQQm@dmnlmHndmﬁmmr ate using
an organic solvent [0009] I n one enbodi ment, the organic solvent is
sel ected frdff¥H&: group consisting of acet one, anisol e, benzyl al cohol,
1- but anol , 2(fput HaricGrigegs di chl oronmet hane, diethyl ether, 1,4-dioxane,
N, N- di net hyI ormam de (DMF), dimethyl sul foxide (DVBO), ethyl acetate
(Et OAc), et Hapol ,methimdlene gl ycol, ethyl formate, water, heptane, isobutyl

acetate, isopropyl ther etate, isooctane, acetonitrile,
met hy| ethyl(%ietolﬂ ng‘ﬂlﬁ?ﬁ?gmﬁ%%ﬁﬁadcacetate netyl cycl ohexane, net hyl

i sobutyl  ketiane reabiidd ACRZERS obhiFeh By bdiet akiugo e@mf)ﬁM’g a lbwoklainet dimethyl
i sopent anol , L]i)ropyl acetate, 1-propanol, 2-propano pyridine, t-butyl

met hyl et hersu{fF@VE), tetrahydrofuran (THF), triethyl ani ne,

trifl Ql , f
oot R ¢he. peRen SR e el Rind HHEr i G20 o aR i R in
prepared by degrees Dodt ffprétimartyes407, 240MeD4. Iltbrhnd[2(703191] | n one enbodi nent, the

present invention provides crystal forml of dinethyl fumarate which is
prepar d8088] a net H@&eSmbpﬁl@e@}/ég%ﬁl@th%qur@ﬂmpf‘miz] A phar maceut i cal

Combon 1 o0 SR DLISLORAIM IR gl MREAD e | 1 £ 120 o
DESCRI HU0@N OF TI-]E Wbﬁﬁlmem, the organic solvent is selected from the group consisting of
acetone, anisole, benzyl alcohol, 1-butanol, 2-butanol, cumene, dichloromethane, diethyl
ether, 1,4-dioxane, N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethyl
acetate (EtOAc), ethanol, ethylene glycol, ethyl formate, water, heptane, isobutyl acetate,
isopropyl ether, isopropyl acetate, isooctane, acetonitrile, methyl ethyl ketone, methanol,
methyl acetate, metylcyclohexane, methyl isobutyl ketone, nitrobenzene, N-
methylpyrrolidone (NMP), 1-octanol, isopentanol, propyl acetate, 1-propanol, 2-propanol,
pyridine, t-butyl methyl ether (TBME), tetrahydrofuran (THF), triethylamine,
trifluorotoluene, toluene, p-xylene, and mixtures thereof.
[0010] In one embodiment, the present invention provides dimethyl fumarate which is
prepared by a method of the present invention.
[0011] In one embodiment, the present invention provides crystal form I of dimethyl
fumarate which is prepared by a method of the present invention.
[0012] A pharmaceutical composition comprising dimethyl fumarate wherein the particle

size of dimethyl fumarate ranges from about 20 pm to about 250 um.

BRIEF DESCRIPTION OF THE DRAWING

[0013] FIGURE 1 provides the kinetic and equilibrium formation of dimethyl fumarate

under varying sulfuric acid amounts at 65 °C.
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[ 0014] The present invention provides a process for the preparation of

hi ghly puwe 2dizmstdrgl furmarate by esterifying famaric acipdTaisdommitianol in
the presence of sulfuric acid as an acig.catal yst and water sequestrant. It
has been discovered that this process produces high purity di met hyl
fumarate containing no nore than trace anounts of dineth sul fate.

[0015] The present i ToRDaDEES GREVTEON Ol st N YBN IIQNprepar ation of
hi ghly pure dinethyl fumarate with a particle size from20 to 250 grn. The
process of the invention provides dinethyl fumarate having a particle size
wher ei noal4]l east Pae¥padsefthimvpdidn ptoesdesay @recepartoi tee prepamtion dfelsighly h@meZSO
gm [0016] Funmaric acid is an internediate in the citrjc acid cycle_t
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the treatne |
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known salts g atives of fumaric acid were not resorbed, or only

i nsuf ficient VeTbé( S, due to their relatively strong pol ar hydrophilic
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| ayers. For this reason, high doses have been used resulted i'n side
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f umar am de, @mgafpmq@gtééflk@th@dzwﬁh an unacceptable rate of side effects
and high toxicity that it was necessary to refrain fromsuch therapy. See

P. Hol I18BH] et alFumio wd JS Be riptgta¢diatg5n 2bo citdg 2cid1grle thap gohwlrated thyethe
1980' s, nore, s p u

devel oped, con%@?glﬁﬁgll :l %{lr(gr gihe angisg%{ll%ge% {"I@(? k(frutﬁglrt% t?etélggfﬁgé&&nglign
conponent s. wist @frodicld mpt%@e Fethard hoil Hay ragoabeeni ﬁlompuodlh)pehydm@[gmld ofo

met hyl hydro}ggn fumarate. The bi.ological half-life of rrethg Sl\;drOﬁ; n
fumarate i s BBl timepcedbion mirs Wodad< by’ de (@t rRssel HE00SEBI (91, S. |

et al. Jggl il SCEXpPre% Rhowrt 42t ]agljd cﬂe%a&\?e%@fummg@&?& Wert pdidtsibe élNQr only

4,851, | oses r| C aC| erivatives in orm o pro- drugs.
U. S. Pat ent ihmffidie@th9r&38thed) dd tmsthsn pelativaly atrong pblac bpgrophilit @hsractec |duding g
at WD 2012/ 170923PCT/ US2012/ 04 I§’F 4 - eanidt one saJFt f fumari.c gci d
monoal kyl edhe shast repidendertag o Hporhligrgan datmdany layess o f priisreasopphigh dases
U S. Patent jyge béerﬂ%d%ﬁwﬁ'ré&ﬂt@&%51ﬁ@|eﬁké’t§r§nc'ﬁﬁgﬁ§ﬁédd%he§' é?ﬁ@ta@é}fi diZzMss,
salts of fumar'c acid nonoal kyl esters. U 'S. Patent No. 5,451,667/ discloses
deri vat i ves mfisdauvemitngagiddnohal tahé iftestimal eramps, dlatﬂleahardeﬁlwhu@l High doses of

Qig;rglggn at 01;’%&‘@1 (%rd%ﬁglséﬁd anid detivatives Sic a;[sa 1}|1}|f(ﬁox a rr?arlllcsa%? fumaramlée and

fumaronitrile had such an unacceptable rate of side effects and high toxicity that it was
necessary to refrain from such therapy. See P. Holland, ef al., Brit. J. Dermatol. 85:259-
263 (1971).

[08158] In the 1980°s, more standardized oral preparations of fumaric acid esters were
developed, containing dimethylfumarate and monoethyl fumarate as the main
components. After oral uptake, dimethyl fumarate is rapidly hydrolyzed to methyl
hydrogen fumarate. The biological half-life of methyl hydrogen fumarate is 36 hours
with 30% being bound by serum proteins. Schilling, S., et al., Clin. Exp. Immunol.
145:101-107 (2006).

10819} U.S. Patent No. 4,851,439 discloses fumaric acid derivatives in the form of pro-

drugs. 118, Patent No. 4,959,389 discloses pharmaceutical compositions including at



R2 is a saturated or unsaturated aliphatic C6-24 al kyl group,

psoral en-9-yl, retinyl, a-tocopheryl, calciferyl, corticosteroid-21-yl, or
nonosacchwsioi2dtrioeyeB, for the treatnment of cryptogeni cal pgTasesied4diseases.
U.S. Patent No. 6,277,882 discloses thequse of al kyl hydrogen fumarates for
preparing conpositions for treating psoriasis, psoriatic arthritis,
neurodermatitis, and enteritis regionalis Crohn. U S. Patent_ No. 6,355,676
di scl oses t Heasgigae splt g fumarisr acid menpelkglegster fomibs trepimens g pLorisisiasa FSPRAticH
adm xture w - dirak k 7 {2915 : Jatle: itds,
neurodernati%?gﬁmp§g$fig?g&ﬂg€%bgﬁ?gf?%?%e%%g?%ﬁgﬁ%§9%¥%ﬁﬁah%#%§ngg%%%fkho.
6, 359, 003 di fedapsescid hronmmkybfestensrarS. dtiteht TomoaHME Y b6 dislsses alerivatives of
transpl antatjon nmedjcine. U S 6,858, 750 discloses the use of

phar maceutic 5%%ﬁfﬁ§ﬁﬁh%ﬁ§mﬁk‘funaric acid derivatives for the treatnent
of mtochondrial diseases. U S. 7,320,999 discloses the use of dialkyl
fumarates for the therapy of autoi mmgne di seases. [0020] There is
significant interest in the manufact e andorégul ati on of pharnmaceutical s
regardi ng the generation and anal§§3s of notoxic inpurities. U S. Patent
App!. No. 2009/0112016 di scl oses the use d® sulfonated resin catalysts in
ester'’ fical&ﬂ§.&pactions to reduce by-product formation. The inventors

di scl ose that ﬁe'catalyst is useful for any catalyzed esterification
process that suffR}lss briorireehestem, aut siatley] rerag,i @ns , methllin datioarsuch asj fbr
being a preferred organi cid of the invention (page 6, paragraph [0073]).
106211 U.S. Pateﬁ?@ﬂﬁ%b$? ?ﬂ§é§§ 9902306 di scl oses a nmethod of produci ng

di met hyl fumar at egZnt giriifag d?qmgaaﬁte)asatnph@%% aus, atmyﬂg%@uﬁzfps@rat&%tgamgﬁrggﬁ@us

Goup VIII catalyst which is readily separabl e and non-corrosive.
i nventors state tdatcopbayk calziditrybronicosteros®2 PFL 2 1ROOSBPIETIAISAN,12/ 041715 -

5 - maleate with an acid.such as. concentrated sulfurj id rrade the
Cencton vesbeie g une o Siah s TR R Mt et ol Dbl Sl 6 22l e g
(page 1, par@gnapbf[DeA8&iviroded FdrlaraAAdC R Jireihrivg doiioRitiofs Fo@eMingNpsbHEsiar t
to provide a scal able industrial process for synthesizing highly pure
di met hyl f unigsesietc aphrtigoncwpdesmabtiyoans entgntis ragienalivo G &i rPgtemlNO-

Sohl abre | nderit UspRak e WICLP s BrRRL ol Snlohu D RER b orly in

scal able in océss for sy esl Zi ng y pure

crystal foradmikfiad wittntdalkgl fagnaf@e Eort thatredthrRaeoBpedriatis adlirith, ARirbddrmatitis,
sul fate. [0024] The process of the present_invention includes, in various
embodi nent s, PSPEAYS.iang ontebis iregiaralis Gehn, §5P+ Patent N 6,3u%P3rdisdhessa the ysetHd or
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use of pharmaceutical compositions of fumaric acid derivatives for the treatment of
mitochondrial diseases. U.S. 7,320,999 discloses the use of dialkyl fumarates for the
therapy of autoimmune diseases.

[0020] There is significant interest in the manufacture and regulation of pharmaceuticals
regarding the generation and analysis of genotoxic impurities. U.S. Patent Appl. No.
2009/0112016 discloses the use of sulfonated resin catalysts in esterification reactions to
reduce by-product formation. The inventors disclose that the catalyst is useful for any
catalyzed esterification process that suffers from deleterious side reactions, with fumaric
acid being a preferred organic acid of the invention (page 6, paragraph [0073]).

[0G21] U.S. Patent Appl. No. 2002/0002306 discloses a method of producing dimethyl
fumarate containing no catalyst residue by use of a heterogenous Group VIII catalyst

which is readily separable and non-corrosive. The inventors state that isomerization of a
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maleate with an acid such as concentrated sulfuric acid can corrode the reaction vessel
and the remaining sulfate ions can adversely affect curing (page 1, paragraph [0006]).

{6022} Accordingly, there is a need in the art to provide a scalable industrial process for
synthesizing highly pure dimethyl fumarate that contains no more than trace amounts of
dimethyl sulfate.

{6023} Additionally, there is a need in the art to provide a scalable industrial process for
synthesizing highly pure dimethyl fumarate crystal form [ that contains no more than
trace amounts of dimethyl sulfate.

[0024] The process of the present invention includes, in various embodiments, reacting
fumaric acid or a salt thereof with methanol, with or without a co-solvent, in the presence

of sulfuric acid.

Scheme 1
3
(o] o) i o
- oH CH;0H - oH H CH,0H
™~ i / 0
Ho H,S0; ° T uso, o ™~
0 Reflux o 5 Reflux o]
fumaric acid methylhydrogen fumarate dimethyl fumarate
C4H,O4 CeHsOy CeHgO4
MW: 116.07 MW: 130.10 MW: 14413
[0025] The esterification of dimethyl fumarate is illustrated in Scheme 1. The first step,

proton transfer, occurs very rapidly and is, under the reaction conditions, irreversible.
The second step, esterification with methanol, occurs under the formation of one
equivalent of water. The esterification reaction is reversible and, under defined
conditions, the reaction will reach an equilibrium. The equilibrium will be shifted toward
the product by, for example, increasing the methanol concentration and/or removing
water from the reaction mixture. However, increasing the water concentration during the
reaction will result in shifting the equilibrium back toward the starting material and result
in partial ester hydrolysis.

[0026] The esterification reaction creating dimethyl fumarate reaches eguilibtium
between methyl hydrogen fumarate and the product, dimethyl fumarate. The reaction,
which is initially heterogeneous, due to limited fumaric acid solubility in methanol,
gradually becomes a homogenous reaction upon heating to the reaction temperature
(reflux at 60 - 70 °C).

186271 Methyl hydrogen fumarate (MHF) is formed rather quickly from the starting

material, fumaric acid. The time required to reach the equilibrium level for MHF and the
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product dimethyl fumarate, depends on the amount of sulfuric acid (catalyst) used. These
results are illustrated in FIGURE 1 for reaction with different amounts of sulfuric acid
catalyst (0.01, 0.05 and 0.25 mol. equivalent). These reactions gave dimethyl fumarate in
similar isolated yields (78-79%) with no detectable methyl hydrogen fumarate. The
reaction profiles suggest that equilibrium concentrations of product were achieved at all
levels of sulfuric acid catalyst used if the reaction was held for a sufficiently long period
of time.

The term "about” is used herein to mean the given number plus or minus 1 to
10%.

An excess amount of methanol is typically used in the reaction. In one
embodiment, the fumaric acid and methanol can be added together in a ratio of from
about 2.0 to about 10.0, about 2.0 to about 9.0, about 2.0 to about 8.0, about 2.0 to about
7.0, about 2.0 to about 6.0, about 3.0 to about 10.0, about 3.0 to about 9.0, about 3.0 to
about 8.0, about 4.0 to about 10.0, about 4.0 to about 9.0, about 4.0 to about 8.0, about 5.0
to about 8.0, or about 5.7 to about 8.6 liters of methanol per kilogram of fumaric acid. In
another embodiment, the ratio of methanol to fumaric acid is about 6.0 liters per
kilogram, about 6.5 liters per kilogram, about 7.0 liters per kilogram, about 7.5 liters per
kilogram, about 8.0 liters per kilogram, or about 8.5 liters per kilogram. In another
embodiment, the ratio of methanol to fumaric acid is about 5.77 liters per kilogram to
about 5.87 liters per kilogram. In one embodiment, the fumaric acid and methanol can be
added together in a ratio of from about 500 to about 1000, about 500 to about 900, about
500 to about 800, about 600 to about 1000, about 600 to about 900, about 600 to about
800, about 700 to about 800, or about 740 to about 742 kilograms of methanol per
kilogram of fumaric acid.

Increasing the water concentration during the reaction will result in shifting the
equilibrium back toward the starting material and result in partial ester hydrolysis.
Therefore, it is desirable to keep the amount of water added to the reaction mixture low.
In one embodiment, the amount of water in the starting reaction materials is from about
0.5 to about 6.0%, about 0.5 to about 5.5%, about 1.0 to about 6.0%, about 1.0 to about
5.0%, about 1.0 to about 4.0%, about 2.0 to about 5.0%, about 2.0 to about 4.0%, or about
2.0 to about 3.0%. In one embodiment, the amount of water in the fumaric acid added to

the reaction mixture is less than 0.5%. In one embodiment, the methanol is anhydrous.
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esterification of dinethyl fumarate is illustrated in Schene 1. The first
step, provonotwEameBer, occurs very rapidly and i s, undePCrhis20iemet7idHn
conditions, irreversible. The second step, esterif cation wth nethanol,
occurs under the formation of one equivalent of water. The esterification
reaction is reversible and, under defined conditions, the_ reaction wll
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acid in methanol and to improve the rate of the reaction. Water is produced as a

byproduct during the esterification reaction. Analysis shows water increased from 2% at
the beginning of the reaction to 5% at the end of reaction. A consistent yield can be
achieved by allowing sufficient time (normally within 3 hours) for the reacting system to
reach an equilibrium state. In one embodiment, the reaction conditions include reacting at
a temperature of from about 55 °C to about 75 °C, about 60 °C to about 75 °C, about 65
°C to about 75 °C, about 70 °C to about 75 °C, about 60 °C to about 75 °C, or about 60

°C to about 70 °C. In another embodiment, the reaction temperature for the esterification



1003011 ncreasi ng the water concentration during the reaction will result in
shifting the equilibriumback toward the starting material and result in
parti al esoepidworel ysis. Therefore, it is desirable toPkeas2dpsandunt of
wat er added to the reaction m xture |owg-ln one enbodi nent, the anount of
water in the starting reaction materials is from about O. 5 to about 6.0%
about 0.5 to about 5. 5% about 1.0 to about 6.0% about 0 to abgut  5.0%
about 1.0 tds &B@J‘ﬂt 05 Godn sk g W%&ﬁfﬁ@tleﬂ/&emﬂwezfoaﬂw%@&%ﬁ% 1§9%
or about 2.0 tog qut 3.0% In one enbodi nent, the anount of water in the
fumaric acid ded to the reaction mxture is less than 0.5% In one

enbodi nBas4] t he rMBichaaction &nqnbg&édcfusany MR OS2 BER35ATT LIS 2/ @A Eetdidn- 7

- I n one enbadj nent vvater in the t hano| added to th
enet i on m B a9 SRBHRoRi bou Ga CRBATCE. the Ao Frasefor
about 0.5 t 0,,3ROYUE td 2838t 4sMhARROT BeofIEP eFbIBR ent ttf?@re%%ro@éed‘é‘@&ecfbohﬂ3 bhe

met hanol added to the reaction mxture is |ess than 5% | n one
enbodi nent , tpmboatniﬂthdzur@f [nvan@hen embddemenstt ﬂarr@act@ddedceteds fdrebpatal b itoabout

mxture is f t t 19 abot 1to ut, 0. 3% tOlto
Bbout | 0. 5% 1o HerowkbeAPRLRER: thedeasarogra it apott A pabalrffivgtt
added tjgtdie reacqtdIRWiRG Meldsterifali@S prdcBan dimdiyl f:aR3kd The baGightfiadl fysh 1S
enpl oyed in an anount sufficient to catalyze the reaction. The acid

cat al yst carthalrsectivar méxtaes By dehyentionph gneglepsiat knpwid éejthesgnin ther attat & one
duced duct
Prtalyer s SUREREAME ng? miklife GP AR el ARACELITENS 4 BcPBEa, o

catal yst ar amadﬂﬁxd)dhﬁ@ﬁtthe hot Iiﬁlﬂuﬂ’eaffldﬁnaflylf furardt€ isseblédac Bderﬁpéraﬂuytséf froma
range of from about 1:0.01 to about 1;0.50 or_about

1: 0. 243 ol aﬁboléb‘h"@éﬂ’ ehnug 30|°ﬁ M her Céhﬁ%}tn’*ﬁnp a‘?‘ﬁélﬁagte aB?Utf%?mQr plout
aci d: aci d cajpbys §uta§tf)“ttf sty Bec & fhobd) a5 of dbode Hy 36 10 hbBur'®s °Cf 1n

1: 0. 50 nol ar eqU| va ents In sone e I'ments, e reaction mxture
can i ncl ude amntheddmbodinght, nbmhoterandnhree)fclunsthyl\/ﬁmtamtbm cabdaktonotengieeature alf | y

interfere with the ction. nllmt xanpl es. of non-reactive
co-sol vent s FH %g r%ét H?IOHS(? @@“enétth9%° E‘é’gg gtanixfug i e0n)¢ da Q% gy, from
n-butyl acetghg 7 icBUL Yl hArElBbE § RBHANR) hdlkS, Rbbutet B¥boleloaRfirs, ARSI Yto

i sobutyl ketone, tetrahydrofuran, 2-methyltetrahydrofuran, acetonitrile
met hyl t- butq]obutet) Heurs, dir kbbyl 8 go oyt E)h;)luupeﬁloyhngrﬂtdtptodecthmrxturamlkmsethe

t ol d t t f, | t
RN L - b A T e R R Y

acetate, n- %ﬁmins 36 Sh@bSlutibi® O oMb AMRHAAS, RERBRE, pro®iddYhixRkd¥d stiffidome
met hyl isobutyl ketone, dibutyl ether, ani sol e, tol uene, heptanes, and

m xt ures t hebewt .5 toaB3]t lﬁllgnme& ab@letdtfpmboufeﬁb@uratahoeﬁ m@botut Sthenrseabauy 3 to
|rrprovethe ol ubtlity .of caC| andt e
rate of the 83{[ ??‘8%5 a3 l%?3{’?” oduc‘gﬁ ggugphypr 03 qtouﬁsu BOIftnlp{o ‘%%UE?
esterificatinurg eacti on. Anal ysis shows water increased from 2% at the
begi nni n&ﬁof the reaction to 5% at the end of reaction. A consistent 1(yl eld

can be 88Hileved Bipllariwmibagreidireioamroephahy ﬁf@t%ﬂfww&tww 7 Hokted)tapr
the reacti NGy S %Sl @Mt Rt t Clg,% %n@%ﬁuﬁip%é{% &t ﬁﬁ&m & @1{5@ epbadi aeng Et%
reactioh condi tHons include T eact I'ng at a tenperature o *from about 55 € to
about 75 C, abedim&o, t(ﬁctp@@tahom ts&&ﬁt@@ us&fgﬁubetﬁﬁt@tt mf&dwouﬁatﬁﬁl € @mbdutt ¢ C
to about 75 . C, aboyt 60 C to about , or about 60 bout7

anot her enbd¥i W& ‘Fg ‘t‘ﬁéa?é%%?tql%ﬁbllt E‘F’Fpe T PUT ém?“t} ntg‘t% Etpé? W & t""“‘g‘?‘rc;\‘f\l!.%n
2012/ 170923REH 122012604 %%édzmt%t thd Sro8RQUE o8O whR a@cﬂﬁt(ﬁﬁfo AROdInMeRt
the reaction tenperature for the esterification is about 70 C. [00341The
reaction cank bt@@hmﬂ Stlprabanty0. ﬂengsbhuto# Gt it ﬁéc@s@@nystﬁoamm@el/w glonwérisi on

o1 oconds  or AR 4 8L AARHT: o RaDTE ST HRRoL ey B AERE. | L foebout

reaction prog@edsuf 05 Bhedht 00aticut 00K abdlt BBURBout! 013 31ABALI0. EHBEGH (TBRS .
the reaction proceeds for about 1.5 to about 27 hours. In anot her

enmbodi nent , abhet ¢. é,aabpub(i)ﬂ o ob@e ds), abputdhrbtn at®uOOBoakatb Ut5 ta@bhig}-$.abpw(BG)
FoIIovvingt f|c oce thyl f at nbecr tallzed
fromthe reggtaﬁ ’ to@“% @D Hf?éggﬁnie o&usmn%ﬁ%t/\ﬁ pFrak O¥§

art. In one enbodi rrent the hot m xture of dinmethyl funarate is f||tered
through a filter nedia. In one enbodi ment, the hot m xture of dinethyl
fumarate is cooled to a tenperature of fromabout 0 C to about 30 C, about
10 Cto about 30 C, about 15 C to about 30 C, about 20 C to about 30 C
about 0 C to about 25 C, or about 10 C to about 25 C. In another

enbodi ment, the hot m xture of dinmethyl thmarate is cooled to a tenperature
of Iess than 25 C. In one enbodi rrent the hot product m xture |s cool ed

I — I A~ B ~ 1 I A~ I T



100371Fol | ow ng the isolation process, the dinethyl fumarate can be dried
usi ng conventional nethods known in the art. The extent of drying of the

di mret hyl wormarzat7e92depends on tinme, tenperature, and to POoR&Sexemt71s he type
and capacity of the dryer. D nethyl fumarate has a | ow neasurabl e vapor
pressure. Therefore, placing the material under reduced pressure in a dryer
could potentially pronote sublimation and subse&ﬂ)ent particle size changes.

I n one embodirfsather embodiment Mya Prodwd isivashed v Ewubi-44 to abpik Peddrilogemsout
10 to about %«?théﬁol}%f;l%@ %%8"‘ gpgcgﬁl% 50 C, about 10 to abou_t 40 C, about 20

to about 40 50 C. In another enbodi nent, the
di met hyjoosTymar at ef'olfovdng edle altsolatlmermecreai utte dimethydufuri28ateocab bt dﬁe?d @singn

Sbout 200 mEENCTIRGAL Moot kAN SoRn AR SBLOT S0 TRLoaTG sEs! At
about 20 to &?@H(? JIQ%HYQ)%m%@} W49 tBOsoﬂQ:Oégteri]tqge Wm@&aﬁ@ﬁ&%f 3 Hﬂfer

about 100 nb n anot her odinment, the dinethyl " fumarate is dried at a
pressure of RimeihylF0omamtabas lommeaﬂomble Vatpom meeselnbodihmlﬁtr?, pzlhmngitmendttyﬂlal

fumarate is drjed for,about 10 to ab 0.. urs 20.to
hours, about“§8T FUSEbRESBEe HodA5er 58 E}tpo t eéb IHB?Hoél a“;b%lﬁfeq&@ltto

about 70 houk3ticl@kiz8 Qﬁéﬁgeél 61t ShetBddindent NBY rdﬁnethﬂ fan@tAels b adh MRieratibe
dimethyl fumarate is driced for about 46 to about” 48 hours. 100381Fol | owi ng

t he drying pcvfcabestslo totebouli HetGyabotiudthioaabeut 50 fff.abensKhitofabeuirdt °¢.ebewt 24 ta
the desired partifbe SIASuIDYRISAPYERE! A0ahoME! AR6RKR e dnblis) Aiburalhe

particles ar uce par €S 0 BreYsize
consi stent hignigilel R@ aftemipélatige B SsiE D3RG @BESSINYC. I oﬁ@énﬁbﬂ&ﬁiﬂnﬂ&ﬂé dlnﬁdnleyl
di rethyl fumarate is processed by jet mlling. In one enbodi nent,

di met hyl  f urféiperae is driediaca grassirg Oéaabpwcl%tcsa&@t@poﬂé@g abpity 2840 Pb?ﬁt 208

anot her enbo t
from about fgb%}ggg%uéuzpet f({wb%{ Fb{% ﬁ%d ?Oo }g(%gg? @%l%&aab?%{ hggé)g?&llt ) Ot 0]
about 1000 paAbaraboubou? GO tb G\ballilolﬂ() thb&0 Ihtampt}ﬂbemboﬂﬁleh’q tixb dimiet/iB Guiparate is

about 20 to about 250 pm 40 to about 750 p abou 40 to abqut 250
pm about 40iTed &b pres Ogﬁgogb%fo gortt: 190 BBt g‘]S@nep?Hl Mo dhe SoRrEy
about 250 urfimaldle ANRLY g@omﬁouttlb@hgﬁrgegb%w 20 WAL ® hurd, S8UGED b0 2
particle size erein > 7/oo the particles have a particle siZe of <

p. m | n anotdbent 8erhodiispentut 40he atlmut/&ﬂ hauirs,faboat 4 & atout é’ddmack Doaboutv‘@to

07% 98% orSuIoRoRRe Taneter eevwuiFnt Gl URSTEP ol R FBdborm

[ 0039] The pajyLchensirg¢es reported here are based on a neasured

di stribution. I'n one enbodi nent, the particle sizes are measured using a
Laser [H0938Jactio nFQlkwﬁng quelryilngmrcmssr, theadimsthyl @nnarswas processgd futhsara obisia

vol ume on MthB. ‘effective. | engt cul ted The

|
di stri but i oriPf SeHEIRRATC SZRE é’H‘%GHI[ 108?0“ éﬁ% g%)ﬁ{%grapl gﬁw PR €1 es

sanpl es can Rguded idrizef @ prodiicd Parfitles bY a JuitableasiRMR TofEstbnt mdmalmglséﬁmgnt
used to determine particle size/distribution is a Beckman Coul ter LS230 or

a Mal vern NH§P@F%|IZQ¢CSSIPQO4@] phe smbodBrendnihsddimethty] fmprate iapeoceakdpey jet
reduced in s' ﬁgn Redé'l%ﬁo&iﬁ{eh{ (Eﬂlee aln'?éﬂ:l.)a fa L} A0 el ¢ %rp 08 5Bk Sliess
handl i ng from rodtc rocéss umar at e can or exanple, a
conpound t haha€ Qﬁ‘(‘y ﬁmt SInta@otiet Etylbodlyﬂht)g&ﬂdlfmﬂ@ﬂ Alrgarhte iv redncaf toe:rpartlcle size
adm ni stration. |In one enbodi

ome of e fu ate
phar maceut i M ESABLEY {9 @Pwtégg%ﬂ%rag%‘&‘f ton@toﬁﬁ/w%ﬂ% (PPtflLQBré ‘éut ]rQIBO
vivo. In on flm ISR LRY |
f unmar at e, ﬁnﬁp?égﬂgg?g% %Msﬁglb ¥ taﬁ%d%ﬂb%?ﬁtyn‘groat e, %hggo;ﬁ@ of f 3?%#%
acid, or anyaboonm tabban 750 emeabout 40 mwmasemmbmo tot dbuf L0 pBY, ebaHn

on, 07" - cleElacaAT D by Ao 00 P B ite Bl HRERIGHTorin

Cl- Coal koxy g£iaRaRe f&[ﬁ%?enlsfl%gﬁ@edftﬁra E%xﬁml Sze GheRRAbKIWY of Ghe %l@ieg%\}’e a
C -C3 al koxy, Cl-C2 al koxy, - oxy, C2-C4 al kox C2- 05 al koxy,

C2- C6 al koxypaatice vy ob & 25|0nmr Imandjhanmmmmﬁ it idkhethgt fuamotih g reduced tﬁ a
enbodi nent, the fumarate is a dialkyl fumarate. In one enbodi nent, the
furnarate is processed by jet mlling. In one enbodi nent, the funarate i's
reduced to a particle size of less than 250 11M In anot her enbodi nent, the
fumarate is reduced to a particle size fromabout 20 to about 1000 pm

about 40 to about 1000 gm about 100 to about 1000 pm about 200 to about
1000 gm about 20 to about 750 pm about 20 to about 250 pm about 40 to
about 750 tm about 40 to about 250 pm about 40 to about 100 gm about 100
to about 750 pm or about 100 to about 250 pm In another enbodi nent, the
funarate i's reduced to a partlcle S|ze wherein > 97% of the partlcles have

o o - NN oy VAN AN A D A AN SaN~T | 1 15N\ A S /M~ AA ™A ™



[0042] Di mret hyl fumarate in crystal form| can be prepared by
recrystallization of crude dinethyl fumarate in a suitable solvent, such as
acet one, woi28VEp928enzyl al cohol, 1- butanol, 2-butanol pCEarsene/041715

di chl oronet hane, diethyl ether, 1,4-di.ggane, N, Ndi nethylformam de (DW),

di met hyl sul foxi de (DVBO), et hyl acetate (Et0OAc), ethanol, ethylene glycol,
ethyl formate, water, heptane, isobutyl acetate, |sopropyl et her, iso ropyl

acet at e, |sdwawahezeaéeﬂ%mPQ%tPa%,ﬁ@%h?T%e9&¢r0k8$%méfh%emﬂahehmwﬁep ple
acet at e, c t hyl isobutyl ketone, nitrobenzene,
N—nethylpyrro (ﬁgngﬁaﬁzﬁxwﬂe- octanol, isopentanol, propyl acetate,

1- propgno39] 2- pr cpanparticleysizedi rReortéd heieyare nwiséry loned Iﬂt&rasﬁr?é'Bl‘dfétr;ibutlon In one

tetrahydrofuran (THF), triethylamne, trifluorotoluene % uene, . p- xyl ene,

or mixtures qmt&déé?mafheap%@ﬁ”ﬁe?é@cstﬁr% TaeASHeR| WintoR Tehseis Diffarden Gichpiatigdhat
di met hyl furg% fafes B ﬁt%c@ﬁ‘&’zﬁége hy ’paﬁfcﬁ%ﬂ% Ht'n{EEBHy\Jvhlt:H mgf tﬁ/ecgﬂgﬂﬂeordbﬁ@cqf%Ed
in a mxture o a sofrvent EWF DIVA, and an

anti sol vent ,disuethr'as cadtudrted. nﬂﬂlhailstkbummmbzksed|cmop)r1myt1remlenbhﬁthousmidsrtqf I

al cohol , but ether . acetonitrile,

S S0 b et hosieiciene Pae1eR SHRleah ainay OB of herpePatih Qe santediments e
di ssol uti on ;afinhdiil Qs RSO b#EBl- <AV ARb MeNBed@ihnt Q&b e sadeledat 0
the m xture under conditions suitable for the formation of crystal forml.
For exanpl e Malydm Mastetsizgt. f umar at e can be recrystallized in a mxture of
hept an ethyl acetate,, a.m xture of dic

i wt ur 48 aat o AGSTER FanGaMert s Eim ol b PR IENE: Aol s ofa

m xture of ejhaslelkizamer wakeient BAndANR ot dRigHrod®t PRstedsim dT wefufiaratd Balpll%?
enbodi ment, crude dinmethyl fumarate is recrystallrzed ina 1l:1 mxture of
di chl or omet HanexpampltarioFompepnshieheonesiisot Aathyl hydrogre Smpraiengnyivocaifde
di et hyl S ecgys | 1 a o) b u
2:1m xturen'élg%ﬁlttﬁ](E OF ore E hé{%e e%% Hh t’ P)rrtlﬁgno%‘hee o { \}% Hiharkic” pré’srenf'iQH b

2012/ 170923 Rhafrhis2 (el @dmpdsition 1s? cenvféﬁbd)dtb Aty hyﬂmgen dumeidy In Piuoariatoaei s
recrystallized in an about 1:1, about 1:2, or about 1 m xture of
wat er : t et r alyhodiaeEnthe Hmarde fedimetind dimarate. %?Wt]@il retRiAte, ffimaric eeid; @

recrystal | i zgd df%?ﬁbrﬁ‘aﬁ ! fulnatate: g%‘a{ft of: f%maﬁ@%gi yOloriRationthdreBE X THT €
of acetone: water anot her enbodi nent, crude net yl fumarate is
recrystalI|zedmmnmahmhbmnmthbﬁmnaammuh15EQQOHMmmnﬂoﬁﬁﬁnnmbﬁht 4:1, about 5:1,
about 6:1, about 7:1, about 8:1, about 9 1, about 10:1, or about 1:2

m xture of ethanol:water. In another emjodinment, cryde dinethyl fumarate is
recrystallized in an about 1:1, R N2 Rzabout 3: % about 4:1, about 5:1
about 6:1, about 7:1, about 8:1, about 9:1, about 10:1, or about 1:2

m xture of nethanol : water. 100431The hi gh purity dlnethyl fumarate has a

| ow | evel ofwhtireint Ry lang (R ateelndleper@neﬂje@id,dﬂreﬁu Cstleodye o] 2 @hamtacmtqa;ly

sulfate is from about ab ut t 0. abopt apo to
about 2 ppm abite b rsSh o0 CsCeRRO BN et Putnkt R Be G RC ol
0.1 to aboutCACpaRdxyRIERUE; dkokyt O)-@Qalkox3, OPTY al&bﬁthszﬂalk@iy@lIOst 2kppMor
about 0.5 to about 5 ppm about 0.5 to about 4 pp@ﬁ about 0.5 to about 3
ppm or about-Cs Blkpwy B8 nap hephincar or hrandhed. elbsidil nishrnothae embodimest, the
di met hyl sul p ik

di net hyl sulf?ﬁl[talga&% gs %egazk}?@ﬁla% tg glpnmb r@}&g%%it egt?'tgn%hp ?I]arr%nls IQ S%elsfe\detl%féft
di met hyl sulrhiligs. i B1 biesambditimendt, Ghepfumarata iarwiibet toearpadicleesite, oft lees thew 850 of
di met hyl sul f at ess than I n an t her enbodi nment,. the | eyel of
di met hyl sulH4mt raoh g e At iSIAONHGro EribeRRIsaRe fropmabquEgito o
di-met hy!| Sulafbettemo% ;hﬁsaootlttao tg aéoapmooum %etnhﬁro RRRAL TB0Y pm! B0t 206't0 of
dinmethyl sulfate is less than 2.0 ppm I'n another enbodinent, fhe |evel of
di met hyl suladbattel G0§ rtre,s@onha(h tolalﬁmpﬁﬁt) phm ahmttt%eto a@nbblﬁ()rmnt abouh 40 t@aletut of

di met hyl sulfate i not he | eyel. . of
G et ol ouiPRin; angad ¢ Ao FRraboh 4o RREH 1TRGER! ARRt 100 fEatdit g50 o

di met hyl sul fatg dbsut motattsaﬁt $50lAP M aaaﬁaﬂetﬂttalmaytethe%mdfateetshy&ucw kd at e
can be determ ned in the final product using conventi onal met hods known in

the art. | n rerelesizouihmem > Xieof dygartislesdiane aippiticdusizape<i280 get elmanetr by
gas chromat ography nass spectronetry (GC-MsS). 100451Gas chromat ogr aphy mass
spectronetry could not be applied to the in-process sanples that contained
sul furic acid, fumaric acid, and nmethanol. Attenpts to use an orthogonal
anal ytical nethod for dinethyl sulfate using the derivatizing agent,
triethylam ne, were investigated. However, it was found that dinethyl
fumarate reacted with triethylam ne producing a fal se positive result for
di net hyl sulfate, WD 2012/170923PCT/US2012/041715 - 13 - [0046] The
reactron krnetrcs for the fornatron of nethyl nethanesulfonate has been

o M OA~ 1 o — —~




1005011 n contrast to previously studied al kyl sulfonic acids (such as
nmet hane and et hane sul fonic acids), sulfuric acid can undergo two
sequent i avorext7peas wi t h met hanol to generate differentCsaist@areiss ers.
Mononet hyl sulfate is a relatively beniign nongenotoxic WO

2012/ 170923PCT/ US2012/ 041715 - 14 - inpurity that can be controlled Iike
ot her process-rel ated contam nants (see An, J., et al. Pharm Bi oned

Anal . 48: 10@gbotiment( Q@O@)narazheﬁgfaluceﬁ to @pagicle sige pHarain 98w N8, A3 97%,
50: 1054- 105998%2 ?s)t/ %ﬁ%ga@cfgs eaSartlcle mze%ﬂer&ﬂ%n%%%m Anal . 45: 472-479

(2007)). In Aoun genotoxic inpurity and nmust be

cont ro }b gt 0 Vverly dneWspcey, &hSmethod pugfudes/a) cdrﬁ}odsmdaodmmmg thE grystal foem IRES .
959 (2010)). It was inportant to exami ne the formatiaon and fate

of " hese t woliBwihyhfanasicellhe oS AR ¢l beprubstastiallyonie erysts farar ¥ Jibe ymg -

understand t o] r e y: DIK?

Mononet hyl (9§$8 5 5&8%18géQEi%glggﬁﬁgg%gﬁ(g%ﬁ%kg i |c1n3£1n égﬁéﬁga3.

Scheme 3 (:)Chystdlographic@HBEDLI 1069 1182 R00D). OTHiZ composition can be characterized by
peaks in X-ray powder diffraction in degrees 26 at 10.96° and 22.01°. The composition
can be characterized by peaks in X-ray powder diffraction at 26 of 10.96°, 22.01°, 24.07°,

24.11, 24.17, and 27.39. The composition can further include a pharmaceutically
acceptable carrier.

[0042] Dimethyl fumarate in crystal form I can be prepared by recrystallization of crude
dimethyl fumarate in a suitable solvent, such as acetone, anisole, benzyl alcohol, 1-
butanol, 2-butanol, cumene, dichloromethane, diethyl ether, 1,4-dioxane, N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethyl acetate (EtOAc), ethanol,
ethylene glycol, ethyl formate, water, heptane, isobutyl acetate, isopropyl ether, isopropyl
acetate, isooctane, acetonitrile, methyl ethyl ketone, methanol, methyl acetate,
metylcyclohexane, methyl isobutyl ketone, nitrobenzene, N-methylpyrrolidone (NMP), 1-
octanol, isopentanol, propyl acetate, 1-propanol, 2-propanol, pyridine, t-butyl methyl
ether (TBME), tetrahydrofuran (THF), triethylamine, trifluorotoluene, toluene, p-xylene,
or mixtures thereof at a temperature suitable for dissolution of crude dimethyl fumarate.
Alternatively, crude dimethyl fumarate can be dissolved in a mixture of a solvent, (e.g.,
THF, DMF, DMA, or NMP) and an antisolvent, such as water, methanol, ethanol,
isopropyl alcohol, n-butyl alcohol, t-butyl methyl ether (TBME), acetone, acetonitrile,
1,2-dimethoxyethane, or a mixture thereof, at a temperature suitable for dissolution of
crude dimethyl solvent. An antisolvent can then be added to the mixture under conditions
suitable for the formation of crystal form I. For example crude dimethyl fumarate can be
recrystallized in a mixture of heptane and ethyl acetate, a mixture of dichloromethane and
methanol, a mixture of water and tetrahydrofuran, a mixture of acetone and water, a
mixture of ethanol and water, or a mixture of methanol and water. In one embodiment,
crude dimethyl fumarate is recrystallized in a 1:1 mixture of dichloromethane:methanol.
In another embodiment, In one embodiment, crude dimethyl fumarate is recrystallized in

an about 1:1, about 1:2, or about 2:1 mixture of dichloromethane:methanol. In another



Hydrol ysis of Mnonethyl sulfate (1c-i) 10052] Mononet hyl sulfate can either
hydr ol yze back to sulfuric acid (k.1) or further react with nethanol to

f orm DVS Wh2p12/iTee3hydr ol ysis of MMS is presented in Sciremasd0128¢t1esre 4
(:),\ /5+ HO S.00H3 H20 (:)\\ .S. HOIGH + CH3OH k_1 Met hanol ysi s and
Hydrol ysis of Dimethyl sulfate 100531Di nethyl sulfate is formed and
consuned in a conplex set of interrelated equilibria. Rates of

sol vol ysi s (Qi%lft%iélﬁ@!ty@lsieéhﬁleﬂybrf%m?@es)s E?ﬁﬁ’sﬁ’éhﬁeéa}&l ary, abauh sl e%bouéﬂdz tHese
are the natigys oY miblufh oPVR A £ARS Ather ERBoRIRHNcrle BT

Is formed by t e forward reaction ween met hano $ very s
Hence, to sifuplatdty id keryeafiesed e nhalbodekil gaboue 12, rabbutnedsor aaut Bd ﬂaloﬁure of

Tovel of T ereb RGPS e R Gt G R ARBRYLS & TS U de e ¢ o

gg&;y(i?ggg?,}; Uﬁsgofg(}lgégii?l%Wumtl' UboliCh: 1 D¥Bout 30 about 6:1, about 7:1, about 8:1,
about 9:1, about 10:1, or about 1:2 mixture of ethanol:water. In another embodiment,
crude dimethyl fumarate is recrystallized in an about 1:1, about 2:1, about 3:1, about 4:1,
about 5:1, about 6:1, about 7:1, about 8:1, about 9:1, about 10:1, or about 1:2 mixture of
methanol:water.

[0043] The high purity dimethyl fumarate has a low level of dimethyl sulfate. In one
embodiment, the level of dimethyl sulfate is from about 0 to about 5 ppm, about 0 to
about 4 ppm, about 0 to about 2 ppm, about 0.1 to about 5 ppm, about 0.1 to about 4.5
ppm, about 0.1 to about 4 ppm, about 0.1 to about 3 ppm, about 0.1 to about 2 ppm, about
0.5 to about 5 ppm, about 0.5 to about 4 ppm, about 0.5 to about 3 ppm, or about 0.5 to
about 2 ppm. In another embodiment, the level of dimethy! sulfate is less than 5 ppm. In
another embodiment, the level of dimethyl sulfate is less than 4.5 ppm. In another
embodiment, the level of dimethyl sulfate is less than 4.0 ppm. In another embodiment,
the level of dimethyl sulfate is less than 3.5 ppm. In another embodiment, the level of
dimethyl sulfate is less than 3.0 ppm. In another embodiment, the level of dimethyl
sulfate is less than 2.5 ppm. In another embodiment, the level of dimethyl sulfate is less
than 2.0 ppm. In another embodiment, the level of dimethyl sulfate is less than 1.5 ppm.
In another embodiment, the level of dimethyl sulfate is less than 1.0 ppm. In another
embodiment, the level of dimethyl sulfate is less than 0.5 ppm. In another embodiment,
the level of dimethyl sulfate is less than 0.1 ppm.

[0044] The level of dimethyl sulfate can be determined in the final product using
conventional methods known in the art. In one embodiment, the level of dimethyl sulfate
is determined by gas chromatography mass spectrometry (GC-MS).

[0045] Gas chromatography mass spectrometry could not be applied to the in-process
samples that contained sulfuric acid, fumaric acid, and methanol. Attempts to use an
orthogonal analytical method for dimethyl sulfate using the derivatizing agent,
triethylamine, were investigated. However, it was found that dimethyl fumarate reacted

with triethylamine producing a false positive result for dimethyl sulfate.



- 15 - Schenme 5 k3,s.H3COCH3 (gas ) HO OCH3 Schene 6 Formati on of

D met hyl sulfate (10 [0054] The formation of DVS from MVS i s shown in Schene
7. Schenmew® 2012/170235] The forward reaction rate for DVS @KTZ)USc@n/obe1s
cal cul at ed under steady-state conditiangs (d[DV5]/dt = 0) as follows: a. at
equilibriun1 the rate of fornation and loss of DMS are in balance and
d[DMB] /dt = 0= k2_[ MVB] - k.2 [DNB]{HZO] - k3 [D\VB] [ CH3

sol vi ng¥#H k2: kﬁhe-rf(ak ign [kDWBPS frpdie forpm IPWCPE@W U[GK}WBF{U@%@CI] hascbeepf

Furthor i ol Rpiss B3 VR et EPPRDE R e WO 2oL SR DR T P
E: g P g S ll;'[] 2\3 | ]t(l(i)é (281 @) cois¢ applidativn tdfesﬂrﬁ)llar‘réHl NMIbftecEWB;t(ek Zrocansipeessful in

can be, asure equi.l.i brj i nce .k3
and [ CH3CH] JSF%“‘R‘HB&EPG et Kinghss g%ﬁ% a&aﬂo émef‘é tFﬁ‘B“P% r8f|‘°“]°n
phar maceut i C;%+ ; daﬁP&f?:t&%o“c’luﬁ@ﬂtt the Q8Vcl ¥edndctmsinnge ga}ﬁéa@u&a RFHE HeGe@tlodS

and bases. I'nc annng such acid salts aré the fol low ng: acétate,
adi pate, al girnedseusingPANMRe, benzoate, benzenesul fonat e, blsulfate

ai o) uedit ' oadugrechSbat T RERBRES Bhabl? e ARaER Sy TRERIIPRDR S

gl ycer ophosphah®, (MISIS) SHé fd%h@bhﬁh anfAn Q@FJFS fﬁﬁﬂ@n&@&ﬁica@é&ﬂ bP ﬁﬁhzﬁ{d 8t8d using
hydr obr om de, hydr0|od|de droxyethanesulfonate | act at e, nml eat e,

met hanesul f (mgh@nol 2ng atpiﬁ;rtcaﬂcgh whetlayl stldate is known to be a genotoxin and its reactwlty

as an electrophile methylating agent in Sy2 reactions is greater than that of methyl iodide
(F K. Thayer, J. Am. Chem. Soc. 46:1044-1046 (1924)). Conversely, monomethyl sulfate
is a poor alkylating agent and is not genotoxic. The potential formation of DMS as an
impurity in the reaction was investigated.

[0048] Commercial DMS manufacture is typically performed with SO; and anhydrous
methanol catalyzed by Pd or other transition metals (F.K. Thayer, J. Am. Chem. Soc.
46:1044-1046 (1924)). These forcing conditions are quite different from the gentle
refluxing of H,SO4 in methanol during the esterification process.

[0049] A multi-step reaction mechanism was proposed for the generation and
consumption of monomethyl sulfate and dimethyl sulfate as shown in Scheme 2

(Teasdale, A., et al., Org. Proc. Res. Dev. 14:999-1007 (2010)).

Scheme 2
Q.0 Kk Q.0
HO ~ OH K1 HO "~ "OCHj4
Q, 0 k Q.0
X+ CHOH ——— R4 £ RO
HO™~ "OCH, k.2 H3CO™~ "OCH,4
0.0 Q.0
N+ CHoH —— YT + HyCOCH; (gas )
H,CO” "~ "OCH,4 HO™~ "OCH;
[0050} In contrast to previously studied alkyl sulfonic acids (such as methane and ethane

sulfonic acids), sulfuric acid can undergo two sequential reactions with methanol to

generate different sulfate esters. Monomethyl sulfate is a relatively benign nongenotoxic



WO 2012/ 170923PCT/ US2012/ 041715 - 16 - nicotinate, oxal ate, panoate,

pecti nate, persul fate, 3-phenyl-propionate, picrate, pivalate, propionate,
succi nat eyvotartre42e, thi ocyanate, tosylate and undecano&Ce/USBagme4vadt s

i ncl ude anmonium salts, alkali netal salg.s, such as sodi um and potassi um
salts, alkaline earth nmetal salts, such as cal ci um and magnesi um sal ts,
salts with organic bases, such _as dicycl ohexylam ne salts,

N- et hyl - D- dripsER thet camnke controledike oty R cawsirgkates contagunaity(see das, T4 ¢k#ne,

and so forth , pt i Lt i.ni u a ; yzed
W th such agedder R Pl A3f B nOANSOCORORYT G, OB 2D, PhardhiEhEL 200
butyl chl origiey. Be:0054e85%@M0ONdiAlesga, R.abkyl, SuPkareRiomed Mrad. dbAE2-HYD,

diethyl, dib | d di | f ;o hai [ i h d |,

oo s T St as DS i alcrarin eess dRBa RS Pt BConRIEg B péry

hal i des, SUQBwﬁévé??QZ.S'h%ﬂ% .I%'i@}b'i%bn,b@fg?ﬁgé BRApes 916988t 8h109Y. 1t was
rsiblep [ 0058] "The

oi |l -sol ubl e or disp oducts are thereby obtai ned.

conpound caniniperthutr wubxanade itht dorplationsend ufaiecaf thesepwesi sulfatesestdratundemadsenl
adm ni stered orally,, paren al | by i nhal ation spray, topjcally,

Fectal 1y, nausrey sty pbomgbisamhe Bitefial B e ar BRleiBY VS - The
term"parenteral” as used herein includes subcutaneous, intravenous,

i nt ramuscul aFarnioibh 8f Mokbmbihgl sulfulkt®g- synovi al , intrasternal, intrathecal,
intrahepatic, intralesional, and intracranial injection or infusion

t echni C}ues. [ 0059] Phar maceutical conpositigns can include dinmethyl

f umar atl8054r phar treation ofyMNEcis depisted iyeehama 3-ves t hereof, together with
any pharmaceutically acceptable carrier. The term"carrier"” as used herein
i ncl udes acceptabl e adj uvants and veligl,gsy; Pharnaceutically acceptable
carriers that can be used in the pharmaceutical conpositions of this
invention inclQdge, but are not limed to, A exchangers, alum na,

al um num st eg&ai‘o%H | éci t i serumprotei ns,S h ds hi#8n serum al buni n,
buf f er substances such as phosphates, glycrne, $0rbic acid, potassium
sorbate, partial glyceride m xtures of saturated vegetable fatty acids,

wat er, sal t sHydeolyek et Moabyb@sl sudfaehkas protam ne sul fate, di sodi um hydrogen
phosphat e, potassi um hydrogen phosphate, sodium chloride, zinc salts,

colloidal _silica, nagnesiu risilicate, polyvinyl rroljdone,

cel | ul d@@s-zjas ed M%?%ﬁ@é@%@l%FHW@?{QWEY%?&@FH% acid (k1) or further react
car boxymet h%ﬁ?*nle’cﬂaﬁéleto f&?ﬂ WSE) L AUPRe hytR¥I§Sis of MMS is presented in Scheme 4.

pol yet hyl ene- pol yoxypr opyl ene-bl ock polyners, polyethylene glycol, and wool
fat. [0060] The pharnaceutical conpositions can be in the formof a
sterile injectable preparation, for 8swmsie a sterile injectable agueous or
ol eagi nous susp sion. This suspension can (Qe formul ated according to
techni ques knowi in the afb usi rg—sui-table \‘él% 2012/ 1'¢QQ8RPCT/ US2012/ 041715
- 17 - di spereingat; wetting agentg,and sueperal ng agents. The sterile

i njectable preparation can also be a sterile injectable solution or
suspension in a non-toxic parenterally-acceptable diluent or solvent, for
exanpl e as aebinralysnandiadrabisistod REaeidy! sublftsng t he accept abl e vehi cl es and
solvents that can be enployed are water, Ringer's solution and isotonic
sodi um ride 1.an, | 11 .0on ter] 1 xe €. r ;
conventgi%(;%ﬁﬁl |y eﬁ%%%t/lég sélslfa% zsgﬁ!\)/lté%@ 8?&: scﬁ)é %‘%ﬁ%ﬂ rllllglgxarrg?iﬁiinq? lq—%r()ft Iﬁllms:rrelalted
pur pose, anyghilibrid. f Reed of DMANsobelesipl(oytanolysik uaidnbydylysisptcas eoneadilpr

di -glycerides. Fatty acids, such _as olei¢.acj nd its glyceride
derivatives measurgd gy tﬁ?sﬁ H%H _e;?tag‘d‘ﬁiﬁ’ék’?’ l‘g’f bﬁﬁa’égf’f”é ; "’d’Sf’rtn]ée[ﬂP%m
phar maceut | ,Ccﬂl[jlﬁs%aﬁ?y %E@b? H{esforﬁé:fg BeRBioR bEtiReR WettRho CARIMMPislvery small.

especially in their polyoxyethyl ated versions. These oll sol utions “or
suspensi ons Hame,atos sinpdifiy dhen expelrioregtat Hisign alve dingtl mdishcednthe IDM$ spthaselpsis

[ 0061] The pharmaceytical ., c osition an be orall mnistered.in an
orally acceﬂgﬁllﬂnée gés‘aélaehif‘ggﬁf’is nr@F%dé‘fg?mBu@ not™| %/%a‘f s s j?ve&a%s{ﬁnéaér,n}{g
tablets, aqueQumypYsPRESHRARInG" me@hMIy Q8 Svas[ QOO 2ked 14 EricasR RfrwhRblAs o f or
oral use, carriefs which are commonly used include | actose and corn starch.
Lubri cat i ng faxpeation, fosDMB.as magnesi um stearate, are also typically added.
For oral admnistration in a capsule form useful diluents include |actose
and dried corn starch. Wen aqueous suspensions are required for oral use,
the active ingredient is conbined with enul sifying and suspendi ng agents.

I f desired, certain sweetening, flavoring or coloring agents can al so be
added. [0063]Alternatively, the pharmaceutical conpositions can be

adm nistered in the formof suppositories for rectal admnistration. These
can be prepared by m xing the agent with a suitable non-irritating

exci pient which is solid at roomtenperature but liquid at the rectal

M B Y o o o B o S " ~ 1



- 18 - [0066] For topical applications, the pharnmaceutical conpositions can
be formulated in a suitable ointnment containing the active conponent
suspendedwonottiwsoeBved in one or nore carriers. Carrier ®Crars2a10piras

adm ni stration of the conpounds of thi.sssi.nvention include, but are not
limted to, mneral oil, liquid petrolatum white petrolatum propylene

gl ycol , pol yoxyet hyl ene, polyoxypropélene conpound, enul sifying wax and
water. Alternatively, the pharmaceut PeRM&dnpositions can be fornulated in
a suitable Iotiqp(Qr cream cont ai ni ng the act&v conponent s suspended or

di ssolved in one™gr nore phﬂg@aceuLLcéLLy accg??able+camgkﬁﬁ§@a§uitable
carriers incliyde, l@gH;are not limited to, miH@er &CHai |, sorlLitan
nonost ear ate, pol ysorbate 60, cetyl esters wax, cetearyl alcohol, 2-

octyl dodecanol , benzyl al cohol and water. [0067] For ophthal m c use, the
phar maceuti cal conpositions can be fgrumated as mcroni zed suspensions in
isotonic, pH adjusted sterile saline, or, preferably, as solutions in

i sotonic, pH adjusied sterile saline, either wo(Jo our without a
preservative such as. befizyl df#bni um ﬁloride+F¢BL r.nat i'veFy:“¥or opht hal m ¢
uses, the pharﬁdagutf¥%b conposi tions?can be ornﬁpg%ed in an oi ntnment such
as petrolatum [0068] The pharnmaceutical conpositions can al so be

adm ni stered by nasal aerosol or inhalation through the use of a nebulizer,
a dry powderfarmegpeef Bimethvisularedkdose i nhal er. Such conpositions are
prepared according to techni ques well-known in the art of pharnaceuti cal
for mil ahper) and oAl ARNRIEPATISa%,R UK ONR diltn3dhbAe 7. empl oyl ng benzyl

al cohol! oF ot her suitable preservatives, absorption pronoters to enhance

bi oavail ability, fluorocarbons, and/or other conventional solubilizing or
di spersing agents. [0069] The anpbunt B8theawxt7ve ingredient that can be
conbined with the carrier materials to produce a si gbe dosage formw ||
vary dependi ng upon 9%8 host #reatedy and ehe parti@g ar nunde q%o

admi ni stration. |t pgi0ubdHpe under St ood, howevernsciiatoeHspeci fi'c dosage

and treatnment reginmen for_any particular patient will depend ypon a variety
of factl8P35] i ncl ubthenéprivaed maction wgte ofor tIi’ll}-/zll%sﬁ‘é}:icfﬂi1 é’ec%@i}% “@H?ﬂ oy -sqthe
age, body j : e\t . diet, time of admnistration, rate
of excretigﬁ#ﬂgﬁﬁag@gggﬁﬂg?sghﬁggﬁgﬁ?%e j udgment of the treating physician
and the severity akqtilibripar the catk af fatimmdas endlsngl DMsadre th ballrecaamlunt  of

active ingredient. can als n.t euf i | actic

agent, if aﬁﬁPW]{cﬁ =v%féh?Mﬂ§§f‘2§a<§ﬁféﬁtzq§§‘&@§§‘gﬁm ‘t‘ﬁ @}l@égﬁi—@?%m] In some
enbodi ment s, t he Qi ABs pylk,f umarate, crystal forml1 of dinmethyl fumarate, or
combi nati ons 't hereof can be adninistered in an amount rangi ng from about 1

mg/ kg to WO 201X,E7GOIBRCYY [USQ0 +2¢:(CHZQH]) / [MMS][&bMH]50 ng/ kg (e.g., from
about 2.5 [ kg t bout...20 /K r . from about 2.5 / kg to abou 5
To k) - The Laaurt B SHBR TS fEardrd ot ot oG Sptdprh gy Hiter

fumarate, orgiggptiedati ons thereof adm nistered wll also vary, as
recogni zed by those skilled in the art, dependent on route of

adni ni st r at ikarT; ks VP € HsOH$ ABdM A HaH1PR] péss EPMiSI 1 tIYIN#E] co- usage with ot her
t her ap LG treatypents includin r et i e For
exanpl§?é$ﬁe di me 1?1 ﬁ%%fé %?%g§§§?gﬁﬂﬁ%?ﬁfﬁIﬁﬁgg?ﬁﬁ%h§F%gﬁﬁ%%§f£ﬁ9%¢*
conbi nat i onscah be meRkuredBndeeat 2dnilibiisinesied ks JMMSHkngé CH;OH aeXaophe oral |y,
in an anount of from about 0.1 g%to about 1 er day, or for exan&k%hhgn

) g p y
an anodf®5dr fronhepeermpraund ¢ap Pe useddr thodomy olephagngeeutrallyyperspia
fumarate, crys : £, di : r , j ' : an
b adm i st SEyed figh hlzafte S ofERIY Al FG: [Rude ERl oAl s et
about 240 ngofewingayacethtep radglatitaldidbtengsppetated entanta bioanzertB@ forptep drisudate, or
from about %%gx per da tqlabout 720 per dag. %0072¥For exampl e, 720
mg of the di YR AEAter driphogyips fapd GrHOPats QIFIRBEHIICPTARA, ol ielyronate,
conbi nat | On.sdotdQ@}rlfinate? er faNesTRYndtE AdihRiaRl € ShichRbpRARAEAL e%lycerophosphate,
adm nistrations 'of 2, '3, 4, 5 or 6 equal doses (e.g., 3 equal doses). For
exanpl e, 48Mengswfatd, hbelamatdyy hefannateathydrachlosidal Hydrabromulke, diydedipgide, 2-

f te, nbi pat i t h f d b 1 Ni i ngl
dai Ty dose dDFROEgIRES st dbUGTLs o SR T Bah art AR HBO Ry o

the dinethyl fumarate, crystal forml of dinethyl fumarate, or conbi nations
thereof is admnistered in 2 daily doses, each dose can consist of (1) 2
tabl ets containing 120 ng for a total dose of 240 ng or (2) 1 tablet

contai ning 240 ng. EXAMPLES [ 0073] Havi ng now generally described this
invention, the same will be understood by reference to the foll ow ng
exanpl es which are provided herein for purposes of illustration only and
are not intended to be Iimting unless otherw se specified. Exanple 1

AR A 2 1 A o . o o,



WO 2012/ 170923PCT/ US2012/ 041715 - 20 - tenperature and sulfuric acid (3.66
g; 37.3 mmol ) was added. The reaction m xture was then heated to 65 C and
hel d at twetot2ampesat ure for approxi mately 3 hours. ThePCcgasS2éRN4E05 uti on
was then cooled to < 20 Cin 3 - 8 hourg during which the product
precipitated. The product was filtered and the cake washed with 2 x 20 nL
met hanol . The wet cake was dried under vacuumat 20-30 Cto yield dry

di met hyl f urrieciinate; galgle, pEReaip| recinaipt neswliBte, Pridwsaylaprppiende. Ricis piyalate,

f te. [0Q75]] ' ' t ,
was added 7 13O B e ARG LR AR R byl BB YERRE"
(17.7 mmol ) axabyiumciles hligli nTdha dEixt sick asaddheatrd pprastbmGaancalkeind dagth 2

hours. The solution was then cooled to 20, Cin 8 hours. The product
filtered andnsiakpat ibeth apealcanp| and smagaesiunaltsyesalty At Qrganigr bases uivglras

Pr opar t | on ch ik et Sk, Aoty Fikine S8 BHE il ARG afidy PR 4
reactor wthargiafdeuxysogdenteo fath adtbed the.Bsy (iit@enohtpinafg fanompsi canadid,
Ny
addi ti onal %gﬂ-chm’ﬂd@[‘]%‘miﬂ.éﬁéﬁ} il ¥R s:SHiHIKEY sBes %ﬁ%aés?(ﬁmteﬂlyﬁil]ighﬁiggibﬁltﬂw y

;
cooled to 20 The product was filtered and washed using 2 X
met hanol , aretdddiasyl tsolfgties| Wng. dhagn dialideshyichf asraleayle laExknpymstyl and stearyl

Esterificati of fumactic acid..[0077] Fumaric acid (161.5 (1391 1) &t
To2.5 kg ( ARG SRS A ar bl ey 108! ) e etdren iy
the additi omp@fothedd Water’doik bliiBIE BRBRpersibEyrEH S re MhorbBir Gbtivasd. Stirred at
approximately 100 RPM and the reaction initiated by the addition of 34.5 to

35.0 kd0838]sul f urThe eamppund candeviesselated ipp plormagentiodapP@posPog tap 42y bg -
21 - [0078] The..m Xt ure e o] f. - 70 C f a st

hours. At tha}taém%%féﬁ% i% heBaerg{‘tggﬂl&i c‘éfi‘lélﬁﬂ?tg‘%‘ct%?%a: t?%é’gﬁ%’héeﬁlta? %I%?é'f‘lﬁw
hydrogen f urtikcedls, wagingihygsentia b iilnpRntedaetdrosir. Mhet e . "pdieatehidt agruseduicgeinas

then transferred under inert njtrogen to the crYSta!Iizet to crystallize
the di met hylingludesr afubcuianemus.c r INFayeoys. ExahpmasaylarT, mtigrasti@da, g E-yaovig
(1019 nol es,: % yie f.dE i h t i . Bl L .

i 111 ng. pr odnl e ey e BRIl 4T, altblrirali Mioeibien iiGen,
fumat ate. Tbehnouesal | yield for the entire process fromfumaric acid to

mlled drug substance was 71% [0079] Normal .operating ranges are provided
in Tabl l@"iﬁﬁ Tabl eﬁ@.ﬂnm@?a}l EOERPPBAPHERAT A PR Brare Ty PR B
(equilibri urgccé:ﬂ?aﬂﬂ@ A& RRvds t’ﬁer’eoﬂ%é@he‘r with zihy pharmaceutically acceptable carrier. The

term "carrier" as used herein includes acceptable adjuvants and vehicles.

Pharmaceutically acceptable carriers that can be used in the pharmaceutical compositions
of this invention include, but are not limited to, ion exchangers, alumina, aluminum
stearate, lecithin, serum proteins, such as human serum albumin, buffer substances such
as phosphates, glycine, sorbic acid, potassium sorbate, partial glyceride mixtures of
saturated vegetable fatty acids, water, salts, or electrolytes, such as protamine sulfate,
disodium hydrogen phosphate, potassium hydrogen phosphate, sodium chloride, zinc
salts, colloidal silica, magnesium trisilicate, polyvinyl pyrrolidone, cellulose-based
substances, polyethylene glycol, sodium carboxymethylcellulose, polyacrylates, waxes,
polyethylene-polyoxypropylene-block polymers, polyethylene glycol, and wool fat.
[0060] The pharmaceutical compositions can be in the form of a sterile injectable
preparation, for example a sterile injectable aqueous or oleaginous suspension. This

suspension can be formulated according to techniques known in the art using suitablg



Amount of water in starting material:2 - 5%total MeOH<O0.5% Fumari c

aci d<0.5%<0.1% <0.5% [0080] The formation of dinethyl furnarate was

anal yzed woader2/vee2gi ng sul furic acid anounts as shown i RCEIUS2IRE/04171React i on
usi ng normal operating conditions with gifferent anount of sulfuric acid
catal yst (0.01, 0.05, and 0.25 nol. equivalent) provided dinethyl fumarate
in simlar isolated yields (78-79% w th no detectable amunt of nethyl
hydr ogen f undipRersng Fhecttisaceren apd sfsprreding agamss rllie stealld ingnstablaipreearation can
Transfbrin Ipfrared CL.I n I £ i.on
reasurod by MrpfE SerlE RUEAIPRENRAN oR BuTRRUEE T Riohay s B PRk
equi | i bri um giareest sallenforodxapiphdldcta vt namhi 8Mthnadion! Ambey ehes a@kptable
sul furic acid catalyst used if the reaction was held for a sufficiently.

| ong peri od Yhidlgshld seipenis 1bat cangbe paplaysd ga Msdery Ranger's solutipn and) igotgnic

Crystal l'i zat .o(aﬂm?fch %H@E&l fior i) @irtign, s[t&%g,]ﬁgdr@fsryé § iGHaBy loyed as a
d‘4 ]l ﬁe maF f I%gg{rr%fa e %ﬁ&)

crystallized by cooling t reaction mxture o
Crystal | i zatsobvens buduspending gestied. Fhathit perpose, eng fblamlofixeigoil ceis ba@mpddyfedct

product purity, particle size and yield. The dinethyl fumante.crystals.
nucl eate at AFYARE S@thetigomengndr a‘%e‘ﬁ}lﬁ%@fﬁy iy B?I%OW?E %ﬁnog’ﬂc @éd_ aﬁg 1.
In the curr gglgc&fdgca&%&i% narég h@é?ulv‘@r? B00pRFarhli M sedGtétHed AP A tHRal65

Cto the end tenperature 20 -2 > in about” 8 hours, stirred for 1-2 hours,
and fil ter edpltaomacolieally-adeeptpblodeits, . suplD0B29ITablod or kiagérl bighespecialinl mstheirom

| aboratory cryst al Mtd on .exge]l:i rrentls 'tth cooling rates chosen wtﬁl n
manuf act ur i n@%‘ﬁﬂf’ 4 XTSRRI TReSe ST SRS Siuﬁpe%élﬁ’fl%c?} AREOLBE PP at e
has no i mpacthafilesHRYdBhenpoF His¥ersdfgan particle size, and isolated yield.
Table 2. Results of Lab Crystallization Experinments with Different Cooling

Rat es. [0861]i ng Raflke mhaimageutical compositions can be orally administered in any orally

acceptable dosage form including, but not limited to, capsules, tablets, aqueous
suspensions or solutions.

[0062] In the case of tablets for oral use, carriers which are commonly used include
lactose and corn starch. Lubricating agents, such as magnesium stearate, are also typically
added. For oral administration in a capsule form, useful diluents include lactose and dried
corn starch. When aqueous suspensions are required for oral use, the active ingredient is
combined with emulsifying and suspending agents. If desired, certain sweetening,
flavoring or coloring agents can also be added.

[0063] Alternatively, the pharmaceutical compositions can be administered in the form of
suppositories for rectal administration. These can be prepared by mixing the agent with a
suitable non-irritating excipient which is solid at room temperature but liquid at the rectal
temperature and therefore will melt in the rectum to release the drug. Such materials
include cocoa butter, beeswax and polyethylene glycols.

[0064] The pharmaceutical compositions can also be administered topically, especially
when the target of treatment includes areas or organs readily accessible by topical
application, including diseases of the eye, the skin, or the lower intestinal tract. Suitable
topical formulations are readily prepared for each of these areas or organs.

[0065] Topical application for the lower intestinal tract can be effected in a rectal
suppository formulation (see above) or in a suitable enema formulation. Topically-

transdermal patches can also be used.
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but are not limited to, mineral oil, liquid petrolatum, white petrolatum, propylene glycol,
polyoxyethylene, polyoxypropylene compound, emulsifying wax and water.
Alternatively, the pharmaceutical compositions can be formulated in a suitable lotion or
cream containing the active components suspended or dissolved in one or more
pharmaceutically acceptable carriers. Suitable carriers include, but are not limited to,
mineral oil, sorbitan monostearate, polysorbate 60, cetyl esters wax, cetearyl alcohol, 2-
octyldodecanol, benzyl alcohol and water.

{6067} For ophthalmic use, the pharmaceutical compositions can be formulated as
micronized suspensions in isotonic, pH adjusted sterile saline, or, preferably, as solutions
in isotonic, pH adjusted sterile saline, either with our without a preservative such as
benzylalkonium chloride. Alternatively, for ophthalmic uses, the pharmaceutical
compositions can be formulated in an ointment such as petrolatum.

{00681 The pharmaceutical compositions can also be administered by nasal aérosol or
inhalation through the use of a nebulizer, a dry powder inhaler or a metered dose inhaler.
Such compositions are prepared according to techniques well-known in the art of
pharmaceutical formulation and can be prepared as solutions in saline, employing benzyl
alcohol or other suitable preservatives, absorption promoters to enhance bioavailability,
fluorocarbons, and/or other conventional solubilizing or dispersing agents.

10069} The amount of active ingredient that can be combined with the carrier materials to
produce a single dosage form will vary depending upon the host treated, and the
particular mode of administration. It should be understood, however, that a specific
dosage and treatment regimen for any particular patient will depend upon a variety of
factors, including the activity of the specific compound employed, the age, body weight,
general health, sex, diet, time of administration, rate of excretion, drug combination, and
the judgment of the treating physician and the severity of the particular disease being
treated. The amount of active ingredient can also depend upon the therapeutic or
prophylactic agent, if any, with which the ingredient is co-administered.

[0070] In some embodiments, the dimethyl fumarate, crystal form I of dimethyl fumarate,

or combinations thereof can be administered in an amount ranging from about 1 mg/kg t:
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[0073] Having now generally described this invention, the same will be understood by
reference to the following examples which are provided herein for purposes of illustration

only and are not intended to be limiting unless otherwise specified.

Example 1

Method A. Preparation of dimethyl fumarate.

{6074} In a 100 mL stirred jacketed reactor with reflux condenser was added fumaric acid

(17.3 g; 149 mmol) followed by methanol (100 mL). The slurry was stirred under ambient
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temperature and sulfuric acid (3.66 g; 37.3 mmol) was added. The reaction mixture was
then heated to 65 °C and held at that temperature for approximately 3 hours. The reaction
solution was then cooled to < 20 °C in 3 — 8 hours during which the product precipitated.
The product was filtered and the cake washed with 2 x 20 mL methanol. The wet cake
was dried under vacuum at 20-30 °C to yield dry dimethyl fumarate (16 g).

Example 2

Method B. Preparation of dimethyl fumarate.

[0075] In a 100 mL stirred jacketed reactor with reflux condenser was added 7 g (60.3
mmol) of fumaric acid, methanol (50 mL), and 2.25 g (17.7 mmol) oxalyl chloride. The
mixture was heated to 65 °C and held for 2 hours. The solution was then cooled to 20 °C
in 8 hours. The product filtered and washed with methanol (30 mL). The wet cake was
dried under vacuum at 20-30 °C to yield 6.9 g of dimethy] fumarate.

Example 3

Method C. Preparation of dimethyl fumarate.

[0076] In a 100 mL stirred jacketed reactor with reflux condenser was added 17.3 g (149
mmol) of fumaric acid, 2 g of Amberlyst resin, and methanol (100 mL). The mixture
was heated to 65 °C and held for 24 hours followed by hot filtration to remove the resin
and additional 40 mL methanol rinse. The slurry was reheated to 65 °C and slowly cooled
to 20 °C. The product was filtered and washed using 2 x 15 mL methanol, and dried to
yield 9.1 g dimethyl fumarate.

Example 4

Esterification of fumaric acid.

[0077] Fumaric acid (161.5 (1391 mol) to 162.5 kg (1400 mol)) was added to a 1000 L
glass-lined reactor followed by the addition of 740 to 742 kg methanol. The slurry
mixture was stirred at approximately 100 RPM and the reaction initiated by the addition

of 34.5 to 35.0 kg of sulfuric acid to the vessel.
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[0078] The mixture was heated to reflux at 60-70 °C for at least 3 hours. At this point in

the esterification reaction, less than 10% methyl hydrogen fumarate was present in the
reaction mixture. The hot mixture was then transferred under inert nitrogen to the
crystallizer to crystallize the dimethyl fumarate as described in Example 5. The process
gave 147 kg (1019 moles, 73% yield) of dry dimethyl fumarate prior to milling. The
milling process provided 143 kg (991 moles, 97% yield) of milled dimethyl fumarate.
The overall yield for the entire process from fumaric acid to milled drug substance was
71%.
{8879 Normal operating ranges are provided in Table 1.

Table 1. Esterification Reaction Parameters.

Parameter Proven Acceptable Range ) Normal Operating Range
”Métflanol (reagent/solvent) 5.7-8.6 (L /kg FA) 5.77-5.81 (L’kg FA)

Fumaric acidb (FA),batch51ze (kg) 140 —181 kg 161.5—-162.5kg

(starting material)

Sulfuric acid (catalyst) f 00 1 -~ 0.5 equiv. 0.238 - 0.243 equiv.
‘Reaction Temperature 60 -70 °C 60 -70 °C

Time to desired (equilibrium) conversion | 1.5—-48 h 3270
Amount of water in startlng material: 2 — 5% total ‘

MeOH <0.5% | <0.1%

Fumaric acid <0.5% <0.5%

[0080] The formation of dimethyl furvarate was analyzed under varying sulfuric acid

amounts as shown in FIGURE 1. Reaction using normal operating conditions with
different amount of sulfuric acid catalyst (0.01, 0.05, and 0.25 mol. equivalent) provided
dimethy! fumarate in similar isolated yields (78-79%) with no detectable amount of
methyl hydrogen fumarate. The reaction profiles (covstructed from Fourier Trausform
Infrared Spectroscopy and normalized to the final concentration measured by High-
performance liquid chromatography) suggest that equilibrium concentrations of prodact

were achieved at all levels of salfuric acid catalyst used if the reaction was held for a
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bar 7. [gﬂgl]o' 2 balsimethyl fumarate was crystallized by cooling the final reaction mixture of
Example 4. Crystallization studies suggested that the rate of cooling does not affect
product purity, particle size and yield. The dimethyl fumarate crystals nucleate at around
58 - 60 °C and are mostly out of solution at 40 - 45 °C. In the current process the mixture
was cooled from reaction temperature 65 °C to the end temperature 20 -25 °C in about 8
hours, stirred for 1-2 hours, and filtered to isolate the product.
18682] Table 2 highlights results from laboratory crystallization experiments with cooling
rates chosen within manufacturing equipment capabilities. As shown in Table 2, the

cooling rate has no impact on product purity, mean particle size, and isolated yield.

Table 2. Results of Lab Crystallization Experiments with Different Cooling Rates.

Cooling Rate Purity Mean Particle Size' Isolated Yield
~ 5°Ch 99.97% 475um  85%
8 °C/h 99.97% | 448 um 84%
15°C/h 99.97% 475 pm 83%
"'TMééﬁ'panicle size in this table refers to the dimethyl fumarate isolated from the reaction mixture prior to
milling.
[0083] Other process parameters that were examined include agitation power (rate), final

end temperature, and stirring time at crystallization end temperature. Variation in these
parameters had minimal effects on product attributes (including purity, particle size, and
yield). The ranges studied for cooling rate, agitation power (rate), hold time, and end
temperature are provided in Table 3 along with the normal operating ranges used in the

manufacturing process.

Table 3. Crystallization Process Parameters.

Parameter Proven Acceptéble Range Normal Operating Range
Cooling rate 12-15°Ch s-s6°ch
Agitation power 0.7 W/kg—3 Wikg 1.4-2.3 Wikg (*)

Hold period at end temperature 1.6 hours 1 -2 hours

| End Temperature 0 -25°C 20 -25°C
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[0087] Normal operating ranges for cake height/thickness and amount of methanol wash

are provided in Table 4.

Table 4. Cake Washing Process Parameters.

Parameter Proven”Acceptable Range Normal Operating Range

Cake height/thickness’ 2—-12cm 2—12cm
(16 — 64 kg wet cake)

Total amounf ”of methanol wash | 0.66 - 6.49 kg MeOH/kg product | 1.44 —5.75 kg MeOH/kg
product

*calculated based on centrifuge diameter and weight of the wet cake per load.
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Example 7

Drying of dimethyl fumarate.

[0088] The extent of drying of the dimethyl fumarate isolated in Example 6 depends on
time, temperature, and to some extent the type and capacity of dryer. For the current 162
kg batch scale the drying time using a dryer listed in Table 5 could last for as long as 72
hours. An In-Process-Check (IPC) was performed at 48 hours to determine methanol and
water levels and drying was subsequently stopped if a satisfactory level < 0.15% for
methanol and < 0.10% for water was achieved. In the future this IPC can be omitted and
drying can be terminated at a pre-determined time based on specific dryer used.

[0089] The effect of temperature, pressure, and drying time on particle size was also
investigated. Dimethyl fumarate has a low measurable vapor pressure and therefore
placing the material under reduced pressure in a dryer could potentially promote
sublimation and subsequent particle size changes. Development studies examined the
extent of sublimation under the drying conditions employed in the manufacturing plant.
The comparison of particle size obtained from different drying time in the laboratory and
plant dryer is presented in Table 5. The first 3 entries in Table 5 are lab samples collected
after 7, 24, and 48 hours drying time. The result from the three lab samples confirms that
drying has no effects on the particle size. The particle size of lab samples were also
compared to two representative plant samples which were dried for 48 hours and 72

hours. There is no change in particle size during drying.

Table 5. Similarity of dimethyl fumarate particle size during and after drying.

77777777777 Particle Size (um) by Laser Diffraction
Entry | Drying Mean DI0 |  DsO D90 D97
Time
1 7 h (lab) s24 1 328 566 850 | 987
2| 24 (lab) 521 323 562 843 979
3 48 h (lab) $35 | 340 567 845 980
4 | 48h(plant) i 536 32 | 561 828 956
s | 72h (plant) 524 327 e 834 | 963

Normal operating ranges for temperature, pressure, and drying time are provided in Table 6.
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Example 8
Particle size reduction of dimethyl fumarate.
[0090] The dried dimethyl fumarate of Example 7 was processed further in a jet mill.

These particles were milled to produce particles of a suitable size for consistent handling
and uniformity for drug product processing. The target specification for particle size is >
97% of the particles <250 pm. The dimethyl fumarate drug substance was milled
consistently to meet this specification using a jet mill. The proven acceptable and normal

operating ranges are listed in Table 7.

Table 7. Particle Size Reduction Parameters

Parameter Proven Acceptable Range . Normal Operating Range
Feed rate 192 —204 kg/h 198 +2.4 kg/h
Mill Pressure (venturi and grind) 7 -8 bar 7.6 + 0.2 bar
[0091] The mean particle size of the dimethyl fumarate isolated from the dryer (~ 550-

650 um) of Example 7 was reduced after milling to around 20-40 pm and was acceptable
for use in the drug product process. It is evident that the milling operation is capable of

producing a drug substance of suitable quality.

Example 9

Recrystallization of dimethyl fumarate.

[0092] Crystals were obtained by sublimation (Staples, R.J. and Gingold, J.A., Z
Kristallogr. NCS 224:121-123 (2009)) of a small amount of material. A colorless block
crystal with dimensions 0.24 x 0.16 x 0.11 mm was mounted on a Nylon loop using a

very small amount of paratone oil.
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{3693} Data were collected using a Bruker CCD (charge coupled device) based
diffractometer equipped with an Oxford Cryostream low-temperature apparatus operating
at 173 K. Data were measured using omega and phi scans of 0.5° per frame for 30 s. The
total number of images was based on results from the program COSMO (COSMO V1.56,
Software for the CCD Detector Systems for Determining Data Collection Parameters.
Bruker Analytical X-ray Systems, Madison, WI (2006)) where redundancy was expected
to be 4.0 and completeness to 100% out to 0.83 A. Cell parameters were retrieved using
APEX 1I software (APEX2 V 1.2-0 Software for the CCD Detector System; Bruker
Analytical X-ray Systems, Madison, WI (2006)) and refined using SAINT on all observed
reflections. Data reduction was performed using the SAINT software (SAINT V 7.34
Software for the Integration of CCD Detector System Bruker Analytical X-ray Systems,
Madison, WI (2001)) which corrects for Lp (Lorentz-polarization factor). Scaling and
absorption corrections were applied using SADABS (SADABS V2.10 Program for
absorption corrections using Bruker-AXS CCD based on the method of Robert Blessing;
Blessing, R.H. Acta Cryst. A51, 1995, 33-38) multi-scan technique. The structures are
solved by the direct method using the SHELXS-97 program and refined by least squares
method on F2, SHELXL-97, which are incorporated in SHELXTL-PC V 6.10 (Sheldrick,
G.M., Acta Cryst. A64:112-122 (2008)).

[0094] The structure was solved in the space group P;. All non-hydrogen atoms are
refined anisotropically. Hydrogens were calculated by geometrical methods and refined
as a riding model. The crystal used for the diffraction study showed no decomposition

during data collection. All drawings are done at 50% ellipsoids.

Table 8. Crystal data and structure refinement for crystal form I of dimethyl fumarate.

Empirical formula C6 H8 04

Formula weight 144.12

Temperature 173(2) K

Wavelength 1.54178 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=3.87380(10) A a=100.851(2)°
b=5.6502(2) A B=100.1910(10)°
c=8377422) A v = 105.860(2)°

Volume 168.091(8) A°
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2012/ 170923PCT/ US2012/ 041715 -28 -

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.75°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

991(4) 1215(3) 221(2) 24(1)
of di net hyl
1.2045(17) C(Pr#as2¢vp/od179800 WO

f umar at e.

0(1)-(2)

=27 -

1

1.424 Mg/m’

1.047 mm"'

76

0.24x0.16 x 0.11 mm’

5.54 to 67.75°.

-4<s=h<=4, -5<=k<=6, -9<=]<=10
2275

586 [R(int) = 0.0334]

96.2 %

Semi-empirical from equivalents
0.7530 and 0.4904

Full-matrix least-squares on F*
586/0/48

1.142

R1=10.0442, wR2 = 0.1094
R1=10.0449, wR2 = 0.1105
0.55(5)

0.235 and -0.272 e.A”

Table 9. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A?x 10%) for crystal form I of dimethyl fumarate. U(eq) is defined as one third of the

trace of the orthogonalized U’ tensor.

X y y4 U(eq)
o) 2940(3) 5310(2) 1948(1) 27(1)
02) -686(3) 2229(2) 2812(1) 38(1)
C(1) 3075(4) 7126(3) 3450(2) 29(1)
C(2) 944(3) 2912(3) 1797(2) 23(1)
C(3) 991(4) 1215(3) 221(2) 24(1)

Table 10. Bond lengths [A] and angles [°] for crystal form I of dimethyl fumarate.

1.3331(17)

O(1)-C(2)
0(1)-C(1) 1.4494(16)
0(2)-C(2) 1.2045(17)
C(1)-H(1A) 0.9800

Tabl e 10. Bond | engths [A]



(1)-H(1B) C(1)-H(1C) C(2)-(3) C(3)-C(3)#1 ((3)-H(3) C(2)-0(1)-C(1)
0(1)-C(1)-H(1A) 0(1)-C(1)-H(1B) H(1A)-C(1)-H(1B) 0(1)-C(1)-H(10

H( 1A) - C( Iwo(a)70446 1B) - C(1) - H(1C) 0(2)-C(2)-0(1) 0(2)- CerrASe®mp/041715
0(1)-C(2)-C(3) C(3)#1-C(3)-C(2) C(I)#L-A3)-H3) C(2)-C(3)-H(3) 0.9800
0.9800 1.4850(19) 1.320(3) 0.9500 115.57(11) 109.5 109.5 109.5 109.5 109.5
109.5 124.03(13) 124 76(13) 111.21(12) 121.04(16) 119.5 119.5 Symmetry
transformatlg -HgBY to gengrat® equivalent atonms: #1 -x,-y,-z Table 11.
Ani sotropic ment pa ers (A2 x 103) for crystal forml of dinetl
yl fumarate. 8@32&@ﬁ$sotroplégg¢ipl acenent factor exponent takes the form
-27r 2[ h2 a*2C(2)-&¢32 hka* b* UL2350022U33U23U13U12

C(3)-C(3)#1 1.320(3)
C(3)-HQ3) 0.9500
C(2)-0(1)-C(1) 115.57(11)

O(1)-C(1)-H(1A)  109.5
O(1)-C(1)-H(1B)  109.5
H(1A)-C(1)-H(1B)  109.5
O(1)-C(1)-H(1C)  109.5
H(1A)-C(1)-H(1C)  109.5
H(1B)-C(1)-H(IC)  109.5

0(2)-C(2)-0(1) 124.03(13)
0(2)-C(2)-C(3) 124.76(13)
O(1)-C(2)-C(3) 111.21(12)

COWHI-C3)-C2)  121.04(16)
CORWI-C3)-H@B) 1195
C(2)-C(3)-H(3) 119.5

Symmetry transformations used to generate equ1valent atoms: #1 -x,-y,-z

Table 11. Anisotropic displacement parameters (A? x 10%) for crystal form I of dimethyl

fumarate. The anisotropic displacement factor exponent takes the form: 2 [h? a2 U+

.. +2hka*b* U"

U,ﬁ, U U ' Us Uk UIZ
o(1) 31(1) 19(1) 28(1) 4(1) 121) 3(1)
0Q2) 48(1) 27(1) 34(1) 4(1) 23(1) -1(1)
c(1) 33(1) 21(1) 301) 1(1) 10(1) 6(1)
cQ) 21(1) 21(1) 26(1) 7(1) 7(1) 4(1)
CG3) 24(1) 24(1) 25(1) 8(1) 9(1) 7(1)

Table 11. Hydrogen coordinates (x 10*) and isotropic displacement parameters (A% x

10%) for crystal form I of dimethyl fumarate.




0(1)31(1)19(1)28(1)4(1)12(1)3(1) 0(2)48(1)27(1)34(D4(1)23(1)-1(1) b
33(1)21(1)30(1)1(1)10(1)6(1) C(2) 21(D21(D26(H)7(1D)7(1)4(1D) C3)

24(1) 24( WOy B®Lp9(1) 7(1) Table 11. Hydrogen coordi nare3/usz01204)71and

i sotropic displacenent paranmeters (A2 x9l03) for crystal forml of dinethyl
fumarate. WD 2012/ 170923PCT/ US2012/ 041715 - 29 - Uleq) H(1A) 557 7102
3499 44 H(1B) 4533 8831 3429 44 H(1C) 4225 6671

X y z U(eq)
H(1A) 557 7102 3499 44
H(1B) 4533 8831 3429 44
H(1C) 4225 6671 4437 44
H(3) 2471 1887 -480 29

Examples 10-14

[0095] The following reaction conditions apply to Examples 10-14:

[0096] All 'H NMR spectra were obtained in and referenced against DMSO-ds at 2.5
ppm using a Varian 500 MHz NMR. Concentrated sulfuric acid, fumaric acid, and
dimethyl fumarate were obtained from the Sigma-Aldrich Chemical Company. Authentic
standards of MMS (Na salt) and DMS were also obtained from Sigma-Aldrich. For
spiking identification purposes, an authentic sample of MMS was prepared by passing a
methanolic solution of the commercially available sodium salt through Amberlite FPA 22
resin (H form, 10 molar equivalents), and concentrating to an oil on a flash evaporator.

[0097] All small scale reactions performed in the study were magnetically stirred and
carried out using an insulated oil bath maintained at 65 deg +1°C. Methanol used in this
study contained no more than 0.01% water, and was further dried using 3 A Zeolite

~ molecular sieves that had been predried overnight at 175 °C. Concentrated sulfuric acid
purchased from Sigma-Aldrich was >99.9% nominal purity, and was used as provided.

[0098] Sampling of reactions involved removal of a minimum of 150-400 pL of reaction
solution, addition to DMSO-ds (lock solvent) as required to make up a 650 pL solution in
each NMR tube. Samples were chilled in an ice/water bath, and analyzed within 5-10
minutes of their preparation. Reaction profiles were tracked by plotting reaction
completion (via reactant integral measurements) against time.

[0099] Although DMS was present in only trace amount upon reaching equilibrium
following extended methanolysis, the S/N ratio of the DMS peak was >10:1 and thus
could be measured with confidence. However, the MMS and its left satellite peak
(nearby in chemical shift to the DMS resonance) could not be accurately integrated

electronically due to the baseline deflections in this region from the broad methyl



4437 44 H(3) 2471 1887 -480 29 Exanples 10-14 [0095] The foll ow ng reaction
conditions apply to Exanples 10-14: [0096] AlIl 1H NWR spectra were obtai ned
in and r evenemndgmagai nst DVSO-d6 at 2.5 ppm using a VaPCarusaaQ/ohizs NVR.
Concentrated sulfuric acid, fumaric aciy,.. and di nethyl funmarate were
obtained fromthe Sigma-Al drich Chem cal Conpany. Authentic standards of
MVE (Na salt) and DVS were al so obtai ned from Sigma- Al drich. For spiking

i denti fi cat itespnpugepos MeOR {salugibntisca seshfs BeofpesuBnviaas pitlanged agd Bie peaksi ng
a nmet hanolic | Wt t rci E I L-um-sal

ambor ' te FRAYS5 LSRR TG st B S P P ERS cheok AR
an oi |l on aitaghs geaaeeménprocel0R9ds Alpkctsdned be 50 ah@e temcl(% asd panpaabied
in the study were nmagnetically stirred and carried out using an insul ated
oi | bath maitAHichseNrass doxpaynantad anficppRHistoAl dBCHIRYRSs st udy cont ai ned no

more gt O1% Ykl o0 8RS LUEGI Bk ol SR ke kosBROLh SullOhP EYL A

i
si eves t had been“predr over ni ght gt ncentrate uric
aci d pur chadénkticrmodebwgsaartied oucisingByxrdhed¥veiomaB).puri ty, and was used

' : 00 | in ti ' . ved | .of . 1 Qi f
150 4000BRIT of '+ oIS Rirth Bletiar 1S ATOHED U5 TE ek SaRp O NEAE

required to g@kR G@; Su ﬂhn@oimi@mni)mm, N\t d4fGinn RATH SRV s Ber gas
chilled in an ice/water bath, "and anal yzed wi thin '5-10 m nutes of their

pr epar at i on.at Reabmincopsteft fles); P d¢teciok edetiyal gradientrfepm S4CC tor?80oipdeeri on
i t i nt . i ti . [ 0099] Al h

br eoent i n- G YA AVaRB 0 FHER Sartnig Egart arediire P Y 8

et hanol ysi s\ad1he R Mokt itbetdndt RRtelMRd # @ AkmWvast rﬁétﬁ?'ﬂ-t-ﬁﬁsﬂl dtharsMvBTEd s,

measured with confidence. However, the M5 and its left satellite peak
(nearby in ciestekcthen ggitdte foroS mpputbh/ enisivaa gt 490G mum dombt mrutese Remapie 200

i ntegrated elec ical | i eflections in this region

fromthe brd‘aIﬁOWﬁ%p\}éegngﬁr%8&%?3%@?{1@5%3/ 041715 - 30 - resonance of

MeOH (qoloxnt). ASMS splsiub texpérierstp € bfdemiovdeare abautghe cffoct dfhlargeeaksunt of

physi cal ly extracted and ﬁ\lﬁgged}l n order to obtain the nolar ratio. The
S

error associsktked YIS0 the ehBRl: e éWepR)%)SOféRWc@@ﬂ“‘feotobAep I &for e
than 10% af‘%gfd@%%%ﬁ;_%i&& nﬁmfé g@p%&ﬁ%&%%ﬁ@ e A rAPELE AR YR 8p 2!

uncertaintie ting o experi nent a to generate rate
const ant datm@nditidnawerrmsedfdr this spiking axpeeiemas carri ed out using DynoChem
(version 3.3). [0101] GC- M5 'tg%ﬁgtion t hod for Anal ysis in the

Process Sol uti ondshangs 1Q0g 0 ¥hc agihaHpe BREHAr- 1701 (30m x 0. 32mm

1.0m colu W t i r e j tant flow); FID
Det ect or; {nr?ér matrC gr%éd?ggnltﬁﬁf({f%%%}g%%d?ggngagga%éﬂod\}é?gg@ﬁm nutes. Weigh -100

nmg of sanpl 8.i nt Clardd2Ind gobdsilfeic 4cicbe, add 10.0 nlL of 0.1M NaCl to the
samle Libe 20 \orl G MU T QL oL MUyl L-buLyl ether (VeTE) cap,
Remove 200 [4.L of CHREDMEP(0L Y8 it/ wRUS 500 kb Rtive BNAL Y&ty AFD).

6. Maintain at this temperature for 3 hrs. Remove aliquot for analysis during 3 h reaction

time.

7. Cool to 22 °C in 8 hr and hold for 2 hr.

8. Filter and wash cake four times with 70 mL of MeOH.

9. Dry the cake at 22 °C at 100 mmHg.

10. Sample dry API for DMS content.



[ 0102] DV5 spi king experiment. In order to | earn about the effect of |arge
anount of spiked DMS on the DVS | evel of API, 0.55% (5500 ppm) of DMS

(rel ati vewdao2AITY92das added to the reaction m xture (1l0@Cgrismoiaschj at the
start of the reaction. The follow ng conditions were used for this spiking
experinment: 1. Charge 100 g of dicarboxylic acid starting material. 2.
Charge 580 nmL of MeOH and start agitation at 480 rpm 3. Charge 21.3 g of
sul furic acid 4. Heat the reaction ¥pa®p@: 18. Charge DVS (0.55% wt/wt (5500
ppm) relative to the resulting APl). 6. Maintain at this tenperature for 3

hrs. Renove .aliquot ana uring 3 h reaction tine. 7. Cool to 22C
in 8 hr and lﬁoﬂngg?%f’hgfoﬁf)me@?ﬂﬁﬁj and wash cake four tinmes with 70 nL of
MeOH. 9, y the cake 100 | e dr P

cont enti¥l 201 W?@@%ﬁ?‘é%f @;d ?’?@%mlxeglw ! n%&f%tf% C%WFS(B]&E?HF 5] apd
Monomet hyl  sythfeati8- 65 L0l Yot @nghute 16180 #RE H WASR T & @eniérts) were
concentrated dry sulfuric acid and heated to 65 C After wai ting a mnute
to reach 65 ]ledtefl NivRs¢vied disenstsi eamplps. wdPata collbettanedprf Gis setire rseliod cvamptes
sanples. Data collect of. thls nt.i.re _set of r 12
ot s, EquiErgrd i BBS s Shendh HPHIH e Rse e RETRfind TRk R bbb o a7

quantitati veescidBy Yuaitdivesedrviersich aLilfurie mwrﬁtdmyshleﬂiyl E@Hfae The Hwaﬂed
sanpl e remai ned unchanged after several days' storage ih a sealed tube. The
i dentity of &amq\mme%o\mh@@e drifien sevamk dape starage igssealsArtibere Shoifeniiviafng

th t
cn2uthent | yS 8G90 MRIATE! bk SUARE ML AT HE 53R AN T
r esgnance FfOfIt rhtend‘r;[hﬁhbzlsmlfa&ntnt& ﬂtré?meaatldI? npfm:)elgffge IMM{S@@M neppsdl E{ﬁl@ 3.4%as
to ca cu ate the ate const an r in
dat a. The StRR) WaS PemiEed da s Ak et defhermenbl st e va
derived rat epp‘h%neﬁ{daﬁgﬁocﬂ_&? v%%?&ﬁ?B%QseﬁsefdotroV‘@éiSﬂJt@ttﬁe et PRle Chdskark Ql’q)t he

formati on of "MVB eterm ned to be 0-5 L/nol-sec wth
confidence ifném rthﬂapeahﬁnti'gl% @RED. The study was conducted twice with @oadrpgreelmqm between
Hydr ol ysi s o sul fate 041 te.constant of thi action
was neasur ed %)}Wg’pﬁrlgi \Gi r\ﬁft ‘é(}nsfaﬁs %Ffegﬁsorg%f%wmcf] qﬁ/l\‘?gnftiHS ? é)%f
and noni tori g e JaaMfar 36 Gds quessiRkd RYbeld4 NR ]‘:/%ol‘iéc mﬁrasconi’f‘é&ﬁé
was spiked into the matrix at two different levels - 6 nole % and 12 nole
% In both dasem] of hé¢ ARBDL evel remained virtually unchanged confirm ng
that the equilibriumfor this reaction lies far to the right. In order to
devel op the | arger nodel, the MM5S equilibriumconstant K = (k1 /1(4) was
assigned a val ue of 999: 1 in favor ]Qj‘(aﬁq@@eflq)rward reaction, thus
conservatively defini ng Ic as 6.4 x 10-8 L/nol -sec. [01051In rel ated work,
Wl f enden and Yuan, A.S. 104:83-86 (2007) neasured the rate constants
for the hydrIéYCﬂfgiY@S@lment?@é’rl self#tenge of tenperatures and pH and found the
extrapol ated values (at 25 C) to be 1.7 x 10-8 M1 s-1 (IMHCI, T =40 Cto
100 C) [8MM12. 2 x Tl mmie sanptagt of thigreacon gvas gneapured fyospiking wede iggo, sqlyfions
additi on 1heBiife VRARYH STnbRYs A hloRfibrHB FHRHRARE schiRl, Y1 BY TN forOf
nononet hyl ule across

45 hours. Water was spiked into the matrix at two different levels — 6 mole % and 12

mole %. In both cases, the MMS level remained virtually unchanged confirming that the
equilibrium for this reaction lies far to the right. In order to develop the larger model, the
MMS equilibrium constant K = (k; /k.;) was assigned a value of 999:1 in favor of the
forward reaction, thus conservatively defining k_; as 6.4 x 107 L/mol-sec.

{8105] In related work, Wolfenden and Yuan, P.N.A.S. 104:83-86 (2007) measured the
rate constants for the hydrolysis of MMS over a range of temperatures and pH and found
the extrapolated values (at 25 °C) to be 1.7 x 108 M1 ! (IM HCI, T =40 °C to 100 °C)
and 2.2 x 10" M1 s (pH = 3 to 10, T = 100 °C to 190 °C). In addition they also

measured the equilibrium constant for the hydrolysis of monomethyl sulfate across a



WO 2012/ 170923PCT/ US2012/ 041715 - 32 - range of tenperatures (T = 100 Cto
150 C) and sulfuric acid concentrations (1-4 M and found the rate to be
fairly cowmetars17e4230. 027 M -1. Results from both | abs ceafriusaeizlat71dVG i s
formed rapidly, and it is stable under..pver a w de range of tenperatures
and water concentrations. These results are also consistent with the fact
t hat nononet hyl sulfuric acid is a poor al kylating agent. Exanple 12

Met hanol ysi stange Of testpeydturssiT at €00 [O108PSSChtahd wslfafc acid canteatrotiays 1 hiy)

Cpectra wer dnagpiutPeatte & BF Rude o pER 21 o seifker Byt RO R ibe
showed that i@t ydmelhapidlyDMES i RAstAS un8S0svRCE NI AUl Yerhpra@Rs amd

with time with a concurrent decline in DVMS. Use of NMR data hel ped confirm
t he react i onwvatet hensestmatipmnepokleede irepulie lnegrelse copgistony with the dact ithat peryaestisdd
nmore slowy at. 35 C.bhut clearly.confirnms the formation of dinethyl ether
(DVE). The gsru;f&ﬂgrwgé%??%rlagkysl%tilqg[aggP{the exchangeabl e OH resonance (4.8
ppm supports the generation of a strong acid i.e., MVS (Schene 5). Another
set of duplicate experinents were %ﬂpﬁmq under the reaction conditions
at 65 C (again spiking 1.5 nole % o ary met hanol wi th <0.01% wat er
and no sulfuric acid) and nonitoring the reaction for 60 mnutes. This

reaction wasyvieagsgas sfDtBethel ®E@Rntially irreversible under nom nal plant
process conditions since the reaction vessels are not pressurized and the

resul t %gg?fgi met hyd '&ﬁrof%gge?%%g (a%g;mé?m}ge}sn%gw&é %%tefd[i{? %@@Aﬁ?&;ﬁlgeft‘& §5 °C

const a r the nmethanol YSI S eriv rom-t ata usi ng
DynoChem andhridoiie dinieoddpendernt MMROsfectrd malre seltectddx fomphese IRixkyrel. dDats iobtanfed

D nethyl sulfate. [0109] The hydrolysis rate j et h ul fate was
det er mi ned V<% &Ok{r’ﬁ&t#nﬁwegn%ahéﬁv%}ﬁyw@r a{) _"H‘anM rrﬁsoélﬁnmré‘?}@lly
met hanol . Mh&%eiééﬁ%ﬁpﬁ&@%ﬂm SonRERt AR ingPUdt ITRSrAMRMEENIpdS Dnbifth

levels - 10.5, 14.0, and 17.7 nole % equivalents. The reactions were
moni t or ed f dhe GAchidmuedsngsm popesednd Scheamd RS peak i ntegrals obtained. WO

2012/ 17 PCT/ US2012/ 041715 - 33 - [0110] The_rate constant_for the .
ydr of yORE lof | DVET A 1351 R OEreried BiprTomtY o 5 a1t EETUPAES e ot
model  that Lb":f‘?ﬁ‘mEt?glr étliéégﬂiﬁﬂf N ReRHoWRE QY rsﬁﬂ{t &%rﬁ§lexc£&¢ge%51E%H rERhAlckY

determ ned val ue was found to be 2.3 x 104 nol - sec (see
Kol ensi kov, (¥.8ppm}upportkthe lgei@blion ofl 8stid@Scidts, MM 1Hchamd Chamother &t,ofet

al., Oqg. Propc.,. Res. Dev. 12:213-217 00 0111] The profile he DNVS
ot hanolysi SCRHEREFPEIEIE Warh e MERES SPaumle daaci CRR T 0 T dRBp e
rapidly V\herbphihg% M5Qkh1e Ok WNISInt6 RY HeRRBoMRIE 0. 0995V ATS 8hd no HilfRIHiBtRET

formation was retarded by the addition of water. These results suggest a
bi nol ecul ar medtuaingshe fectiOMBMEL mamvesy s ilhiy kedtiemuahyensialeyssi © Fekessentially
Met hanol and vvatglg) cor‘rctl)ete t.o .c nsume t he agﬁg | abl e Qi\l/s in..an SNZII i Iée ot
di spl acenment™F APl oRAIHIORTPRl AN BrOgesS NGRS SEER PRI THHOY a1V &t
met hanol , t hged¥BRgdHsdtRORBIIkANE dadtEY] otk dRulEbiblahltf bslutiydr ol yze DVB
nore qui ckly than dinethyl sulfate can react with MeOH (1c2> k3).

[0112] T8¥al e, Alhe mte enstanpfey, thpragthameésis plehPMS fky 9o Kspiyed Soppihis data
disclosed sim|oAhynoChem and found to be 4.1 x 10°° L/mol-sec.

Example 13

Hydrolysis of Dimethyl sulfate.

18109 The hydrolysis rate of dimethyl sulfate was determined by spiking known
amounts of water into a mixture of DMS and methanol. Water was spiked into DMS-
methanol solutions at three different levels — 10.5, 14.0, and 17.7 mole % equivalents.
The reactions were monitored for 60 minutes at 65 °C and the DMS peak integrals

obtained.



findings in their study of the nmethanol ysis and hydrol ysis of nethyl

nmet hane sul fonate. Their investigation using 018 | abel ed net hanol confirned
t hat oxygwo 20re/t7hee3di net hyl et her, formed during met han@Cyaisgoiofo4ires hyl

met hane sul fonate, canme from nethanol agyd not nethane sul fonic acid.

[0113] From t he foregoing description, one skilled in the art can easily
ascertain the essential characteristics of this invention, and w thout

depart i 94191 om t hEhespite constand fecbsedrdysepl MR (kakway deiivadsby Rgged! Bid
nodi ficationg, of the, |nvxenti 0 i .0 varl dij.ons
wi t hout undu‘iatae}%ear ?) nﬁpg%l olgr?\lgdél\l }h%ggl?éedntt%e, t“%haef ent &g%f):.bl%glgﬁ ?tgglgﬁj (%ﬁag Te
publ i cat i onsexpetig@ntaty leteratited vsl0s gorr &b edvasyfonad ao erc2.3i n el imankt ety .

WO 2012/ 170923PCT/ US2012/ 041715 - 34 - VWHAT IS CLAIMED IS 1. A nmethod for
the prepar atKelsnskow; Yeév-nirefiberd  karbz IGH0ER- 10607 g and (g Lefg ¢ g?, Org.
fumaric acidp, ang,{ @e%”ﬂi‘%’-‘?f?; (ggggc)l)l n the presence of sulfuric acid; in a
reaction mxture to obtain a produ m xture conprising a | ow | evel of
di net hylz1slil f at e. Tiz pidilesadfhthel DVIS ahethanadlysindet Bydrolyss dxperéinentt reteatet]Hirt

m 3. The. nethod aiml, wherein t vel of

sulfate is le than 4.0 cl e le
di met hyl sul Mﬁ% Wag 1prgaed @E@ﬁa@.dbv BhFe the W@h@l%‘a’ entained Water- @ﬂaveéf%at he

I evel of cl ic?fﬁ-feh&‘letﬁé%' Hath&idnSwheRFarldfBy ThOaRRidn of m%r.nqﬂle&dre‘é)ﬂiltscsh%?@t Iy
wherein the [evel” of dinmethyl sulfate is less than 1.0 ppm 6. The nethod of

claim 1, furtietecobnprdchamigm foeDMS mpthanelysir(ki)cind kyidrdysis (ke Micthendlydnd

fumarate. 7.The nethod of cl aim wherei nthe. redyced. particle sjze of
di met hyl fur?fﬁ?tgli é?OWHfﬁtaeté) ?%ngtgﬁtavﬁgabg?nblggaﬁbﬁ? L%'S'glk?u#ﬁpl%?eﬁleﬁtﬁ%goq'or
the prepar atm%it@fbeﬂic%'mtamﬂw toRhRARoOfel ATvESh dheth&iol) the Mt RicRoplific 6ryat al
formis characterized by peaks expressed in degrees 20 at approxi nmately

10. 96 and 22moteculgtis ehlectorpidralzze émqrﬁgluickly than dimethyl sulfate can react with
MeOH (k. > k3).

[0112] Teasdale, A., et al., Org. Proc. Res. Dev. 14:999-1007 (2010) disclosed similar
findings in their study of the methanolysis and hydrolysis of methyl methane sulfonate.
Their investigation using O'® labeled methanol confirmed that oxygen in the dimethyl
ether, formed during methanolysis of methyl methane sulfonate, came from methanol and
not methane sulfonic acid.

[0113] From the foregoing description, one skilled in the art can easily ascertain the
essential characteristics of this invention, and without departing from the spirit and scope
thereof, can make various changes and modifications of the invention to adapt it to
various usages and conditions without undue experimentation. All patents, patent

applications, and publications cited herein are incorporated by reference in their entirety.



(a) fumaric acid; and (b) nmethanol; (c) in the presence of sulfuric acid;
in a reaction mxture to obtain a product m xture conprising a | ow | evel of
di met hyl wol2betre0923WO 2012/ 170923PCT/ US2012/ 041715 - 35PcTAIS20ib®4178% hod of
claim8, wherein the crystal formis fuggther characterized by peaks
expressed in degrees 20 at approximately 24.07, 24.11, 24.17, and 27.39.
10. The nmethod of claim8, wherein the |evel of dinethyl sulfate is |ess
t han 4 WHeph!S €LAIVHD Kt hod of claim 8, wherein the |evel of dinethyl
sulfate is less than 3.0 ppm 12. The nethod of claim8, wherein the |evel
of di met.hyl 4 metladefor thel preparativarpfzligethyhiumegate, wleichreempidsest cl ai m 8,
wherein the | evel of dinmethyl sulfate is less than 1.0 ppm 14. The net hod
of clain18,]%%£ﬁler conprising: recrystallizing the dinethyl funmarate using
an organi c sol'vefmt. 15. Tne method of claim 14, wherein the organic sol vent
i s sel ected by om fuhRrigacidpaibnsi sting of acetone, anisole, benzyl al cohol
1- butanol, 2-butanol, cunene, dichloronethane, diethyl ether, 1,4-clioxane,
N, N- di et hyl ®dr neethanoldi met hyl sul f oxi de, ethyl acetate, ethanol, ethylene
glycol, ethyl, foryae, atebrlifRic3ag: |sobutyl acetate, isopropyl ether
i sopropyl ac %ate, |s%octane, acetonifrile, nmethyl ethyl ketone, methanol,
met hyl acet ahes razetigl emigtuohéexab@in agtrdduct insgtukt gomkesiogea, lomi tevebehdemthyl
Nrret hyl pyrrol | done, 1-octanol, isopentanol, propyl acetate, 1-propanol,
2- pr opanol , Aicdi ne, t-butyl nethyl ether, tetrahydrofuran, triethylanine,
trifluorotol uene, toluene, pxylene, and m xtures thereof 16. D nethyl fun
i arat e, pr odrieede®6s of Ahig 11 Whdrb@ thelReibfimethgl fifhte id Tess Hanst@pprhor m | of
dimethyl filnmarate, produced according to the nmethod of claim@8.” 18. A
phar maceutical conposition conprising di net hyl fumarate wherein the

Al

particl® si zEeonetipdref elpim 1 uvrasrainghe leveleaf dimethybpdiate ipdessthapd-GpRdt 250 um

4. The method of claim 1, wherein the level of dimethyl sulfate is less than 2.0 ppm.
5. The method of claim 1, wherein the level of dimethyl sulfate is less than 1.0 ppm.
6. The method of claim 1, further comprising:

reducing the particle size of the dimethyl fumarate.

7. The method of claim 6, wherein the reduced particle size of dimethyl fumarate ranges

from about 20 pm to about 250 pm.

8. A method for the preparation of dimethyl fumarate of crystal form I, wherein the crystal
form is characterized by peaks expressed in degrees 26 at approximately 10.96 and 22.01,

which comprises:

reacting:

(a) fumaric acid; and

(b) methanol;

(c) in the presence of sulfuric acid;

in a reaction mixture to obtain a product mixture comprising a low level of dimethyl

sulfate.



10.

11.

12.

13.

14.

15.

16.

17.

18.
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The method of claim 8, wherein the crystal form is further characterized by peaks

expressed in degrees 20 at approximately 24.07, 24.11, 24.17, and 27.39.

The method of claim 8, wherein the level of dimethyl sulfate is less than 4.0 ppm.
The method of claim 8, wherein the level of dimethyl sulfate is less than 3.0 ppm.
The method of claim 8, wherein the level of dimethyl sulfate is less than 2.0 ppm.
The method of claim 8, wherein the level of dimethyl sulfate is less than 1.0 ppm.
The method of claim 8, further comprising:

recrystallizing the dimethyl fumarate using an organic solvent.

The method of claim 14, wherein the organic solvent is selected from the group
consisting of acetone, anisole, benzyl alcohol, I-butanol, 2-butanol, cumene,
dichloromethane, diethyl ether, 1,4-dioxane, N,N-dimethylformamide, dimethyl
sulfoxide, ethyl acetate, ethanol, ethylene glycol, ethyl formate, water, heptane, isobutyl
acetate, isopropyl ether, isopropyl acetate, isooctane, acetonitrile, methyl ethyl ketone,
methanol, methyl acetate, metylcyclohexane, methyl isobutyl ketone, nitrobenzene, N-
methylpyrrolidone, 1-octanol, isopentanol, propyl acetate, 1-propanol, 2-propanol,
pyridine, t-butyl methyl ether, tetrahydrofuran, triethylamine, trifluorotoluene, toluene, p-

xylene, and mixtures thereof.
Dimethyl fumarate, produced according to the method of claim 1.
Crystal form I of dimethyl fumarate, produced according to the method of claim 8.

A pharmaceutical composition comprising dimethyl fumarate wherein the particle size of

dimethyl fumarate ranges from about 20 um to about 250 um.



