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1. Introduction campaigns. Because of its widespread use, drug resistanae is
major concern so some researchers have been gatasg new
ways into synthesizing analogues of PZQuring our recent
investigation into the regioselective reduction3esubsituted\-

Over the years, praziquantel (PZQ) has been the maigly
used for the treatment of the parasitic diseasastsomiasis

(pilharziasis)l. Recognized as one of many neglected tropicalcyjpyrazinium salts, we showed that tfe2-oxopiperazine ring
diseases by the World Health Organization (WHO),system could be easily synthesized in one steirandry good
Schistosomiasis is caused by a trematode flatworliedc@ yje|q” We envisioned that this reaction could be veryfulse
Schistosoma.™ It has been estimated that more than 200 milliorygwards making PZQ and its potential analogues byiging a
people are infected and calculated that 700 milpeople are at  44ig entry into the synthesis of the substitutgdic precursor

risk of infection’ mentioned above.
The synthesis of PZQ has been reported by sevevapsf

Starting from isoquinoline, the initial synthesit this drug by B

researchers at Merck used a Reissert reactionrergge a key m 5 ho N
cyano dihydroisoquinoline intermediate which was then [Nf — [Nf ’ @
transformed into PZQ in 4 stefiskim and coworkers used a O/&o O/% 4

Pictet-Spengler reaction towards the synthesis df.P@nder 3
acidic conditions, an amido acetal intermediate wadized to

generate the piperazine and isoquinoline ring systEPZQ in a

single sted® A multicomponent approach developed by Cao et al

used an Ugi reaction followed by a Pictet-Spenglectien to

1) Heck reaction Regioselective
2) Hydrogenation reduction

give PZQ in 3 steps with an overall yield of 43%Another @?N . "o
method that has received some attention involvéuguscidic or Nf [gj ot mBusH
radical conditions to generate PZQ from a phenethiistituted O/% O/%

A®-2-oxopiperazine cyclic precurs8f 2
PZQ is highly effective against all schistosome sethat are

known to infect humans and is used in mass treatment

Praziquantel (PZQ)
Figure 1. Retrosynthetic Analysis of PZQ.

OCorresponding author. Email: awilliams@nccu.ediy{liams)
TCurrent Address: Department of Chemistry, UnivgrsftMiami, 1301
Memorial Drive, Coral Gables, FL 33146-0431



2 Tetrahedron

Our strategy towards synthesizing PZQ is depicteddnrg
1. Instead of usingN-2-bromophenethyl substituted\>2-

oxopiperaziné to form PZQ via a radical reaction, as mentioned
by Todd and coworkef$,we propose that PZQ can be obtained

from 5 by first using a Pd-catalyzed intramolecular Hez&ction
to generate dehydro-PZ® followed by the reduction of its
double bond. Intramolecular Heck reactions can tolerate

10 4a CeC0O; (1.2) Dioxane 46
4b CsCO; (1.2) Dioxane 40

12 4c NaH (1.2) DMF 46

13 4c NaH (3.0) Toluene 57
14 4c CsCO; (1.2) Dioxane 85
ais 4c CsCO; (1.5) THF 88

variety of functionality and have been used to Isgsize
biologically active small moleculés.N-alkylation of A®-2-

oxopiperazine3 with 2-bromophenethyd should give us. As

we previously reported,3 can be synthesized from the
regioselective reduction of 3-methofyracylpyrazinium sal.’

In our ongoing efforts exploring the synthetic ityil of

pyrazinium salts, herein we describe a new appraaghrtls the
synthesis of the antischistosomal drug PZQ and g r
contracted and expanded analogues.

2. Results/Discussion

Our journey into the synthesis of PZQ began by first

synthesizing\®-2-oxopiperazines on a five gram scale (Scheme
1). To accomplish this, cyclohexanecarbonyl chierichs added,
over 10 min, to a solution of the commercially dadlie food
additive 2-methoxypyrazind and n-Bu;SnH in THF at 0°C.
Formation of dihydropyrazin2a was monitored by TLC. When
the reaction was completed after 20 min, the in gitnerate®a
was hydrolyzed t@ by adding 1M HCl, in MeOH and stirring
the reaction mixture at @ for 15 min. After the crude material
was isolated, purification by silica gel flash chatography gave
3in an excellent yield of 94% (Scheme 1).

Ng_-OMe Ng_OMe

[ ]/ CyCOCl, n-BuzSnH [ j/ 1M HClag (MeOH), 0°C
_ ettt il D OM O >
N N

0 °C, THF, 20 min 15 min, 94 %
| o
2a

3Unless otherwise specified, all reactions weredtkat 80°C for 36 h "lsolated
yield. 2-Bromostyrene was produced when phenethyl halidds were used.
YReaction was heated for 48 9Reaction with THF was heated to reflux.

Under these conditions, the reaction resulted inyimlds of5
along with4a and4b undergoing an elimination reaction to give
2-bromostyrene which was detected by crude NMR. Using
Dioxane as the solvent gave a slight increase il y#0-46%)
but only when C££O; was used as the base (Table 1, entry 7-11).
With the alkyl halides not giving us desirable gigl our
attention was directed towards using 2-bromophendtsyliate
4c."? Reactingdc with NaH gave us in yields of 46% and 57%
(Table 1, entry 12-13). Whed#c was reacted in the presence of
CsCG; using Dioxane or THF as the solvent, we were pletsed
see thab was generated in 85% and 88% respectively aftdr 36
(Table 1, entry 14-15).

Having now established ouN-alkylating conditions, our
attention turned toward the formation of PZQ's pynaf2,1-
alisoquinoline ring system using an intramolecidack process.
(Table 2).

Table 2. Optimization of Intramolecular Heck Reaction to form
Dehydro-PZQ 6*

Br

Pd cat,
i [NTO igand, base @‘fo
__ ligand, base
N N
O oh

solvent, temp, time

5 6
. 5 . . yield
Scheme 1. Synthesis ofA>-2-oxopiperazin® entry Pd cat. (mol %) ligand (mol%) solvent time (h) (%)°
With 3 now in hand, exploration of the reaction conditiféors ! Pd(PPB) (1) - DMF 48 -
its N-alkylation to generat® was started. An initial attempt at 2 Pd(PPB)4 (3) - DMF 15 91
using 3 and 2-bromophenethyl alcohol in a Mitsunobu reercti 3 Pd(PPB)4 (5) - DMF 3 85
resulted in no produch. Based on a report describing the 4 Pd(PPH. (10) - DMF 1 85
alkylations of 2-piperazinoné§, 3 was reacted with 2- PA(PPH. (20) - THE 44 88
bromophenethyl bromidda or chloride4b in the presence of & PA(PPE). (10 > MeTHE 41 75
NaH, K,CO,, and CsCO;in DMF at 80°C for 36 h. (Table 1, © (PPB) (10) - “Me
entry 1-6)%1 7 Pd(PPh), (20) - 2-MeTHF 22 80
Pd(PPK)4 (20) - Toluene 21 90
Table 1. N-Alkylation OfBSa Pd(PP. (20) _ Dioxane 21 93
H @x @ 10 Pd(OAc) (1) PPh (2) DMF 48 -
[Nfo o (120 ‘ Nfo 11 Pd(OAC) (3) PPh (6) DMF 48 20
N b:—:se. s<:!vent N 12 Pd(OAC) (5) PPB (10) DMF 1 88
lemp, time
O/fo A AN O/jo 13 Pd(OAc) (10) PPh (20) DMF 1 95
o e s 14 Pd(OAc) (10) - DMF 3 88
entry phenethyl base (equiv) solvent yield(%)° 15 Pd(OAc) (20) - DMF 1 88
®Unless otherwise specified, all reactions wereiedrout using 1.5 equiv of
1 4a NaH (1.2) DMF - CsCO; as the base and heated at°80"Isolated yieldsProduct6 was not
2 4a K.CO; (3.0) DMF 21 observed by LC/MS'Reactions performed in THF were heated to refliidhen
3 4a CsCOs (1.2) DME 14 2-MeTHF was used as the solvent, debrominateds observed by crude NMR.
4 4b NaH (1.2) DMF 7 Reaction conditions that were reported in our sygitheof
5 4b K:CO; (3.0) DMF 14 imidazoisoindol-3-ones from 2-haloaryl imidazolirsn were
6 4b CsCO; (1.2) DME 18 first examined? Under these conditions, we were delighted to
. see that using 3 mole % of Pd(BRlin DMF gave a 91% yield
7 4a CO; (3.0 Dioxane 13 .
8 b K"CO3 (3 0) Oi 3 of dehydro-PZQ6 after 15 h (Table 2, entry 2). Reducing the
KCOs (3.0) loxane amount of this catalyst to 1 mole % resulted inpnaduct being
9f 4a CsCO; (1.2) THF 25



these analogs} was first reacted with commercially available 2-
bromobenzyl bromide in the presence of NaH and TBgihg
THF/DMF (20:1) as the solvent to give the cyclicqnesor8 in
85% yield. Bromopropyl tosyla#d'? was used to generaté in
86% vyield using the optimized alkylating conditiodescribed
above (Scheme 3). Next, our intramolecular Heck ieaatas
used to generate the ring contracted and expanelegtitb-PZQ
analogs9 and12 in good yields of 85% and 84% respectivily.
used, no reaction was observed. An increase to B%no Hydrogenation of9 using Pd(OHYC proceeded smoothly to
produced only a 20% vyield éfafter 48 h (Table 2, entry 10-11). produce the desired ring contracted PAQ in 91 % yield
Increasing Pd(OAg)to 5 and 10 mol % resulted in the reaction (Scheme 3). When Pd/C was usedl@nthe reaction did not go

formed while increasing it to 5-10 mol % shortenlee teaction
times but lowered the vyield (Table 2, entry 1,3-An
examination of the effects that different solvesush as THF, 2-
MeTHF, Toluene and Dioxane have on this reactioeakad that
10-20 mol % of Pd(PRJy was required to givé in yields of 75-
93% (Table 2, entry 5-9).

Next, our catalyst system was switched to Pd(QAcd PPh
in DMF (Table 2, entry 10-13). When 1 mol % Pd(OCAwa)ls

going to completion in 1 h and giving yields ®&fin 88% and
95% respectively (Table 2, entry 12 and 13). WhHenreaction

was repeated without the PAlyand, 6 was obtained in a yield

to completion after 72 h. Switching to a Pt/C cabave ring
expanded PZQ3 in a yield of 74% after 24 h (Scheme 3).
Although this new method proved to be very efficiexit

of 88% when using 10 and 20 mol % of Pd(OA@)able 2, entry  providing PZQ and its analogues, streamlining ounttsstic
14-15).

With the optimization of oulN-alkylation and intramolecular

Heck reactions completed, demonstration of theirtosards the

process to reduce the number of steps was expl8iade both
our intramolecular Heck and Hydrogenation steps ireduthe
use of a palladium catalyst, it became apparenistohat these

gram scale synthesis of PZQ (Scheme 2) was performetlvo steps could potentially be combined to perforrone-pot
Starting with 3.0 g of3, N-alkylation with 3.4g of tosylatéc intramolecular Heck/Hydrogenation reaction. A seaoththe
gave 5.2 g of the cyclic precursbin an excellent yield of 92%. literature showed that Pd(OAckand PPk in DMF used to
Next, using Pd(PR), as our catalyst and 2.5 g & the convert a variety of alkenes and aryl halides teeirth
intramolecular Heck reaction proceeded smoothlyammletion  corresponding Heck products followed by Hydrogenafibatm)
in 18 h to generate 1.9 g of dehydro-PBQin 94% vyield. to give the desired alkanés.
Hydrogenation of 1.5 g o6 in MeOH using H (balloon
pressure) and Pd/C gave 1.4 g of PZQ in a yield386.9The'H
and ®*C NMR analysis of our PZQ was consistent with those
reported in the literatur®. By this new approach, PZQ was
provided in 5 steps with an overall yield of 72%.

Br

Table 3. One-Pot Intramolecular Heck/Hydrogenation Reaction
Br

m 1) Pd cat, Cs,CO;3 (1.5 equiv)

[ DMF, 80 °C, 1-2.5 h

PzQ
N 2) H; (1 atm), cosolvent
mon @ Pd(Ph3), (3.4 mol %, @o ime,
3)4 (3.4 mol %)
052003 (1.5 equiv,
. ;
Cs,CO3, THF DMF, 80 °C, 18 h, 94%
reflux, 36 h, 92% O)*o entry Pd cat. (mol %)  cosolvent (ratio) tif®®  yield (%)°
5 1 Pd(OAc) (20) - 120 48
2 Pd(OAc) (20) MeOH (1:1) 72 9
@?Nfo o, PUIC (15 wt %) oz 3 Pd(OAc) (20) MeOH (1:5) 48 74
N MeOH, 19h, 93% 4 Pd(OAc) (20) EtOH (1:5) 72 5
OA ° 5 Pd(OAc) (20)  THF (1:5) 48 -
6 3Hydrogenation times at balloon pressuPisolated vyields.°Reaction was

Scheme 2. Gram Scale Synthesis of PZQ performed on a 1 gram scale.

Encouraged by this work, an effort for incorporatthg one-
Due to the success of using this methodology tohggize  pot methodology into our PZQ synthesis was launcfiadlé 3).
PZQ, its use towards the generation of pyrazino[],aindole  Since our Heck reaction works well in the absencehefRPh
(ring contracted)10 and pyrazino[l,2-a] benzazepine (ring ligand (Table 2) we commenced by first generatinigydeo-PZQ
expanded)13 analogues of PZQ was conducted (Scheme 3)6 by reactings with 20 mol % of Pd(OAg)in DMF. By using
Currently, there is only one report describing Hyathesis of this procedure, we avoid the need to remove ;Pélring
10 purification. The reaction was monitored by LC/M&lavent to
completion in 1 h. Next, the reaction mixture wasw#d to stir
under a hydrogen atmosphere (balloon pressure)oamr
C?f temperature. After 48 h, no PZQ was detected as dietednby
TLC. The reaction was allowed to continue and afgér i, PZQ
» QQ
¢y f
O/&O “on, 24n 745
Scheme 3. Synthesis of PZQ Analogues

1) Pd(Phs)s (20 mol %)
Cs,C05 (1.5 equiv)
_ DMF.80°C,15h,85%

NaH, THF/DMF (20:1)
TBAI (cat), 0°C, 6 h, 85%

ot

@Ev
Br 7
0
8

2) Hy, PA(OH),/C (5 wt %)
MeOH, 15 h, 91%

was isolated in 48% yield (Table 3, entry 1).

Due to the long reaction time and low yield in DMFwias
surmised that a new solvent system needed to beifiddrfor
the Hydrogenation step. It was noted that an exueleeld of
PZQ during the Hydrogenation of Heck prodéctising MeOH
as the solvent (Scheme 2) was obtained. From #sasltr it
seemed reasonable for us to look at its use as@vemt during
the Hydrogenation step of our one-pot process.erAftinning
our Heck reaction again to completion, degassed MeOkl wa
added to the reaction mixture to give a 1:1 rafi@®MF/MeOH.
As mentioned above, the reaction was stirred undgydaogen
atmosphere and after 72 h, PZQ was isolated in pmiisating
9% vyield (Table 3, entry 2). Not to be dismayed,deeided to

1) Pd(Pha), (3.5 mol %)
Cs,CO03 (1.5 equiv)

Cs,CO5, THE
o DM, 80°C, 10 h, 84% _

refiux, 16 h, 86% Br

Br 4d

Ring expandedl3 was shown to be made by cyclizingoa
hydroxy lactam under acidic conditiohBoth compound40 and
13 were found to have anthelmintic activify’® To synthesize
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increase the amount of the MeOH cosolvent to give:sa 1 EtOAc/hexanes (1/19, v/v)). A 1M solution of HCI irethanol
DMF/MeOH. To our excitement, a 74% vyield of PZQ was(20.0 mL) was then added to the reaction mixturéws stirred

generated after allowing the hydrogenation to rurd®h (Table
3, entry 3). When EtOH and THF were looked at to rdeitee
their usefulness as cosolvents, low yields or no R#Qduct
(Table 3, entry 4 and 5) were observed. The suaifessr one-
pot reaction allows us to now generate PZQ in 4 stétis an
overall yield of 61%.

3. Conclusion

In conclusion, we have successfully demonstratedutiee of
3-methoxyN-acylpyrazinium salts towards the synthesis of th
antischistosomal drug praziquantel (PZQ). By thishoe, A>-2-
oxopiperazined can be easily made in one stépAlkylation of

€

under nitrogen at 0 °C until reaction completion3@ min as
determined by TLC (Si© EtOAc/hexanes (2/3, v/v). The
reaction mixture was quenched with 50 mL of waterraeted
with ethyl acetate (3 x 50 mL), washed with saturatedium
bicarbonate (10 mL), and then dried over anhydriNasSO,.
Purification by silica gel flash column chromatggng (100%
hexanes: to remove tin by-products, followed
methanol/dichloromethane 2-5%) afforded
cyclohexanecarbonyl-1,2-dihydro-2-pyrazindhé8.9 g, 94%) as
a pale yellow solid (mp 160-163 °C detil NMR (CDClk, 500
MHz) §8.71 and 8.38 (2 brs due to rotamers, 1H), 6.706228
(2d due to rotamers), = 5.5 Hz,J = 6.0 Hz, 1H), 5.75 and 5.70

by
4-

3 followed by an intramolecular Heck and Hydrogenation(2t due to rotamers] = 5.0,J = 6.0 Hz, 1H), 4.32 (s, 2H), 2.53

reactions allowed us to obtain PZQ in 5 steps amgboud overall
yield. Taking advantage of the versatility of theé €atalyst, we
developed a one-pot intramolecular Heck/Hydrogenataction
which reduced the number of steps in our PZQ syrghe$his
synthetic approach was shown to be well suited fopgieg
ring contracted and expanded analogues of PZQ. bHigyao

and 2.43 (2t due to rotamers] = 11.5 Hz,J = 12.0 Hz, 1H)
1.87-1.66 (m, 4H), 1.58-1.46 (m, 2H), 1.35-1.20 (i).4°C
NMR (CDCk, 125 MHz) §174.1, 173.9, 166.6, 164.95, 109.5,
109.2, 109.1, 108.9, 108.7, 48.3, 45.42, 41.0,,4P839, 25.7,
25.6; HRMS (ESI)m/z calcd for GH;sNaN,O, [M + Na]"
231.1104, found 231.1106.

use 3-methox\-acylpyrazinium salts towards the generation 0f4.1.2. General Procedure for the Tosylation of Phenethyl

other biologically active small molecules and nakyroducts is
currently underway in our laboratory.

4, Experimental section

4.1. General information

All solvents and reagents were obtained from comrakrci
sources and used without further purification unletiserwise
stated Toluene and THF were dried using a solididge
solvent purification system. All reactions were peried in
oven-dried glassware (either in round-bottom flasks25 ml
vials fitted with rubber septa) under an atmosplaraitrogen

Alcohols. Representative Procedure for the Preparation of 2-
Bromophenethyl 4-toluenesulfonate (4c).*®

To a solution ofp-toluenesulfonyl chloride (2.84 g, 14.9
mmol) and triethylamine (6.3 mL, 45.2 mmol) in 159 of
anhydrous dichloromethane at 0 °C, was added ovenif( 2-
bromophenethyl alcohol (2.0 g, 9.9 mmol) then stirunder
nitrogen at room temperature for 16 h. The reaatixture was
guenched into water (15 mL) extracted into dichloetimane (2 x
30 mL), washed with saturated NaH¢ @5 mL) and then
purified by silica gel column flash chromatography
(EtOAc/hexanes 0-30%) to afford 2-bromophenethyl 4-

and the reaction progress was monitored by thinF|ayet0|UeneSUIfqnatéc (34 g, 96%)1 as a white CryStaIIine solid. mp
chromatography, GC/MS (El) and/or LC/MS (ESI-APCI). 38-39 °C (lit: mp 39-39.5 °C); 'H NMR (CDCk, 500 MHz) &

Analytical thin-layer chromatography was performech o
precoated 25@m layer thickness silica gel 60k plates and

7.68 (d,J = 8.0 Hz, 2H), 7.45 (d] = 7.5 Hz, 1H), 7.26 (d] =
8.0 Hz, 2H), 7.24-7.13 (m 2H), 7.08 (it 2.0 Hz,J = 2.5 Hz,

precoated 170-220m layer thickness neutral aluminum oxide J =_7.0 Hz,J = 7.5 Hz,J = 8.0 Hz, 1H), 4.24 () = 7.0 Hz, 2H),

Si 60 kg4 plates. Visualization was by ultraviolet light amdby
staining with phosphomolybdic acid (PMA). Purificats were
carried out on flash silica gel columns with EtOAc/iess
mixtures as eluent. Melting points were measurea capillary
melting point apparatus and are uncorrected. Protoclear

magnetic resonance'{ NMR) spectra and carbon nuclear
magnetic resonancé’C NMR) spectra were recorded on a 500

MHz spectrometer. Chemical shift§) for proton are reported in
parts per million (ppm) downfield from tetramethidsie and are
referenced to it (TMS 0.0 ppm). Coupling constais are
reported in Hertz. Multiplicities are reported usiig following
abbreviations: br = broad; s = singlet; d = doylttlet triplet; g =
quartet; m = multiplet. Chemical shift§) for carbon are reported
in parts per million (ppm) downfield from tetramgigilane and
are referenced to residual solvent peaks: (GDGL.O ppm).
Rotameric ratios of all compounds were determinet-Hb){MR.
HRMS data was recorded on an LC-TOF.

4.1.1. Preparation of 4-Cyclohexylcarbonyl-1,2-dihydro-2-
pyrazinone (3)

To a solution of 2-methoxypyrazine (5.0 g, 45.4 rfmio 40
ml of anhydrous THF was added tributyltin hydridé.Q mL,
54.9 mmol) and the resulting solution stirred undiérogen at 0
°C. Cyclohexylcarbonyl chloride (8.0 mL, 59.8 minalas
added over 10 min and stirring continued until tiesc
completion in 20 min as determined by TLC (neuatkimina,

3.08 (t,J = 7.0 Hz,J = 6.5 Hz, 2H), 2.42 (s, 3H}’C NMR
(CDCl,, 125 MHz) J 144.6, 135.4, 132.8, 132.7, 131.4, 129.7,
128.6, 127.7,127.5, 124.3, 68.7, 35.6, 21.5.

3-(2-Bromophenyl)propyl  4-toluenesulfonate (4d):'%  88%
yield; white crystalline solid; mp: 4@2 °C; '"H NMR (CDCE,
500 MHz) §7.80 (d,J = 8.5 Hz, 2H), 7.50 (d] = 8.0 Hz, 1H),
7.35 (d,J= 8.0 Hz, 2H), 7.18 (= 7.0,J = 8.0 Hz, 1H), 7.10 (d,
J=6.5Hz, 1H), 7.05 () = 7.5 Hz, 2H), 4.06 (§ = 6.0 Hz,J =
6.5 Hz, 2H), 2.77 (t) = 7.5 Hz, 2H), 1.97 (quinted, = 6.0,J =
6.5,J = 7.5 Hz, 2H);"*C NMR (CDCk, 125 MHz) § 144.8,
139.7, 133.9, 130.5, 129.9, 128.0, 127.9, 127.8,31569.6, 32.0,
28.8, 21.6; HRMS (ESlivz calcd for GgH,;NaBrO;S [M+Na]
390.9980, found 390.9962.

4.1.3. General Procedure for the Alkylation of 4-Cyclohexyl-
carbonyl-1,2-dihydro-2-pyrazinone 3): Representative
Procedure for the Preparation of 4-Cyclohexylcarbonyl-1-(2-
bromophenethyl)-1,2-dihydro-2-pyrazinong5)

4-Cyclohexanecarbonyl-2-pyrazinone (3.0 g, 14.4 tymo
cesium carbonate (7.13 g, 21.9 mmol) and 2-(2-
bromophenyl)ethyl 4-toluenesulfonate (5.63 g, I&r@ol) in 75
mL of anhydrous THF was flushed with nitrogen andtheated
at reflux for 36 h. The reaction mixture was quenchéth 15
mL of water, extracted with ethyl acetate (3 x 40 nulrjed over
Na,SQ, then purified by silica gel flash column chromatagny
(EtOAc/hexanes 5-75%) to afford 4-cyclohexylcarbonR-



bromophenethyl)-1,2-dihydro-2-pyrazinobg5.2 g, 92%) as an
off-white to yellow amorphous solid (71:39 mixturerofamers).
mp: 109-110 °C; '"H NMR (CDCk, 500 MHz)J7.54 (d,J = 8.0
Hz, 1H), 7.25-7.20 (m, 2H), 7.13-7.09 (m, 1H), 6.63 &uiD
(2d due to rotamers)} = 6.0 Hz, 1H), 5.52 and 5.40 (2d due to

a tan crystalline solid (68 : 32 mixture of rotas)emp: 144-145
°C; 'H NMR (CDCL, 500 MHz) § 7.55 and 7.47 (2d due
rotamersJ = 8.0 Hz, J = 8.5 Hz) 1H), 7.31-7.15 (m, 3H), 7.33
and 6.77 (2s due to rotamers, 1H), 4.43 (s, 2H), &91= 6.0
Hz, 2H), 2.92 (tJ = 5.5 Hz,J = 6.0 Hz, 2H), 2.65 and 2.50 (2t

rotamers,J = 6.0 Hz, 1H), 4.32 and 4.31 (2s due to rotamersdue to rotamers] = 11.5 Hz,J = 12.0 Hz, 1H), 1.92-1.68 (m,

2H), 3.77 (tJ = 7.0 Hz, 2H), 3.05 () = 7.0 Hz,J = 8.0 Hz, 2H),
2.53-2.38 (m, 1H), 1.89-1.66 (m, 5H), 1.58-1.46 (rhi),2
1.36-1.19 (m, 3H); °C NMR (CDC}, 125 MHz)3173.8, 173.6,
163.7, 162.3, 137.5, 137.3, 132.9, 131.3, 131.B.612127.7,
124.5, 114.0, 113.8, 109.5, 108.9, 48.7, 46.1,,46309, 40.9,
34.7, 28.9, 25.7; HRMS (ESi\z calcd for GgHoBrN,O[M +
H]* 391.1016, found 391.1009.

4-(Cyclohexanecarbonyl)-[ 3-(2-bromophenyl)propyl] -1,2-
dihydro-2-pyrazinone (11): 86% yield; white crystalline solid
(78:22 mixture of rotamers)np: 92-93°C; 'H NMR (CDCl,
500 MHz)d 7.52 (d,J = 7.5 Hz, 1H), 6.72 and 6.23 (2d due to
rotamers,J = 6.5 Hz, 1H), 5.65 and 5.58 (2d due to rotamérs,
6.5 Hz,J = 6.0 Hz, 1H), 4.34 (s, 2H), 3.61 {t= 7.0 HzJ= 7.5
Hz, 2H), 2.75 (tJ = 8.0 Hz, 2H), (m, 1H), (m, 2H, (m, 5H), (m,
2H), (m, 3H); C NMR (CDCk, 500 MHz) 5:173.7, 173.6,
163.6, 162.3, 140.3, 132.9, 130.2, 127.9, 127.6.3,2113.6,
113.3, 109.7, 109.3, 48.7, 45.9, 45.6, 45.4, 48383, 28.9, 28.8,
28.4, 28.2, 25.7, 25.6; HRMS (ESlywz calcd for
CaoH,sBrN,NaG; [M + Na]* 427.0992, found 427.0993.

4.1.4. Preparation of 4-[ (2-Bromophenyl)methyl] -1-
(cyclohexyl carbonyl)-2H-pyrazin-3-one (8)

To a stirring mixture of 4-cyclohexanecarbonyl-24minone
(2.5 g, 7.2 mmol), sodium hydride (0.33 g, 8.25 Mmand
tetrabutylammonium iodide (0.030 g, 0.081 mmolR& mL of
THF/DMF (20/1, v/v) under nitrogen at 0 °C was added
solution of 2-bromobenzyl bromide (2.1 g, 8.4 mmiol} mL of
THF/DMF (20/1, viv) over 10 min. After stirring fd& h, the
reaction went to completion as determined by TLCO{Si
EtOAc/hexanes (2/3, v/v)). The reaction mixture wasrgphed
with 6.0 mL of water, extracted with dichlorometha2ex 50
mL), dried over anhydrous BB&O, then purified by silica gel
flash column chromatography (0-30% EtOAc/hexanesiffiard
4-[(2-bromophenyl)methyl]-1-(cyclohexylcarbonylH2pyrazin-
3-one8 (2.3 g, 85%) as a yellow oil (79:21 mixture of m&xs).
'H NMR (CDC}, 500 MHz)37.58 (d,J = 7.0 Hz, 1H) 7.38-7.12
(m, 3H), 6.73 and 6.24 (2d due to rotamdrs, 6.0 Hz,J = 6.5
Hz, 1H), 5.66 and 5.60 (2d due to rotamdrs, 6.0 Hz,J = 6.0
Hz, 1H), 4.85 and 4.83 (2s due to rotamers, 2H), 4s42H),
2.50 (t,J = 11.05 Hz, 1H), 1.94-1.74 (m, 4H), 1.62-1.41 (m,
2H), 1.26 (brs, 4H)*C NMR (CDC}, 125 MHz)J173.8, 163.9,
162.6, 135.1, 134.8, 133.1, 129.7, 129.5, 129.4,.9,2123.5,
113.2, 112.8, 110.0, 109.6, 48.8, 48.7, 48.5, 489, 28.9,
28.8, 25.7, 25.6; HRMS (ESHyz calcd for GgH»,BrN,NaG, [M
+ NaJ 399.0679, found 399.0684.

4.1.5. General Experimental Procedure for the intramolecular
Heck reaction: Representative Procedure for the Preparation of
2-(Cyclohexanecarbonyl)-6,7-dihydro-3H-pyrazino[ 2,1-

a] isoquinolin-4-one (6)

A mixture of 4-cyclohexylcarbonyl-1-(2-bromophend)hy
1,2-dihydro-2-pyrazinone (2.5 g, 6.4 mmol), cesisarbonate
(3.13 g, 9.61 mmol) and tetrakis(triphenylphosphipalladium
(0) (0.25 g, 0.22 mmol) in 40 mL of anhydrous DMF was
degassed and then heated at 80 °C for 18 h unglegen. The
volatiles were stripped under vacuum then the sodisidue
purified by silica gel flash column chromatography
(EtOAc/hexanes 5-75%) to afford 2-(cyclohexanecarbesy-
dihydro-3H-pyrazino[2,1a]isoquinolin-4-one6 (1.9 g, 94%) as

5H), 1.63-1.49 (m, 2H), 1.50-1.20 (m, 3H); **C NMR (CDC},
125 MHz) J 174.1, 173.9, 163.9, 162.5, 134.1, 133.4, 128.6,
128.4, 128.2, 128.0, 127.8, 127.3, 123.2, 122.2.6,2121.4,
106.2, 105.6, 48.3, 45.5, 41.1, 41.0, 38.6, 38940,228.9, 28.8,
28.7, 25.7, 25.6; HRMS (ESHVz calcd for GgH,aN,O, [M+H]*
311.1754, found 311.1745.

2-(Cyclohexanecarbonyl)-3,6,6a,10a-tetrahydropyrazino[ 2,1-
a]isoindol-4-one (9): 85% vyield; white crystalline solid (70:30
mixture of rotamers); mMp 166-168 °C; '"H NMR (CDCkL, 500
MHz) J 7.55-7.44 (m, 1H), 7.41-7.29 (m, 3H), 6.75 (s, 1H),
4.92 and 4.91 (2s due to rotamers, 2H), 4.47 offl (2s due to
rotamers, 2H), 2.66 and 2.49 (2t due to rotamers,11.5 Hz,
1H), 1.93-1.69 (m, 5H), 1.64—150 (m, 2H), 1.41-1.23 (m, 3H);
¥C NMR (CDC}, 125 MHz)3174.0, 173.8, 163.3, 161.7, 136.2,
135.5, 132.5, 132.2, 129.0, 128.8, 128.4, 128.%.6,2123.5,
123.3, 120.0, 119.5, 101.5, 100.9, 50.6, 50.5, ,4883, 41.4,
41.1, 29.1, 29.0, 25.8, 25.7, 25.5; HRMS (EBI} calcd for
CigH21NL0, [M+H] ™ 297.1598, found 297.1589.

2-(Cyclohexanecarbonyl)-3,6,7,8-tetrahydropyrazino[ 2,1-
a] [ 2] benzazepin-4-one (12): 84% yield; white crystalline solid
(76:24 mixture of rotamers); mp 1624 °C; '"H NMR (CDCl,
500 MHz) J[7.46 (d,J = 6.0 Hz) and 7.40-7.13 (m, 4H)], 6.87
and 6.31 (2s due to rotamers, 1H), 4.44 (brs, 218y, @ors, 2H),
2.78 (t,J = 6.5 Hz,J = 7.0 Hz, 2H), 2.61 and 2.50 (2t due to
rotamers,J = 6.5 Hz,J = 7.0 Hz, 1H), 2.04-1.67 (m, 6H),
1.62-1.49 (m, 3H), 1.36-1.21 (m, 3H}’C NMR (CDCk, 125
MHz) ¢ 173.9, 173.8, 164.2, 162.9, 138.3, 137.7, 1322B,5,
129.2, 129.1, 128.9, 128.2, 128.0, 127.3, 127.5.8,2108.5,
107.7, 48.5, 45.6, 41.0, 39.8, 39.6, 30.2, 29.09,286.0, 25.9,
25.7, 25.0; HRMS (ESIm/z calcd for GoHosN,O, [M+H]"
325.1911, found 325.1917.

4.1.6. General experimental procedure for the Hydrogenation of
compounds 6, 9 and 12: Representative Procedure for the
Preparation of 2-(Cyclohexanecarbonyl)-5,6,10b,4a-
tetrahydropyrazino[ 2,1-a] isoquinolin-4-one (Praziquantel)

(PZQ)

A mixture of 2-(cyclohexanecarbonyl)-6,7-dihydrb-3
pyrazino[2,lalisoquinolin-4-one6 (1.50 g, 4.83 mmol), and
Pd/C (0.23 g, 15 wt %) in 100 mL of methanol wasadsed and
then stirred at room temperature for 19 h underrdgeh at
balloon pressure. The reaction mixture was fitleterough a
bed of diatomaceous earth and volatiles strippettumacuum to
afford 1.51 g of the crude PZ@he crude material was purified
by flash silica gel column chromatography (5-75%
EtOAc/hexanes) to afford PraziquanteZQ) (1.40 g, 93%) as a
white crystalline solid (77:23 mixture of rotamensjp: 137-138
°C (lit*® mp: 137138 °C); '"H NMR (CDCk, 500 MHz) &
7.37-7.11 (m, 4H), 5.16 (dd, = 13.5. Hz,J = 2.5. Hz, 1H),
4.94-4.74 (m, 2H), 4.47 and 4.37 (2d due to rotamkers17.5
Hz,J = 13 Hz, 1H), 4.08 and 3.86 (2d due to rotamé&rs,18.0
Hz, J = 18.5 Hz, 1H), [3.26 (tJ = 10.5 Hz,J = 12.5 Hz,) and
3.04-2.75 (m, total 4H)], 2.61-2.41 (m, 1H), 1.9751(, 4H),
1.65-1.45 (m, 2H), 1.45-1.19 (m, 4HJC NMR (CDC}k, 125
MHz) 0 174.8, 174.3, 165.6, 164.4, 135.5, 134.8, 1323211,
129.7,129.3, 127.7, 127.4, 127.1, 127.0, 125.5,2155.8, 55.0,
49.6, 49.0, 46.3, 45.2, 40.8, 40.7, 39.1, 38.65,2929.3, 29.0,
28.9, 28.7, 25.7; HRMS (ESi)z calcd for GoH,sN,O, [M+H] "
313.1911, found 313.1915.
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2-(Cyclohexanecarbonyl)-1,3,6,10b-tetrahydropyrazino[ 2,1-
al isoindol-4-one (10)*: 91% yield; white crystalline solid (73:27
mixture of rotamers); mp: 180-181 °CH NMR (CDCk, 500
MHz) 07.44-7.32 (m, 3H), 7.30 (d,= 6.5 Hz, 1H), 5.21 (dd]
= 3.5 Hz,J = 13.0 Hz, 1H), 5.17 (d] = 15 Hz, 1H), 5.03 and
4.93 (2d due to rotamers), = 9.0 Hz,J = 9.5 Hz, 1H), 4.68-4.56
(m, 1H), 4.47 and 4.52 (2d due to rotamédrs;, 17.5 Hz, J =
12.5 Hz, 1H), 4.11 and 3.82 (2d due to rotamérs,17.0 Hz, J
=18.5 Hz, 1H), 3.20 and 2.71 (2t due to rotamérs12.0 Hz,
1H), 2.57 and 2.47 (2m due to rotamérs 3.0 Hz, 3.5 Hz, 11.0
Hz, 11.5 Hz, 12.0 Hz, 1H), 1.94-1.67 (m, 5H), 1.67-1(#8
2H), 1.48-1.21 (m, 3H).*C NMR (CDC}, 125 MHz)J175.1,
174.6, 165.3, 164.1, 137.0, 136.7, 136.4, 136.D.2,2128.9,
128.1, 127.94123.5, 123.2, 122.4, 122.1, 61.8,,68131, 50.9,
48.6, 47.64, 46.7, 43.8, 41.2, 29.3, 29.1, 29.07.26IRMS (ESI)
mvz calcd for GgH,.N,NaQ, [M+Na]*321.1579, found 321.1570.

2-(Cyclohexanecarbonyl)-1,3,6,7,8,12b

hexahydropyrazino[ 2,1-a] [ 2] benzazepin-4-one (13)** 74% vyield:;
white crystalline solid (70:30 mixture of rotamers)p 187-189
°C;*H NMR (CDCh, 500 MHz)d7.36-7.10 (m, 4H), 4.94-4.70
(m, 1H), 4.50-4.25 (m, 2H), [4.11 (d,= 17.0 Hz), 3.97 (d) =
13.5 Hz), 3.85 (d,J = 19.0 Hz), 1H], 3.70-3.53 (m, 2H),
3.04-2.98 (m, 2H), 2.79-2.62 (m, 1H), 2.45)& 11.0 Hz,J =
11.5 Hz, 1H), 2.33-2.08 (m, 1H), 1.97-1.45 (m, 7H}9+1.19
(m, 3H). °C NMR (CDCk, 125 MHz) 5 174.9, 174.4, 162.7,
164.5, 138.6, 138.5, 135.6, 135.0, 130.9, 130.68.9,2128.5,
127.3, 127.1, 63.2, 61.4, 48.5, 48.4, 46.3, 4443),442.6, 40.9,
40.8, 31.6, 30.5, 29.5, 29.1, 29.0, 25.7, 25.31;2HRMS (ESI)
m/z calcd for Gy Has N, O, [M+H] " 327.2067, found 327.2071.

4.1.7. Procedure for the one-pot Heck/Hydrogenation reaction:
Preparation of 2-(Cyclohexanecarbonyl)-5,6,10b,4a-
tetrahydropyrazino[ 2,1-a] isoquinolin-4-one (Praziquantel)

(PZQ)*

4-Cyclohexylcarbonyl-1-(2-bromophenethyl)-1,2-dihye-
pyrazinone5 (1.0 g, 2.56 mmol), cesium carbonate (1.25 g, 3.84
mmol) and palladium acetate (115 mg, 0.512 mmmoBd mL of
anhydrous DMF was degassed, stirred at 80 °C foh2iader
nitrogen then cooled to ambient temperature. Nextiydrous
methanol (100 mL) was added to the reaction mixthed was
again degassed, and then stirred under balloosymesiydrogen
at ambient temperature for 48 h. The reaction méixtwas
filtered through a bed of diatomaceous earth, ilekatstripped
under vacuunthen the solid residue purified by silica gel flash
column chromatography (EtOAc/hexanes 5-75%) to afford
PraziquantelRZQ) (0.59 g, 74%) as a white crystalline solid.
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