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ABSTRACT: A short and highly efficient synthetic approach
to enantiopure functionalized amino acids (FAAs) 1 skeleton
from racemic butadiene monoepoxide as a starting material
and its application to the total synthesis of an antiepileptic
drug (R)-lacosamide 2 are described. The synthesis utilizes the
palladium catalyzed Trost's Dynamic Kinetic Asymmetric
Transformation (DYKAT) as key step.

F unctionalized amino acids (FAAs) 1 are advanced novel
class of anticonvulsant agents, from which (R)-lacosamide 2
emerged as a best antiepileptic drug (AED) and has been
suggested for the treatment of partial-onset seizures in patients
with epilepsy and as add-on treatment in brain tumor patients
(Figure 1).! Currently, (R)-Lacosamide 2 (Vimpat) is marketed
in U.S. and Europe, and its worldwide expected sale in 2015—
2020 is € 1.2 billion (UCB pharma). Epilepsy is a chronic
neurological disorder that arises from dysregulations and
hypersynchronous neuronal firing, which affects almost over 10
million people in India and 50 million people worldwide.” The
precise mechanism of action of (R)-lacosamide 2 in humans has
not yet been fully elucidated, but it enhances the slow
inactivation of voltage-gated sodium channels, resulting in
stabilization of hyperexcitable neuronal membranes and
inhibition of repetitive neuronal firing.> Additionally, (R)-
lacosamide 2 is also under clinical trials for the treatment of
neuropathic pains.*
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Figure 1. Structures of FAAs 1 and (R)-lacosamide 2.

(R)-Lacosamide 2 has been a synthetic target of considerable
interest due to its anticonvulsant activity with an array of
functionalities. Various methods for the synthesis of (R)-
lacosamide 2 have been documented in the literature from
pharmaceutical industries and academia.>® Most of the synthesis
described employed chiral pool approach and started from
unnatural amino acid D-serine and derivatives. The synthetic
approaches of (R)-lacosamide 2 from p-serine mainly involve
acylation, amidation, Kuhn’s methylation, protection and
deprotection strategies. The Kuhn O-methylation occurs in the
presence of Ag,O and Mel, which is commercially not viable due
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to its high cost, nonregenerability of catalyst and longer reaction
time (3—5 days).” Very recently, Sebastian Stecko reported the
total synthesis of 2 employing stereospecific allylcyanate-to-
isocyanate rearrangement, which proceeds with chirality transfer
starting from ethyl L-lactate.”” Herein, we wish to report a new,
general and highly efficient synthetic approach for FAAs 1 and its
application to the total synthesis of (R)-lacosamide 2 employing
Trost’s DYKAT as a key step.®

Our synthetic approach for the synthesis of (R)-lacosamide 2
was envisioned via the retrosynthetic route as shown in Scheme
1. The phthalimide derivative 3 was visualized as a synthetic
intermediate from which FAAs 1 and (R)-lacosamide 2 could be
synthesized via phthalimide cleavage and acylation. The
phthalimide derivative 3 in turn could be obtained from the
phthaloyl alcohol derivative 4 through base catalyzed alkylation.
The terminal double bond of derivative 4 could be available for
the functional group manipulation via standard organic trans-
formations. Enantiopure phthaloyl alcohol derivative 4 could be
easily prepared from the racemic butadiene monoepoxide 5 by
means of Trost's DYKAT. The (S)- and (R)- configuration of the
derivative 4 could be manipulated by simply changing chiral
ligands (R,R)-DACH and (S,S)-DACH (Figure 2), respectively,
in the Trost’s DYKAT step.

The synthesis of (R)-lacosamide 2 started from the
commercially available racemic butadiene monoepoxide §,
which can easily be synthesized from silver-catalyzed oxidation
of 1,3-butadiene (Scheme 2).” Deracemisation of butadiene
monoepoxide $ with palladium catalyzed Trost’s DYKAT in the
presence of 1.2 mol % (RR)-DACH and 0.4 mol % [n*
C,;H;PdCl],, phthalimide and base Na,CO; afforded asymmetric
allylic alkylation (AAA) product phthaloyl alcohol 6 as a single
enantiomer in 98% yield with >99% ee {[a]*[, —72.2 (c 2.02,
CH,CL,) [Lit.® =72.2 (¢ 2.02, CH,CL,)]}.

With enantiomerically pure alcohol 6 in hand, we then
subjected it to O-methylation with Mel in the presence of NaH
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Scheme 1. Retrosynthetic Approach to Asymmetric Synthesis of FAAs 1
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Figure 2. (RR)- and (S,S)-N,N'-1,2-cyclohexanediylbis[2-(diphenyl-
phosphino)-1-naphth-amide].
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“Reagents and conditions: (a) Phthalimide, Na,CO5, 1.2 mol % (R,R)-
DACH, 0.4 mol % [1*-C;HPdCl],, dry CH,CL, rt, 14 h, 98%; (b)
Mel, NaH, DMF, 0 °C to rt, 3 h, 86%; (c) (i) OsO,, NalO,, 2,6-
lutidene, dioxane:water 3:1 v/v, 0 °C to rt, 2 h; (ii) Oxone, DMF, rt,
12 h (78% over two steps); (d) C¢H;CH,NH,, N-methyl morpholine,
isobutyl chloroformate, THF, —78 °C to rt, 1 h, 88%; (e) (i)
NH,NH,.H,0, isopropyl alcohol, 0 °C to rt, 2 h; (ii) CH;COC],
Na,COs, dry toluene, 0 to S °C, 1 h, (91% over two steps).

which afforded methyl ether 7 in 86% yield. Our next aim was to
carry out the amide formation at terminal double bond site. To
this end, compound (S)-7 on oxidative cleavage in the presence
of OsO, and sodium periodate followed by oxidation with oxone
at room temperature furnished the phthaloyl acid 8.'%'! The
treatment of acid (R)-8 with benzylamine in the presence of
isobutyl chloroformate and N-methyl morpholine in THF at —78
°C afforded the phthaloyl amide 9 in 88% yield. An alternative
method for the amide formation with benzylamine is using HOBt
and EDCI-HCl furnished phthaloyl amide 9 in 61% yield. Finally,
the cleavage of phthalimide group of amide (R)-9 with hydrazine
monohydrate in the presence of isopropyl alcohol followed by N-
acetylation using acetyl chloride under basic conditions furnished
the target compound (R)-lacosamide 2 in 91% yield {[a]*
+16.1 (c 1, MeOH) [Lit. +16.2 (¢ 1, MeOH),*® +16.1 (c 1.2,
MeOH)Sh]}. The physical and spectroscopic data of (R)-
lacosamide 2 were in full agreement with literature data.>*
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In conclusion, a simple, flexible and highly efficient synthetic
approach for FAAs 1 and its application to the total synthesis of
(R)-lacosamide 2 has been developed. The overall yield for (R)-
lacosamide 2 was 52% in five steps. The merits of this synthesis
are high enantioselectivity with high yielding reaction steps,
protection free synthesis, catalyst regenerability and cost-
effective strategy. Moreover, the synthetic strategy has significant
potential for variation of substituents at the amide site, 2-aza and
3-oxy sites to synthesize various FAAs 1 with expected increase in
anticonvulsant activities.

B EXPERIMENTAL SECTION

(S)-2-(Isoindolin-2-yl)but-3-en-1-ol (6). A mixture of 7-allylpalla-
dium chloride dimer 0.4 mol % (20 mg, 53 pmol), 1.2 mol % (R,R)-
DACH ligand (125 mg, 158 pmol), Na,CO; (70 mg, 0.66 mmol) and
phthalimide (1.94 g, 13.2 mmol) in 100 mL of dry CH,Cl, was purged
with nitrogen for 1 h. The resulting mixture was stirred for 10 min at
room temperature to which butadiene monoepoxide 5 (920 mg, 13.2
mmol) was added. The resulting mixture was stirred at room
temperature under nitrogen for 14 h, concentrated in vacuo and purified
by silica gel column chromatography using EtOAc/hexane (3:7) as
eluent furnishing 2.8 g (98%) yield of (S)-6 as a crystalline white solid.
Mp 61-63 °C; [Rf— 0.21, EtOAc/hexane 3:7 v/v]; [a]*p =722 (¢ 2.02,
CH,CL,) [Lit.® —=72.2 (¢ 2.02, CH,CL,)]; IR (CH,CL,) v: 3467, 1773,
1698, 1467, 1383 cm™'; '"H NMR (400 MHz, CDCl,) &: 7.8 (m, 2H),
7.7 (m, 2H), 6.1 (ddd, ] = 17.4, 10.56, 6.88 Hz, 1H), 5.27—5.30 (m, 2H),
4.9 (m, 1H), 4.1 (m, 1H), 3.9 (m, 1H), 2.7 (bs, 1H); '3C NMR (100
MHz, CDCl,) : 168.5, 134.2, 131.9, 131.7, 1234, 118.8, 62.8, 55.9.

(S)-2-(1-Methoxybut-3-en-2-yl)isoindoline (7). To a solution of
(5)-6 (2.0 g, 9.2 mmol) in 40 mL DMF was successively added NaH
(442 mg, 18.4 mmol) at 0 °C, stirred for 10 min followed by addition of
Mel (1.73 mL, 27.6 mmol), and then the reaction mixture was stirred at
room temperature for 3 h. The reaction mixture was quenched by
addition of ice cold water, extracted with diethyl ether, washed with
brine and dried over anhydrous MgSO,. The organic layer was then
concentrated in vacuo and purified by silica gel column chromatography
using EtOAc/hexane (1:9) as eluent to furnish 1.83 g (86%) yield of (S)
7 as a crystalline white solid. [R;= 0.56, EtOAc/hexane 3:7 v/v]; [a 1%
—-75.1 (¢ 1.0, CH,CL); IR (CH,Cl,) v: 1773, 1708, 1468, and 1384
cm™'; 'H NMR (400 MHz, CDCl,) &: 7.80 (m, 2H), 7.68 (m, 2H), 6.1
(ddd, J = 17.44, 10.56, 7.36 Hz, 1H), 5.25—5.34 (m, 2H), 5.0 (m, 1H),
4.0 (m, 1H), 3.6 (m, 1H), 3.3 (s, 3H); *C NMR (100 MHz, CDCL,) §:
168.0, 133.9, 132.1, 131.9, 1232, 119.0, 713, 58.7, 52.8; HRMS (ESL-
TOF) m/z caled for C;3H;3NO;Na [M + Na*] 254.080; found 254.079.

(R)-2-(Isoindolin-2-yl)-3-methoxypropanoic Acid (8). To a
solution of compound (S)-7 (1.5 g, 6.5 mmol) in dioxane—water (3:1,
40 mL) was added 2,6-lutidine (1.5 mL, 13 mmol), OsO, (0.1 M
solution in toluene, 1.3 mL, 0.13 mmol) and NalO, (2.78 g, 13 mmol).
The reaction was stirred at 25 °C for 2 h. After completion of reaction,
water (10 mL) and CH,Cl, (30 mL) were added. The organic layer was
separated, and the water layer extracted with CH,Cl, (3 X 10 mL). The
combined organic layer was washed with brine and dried over anhydrous
MgSO,, and concentrated in vacuo to give crude aldehyde, which was
used as such for the next step without further purification.

The above aldehyde was dissolved in DMF and oxone (2 g, 6.5 mmol)
added in one portion, and stirred at room temperature for 12 h. The
resulting solution was diluted with water, filtered through a Celite pad,
and washed and extracted with diethyl ether (3 X 20 mL). The organic
extract was washed with brine, dried over anhydrous MgSO,, and the
solvent was removed in vacuo to obtain the crude product (R)-8 which
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was used as such for the next step without further purification due to
more polar nature of acid compound (R)-8 (1.26 g 78% vyield
determined by 'H NMR). The analytical sample was obtained by
preparative chromatography on silica gel (CH,Cl,/MeOH, 9:1 v/v) as
yellow oil. [a]®, +66.5 (¢ 0.1, MeOH); IR (CH,CL,) v: 2896, 1775,
1699, 1604, and 1392 cm™; 'H NMR (400 MHz, CDCl,) &: 3.36 (s,
3H), 4.0 (m, 1H), 4.17 (t, ] = 10.08 Hz, 1H), 5.17-5.19 (m, 1H), 7.7
(dd, 2H), 7.8 (dd, 2H), 8.05 (bs, 1H); '*C NMR (100 MHz, CDCL,) §:
58.6, 60.5,70.1, 119.0, 123.3, 128.6, 131.9, 133.8, 168.1, 171.2; HRMS
(ESI-TOF) m/z caled for C;,H;;NOsNa [M + Na*] 272.050; found
272.083.

(R)-N-Benzyl-2-(isoindolin-2-yl)-3-methoxypropanamide (9).
To acrude acid (R)-8 (1.25 g, S mmol) in dry THF was added N-methyl
morpholine (0.66 mL, 6.0 mmol) at —78 °C under an argon
atmosphere. After S min, isobutyl chloroformate (0.78 mL, 6.0 mmol)
was added and the mixture stirred for another 5 min. To this reaction
mixture was added benzylamine (0.65 mL, 6.0 mmol) at —78 °C after
which the reaction mixture was stirred at room temperature for 1 h. After
completion of the reaction, the reaction mixture was filtered through a
Celite pad, washed with ethyl acetate, and dried over anhydrous MgSO,.
The solvent was removed in vacuo and the crude product was subjected
to silica gel column chromatography (EtOAc/Hexane 4:6 v/v) to yield
1.48 g (88%) of (R)-9 as a crystalline solid. [R, = 0.26, EtOAc/hexane
4:6v/v]; [a]®, +81.8 (¢ 1, CH,CL); IR (CH,CL,) v: 1718, 1685, 1535,
and 1387 cm™'; '"H NMR (400 MHz, CDCL,) 6: 7.8 (m, 2H), 7.7 (m,
2H), 7.27—7.3 (m, SH), 7.2 (bs, 1H), 5.0 (m, 1H), 4.4 (m, 2H), 4.3 (t,]
= 9.64 Hz, 1H), 3.7 (m, 1H), 3.4 (bs, 3H); '*C NMR (100 MHz,
CDCl,) 8: 167.9, 167.3, 137.9, 134.1, 131.8, 128.6, 128.4, 127.4, 127.4,
127.3, 123.5, 70.1, 58.9, 51.7, 43.5; HRMS (ESL-TOF) m/z calcd for
CoHsN,O,Na [M + Na*] 361.120; found 361.116.

(R)-Lacosamide (2). To a solution of compound (R)-9 (1.4 g 4.1
mmol) in 20 mL of isopropyl alcohol was added hydrazine monohydrate
(0.22 mL, 4.5 mmol) at 0 °C under nitrogen atmosphere. The reaction
was stirred at 25 °C for 2 h. The resulting solution was filtered, washed
with diethyl ether, brine, dried over magnesium sulfate, and
concentrated in vacuo to furnish the crude compound (R, = 0.36,
CH,Cl,/MeOH 9:1 v/v). The resulting crude was used as such for the
next step without further purification.

The residue was then dissolved in dry toluene followed by addition of
Na,CO; (1.3 g, 12.3 mmol). The reaction mixture was cooled to 0 °C
after which acetyl chloride (0.33 mL, 4.5 mmol) was slowly added and
the solution stirred at S °C for 1 h. After completion of the reaction, the
solid was filtered through a Celite pad and the solvent was evaporated in
vacuo. The crude product was purified by silica gel column
chromatography (CH,Cl,/MeOH 19:1 v/v) to afford 935 mg (91%)
yield of (R)-lacosamide 2 as white solid. [Rf: 0.47, CH,Cl,/MeOH 9:1
v/v]; mp 143—144 °C [Lit. 140—141 °C,*® 142—143 °C*"]; [a]®p
+16.1 (c 1, MeOH) [Lit. +16.2 (c 1, MeOH),* +16.1 (c 1.2, MeOH)*"];
IR (CH,Cl,) v: 3054, 2928, 1650, 1529, 1372, 1264, and 1118 cm™; 'H
NMR (400 MHz, CDCl,) &: 7.24—7.68 (m, SH), 6.86 (s, 1H), 6.54 (s,
1H), 4.5 (m, 1H), 4.4 (m, 2H), 3.80 (dd, ] = 9.2, 4.1 Hz, 1H), 3.4 (m,
1H), 3.37 (s, 3H), 2.02 (s, 3H); *C NMR (100 MHz, CDCl,) §: 170.3,
169.9, 137.8, 128.7, 127.5, 127.4, 71.6, 59.0, 52.3, 43.5, 23.2.
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