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Tatsachen gibt es nicht, nur Interpretationen.
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There is no facts, only interpretations.
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Resumen

En la presente memoria se describe el trabajowdstigacion llevado
a cabo en relacion al desarrollo de nuevas aptinasi sintéticas de la
reaccion de heterociclacién de alquinos funcioadiis mediante el empleo
del reactivo de yodo hipervalentebig(trifluoroacetoxi)yodolbenceno
(PIFA).

En particular, se ha estudiado y aprovechado ¢a@h de la reacciéon
de amidacién intramolecular de alquinos mediadaRI&A, previamente
puesta a punto en nuestro grupo de investigaci@ma fa sintesis de
sistemas pirrolidindnicos como paso clave para @leso a sistemas

pirrolopirazindnicos, pirrolodiazepinicos y pirrblenzodiazepinicos.

De modo analogo, la aplicacibn de esta metodologpare
alquinilamidas convenientemente sustituidas ha @ugnado un nuevo
acceso a derivados indolizidinicos polihidroxiladmgravés de una ruta
sencilla y estereocontrolada.

Finalmente, se desarrollé un procedimiento onerfgaitlo, sencillo y
eficiente para la sintesis de sales de diarilyamjomcluidas aquéllas

impedidas estéricamente.






Abstract

In this dissertation, our work on the search fow rapplications in
organic synthesis for the heterocyclization of tiomalizated alkynes
through the use of hypervalent iodineig[trifluoroacetoxy)iodolbenzene
(PIFA) will be presented.

In particular, we have studied and taken advantdgee efficiency
of the PIFA-mediated alkyne amidation reaction,vimesly optimized in
our research group, for the synthesis of the pliradne skeleton as the key
step in the preparation of a number of pyrrolopyraze,

pyrrolodiazepinone and pyrrolobenzodiazepinonevdéries.

In a similar way, the application of this strategy properly
substituted alkynylamides has allowed the accessatsimple and
stereocontrolled route to the synthesis of polybyglated indolizidinone

scaffolds.

Finally, a fast, efficient and simple one-pot prbees for the
synthesis of heteroaryl iodonium salts was develppallowing the
synthesis of diverse compounds, including thosén wterically hindered

moieties.






Nota:

Las referencias bibliograficas de esta Tesis Dats® recogen al pie
de cada pagina y son independientes en cada ules @apitulos en que se
divide la Memoria, por lo que en los casos en geieha considerado

oportuno han sido repetidas para comodidad deirlect
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1. AMINACION DE ENLACES MULTIPLES CARBONO-
CARBONO

La importancia de las reacciones de formacion deces Carbono-
Nitrégeno, C-N, en sintesis organica reside en dag distintas
funcionalidades resultantes que pueden generatde pgesentes en gran
parte de las moléculas organicas, y son especigmiaemportantes en
aquéllas con actividad fisiolégiéaLos métodos disponibles para la
formacion de estas uniones implican, generalmeaxitdesplazamiento de
una funcién oxigenada por un nucledfilo nitrogen&dk transposicion de
compuestos carbonilicos (Curtius, Beckmannha aminacion reductora de

aldehidos o cetonas.

Al grupo de métodos mencionados, clasicos y bigabksidos
todos ellos, se les vienen uniendo mas recientenaqniéllos basados en la
adicion de un fragmento N-H sobre un enlace méltiptC. Esta es una
reaccion ligeramente exotérmit&in embargo, a pesar de ser un proceso

termodinAmicamente favorable, estd impedido poelévada energia de

1. (a) Dewick, P. M. en Medicinal Natural Products”Wiley: England, 1997. (biNicolaou, K. C.;
Vourlomis, D.; Winssinger, N.; Baran, P./Agew. Chem., Int. EQ00Q 39, 44.

2. Mitsunobu, O. en Comprehensive Organic SynthesisTrost, B. M.; Fleming, I.; Pergamon:
Oxford, 1991, 6, 65.

3. (a)Marouka, K.; Yamamoto, H. erComprehensive Organic Synthesi$tpst, B. M.; Fleming, .
Pergamon: Oxford, 1991, 6, 763. @hioiri, T. en Tomprehensive Organic Synthesitost, B. M.;
Fleming, I. Pergamon: Oxford, 1991, 6, 795.

4. Estudios computacionales pueden consultars@githa, S.; Jewell. L. [Tetrahedron201Q 66,
3030. Cita original en: Steinborn, D.; Taube, R. Chem 1986 26, 349. (b)Benson, S. W. en
“Thermodynamicals Kinetics: Methods for the Estiroatiof the Thermochemical Data and Rate
Parameters’ 22 Ed., John Wiley & Sons Inc., 1976.
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activacion necesaria para la aproximacion entamaa y el alqueno o el
alquino, especialmente cuando no estan desactivadosonicamente, ya
que el par no enlazante del nitrégeno crea unargqauision electrostatica
sobre el enlace multipka:> Por ejemplo, la adicién directa de una amina
sobre un doble enlace se observa si éste estduglsstpor grupos tales
como carbonilo o nitrilo, pero no sobre olefinamiesé Por otro lado, la
adicion [2+2] del enlace N-H sobre el alqueno egsthibida por simetria
orbital y ademas es desfavorable debido a la gfaredcia de energia entre

el orbitalr (C=C) y ele (N-H) Por todo esto, es esencial actuar bien sobre

el alqueno, alquino o sobre el resto nitrogenada faevorecer la reaccion.

Este grupo de métodos, que posibilitan estos posdasto de forma
intermolecular como intramolecular sobre olefinasalquinos simples,
aparecen resumidos enkEdquema 1.1Asi, la reaccion daidroaminacion
consiste en la adicion formal de enlaces N-H sentaces multiples C-C
con reduccion de dicho enlace. La reaccionad@nacion oxidantees
particularmente interesante, ya que el productal faonserva la funcion
insaturada, lo cual permite realizar sobre ellatggomes modificaciones.
Por ultimo, la previa activacion de los enlacestipigs C-Cempleando
agentes electréfilogiesulta ser una estrategia interesante que corallee

obtencion de los correspondientes productos fuatizados.

5. Taube, R. eMApplied Homogeneous Catalysis with Organometallic @oomds”, VCH, 1996.

6. (a)Simonyan, G. S.; Beileryan, N. M.; Pirumyan E. G.gRe, J. —P.; Boyer, BCatalysis2001,
42, 474. (b) Suminov, S. I.; Kost, A. NRuss Chem. Rev1969 38, 884. (c) Vercruysse, K.;
Dejugnat, C.; Munoz, A.; Etemand-Moghadam,Esr. J. Org. Chem200Q 281. (d) Burgada, R.;
Mohri, A. Phosphorus Sulfud982 13, 85. (e) Gibson, M. S. enThe Chemistry of the Amino
Group”, Patai, S., Ed.; Interscience; New York, 1968.
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Hidroaminacién\f T Hidroaminacion \ Y
- N_ - ” N‘ - ’I
e+ R E
Aminacion |~ 9% \Q Aminacion OX\Q E/\ -
oxidante E “*.  oxidante Y
OXH2 /\’N /: OXH2 N/
R™ ™~ R
; R-N
R H

Esquema 1.1Alternativas para la aminacion de enlaces multigies.

Para cefiirnos a la quimica que se pretende ddaarem este
trabajo, y para ubicarla en su adecuado context@l siguiente apartado
profundizaremos en las propuestas bibliograficttivas a las reacciones
de aminacion de alquinos, exclusivamente, de matat® intra- como
intermolecular.
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2. AMINACION DE ALQUINOS

El atractivo sintético del uso de aminas primagiagecundarias en
reacciones de adicion sobre alquinos reside erogugroductos obtenidos,
enaminas e iminas, pueden ser empleados en tranagflones posteriores
con diferentes usos sintéticbsla de destacarse, ademas, que los alquinos
experimentan reacciones de aminacion mucho masmiude que las
olefinas debido tanto a razones estéricas comaeldtva debilidad de los
enlacesrt presentes en alquinos (aproximadamente 70 kJ/rael agbiles
que los enlacerde olefinas). A continuacion, presentaremos alguiedss

diferentes métodos que permiten estas reacciones.

2.1. Hidroaminacion de alquinos.

Por las razones de tipo energético ya menciondagasaminas no
reaccionan generalmente de manera espontanea quinogl, si bien un
triple enlace puede experimentar la adicion diredauna amina si el
sistema es deficiente en electrones, por ejempl@str sustituido por
grupos fluorados, alcoxilados o aciladosComo consecuencia, las
reacciones de aminacion de alquinos simples hapraoverse con el

empleo de ciertos catalizadores.

7. Una revisidn sobre ciclaciones desencadenadashidocoaminaciones de alquinos se puede
consultar en: Patil, N. T.; Singh, V. Organomet. Chen2011, 696, 419.

8. Dahlen, K.; Wallen, E. A. A.; Grotli, M.; Luthma K. J. Org. Chem. 2006 71, 6863.
Originalmente citado en: Chekulaeva, I. A.; Kondvatd.. V.Russ. Chem. Rev. (Engl. Trangl965
34, 669.
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Esta documentado que diversos catalizadores netgticomueven
la reaccion ddéidroaminacion de enlaces multiples, tanto de manera inter-
como intramoleculat. Llevada a cabo sobre alquinos, dicha reaccion
conduce a la formaciéon de enaminas, que, genertdmisomerizan a su
tautbmero iminico. Hace mas de 30 afios, Barluengaplgboradores,
consiguieron promover reacciones de aminacion deirads empleando
sales de mercurio y tali@n proporciones tanto estequiométricas como
cataliticas® Sin embargo, debido a su toxicidad, estos cathiizs cayeron
en desuso, si bien revelaron su eficacia en lavafin del triple enlace

frente al ataque nucleofilico de las amirfasguema 12

CoHii” Ny *+ PhNH;  HICh_ oy

(5% mol) NPh
(89%)
H
Cothi” N+ N 9%, cop, N
Et™ "Ph (5% mol) N
Et” "Ph
(84%)

Esquema 1.2Primeras aminaciones de alquinos.

9. Revisiones sobre el tema se pueden encontré)diilller, T. E.; Beller, M.Chem. Rev1998 98,
675. (b)Nobis, M.; DrieRen-Hdlscher, BAngew. Chem., Int. E®001, 40, 3983. (c)Beller, M.;
Breindl, C.; Eichberger, M.; Hartung, C. G.; Seayad,Thiel, O. R.; Tillack, A.; Trauthwein, H.
Synlett2002 1579. (d)Pohlki, F.; Doye, SChem. Soc. Re2003 32, 104. (e)Doye, S.Synlett2004
1653. ()Alonso, F.; Beletskaya, I. P.; Yus, @hem. Re\2004 104, 3079. (g) Severin, R.; Doye, S.
Chem. Soc. ReR007, 36, 1407. (h) Mdiller, T. E.; Hultzsch, K. C.; Yus, Mepubela, F.; Tada, M.
Chem. Rev2008 3795.

10. (a) Aznar, F.; Barluenga, Synthesid977, 195. (b)Rodes, R.; Liz, R.; Aznar, F.; Barluenga,J.
Chem. Soc., Perkin Trand98Q 2732.
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Los catalizadores de paladigon, sin duda, los mas ampliamente
usados en las reacciones de hidroaminacion cealite alquino&! El
Esquema 1.3muestra, a modo de ejemplo, como pueden promover

reacciones de lactamizacién de alquinilamidas terados rendimientos.

== Pd(PPhs), PhCOOH X

1,4-dioxano, 100 °C N\Ts

o] (92%)

CONHTs

Esquema 1.3Reaccién de lactamizacion de alquinilamidas.

Una descripcion mas detallada del modo en que duars este
proceso, aplicado a la aminacién de 1-fenilpropaparece reflejada en el
Esquema 1.43 Lo esencial de la presencia del acido benzoicel enedio
de reaccion radica en que, junto al Pd@Rlgenera un alquenilpaladio
especie activa que inicia el primer ciclo cataditidando lugar al intermedio
II. En un segundo ciclo catalitico, la hidropaladadi@| aleno da lugar a

11. Las primeras referencias del uso de catalizadde paladio para hidroaminaciones de enlaces
multiples se remontan a mas de 30 afios atrasaqauiblicacion de reacciones de aminacién oxidante
de olefinas. Para una revision sobre este temagvé@Hegedus, L. SAngew. Chem., Int. Ed. Engl.
1988 27, 1113. (b)Zeni, G.; Larock, R. CChem. Rev2004 104, 2285.

12. Patil, N. T.; Huo, Z.; Bajracharya, G. B.; Yamamdy. J. Org. Chem2006 71, 3612.

13. Si bien el esquema muestra el mecanismo pahidtaaminacion intermolecular, también es
aplicable a la reaccion intramolecular: KadotaShjbuya, A.; Lutete, M. L.; Yamamoto, ¥. Org.
Chem.1999 64, 4570.
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una especie de-alilpaladiolll que reacciona con la amina para conducir al

producto deseado y regenerar la especie activaddgd de paladio.

Ph/\/\NRZ Ph————Me
Pd(PPhs),
H-NR;
X
P|d H  Pd—X
H-Pd—X —
Ph PH H
m H H H
PhCOOH |
X= PhCO,
H>:
PR

Esquema 1.4Mecanismo propuesto para la hidroaminacion deragu
catalizada por paladio.

Los organolantanidos de tipo Cp,LNnCH(TMS) y de tipo
Me,SiCp,LNnCH(TMS), (Cp*=r-CsMes, Cp'=1r-CsMes, Ln=Sm, Lu,
Nd)14 constituyen un grupo de catalizadores ampliamemipeleados en las

reacciones de hidroaminacion intermolecular deiatggu Con ellos también

14. Para una revision sobre el empleo de orgariats en reacciones de hidroaminacion de
enlaces multiples, véase: (a) Hong, S.; Marks, Acd. Chem. Re2004 37, 673. (b) Hannedouche,
J.; Collin, J.; Trifonov, A.; Schulz, B. Organomet. Chen2011, 696 255.
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se ha acometido la ciclacién intramolecular de aadouinos para dar lugar

a heterociclos pirrolidinicos y piperidinicdssguema 1.)6'°

HoN IV, Benceno, t.a. N
O
R 7 R=H, Me, Ph, TMS

m-CH(TMS),

Ph @ IV, Benceno, t.i. N\ Ph
. IV J \

Esquema 1.5Reaccion de aminacion intramolecular de alquinos.

Se ha propuesto que la reaccion mencionada traasauraves del
mecanismo mostrado en Esquema 1.6En este caso, la especie catalitica
de la reaccion (intermedi¥) es una amida lantanida, generada tras el
desplazamiento del grudms(trimetilsilillmetilo por el grupo nitrogenado,
que inserta regioselectivamente el alquino paralager a un complejo
alquinil-lantanido (intermedi&/I). La protonacion del enlace Ln-C fhl

por una nueva molécula de la amina da lugar a deva precursora del

15. (a) Gagné, M. R.; Marks, T.J.Am. Chem. Sot989 111, 4108. (b) Gagné, M. R.; Nolan, S. P.;
Marks, T. JOrganometallicsl99Q 9, 1716. (c)Giardello, M. A.; Conticello, V. P.; Brard, L.; Sabat
M.; Rheingold, A. L.; Stern, C. L.; Marks, T. J. Am. Chem. S0d.994 116 10212. (d)Li, Y.;
Marks, T. JJ. Am. Chem. So&996 118, 9295.
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producto final junto con la regeneracion de la egpé, que inicia un nuevo

ciclo cataliticolé

L. SiMe;
| Ln
-/ SiMe,
- R'-NH,
2 e \ SiMes
SiM63
\]
H | NHR! L
p { Ln-NHR' R2—=——Me
R Me Y
Y,
R'-NH,
L NHR1 ‘I"-Ll\_n/NHR'I
T RN Me
</ Me N
L % //
il VI R2

Esquema 1.6Mecanismo propuesto para la reaccion de aminastémnolecular
de alquinos catalizada por organolantanidos.

16. Estudios cinéticos realizados confirman esteamiemo para las hidroaminaciones catalizadas por
organolantanidos tanto inter- como intramolecutaRgi, J. -S.; Li, Y.; Marks, T. . Am. Chem.
Soc.2003 125, 12584.
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Conviene destacar que la alta eficacia que muektsaratalizadores
mencionados hasta el momento queda devaluada, n@oparte, por su
elevada sensibilidad, lo que obliga al empleo dedmiones de reaccion
muy rigurosas, Yy, por otra parte, por su elevaddile lo cual impide que
el proceso pueda extenderse a moléculas con fualdades coordinantes

como éteres y grupos proéticos (alcoholes y aciddsoxilicos).

Entre los numerosos catalizadores empleados pavedaab esta
problematica han de citarse ciertmsnplejos de titanioya que no solo han
demostrado su capacidad para catalizar eficienten&tidroaminacion de
alquinos sino que, ademas, transcurren con un gpatrol regioselectivo.
Asi, la reaccion de arilalquinos terminales as#spadr el reactivo comercial
Ind,TiMe, (catalizadorVIll ) conduce mayoritariamente al isomero anti-
Markovnikov, mientras que la reaccién de alquilalgs terminales con

arilaminas muestra la orientacion opuegisgliema 1.7/Reaccion L17

Por otro lado, el uso de catalizadores del tipo en la
hidroaminacién de alquinos alifaticos con alquilaas proporciona
mayoritariamente el producto anti-Markovnikov. EBstatalizadores, por el
contrario, conducen de manera exclusiva al proditadkovnikov cuando
la reaccidon tiene lugar con aminas aromaticas iestgente impedidas

(Esquema 1.7, Reaccion2

17. Heutling, A.; Pohlki, F.; Doye, €hem. Eur. J2004 10, 3059.

18. (a)Onate, E.; Esteruelas, A.; Lopez, A. M.; Mateo,GA.Organometallics2005 24, 5084. (b)
Ofate, E.; Esteruelas, A.; Lopez, A. M.; Mateo,CAOrganometallic2006 25, 1448. (c) Buil, M.
L.; Esteruelas, A.; Lopez, A. M.; Mateo, A. Organometallic2006 25, 4079.
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Un ejemplo interesante de esta regioselectividaenseentra en el
uso del catalizadoX, el cual facilita que una amina estéricamente ®eno
impedida reaccione con varios alquinos alifaticasaplar lugar al producto

anti-Markovnikov casi exclusivamenteégquema 1.7, Reaccion3

19.Zhang, Z.; Schafer, L. lOrg. Lett.2003 5, 4733.
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AN\ NE
=Y i N i G 2N
\Ti.\\\\'\/'e ! X N7 | TNEt
¥ Ly
:/ Me Me/] Me
Me
VIl IX X
a X = NMe,
b X =OMe
¢ X = PPh,
Me VNI _Tol
Hex—=—H « O (5% mol) HN
(7)
H,N 105°C, 1h Hex
Me X
c
NH JJ\ A
Hex————H + 2 (5% mol) Hex H r (2)
Me 100°C,0.75h
NH,
X
(5% mol)
Bu———H -+ P Bu\/\N (3)
65 °C, 24 h H

Esquema 1.7Ejemplos de reacciones de hidroaminacion internutdecie
alquinos catalizada por complejos de titanio.
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Cuando los ejemplos anteriores se han extendidausal de
catalizadores actinidospo Cp*AcMe, (donde Ac=U, Th) se ha verificado
que tanto la quimio- como la regioselectividad gebceso dependen
fuertemente de la naturaleza del catalizador yadleimen de la amina, y no

tanto de la naturaleza del alqui#o.

Se ha publicado, asimismo, la efectividad de algwatalizadores
de org como (PBP)AuCH; para las reacciones de hidroaminacion de
alquinos?! A diferencia de los catalizadores de titanio, & de porfirinas
de oro (lll) en este tipo de procesos conduce fartaacion exclusiva del

producto MarkonikovEsquema 1)32

OMe
oh— /@ 5% mol [AWTPP)CI. 1y
MeO

80°C,12h
Ph

Esquema 1.8Ejemplo de hidroaminacion intermolecular de algsinatalizada
por porfirinas de oro (ll1).

20. (a) Haskel, A.; Straub, T.; Eisen, M.@&rganometallics1996 15, 3773. (b) Straub, T.; Haskel,
A.; Neyroud, T. G.; Kapon, M.; Botoshansky, M.; Eisé1. S.Organometallic2001, 20, 5017. Una
revision sobre el empleo de organoactinidos seeama en: Eisen, M. Sop. Organomet. Chem.
201Q 31, 157.

21. Mizushima, E.; Hayashi, T.; Tanaka, ®g. Lett.2003 5, 3349. Revisiones sobre el empleo de
catalizadores de oro en las reacciones de hidreamim de enlaces multiples C-C se encuentran en:
(a) WidenHoefer, R. A.; Han, XEur. J. Org. Chem2006 4555. (b) Hashmi, A.; Stephen, K;
Buehrle, M.Aldrichimica Acta201Q 43, 27.

22. Zhou, C. -Y.; Chan, P. W. H.; Che, C. &tg. Lett.2006 8, 325.
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Las hidroaminaciones de alquinasitalizadas por basgueden
ilustrarse con la adicion de heterociclos nitrogieisaa fenilacetileno para
conducir a heterociclos enaminicos, lo que se mauest elEsquema 1.9
Sin embargo, y a pesar de que con su uso se satisfgproblema de la
estabilidad de estos catalizadores frente a losagdos al principio del
apartado, su compatibilidad con la presencia de, ggemplo, grupos
hidroxilos en los sustratos queda por resolver ya, @n ocasiones, las
fuertes condiciones de reaccion requeridas puedetudar a procesos de

oligomerizacior?3

CsOH-H,0 = ph

H
_ N (20% mol) N
PhTH +
W, W,

Esquema 1.9Ejemplo de hidroaminacion de alquinos catalizadags®OH.

Asi, debido a su baja afinidad por el oxigeno, dosmplejos de
rutenio se han mostrado altamente eficientes para catghaecesos de

adicion de aminas a alquinos terminales a partiurte gran variedad de

23. (a) Tzalis, D.; Koradin, C.; Knochel, Petrahedron Lett1999 40, 6193. (b) Rodriguez, A;
Koradin, C.; Dohle, W.; Knochel, Angew. Chem. Int. EQ00Q 39, 2488. (c) Lane, C.; Snieckus,
V. Synlett200Q 1294. Una revision sobre el empleo de baseslaan@acciones de hidroaminacion
de olefinas y alquinos se encuentra en: Seayadaduyng, C. G.; Tillack, A.; Beller, MAdv. Synth.
Catal. 2002 344, 795.
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sustratos con diferentes grupos funcion&édebal como se muestra en el
Esquema 1.10la aminacion intermolecular de alcoholes propiaas con
anilinas puede conseguirse mediante el empleo c@ubide R(CO), y

NH4PF;, para preparar indoles 2,3-disustituidos.

R2 Ru3(CO)q2

Ha
R1 (0 4% mol) R
NH4PF6

140°C, 79 h

Iz _

R' = H, p-Me, o-Me, p-Cl, p-MeO
R? = Me, Et, n-pentilo, Ph

Esquema 1.10Ejemplo de reaccion de aminacion de alquino terhoiatlizada
por un complejo de rutenio.

Como mostraremos en este Ultimo bloque, la busqueda
catalizadores que promueven con efectividad pr@cgedidroaminacion de
alquinos se ha extendido a un amplio abanico daes alementos metalicos.
Por ejemplo, logatalizadores de platingon eficaces en las reacciones de

adicion de aminas a alquinos terminde®el mismo modo, el uso de

24. (a) Yi, C. S.; Yun, S. YJ. Am. Chem. So2005 127, 17000. (b) Kondo, T.; Okada, T.; Suzuki,
T.; Mitsudo, T.J. Organomet. Chen2001, 622, 149.

25. Tokunaga, M.; Ota, M.; Haga, M. Wakatsuki,Tétrahedron Lett2001 42, 3865.
26. Brunet, J.-J.; Chu, N. C.; Diallo, O.; Vicend8u,). Mol. Catal. A: Chen2005 240, 245.
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complejos de zirconipermite la reaccion de hidroaminacion intramolacul

de una gran variedad de amifas.

Los catalizadores de platd y cobré® también son eficaces en la
reaccion de aminacién de alquinos, si bien merextadarse el uso de
catalizadores de zinc y cobre inmovilizadDg esta manera, se han llevado
a cabo hidroaminaciones a través de sistemas péteros de distintos
tipos. El empleo de un sistema liquido-liquido, naga Zn(OTf) como
catalizador? tiene la gran ventaja de que, debido a la sermatiaperacion
del catalizador tras la reaccion, permite su usg@rendes cantidades con
escalas de reaccion ventajosas. Otro meéetodo héteeogusado en la
hidroaminacién intermolecular de alquinos termisaleon aminas
aromaticas se basa en el uso del intercambio deenete transicion con la
montmorillonita K-101 una arcilla acida formada por dos capas de silica
intercalada con otra octaédrica de alimina, quel@udgercambiar cationes
con los metales de transicion. Su empleo, en camldin con Cti’, permite
obtener el producto de adicibn Markovnikov selentiente Esquema
1.11).

27. (a) Kim, H.; Livinghouse T.; Lee, P. Hetrahedron2008 64, 2525. (b) Born, K.; Doye, Eur.
J. Org. Chem2012 764.

28. (a) Koseki, Y.; Sato, H.; Watanabe, Y.; NagasdkOrg. Lett.2002 4, 885. (b)van Esseveld, B.
C. J.; Vervoor, P. W. H.; van Delft, F. L.; Rutjes,FE T.J. Org. Chem2005 70, 1791. (c)Trost, B.
M.; Fandrick, D. ROrg. Lett.2005 7, 823.

29. Hiroya, K.; Itoh, S.; Sakamoto, J..Org. Chem2004 69, 1126.
30. Bodis, J.; Mller, T. E.; Lercher, J. Green Chen2003 5, 227.
31. Shanbhag, G. V.; Kumbar, S. M.; Joseph, T.ligfladi, S. B.Tetrahedron Lett2006 47, 141.
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NH,  CuK-10 @
5%
Ph—=—H + © Shpeso)

110°C, 10 h |
Ph)\

Esquema 1.11Empleo de catalizadores inmovilizados en la réecde
aminacion de alquinos.

En la bibliografia se encuentran numerosos ejempglasre la
inclusion de la reaccion estudiada en rutas sgagticonducentes a la
preparacion de productos naturales. Por dar Unicman ejemplo de ello,
se muestra en &lsquema 1.1 sintesis del alcaloide nitidina facilitada por
un catalizador de oro (AuCH{biPh)(Bu),P]CI/AgNTf,).32

32. Enomoto, T.; Girard, A. -L.; Yasui, Y.; Takerpl'. J. Org. Chem2009 74, 9158.
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MeO.__OMe
0 MeO e}
O O> MeO ’O O>
. t. A
MeO Z ki O NHBoc
O MeO
MeO NHBoc
MeOH

L
MeO o
MeO O NHBoc

Esquema 1.12Sintesis del producto natural nitidina mediantenapleo de la
reaccion de hidroamonacién de alquinos catalizadanw.

Nitidina
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2.2. Aminacion oxidante de alquinos.

Ya en la década de los afios 80 se publicaron orexide
aminaciéon oxidante de olefifds con PdGl como catalizador y
benzoquinona o Cugkomo agentes oxidantes primaridgjue derivaron
posteriormente en el desarrollo de numerosos sisterataliticos para este
tipo de procesos. Por el contrario, las publicaesosobre reacciones de

aminacion oxidantede alquinos son mucho mas escasas.

Recientemente, se ha verificado, por primera veExgo de este
tipo de reacciones para la preparacion directandenidas a partir de
alquinos y una gran variedad de diferentes compsesitrogenados
(Esquema 1.1)34

33. (a) Hegedus, L. S.; Allen, G. F.; Watermanl.El. Am. Chem. Sot976 98, 2674. (b) Hegedus,
L. S.; Allen, G. F.; Bozell, J. J.; Waterman, EJLAmM. Chem. So&978 100, 5800. (c) McDonald,
R. I.; Liu, G.; Stahl S. SChem. Rev2011, 111,2981.

34. Hamada, T.; Ye, X.; Stahl, S.5.Am. Chem. So2008 130, 833.
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CuCl, (20% mol)
R®  piridina, Na,CO;
R—Hy + H-N » R'——N
R3  O2(1atm), Tol. R3
70°C,4h

Py
N

R = Ph, n-CgH;3 PMP, TIPS, TBSOCH, TBSO(CH,)s

Nucledfilo nitrogenado:
Ts

%O 9
0
_NH HN:/I/ HN HN™ SO HN)LNzMe
R / \_J
Bn\\\

R =Bn, n-Bu
R R
4
& T
N N.
Me S

H N
g

R=3-Ac, R = Me, NO, OMe
3-CO,Me, 3-CO,Et :

Esquema 1.13Sintesis de inamidas a través de la reaccion deaaitin
oxidante de alquinos.

En general, en esta reaccién, los alquinos eleasitientes son
menos efectivos, mientras que los alquinos rico®lentrones presentan
elevados rendimientos. De entre la serie de nuldsohitrogenados
evaluados en su accidn frente al fenilacetilenogdanencionarse que las

pirrolidinonas no son efectivas para este acoplaimie
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2.3. Uso de reactivos electrofilos.

Del mismo modo a como hemos comentado para el wso d
catalizadores metalicos, algunaesactivos electrofilos son capaces de
activar enlaces multiples formando especies intdiasereactivas para que
puedan ser atacadas por nucledfilos nitrogenadas deodo mas efica®.
Siguiendo esta estrategia, se ha preparado una gasiedad de
isoquinolinas’® indoles’ e isoindole® con elevados rendimientos en
condiciones de reaccidén suaves, empleando reaatigogodo, selenio y
azufre como agentes electréfilos. Por ejemploctaho se muestra en el
Esquema 1.14uno de los pasos claves en la sintesis del @ealo
cefaranona B se caracteriza por el empleo de yodlecuwlar. En este
ejemplo, y en los que siguen, queda expuesto, ambdmo el electrodfilo
gue queda incorporado en el producto se conviggeeralmente, en un
punto de diversificacion estructural de la molécltaque incrementa el

atractivo de este método.

35. (a) Cardillo, G.; Orena, M.etrahedronl99Q 46, 3321. (b) Castellanos, A.; Fletcher, SChem.
Eur. J.2011, 17, 5766.

36. (a) Huang, Q.; Hunter, J. A.; Larock, R.XCOrg. Chem2002 67, 3437. (b) Ding, Q.; Wu, J.
Adv. Synth. CataR008 350, 1850.

37. (a) Yue, D.; Larock, R. @rg. Lett.2004 6, 1037. (b) Yue, D.; Yao, T.; Larock, R. €. Org.
Chem 2006 71, 62.

38. (a) Yao, T.; Larock, R. Q. Org. Chem2005 70, 1432. (b) Smith, K.; EI-Hiti, G. A.; Hegazy, A.
S.; Kanuki, B Beilstein J. Org. Chen2011, 7, 1219.
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Q 0
MeO N~ Ph I MeO
H — N._Ph
MeO N NaHCOs  \e0 {
TMS | TMS
1. CsF
2. cat. Pd
O O-BFC6H5B(OH)2
MeO O
O NH e N Ph
MeO - O ~
‘ y MeO \

s o8

Cefaranona B

Esquema 1.14Empleo de yodo molecular como reactivo electrd@itda sintesis
del alcaloide cefaranona B.

Por otra parte, la sintesis de yodoindoles ha sidscrita con
diferentes reactivos electréfilos. Asi, como se stigeen eEsquema 1.15
el reactivo tetrafluoroborato de yodobis(piridimapmueve la ciclacion de
diferentes aminas permitiendo incluso la reacc®aminas sin protegéf.

39. Barluenga, J.; Trincado, M.; Rubio, E.; GonzaleM.Angew. Chem., Int. EQ003 42, 2406.
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R |

>
Z
IPy,BF, HBF
e ©\/\ng
N,  CHaClz -80°C N

H

Esquema 1.15Empleo del reactivo de Barluenga en la preparad#n
yodoindoles.

Finalmente, cabe mencionar que la reaccion de amimade
alquinos promovida por yodo molectidrconstituye un método muy eficaz

de sintesis de yodoindoldssguema 1.16

. . Me
NMe, i) I, (2equiv.) 1

CH,Cl, 0.5 h, ta. N
’ > / Ph
Me % i) Na,S,03 (aq.) sat.  Me

Ph '

Esquema 1.16Reaccion de aminacién de alquinos promovida pooyod
molecular en la sintesis de yodoindoles.

En este ambito de la aminacion de olefinas y atsppromovida por
el empleo de reactivos electréofilos puede encusdragl trabajo de
investigacion que nuestro grupo viene realizanddosniltimos afios. En

particular, nos hemos centrado en la reaccién deaaidn intramolecular,
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tanto de olefinas como de alquinos, promovida goreactivo de yodo

hipervalente is(trifluoroacetoxi)yodo]benceno (PIFA).

En el siguiente apartado describiremos detalladeenelas
caracteristicas de los reactivos de I(lll), cerdoiros tanto en su caracter
electrofilo, capaz de activar triples enlaces, c@mau caracter oxidante, lo
que posibilita la transformacion de un resto nirmado en un potente

electrofilo.
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3. USO DE LOS REACTIVOS DE YODO HIPERVALENTE EN
PROCESOS DE AMINACION DE ENLACES MULTIPLES
CARBONO-CARBONO

3.1. Consideraciones generales.

En las udltimas décadas, la quimica de los reactidesyodo
hipervalente se ha ido desarrollando a pasos dgidas ante la evidencia
de que permiten realizar gran variedad de transfoiones organicas,

siendo de aplicacion, por tanto, en multitud defilis sintético4?

La reactividad tan variada de estos compuestos ebke,d
principalmente, a la electrofilia que presentatelm® de yodo en dichas
moléculas, fruto de la debilidad y polaridad delaee hipervalente, y al
caracter de “super grupo saliente” que posee ebhemtend! principal
subproducto de la reaccidon. Su comportamiento sengja, en muchos

casos, al de los compuestos de coordinacion ddeseta transicion, ya que

40. (a) Varvoglis, A. en HMypervalent lodine in Organic SynthesisAcademic Press: San
Diego,1997. (b) Moriarty, R. MJ. Org. Chem2005 70, 2893. (c) Wirth, TAngew. Chem., Int. Ed.
2005 44, 3656. (d) Zhdankin. V. \Curr. Org. Synth2005 2, 121. (e) Ladziata, U.; Zhdankin. V. V.
ARKIVOC200§ ix, 26. (f) Zzhdankin. V. V.; Stang, P. Ghem. Rev2002 102 2523. (g) Zhdankin.
V. V.; Stang, P. JChem. Rev1996 96, 1123. (h) Varvoglis, ATetrahedron1997, 54, 1179. (i)
Pouységu, L.; Deffieux, D.; Quideau, Betrahedror201Q 66, 2235. (j) Zhdankin, V. V.; Stang, P. J.
Chem. Rev2008 108 5299. (k) Silva, L. F. Jr.; Olofsson, Blatural Product Report2011, 28,
1722. (I) Turner, C. D.; Ciufolini, M. AArkivoc2011, (i), 410.

41. La pérdida de yodobenceno a partir de unaesgbdonio es comparable a la pérdida de nitrégeno
de una sal de diazonio y ha sido estimada parasel garticular de sales de alquenilyodonio en 8x10
veces superior a la del grupo triflato: Okuyama,Tekino, T.; Sueda, T.; Ochiai, M. Am. Chem.
Soc.1995 117, 3360.
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evolucionan a través de mecanismos de reaccionaforemte idénticos a

los de la quimica organometali€a.

El término hipervalencfd es de aplicacion cuando elementos de los
grupos 15-18 de la Tabla Periddica presentan utemcia mayor que la
predicha por la Teoria de Lewis-Langmuir, es demirando su capa de
valencia esta formada por 10 o 12 electrones. @bdieen los reactivos
mas importantes de yodo hipervalente dicho elemprdsenta estado de
oxidacion 1l (yodanos) o V (peryodanos), y cueata 10 o 12 electrones
de valencia, respectivamente. Con las excepciorksedctivo de Dess-
Martin y su precursor, el acido-yodosilbenzoico, la mayoria de ellos
pertenecen a familias en las que el atomo de yadeeun numero de

coordinacion 2 o 3%

Tal como muestra l&igura 1.1, en los compuestos tipxl ,** el
grupo menos electronegativo jjLesta unido al yodo por un enlace
covalente normal y se sitla en la parte ecuatdeialna bipiramide trigonal.
Los otros ligandos Ly Ls) se hallan en las posiciones axiales unidos
ambos a un orbital 5p del atomo de yodo. De est#orae forma un sistema
lineal que contiene 3 centros y 4 electrones (Jc-EBstos enlaces 3c-4e,
comunmente llamados enlaces hipervalentes, sonargis y mas débiles

que los enlaces covalentes normales. La mayor aehslectronica esta

42. (a) Martin, J. CSciencel983 221, 509. (b) Akiba, K.; Yamamoto, YHeteroatom ChenR007,
18, 161. (c) Akiba, KHeteroatom Chen2011, 22, 207.

43. Término acufiado en: Musher, JAmgew. Chem., Int. Ed. EntQ69 8, 54.

44. En esta notacidn se indica, entre paréntdsigimero de electrones de valencia alrededor del
atomo de yodo, seguido del nimero de ligandos sracdé.
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situada en los extremos del eje que une los tregosey, por ello, los

ligandos més electronegativos ft Ls) estabilizan los yodand&?

En los compuestos tipll , se establecen dos enlaces hipervalentes
ortogonales (3c-4e) y un enlace covalente norngpi@ndo el conjunto
geometria piramide cuadrada, pseudo bipiramideortely o pseudo

octahédrica en funcién de los ligandos que poryeed.

En compuestos con la estructura tiéol , por ejemplo, el fenil-
yodosilo, los enlaces hipervalentes se crean pointeraccion de dos
orbitales simplemente ocupados del ligando y untaribp doblemente
ocupado del atomo de yodo (2c-4e). Este enlacen@gertra fuertemente
polarizado y la molécula se expresa mAas correct@meon una

representacion zwitterionica.

L2 z
1 | o : —!—LL1 L1—! “““ "
L _|\ L/l ’\
L3 L

L=z == L1*-z
X1 (10-1-3) XII (12-1-5) XIIl (10-1-2)

Figura 1.1.Estructura de los compuestos de yodo hipervalente
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Los reactivos de yodo hipervalente son conocidesleldénales del
siglo XIX, cuando se sintetiz0 por primera vez @latoyodobencené?
primer miembro de esta familia de compuestos. Desdences, el gran
interés en el uso de nuevas metodologias sintéioagviten el empleo de
sustancias toxicas, peligrosas o0 agresivas conedianha impulsado la
busqueda de nuevas aplicaciones de este tipo deuestos en sustitucion
de reactivos metalicos, asi como la preparaciomuiv/os compuestos
organoyodados polivalentes. EnTabla 1.1se muestran algunos de los
reactivos de yodo hipervalente comerciales mas eadpk asi como las

referencias donde se describe su preparacion.

45, Willgerodt, CJ. Prakt. Chem1886 33,154.
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Tabla 1.1.Reactivos de yodo hipervalente comerciales masines

Reactivo Nombre/Acrénimo Tipo Referencia
Phi(OAc), (Diacetoxiyodo)benceno/PIDA 111 01;9-)38{,%?'
PhI(OCOCF3), [Bis(trifluoroacetoxi)yodo]benceno/PIFA I(111) fggéhiz'g
PhI(OH)OTs  [Hidroxi(tosiloxi)yodoJbenceno/HTIB  I(lll) jé_gf g Zcﬁj’;'é
PhIO Fenilyodosilo/lOB i) A&
PhIO, Fenilyodilo V) eea o
\|—OH
0 Oxido de 1-hidroxi- V) J. Org. Chem.
1,2-benzyodoxol-3(71H)ona/IBX 1999, 64, 4537
0
AcO_ P'ECA
- (o]
I\o 1,1,1-Triacetoxi-1,1-dihidro- W J-S‘(‘)?- 1%’;6;’"-
1,2-benzyodoxol-3(71H)-ona/DMP 11 3 7277'
0

El Esquema 1.17recoge las dos caracteristicas principales que
muestran en su accion este tipo de reactivos, estda posibilidad de
intercambio de ligandos en el atomo de yodo, smhia en el estado de
oxidacion, y el intercambio de ligandos con eligiba reductora de

yodobenceno.
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- . Nu® phjeL
Ph_l.n\“ \_A > Ph_l.-\\\'. L;» NUJI_NU2
LI -.

Esquema 1.17/Reactividad general de los compuestos de yodova(este.

Por todo esto, la mayoria de las reacciones praias\por reactivos
de yodo hipervalente transcurren sobre sustratmalobes o nucledfilos, y
las de oxidacién son, precisamente, el tipo destoamacion que domina la
reactividad de estos compuestos, bien en procesosgidacion directé& o
bien en reacciones de funcionalizacion, degradactéensposicion y
ciclacion oxidantes, a través de mecanismos taroicds como

radicalariost”

Cifiéndonos al objeto de esta introduccion, ha decrorarse que se
han descrito métodos de amidacion de olefinas rdesdi@or reactivos de
yodo pentavalentes, como es el caso del IBX, gue dwmnducido a la
formacion de diferentes heterociclos nitrogenadasna &-lactamas,

carbamatos ciclicos, 1,2-hidroxiaminas y aminoaas;aa partir de las

46. La oxidacion de alcoholes a compuestos caiboaiempleando reactivos de yodo hipervalente
esta ampliamente documentada. Una revision recgmiiee el tema se puede encontrar en: Uyanik,
M.; Ishihara, K Aldrichimica Acta201Q 43, 83.

47. (@)Muraki, T.; Togo, H.; Yokoyama, MRev. Het. Chenl997 17, 213. (b)Togo, H.; Katohgi,
M. Synlett 2001, 565.
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correspondientes N-arilamidés. Para su descripcion mecanistica se
propone la generaciéon de un intermedio radical émonak tipo XIV que
experimenta un proceso de ciclacion 5-exo-trig sadrdoble enlace para
dar lugar a la especi¥V, la cual atrapa un atomo de hidrogeno del
disolvente (THF) generando, asi, el producto desézstjuema 1.1)3

90°C, 12 h
l MeT
o) l 0 T
ok gy
XIv A"

Esquema 1.18Mecanismo simplificado para la reaccion de amidaciéfinica
mediada por IBX.

IBX, 0
©/ M THF:DMSO (4:1) dN/@

En términos generales, los radicales centrados |lenit®geno
reaccionan con funciones organicas saturadas ¢uiadas para formar
enlaces carbono-nitrégeno y producir un nuevo ehdeentrado en el

carbono, el cual puede ser atrapado mediante acaio® de transferencia

48. (a) Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. 8ngew. Chem., Int. E®R00Q 39, 625. (b)
Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L.; Barluen8a Hunt, K. W.; Kranich, R.; Vega, J. A.
Am. Chem. So2002 124, 2233.
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de grupo a través de un mecanismo en cadena. @seduencia mas
empleada implica la generacion de la especie fadigay la posterior

ciclacion intramolecular con un resto olefinf€o.

Debido a la capacidad electroatractora del grupdocélo, los
radicales amidilo presentan caracter electréfilong reactividad intermedia

entre los radicales amidilo neutros y los caticaeécales figura 1.2.

Aminilo Cation radical Amidilo
D \\\RI \\\R. \\\\R'
N R—N" N
G‘R O‘R O‘COR
R=H, Metal

Figura 1.2.Radicales centrados en el nitrégeno.

En el Esquema 1.1%e muestra otro ejemplo de preparacion de
heterociclos nitrogenados a través de un procesandeacion de olefinas
promovido por el reactivo de Dess-Martin, uno dg feactivos de yodo
hipervalente mas popularmente extenditio.

49. Seguiremos en este apartado introductoriadodb los precedentes de la accién de los reactivos
de yodo hipervalente en la reaccion de aminaciéolefinas Gnicamente, ya que la de alquinos era
inexistente cuando nuestro grupo inicié sus ingastones en este terreno.

50. (a) Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. Aagew. Chem., Int. EQR00Q 39, 622. (b)
Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L.; SugKaJ. Am. Chem. So2002 124, 2212.
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Vi
0]
g | NN
N. N DMP (2 equiv.)
g - AN
0] ) CeHe, reflujo, 0.5 h @[
(@)

Esquema 1.19Ejemplo de aminacion de olefinas promovida por DMP

35
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3.2.Antecedentes en nuestro grupo de investigacion.

Dada su acentuada reactividad, nos hemos sentjgEciabnente
atraidos por el comportamiento del reactivo de ydupervalente
[bis(trifluoroacetoxi)yodo]benceno (PIFA), un compuestonercial de bajo
coste que se presenta como un sélido cristaliradblestEste reactivo ha sido
empleado en multitud de diferentes transformaciotass como oxidacion
fendlica?l sustitucion electrofila aromatiéa, acoplamiento biarilico
oxidativo33 adicion oxidativa a olefina®,desproteccion de ditioacetdiey
amidacion electrofila arométiéagntre otros.

Si bien las primeras investigaciones de nuestrpayen las que se
recurrié a tal reactivo se centraron en su capdcpiaa la formacion de

enlaces C-C a través de procesos de acoplamieatdidoi oxidativos?

51. (a) Tamura, Y.; Yakura T.; Haruta, J.; Kita,JY Org. Chem1987, 52, 3927. (b) Venkateswarlu,
R.; Kamakshi, C.; Subas, P. V.; Moinuddin, S. G. Reddy, D. R. S.; Ward, R. S.; Welter, A.;
Gelbrich, T.; Hursthouse, M. B.; Coles, S. J.; LigWt,E. Tetrahedror2006 62, 4463.

52. (a) Kita,Y.; Tohma, H.; Inagaki, M.; Hatenaka; Yakura, T.Tetrahedron Lett1991 32, 4321.
(b) D’Auria, M.; Mauriello, G.Tetrahedron Lett1995 36, 4883.

53. (a) Dohi, T.; Morimoto, K.; Maruyama, A.; Kita, Org. Lett.2006 8, 2007. (b) Tang, C.; Li, Z.;
Wang, Y.; Xu, J.; Kong, L.; Yao, H.; Wu, X.etrahedron Lett2011 52, 3275. (c) Hackelder. K;
Schnakenburg, G.; Waldvogel, S.Rur. J. Org. Chem2011, 6314.

54. Celik, M.; Alp, C.; Coskun, B.; Giiltekin, M. Balci, M. Tetrahedron Lett2006 47, 3659.

55. (a) Store, G.; Zhao, Retrahedron Lett1989 30, 287. (b) Fleming, F. F.; Funk, L.; Altundas, R.;
Tu, Y.J. Org. Chem2001, 66, 6502.

56. (a)Kikugawa, Y.; Kawase, MChem. Lett199Q 581. (b)Romero, A. G.; Darlington, W. H.;
Jacobsen, E. J.; Mickelson, J. Wetrahedron Lett1996 37, 2361. (c)Romero, A. G.; Darlington,
W. H.; McMillan, M. W. J. Org. Chem1997, 62, 6582. (d)Wardrop, D. J.; Basak, AOrg. Lett.
2001, 3, 1053. (eWardrop, D. J.; Zhang, WOrg. Lett 2001, 3, 2353. (f) Chang, C.-Y.; Yang, T.-K.
Tetrahedron: Asymmetrg003 14, 2081. (g)Wardrop, D. J.; Burge, M. S.; Zhang, W.; OrtizAl.
Tetrahedron Lett2003 44, 2587.

57. Véase, por ejemplo: (a) Olivera, R.; SanMaRinpominguez, EJ. Org. Chem200Q 65, 7010.
(b) Moreno, I.; Tellitu, I.; Herrero, M. T.; SanMar, R.; Dominguez, ECurr. Org. Chem2002 6,
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actualmente nuestra investigacion cursa sobregaccad oxidante, con el
propoésito de acceder a compuestos N-heterociaimEtiante la formacion

de enlaces C-N.

Una de las principales caracteristicas que ha deachrse en el
reactivo de yodo hipervalente PIFA es su capacigada generar
intermedios N-acilnitrénicos a partir de amidasfdranacion de este tipo de
intermedios fue descrita por primera durante eldistde la reaccién de
oxidacion deN-cloro-N-metoxiamidas con sales de zinc y pRétAlgo mas
tarde se observdé que cuando amidas primarias wsdast por un grupo
metoxilo (N-metoxiamidas) son tratadas con PIFAykeen conducen a la
formacién de estos intermeditf8,que se habian mostrado muy eficaces
como electréfilos en reacciones de sustitucionte®ia aromatice® Esta
metodologia, por lo tanto, evita el paso previo aderacion de las
alcoxiamidas, inhibe, en su caso, la formacionulgductos de cloracion
aromatica, y evita, finalmente, el empleo de cauléd estequiométricas de
sales metdalicas, minimizando los problemas de #wmlabtl, toxicidad y

gasto econémicdesquema 1.20

1433. (c) Moreno, |.; Tellitu, 1.; SanMartin, R.; Bxdnguez, EEur. J. Org. Chem2002 2126. (d)
Churruca, F.; SanMartin, R.; Carril, M.; Urtiaga, s¢lans, X.; Tellitu, I.; Dominguez, B. Org.

Chem.2005 70, 3178. (e) Churruca, F.; SanMartin, R.; TellituDgminguez, EEur. J. Org. Chem.
2005 2481.

58. (a) Glover, S. A.; Goosen, A.; McCleland, C. Bchoonraad, J. L1. Chem. Soc., Perkin Trans.
11984 2555. (b) Kikugawa, Y.; Kawase, M. Am. Chem. So&984 106, 5728.

59. (a) Kikugawa, Y.; Shimada, MChem. Lett.1987 1771. (b)Glover, S. A.; Goosen, A,
McCleland, C.; Schoonraad, J. Tetrahedron1987 43, 2577. (c)Kawase, M.; Kitamura, T.;
Kikugawa, Y.J. Org. Chem1989 54, 3394. (d)Glover, S. A.; Scott, A. PTetrahedron1989 45,
1763. (e)Kawase, M.; Miyake, Y.; Sakamoto, T.; Shimada, Kikugawa, Y.Tetrahedronl989 45,
1653. ()Kikugawa, Y.; Shimada, M.; Matsumoto, Keterocycled994 37, 293.
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0]

t 2
BuOC| R1J\N/OR Zn/Ag
. cl
o) 0
. or? . +
1 - — — + R2 ,OR2
R ” R1/U\N O <—>R1 N/
JOL (e
TFA OR2
» N/OR
| \
PIFA =
FsCOCQ) P | b -ococCF,

Esquema 1.20Formacion de intermedios N-acilnitrenios a parér d

N-metoxiamidas.

En nuestro grupo de investigacion hemos venidocapdio esta
estrategia sintética a través de tres enfoquesedifes: (i) laamidacion
electréfila aromatica que tiene lugar sobre N-metoxiamidas que porten u
resto aromatico en la posicién requerida; (iqaidacién de olefinagjue, a
partir de los sustratos aciclicos adecuados Nuatitsiidos, conduce a la
formacion de isoquinolinonas, isoindolinonas, pidioas y piperidinas
hidroximetil sutituidas; (iii) y, por ultimo, su &nsion a laamidacion de
alquinos lo que permite construir 5-aroil-pirrolidinonas partir de

alquinilamidas lineales N-sustituiddssguema 1.2150

60. En las paginas siguientes se daran detallesondies que ayudaran a comprender mejor lo
expuesto, de modo un tanto simplificado, eBsgjuema 1.21
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NHR
N X

@)
PIFA
Phl, TFA
. -
NR OCOCF3
Ne X
O
TFA </
. | Nu=Ar ... |Nu = Olefina ... | Nu = Alquino
0 1R = OMe (i g = Ar (iit) | R = Arilo,
Alquilo, Alilo

Y _OH O Ar
AI’\ R R
@o /N N
OMe o) 0%

Amidacién aromatica Amidacion de olefinas Amidacion de alquinos

Esquema 1.21Enfoques de nuestra estrategia sintética.

Como hemos comentado anteriormente, la propuestalinente
desarrollada por Kikugawa para promover procesa@srddacion electroéfila

aromaticapor accion del reactivo PIFA, se ha aplicado, esstro grupo, a
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la sintesis de quinolin-2-onas fusionadas a hetdosé! 1,4-diazepin-2-

onas?y pirrolo[2,1-c]1,4-diazepin-2-oné&s(Figura 1.3.
Ph
CO,Et
@d (- P
MeO
Figura 1.3.Heterociclos sintetizados en nuestro grupo.

Este proceso puede explicarse a través del meocamjsmse recoge
en elEsquema 1.22Asi, la adicion de PIFA sobre una N-metoxiamida d
lugar a un proceso de intercambio de ligandos eftaho de yodo que
culmina en la generaciéon de una especie intermé@dia La fragmentacion
de este intermedio conduce a la formacion de lacgsgationica electrofila
XVII , estabilizada por el grupo metoxilico adyacentesugceptible de

reaccionar con un nucleoéfilo aromatico.

61. (a) Herrero, M. T.; Tellitu, I.; Hernandez, S.; Domirgyu E.; Moreno, |.; SanMartin, R.
ARKIVOC 2002 31. (b)Herrero, M. T.; Tellitu, I.; Hernandez, S.; Domirgy E.; Moreno, I.;
SanMartin, RTetrahedror?2002 58, 8581.

62. (a)Herrero, M. T.; Tellitu, I.; Dominguez, E.; Morenig, SanMartin, RTetrahedron Lett2002
43, 8273. (b)Correa, A.; Herrero, M. T.; Tellitu, I.; DomingueE,; Moreno, |.; SanMartin, R.
Tetrahedror2003 59, 7103.

63. Correa, A.; Tellitu, I.; Dominguez, E.; Moreng,SanMartin, RJ. Org. Chem2005 70, 2256.
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,~~ArH

J\ PIFA J\ N
Ar
0™ "NH o™ N
OMe OMe
TFA
TFA
,-ArH Phl .-ArH --ArH
Ph ‘OCOCF; ' '
¢|\ Ol A 41\ ) - 41\*
O~ "N” "OCOCFj 0~ °N O~ 'N
(OMme OMe OMe
XVI XV

N-metoxi-N-acilnitrenio

Esquema 1.22Mecanismo propuesto para la amidacion electrofdanatica
mediada por PIFA.

Por otro lado, al tiempo que Nicolaou publicabatsaisajos sobre la
ciclacion radicalaria de amidas insaturadas megliantiso del reactivo IBX
(Esquema 1.18&agina 33), nuestro grupo elabor6é un novedoso poode
amidohidroxilacion de olefinamtramolecular que venia promovido por el
reactivo PIFA Esquema 1.23 Este proceso, desarrollado para la

preparacion de isoquinolinonas e isoindolindifasfue extendido

64. Serna, S.; Tellitu, I.; Dominguez, E.; Moreh&@anMartin, RTetrahedron Lett2003 44, 3483.
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posteriormente a la preparacion de pirrolidinasipefidinas hidroximetil

sutituidasts

NR
IBX_ |\ u/—\ﬁ

(0]
N m NHR intermedio radicalario OH

.
NR
NG ] “OCOCE,
o

intermedio iénico

[

—

PIFA

- R\N

7

0

Esquema 1.23Amidacion de olefinas mediada por IBX y PIFA (Nuefiha).

La observacion experimental de que la heterocimtaprecisaba de
sustituyentes arilicos sobre el nitrdgeno amidios tevé a proponer el
mecanismo descrito en &squema 1.24Asi, el i6n acilnitrenioXVIII
resultado de la oxidacién de la funcidbn amidica pbrreactivo PIFA,
reacciona intramolecularmente en modo exo con @brelefinico para
conducir a un intermedio deficitarddlX . Este evoluciona por un ataque
ipso del grupo arilo adyacente hacia un carbocatias establXX, el cual
sufre una migracion 1,2 proporcionando el interroedas establXXI| que,

a su vez, es atacado por el grupo trifluoroacetmioerado a partir del

65. (a) Correa, A.; Tellitu, I.; Dominguez, E.; Samfiih, R.J. Org. Chem2006 71, 8316. (b) Serna,
S.; Tellitu, I.; Dominguez, E.; Moreno, |; SanMartR. Org. Lett.2005 7, 14, 3073. (c)rellitu, 1.;
Urrejola, A.; Serna, S.; Moreno, |; Herrero, M. Dominguez, E.; SanMartin, R.; Correa,Ruir. J.
Org. Chem2007, 437.
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reactivo PIFA dando lugar al trifluoroéstéxlIl . La hidrdlisis, durante la

elaboracion en medio acuoso basico, conduce aluprodfinal de la

reaccion.
“OCOCF; + OCOCF;
NHPMP N ﬁ - OCOCF,
PIFA “PMP
N0 Nl . — >0 N
TFA, Phl
XV XIX OMe xx OMe
OH ococF3
K,CO3 (aq.) S OCOCF3
N 0" "N
PMP
0]
XXII OMe

Esquema 1.24Mecanismo propuesto para la reaccion de amidohidrién de

olefinas mediada por PIFA.

Una clara evidencia de la importancia de la sug@tude la funcion
amida en el curso de la reaccién vino de la mahexjeerimento resumido
en elEsquema 1.25En este ensayo se prepard una acetamida dobkEment
funcionalizada, por un resto bencilico y por otidice, y se llevd a
reaccionar en presencia del reactivo PIFA. Obsepgaque la naturaleza

del sustituyente amidico gobierna la reaccion coompeta
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quimioselectividad ya que mientras un sustrato ivaidico evoluciona a
través de un proceso de amidohidroxilacion, swsréi-metoxiamidicos

dan lugar a procesos de amidacion electrofila atioaf&

R1
PIFA /\ N
— - L OH
R?=PMP | TFEA, -20 °C 07\
\
PMP
N Z. Amidohidroxilacién
R'——
=
0” "NHR?2
1_1 N =
R2=0Me R'——
PIFA = NS0
TFEA, -20 °C OMe

Amidacion aromatica

Esquema 1.25Amidohidroxilacionversusamidacion electrofila aromética.

La posterior extension de esta metodologia perrodnstatar un casi
total paralelismo entre el comportamiento de ofiry alquinos frente al
reactivo de yodo hipervalente PIFA. En este segual®m se consiguio
optimizar, empleando condiciones experimentales smmlares, un nuevo
proceso de construccion de 5-aroil-pirrolidinonas p@artir de

alquinilamida$® Es de destacar que mientras el proceso de

66. Serna, S.; Tellitu, I.; Dominguez, E.; Moreh&GanMartin, RTetrahedror2004 60, 6533.
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amidohidroxilacion de olefinas promovida por PIFAuoe Unica y
exclusivamente con amidas aromaticas bajo las ciomgdis de reaccion
empleadas por nuestro gruffda reaccién llevada a cabo con alquinos tiene
lugar tanto sobre amidas arométicas como alqufiic& Esquema 1.26

muestra dos mecanismos alternativos que permijgicaxeste hecho.

Asi, en el caso de amidas N-aril sustituidas, elnibrenioXXIll se
ve estabilizado por el efecto dador de este grapiittndo, de este modo,
su reaccion intramolecular con el resto alquinicocgnduciendo al
intermedio XXIV, el cual es atacado por un resto trifluoroacet&bo.
trifluoroéster resultanteXXV rinde la pirrolidinona tras la elaboracion

béasica de la reaccion.

Por otro lado, proponemos, en el caso de sustiadguilamidicos,
que un hipotético intermedio N-acil-N-alquilnitrenmo podria generarse al
no estar la carga positiva estabilizada adecuadamaAsi, se postula que,
en lugar de oxidar al nitrogeno amidico, el reactile yodo hipervalente
promueve la activacion del triple enlace generando intermedio
electrofilico XXVI, que, tras la pérdida de un grupo trifluoroacetato
ciclacion intramolecular, resulta en el intermedXVIl . Este intermedio es
atacado por un anion trifluoroacetato para dar rluga producto
trifluoroacetoxiladoXXVIIl que, tras una elaboracion béasica, resulta en la
obtencion de la N-alquilpirrolidinona final.

67. Tellitu, I.; Serna, S.; Herrero, M. T.; Morerlp,Dominguez, E.; SanMartin, R. Org. Chem.
2007, 72, 1526.



Capitulo 1

46

>> PIFA
07 NH TN
Ar TFA, Phl
> PIFA
Ar —
07 NH
Me

X
W}; =
N -
(e} />_. ﬁ“ﬂ
o
L xxu XXIV
i OCOCF,  F3COCO'+
_u:+/_\ 3 IPh
1~ococF,
S 7
Ar JV N
NH .
3 ‘Me TFA J Me
XXVI XXVII
(-

-

B —

S

Phl O

OCOCF,

\>_.

N, N

Me

XXVl

TFA- O

pd

;

@)

=
o

Ar

=

Esquema 1.26Mecanismos propuestos para la reaccion de amiddeid

alquinos mediada por PIFA.
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4. OBJETIVOSY PLAN DE TRABAJO

Tal y como se ha indicado en la introduccion dea esemoria,
nuestro grupo de investigacion ha venido desamdtlauna novedosa
metodologia de amidacién de enlaces multiples cadsarbono en la que
intermedios acilnitrenios, generados a partir dectarrespondientes amidas
por accion del reactivo de yodo hipervalente PIFAaccionan
intramolecularmente con fragmentos alquinicos. uaspa a punto de esta
nueva reaccion permiti6, en su momento, accedea @btencién de
heterociclos 5-aroilpirrolidinénicos a partir dejaihilamidas N-sustituidas

lineales®"®’

En el trabajo de investigacion que se presentgrasiende que la
introduccion de un sustituyente polifuncional sobtenitrégeno permita,
una vez formada la pirrolidinona, aprovechar tdoggrupos funcionales
existentes sobre el nitrdgeno como los que se genam la reaccion (el
grupo carbonilo cetdnico) para acometer una segurddacion
intramolecular. Para ello extenderemos el estudio lal reaccion de
amidacién de alquinos a un nimero mas amplio yslivde estructuras que
puedan ser transformadas en diferentes familiz®aguestos biciclicos de
naturaleza pirrolidinica. De este modo, podremd$alse su alcance y
limitaciones, y reuniremos evidencias experimestajee nos ayudaran a
formular argumentos mecanisticos con los que explitiestros logros y
dificultades Esquema 1.27
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Trabajos anteriores:

— PIFA

RT\_I%N—R' — > R
O R
R=Ar
R' = alquilo, alilo y arilo H'\L/
N
—
0
En esta memoria: pirrolopirazinonas
' R
R— HN-R PIFA_ . HN
— (n
@]
R = Ar, estirilo e}
R' = aminas funcionalizadas pirrolo(benzo) d|azep|nonas
(NH-GP, NO,, CN), alilo

|ndoI|2|d|nonas

Esquema 1.27Plan de trabajo.

Se desarrollara, en suma, una nueva ruta paraes@a heterociclos
policiclicos nitrogenados basados en el sistemaoliiinico, cuya
construccion tendra al reactivo de yodo hipervald?iA como promotor
de la etapa clave del proceso. Asi, en los cagiifjuientes se mostrara la
sintesis de pirrolopirazinonas, pirrolodiazepingnagirrolobenzo-
diazepinonas e indolizidinonas, todos ellos de reeoiinterés por sus

potenciales aplicaciones farmacologicas.
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1. Sintesis de pirrolopirazinonas.
2. Sintesis de pirrolodiazepinonas y pirrolobenzodzepinonas.
3. Sintesis de indolizidinonas.
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1. Sintesis de pirrolopirazinonas.

1.1. Sintesis de l-arilpirrolopirazinonas a partir de N-
aminoetilpentinamidas.

1.2. Ensayos hacia una sintesis alternativa de paiopirazinonas a
partir de a-aminonitrilos.

1.3. Visién de conjunto.

1.4. Experimental procedures.

1. SINTESIS DE PIRROLOPIRAZINONAS

Las pirrolopirazinonas son derivados de gran wilicen el area
farmacoldgica ya que encuentran un gran campo dieaaPn como
principios activos potenciadores de la memoriadeed descubrimiento del
piracetam y de su analogo hidroxilado oxipiracetsenhan introducido
numerosas variaciones estructurales sobre el etqudlasico para
maximizar su actividad biolégica asi como paraidlarcsu mecanismo de
accionsés En laFigura 2.1se muestran, junto a los anteriores, ejemplos de
estos farmacos, tales como el pramiracetam o @lanefam, todos ellos
caracterizados estructuralmente por contener utemie 2-pirrolidinona
sustituido en la posicion 1 por un grupo aminoetlm ocasiones, este
grupo aminoetilo puede encontrarse integrado defgran ciclo fusionado

al esqueleto de pirrolidina, como es el caso deiram, un principio activo

68. Revisiones sobre las propiedades farmacologicasos del piracetam se encuentra en: (a)
Winblad, B.CNS Drug Rev2005 11, 169. (b) Leuner, K.; Kurz, C.; Guidetti, G.; Orgag, J. M.;
Mdller, W. E.Frontiers in Neuroscienc201Q 4, 44.
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que muestra propiedades potenciadoras de la memaatao 6rdenes de
magnitud mayores que las del piracefdmy también el caso del

dimiracetam, de diez a cien veces mas potentelqimeetany?

o)
HZN)H
N

X

=0

vy 55
S, T

X = H, piracetam pramiracetam nefiracetam
X = OH, oxipiracetam

E

unifiram dimiracetam

Figura 2.1. Pirrolopirazinonas con propiedades farmacolégicas.

69. (a) Manetti, D.; Ghelardini, C.; Bartolini, A.; Becci, C.; Dei, S.; Galeotti, N.; Gualtieri, F.;
Romanelli, M. N.; Scapecchi, S.; Teodori, E. Med. Chem200Q 43, 1969. (b) Martini, E.;
Ghelardini, C.; Bertucci, C.; Dei, S.; Gualtieri, F5uandalini, L.; Manetti, D.; Scapecchi, S.;
Teodori, E.; Romanelli, M. NMled. Chem2005 1, 473. (c) Manetti, D.; Ghelardini, C.; Bartolini,;A.
Dei, S.; Galeotti, N.; Gualtieri, F.; Romanelli, M.; Teodori, EJ. Med. Chem200Q 43, 4499. (d)
Martina, E.; Norcini, M.; Ghelardini, C.; Manetb,; Dei, S.; Guandalini, L; Melchiorre, M.; Pagella
S.; Scapecchi, S.; Teodori, E.; Romanelli, MB¥org. Med. Chen008 16, 10034.

70. (a) Farina, C.; Gagliardi, S.; Ghelardini, C.;rNfeelli, M.; Norcini, M.; Parini, C.; Petrillo, P.;
Ronzoni, S.Bioorg. Med. Chem2008 16, 3224. (b) Pinza, M.; Farina, C.; Cerri, A.; Pfeiff&.;

Riccaboni, M. T.; Banfi, S.; Biagetti, R.; Pozzi, O.alyhani, M.; Dorigotti, LJ. Med. Chem1993
36, 4214.
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Debido a la importante actividad biologica de esigo de
compuestos, se han publicado muchas y diferenteateggas para su
obtencion. Para ilustrar este apartado hemos satecto Unicamente dos,
conceptualmente diferentes entre si, y diferentesndestra propuesta
sintética. Asi, por ejemplo, numerosos derivada®loipirazindnicos se han
sintetizado segun muestrakEdquema 2.1En este caso, la reaccion del 1,4-
dibencil-2-piperazincarboxaldehido con el iluro eshtdo del [1-
(metoxicarbonil)metillfosfonato de dietilo da lugal correspondiente
aducto que, bajo condiciones de debencilaciona @spontaneamente. El
biciclo pirrolopirazindnico asi construido mantieme atomo de nitrdgeno
disponible como punto de diversificacion estrudtypar reaccion con

haluros de acilo, sulfonilo y bencit®®

Phj PhW COOMe
N_ _CHO y |
[ T (EtO),P(0)CH,COOMe [
N Base N
Ph oh
le, Pd(C)
O o)
[N ~ RX [N
N N
R H

Esquema 2.1Estrategia para la sintesis de pirrolopirazinonas.
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Recientemente, se ha publicado una nueva rutaiesalectiva para
la obtencion de derivados del dimiracetam a tralgsuso alternativo de
precursores enantiopuros de derivados de prolgdgeir, sustratos con el

fragmento pirrolidinico preformad&$quema 2.25°

O’Q“COOMe NaH O/A/D“‘COOMe NH,OH O/AQ”‘CONHZ

t
H BrCH,COOBU ) cooBu CH,COOBU

(R)o (S)

PIFA

TFA, HCI

= HCI
Arl/ArBr, Cul Ac,0, AcONa /A/_LM
O/A/D%N/@ - O/A/D%NH<2—+O N NH,
\" K,CO3; NMP % H .
‘—< R CH,COOH
0 (0]

(R) o (S)

Esquema 2.2Estrategia para la sintesis de pirrolopirazinonas
enantioméricamente puras.

Nosotros planteamos una alternativa a estas egtrateon un disefio
sintético que incluye la reaccion de amidacion HWpiiaos descrita por
nuestro grupo como paso clave en la construccioh sistema
pirrolidinico.’> Asi, se evaluara el comportamiento de alquinilasidque

incluyan un grupo amino adicional convenientemeaitteado, para permitir

71. (a) Serna, S.; Tellitu, I.; Dominguez, E.; Mwel; SanMartin, ROrg. Lett.2005 7, 14, 3073.
(b) Tellitu, I.; Serna, S.; Herrero, M. T.; Morenlp,Dominguez, E.; SanMartin, R. Org. Chem.
2007, 72, 1526.
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una posterior ciclacion intramolecular para obtelasr pirrolopirazinonas

objetivo Esquema 23

Ar
Ar HN
N — N
§ oo :
XHN
X = Cbz, 'Boc

Esquema 2.3Estrategia a desarrollar en este trabajo.

Para evaluar esta aproximacion hay que tener entacudistintos
aspectos. Por un lado, tanto la naturaleza delogpuptector como la del
arilo podria ser determinante en las distintasastaje la sintesis. Por otro
lado, hay que prestar atencion al diastereocoatrishvés de la secuencia
sintética, a fin de lograr un disefio competitivio, . aumento significativo

en el nimero de pasos de la sintesis.



56 Capitulo 2

1.1. Sintesis de 1-arilpirrolopirazinonas a partir de N-

aminoetilpentinimidas.

Una vez fijados los objetivos, el correspondientedliais
retrosintético llevd a seleccionar una serie dedamiconvenientemente

sustituidas como punto de partida de la sint€sgiema 2.4).

NHX 0 0
o H /\)L NHX
o= 2 NH = NH = J/
Ar o Ar H H HoN
NHX NHX

Esquema 2.4Retrosintesis para la preparacion de las pirradapionas.

Experiencias previas en nuestro grupo han mostjadda presencia
de restos amino o hidroxilo libres no es compatitde la reaccion de
heterociclacion de amidas insaturadas mediada poeaetivo de yodo
hipervalente PIFA, por lo que consideramos necadariproteccion del

grupo amino.

Con tal fin, se eligieron como grupos protectoléBec y el Cbz para
la reaccién de monoproteccion de la etilendiaminagn objeto de evaluar
comparativamente su comportamiento en la etapaidigcion. Asi, los
productos?a y 2b fueron preparados con buenos rendimientos pocid@ac
con dicarbonato de derc-butiio y cloroformiato de bencilo,
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respectivamente, siguiendo procedimientos biblibigya Esquema
2.5).7273

o 0
S K S L
- PN~
CH2C|2‘ ta. H
2a (88%)
HaN~ > N2 i
. 0" cl
N \/@
> HQN/\/N\H/O
CH,Cl,, 0 °C S
2b (73%)

Esquema 2.5Proteccion de la amina de partida.

A su vez, las amidagab (Esquema 2) se prepararon con
excelentes rendimientos por tratamiento del acigpentinoico 4) con las
diaminas protegidas previamente preparadad) en presencia de HOBt y

EDC-HCI como agentes activantés.

72. Guy, J.; Caron, K; Dufresne, S.; Michnick, S; 8kene, W.G.; Keillor, J. WI. Am. Chem. Soc.
2007 129 11969.

73. Krivickas, S. J.; Tamanini, E.; Todd, M. H.; iiason, M.J. Org. Chem2007, 72, 8280.
74. (a) Sukekatsu, NChem. Lett1997, 1. (b)Grayson, |Speciality Chemical200Q 86.
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NHX o)
EDC, HOBt
PN N
H,N Z EtsN, CH,Cl, H  NHX
2a X ='Boc 4 3a X = 'Boc (91%)
2b X = Cbz 3b X = Cbz (97%)

Esquema 2.6Amidacién de las amindzay 2b.

Posteriormente, sobre estas amidas se ensayar@arendds
condiciones experimentales con el fin de optimitar reaccion de
Sonogashira incorporando asi el resto arilo ero$acn terminal del triple
enlace. Para ello, se evaluaron dos variantes deatxion y se ensayaron
sobre las amida8a,b en combinacion con yodobenceno. Tal y como
muestra eEsquema 2.,7el empleo de condiciones agresivas (condiciones
A) resulté en un rendimiento ligeramente mayor guallernativaB. Sin
embargo, esta Ultima proporcioné resultados mastatos combinando los

parametros de tiempo de reaccion, rendimiento ypéeatura’s

75. Una revision reciente sobre la reaccion de §astura puede encontrarse en: (a) Heravi, M. M.;
Sadjadi, STetrahedror2009 65, 7761. (b) Chinchilla, R.; Najera, Chem. Re\2007, 107, 874. (c)
Chinchilla, R.; Najera, CChem. Soc. Rev01], 40, 5084. (d) Doucet, H.; Hierso, J. &ngew.
Chem. Int. Ed2007, 46, 834.
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0 o)
/\)L | A PdCIy(PPhy), Cul, PPhg
y NH , ©/ Et;N, 80 °C, 48 h - /\)J\NH
H B. PdCl,(PPhy), Cul, Ph H
NHX Et;N, ta., 24 h NHX
3a,b 5a X = 'Boc Cond. A. (95%)

Cond. B. (84%)
5b X = Cbz Cond. A. (80%)
Cond. B. (77%)

Esquema 2.7Reaccién de Sonogashira.

Una vez decidido el procedimiento a seguir, la cigerc de los
diferentes yoduros de arilo con las ami@asy 3b permitié preparar una
serie de amida$-8a,b con buenos rendimientos. Eabla 2.1 muestra
como, de manera casi general, los mejores rendiosiese consigueron al

emplearBoc como grupo protector.
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Tabla 2.1 Obtencion de los compuestbs8 a través de una reaccion de

Sonogashira.

O

0
/\)L PdCly(PPhj),, Cul
_— NH + Ar-l > P NH
~ H EtN, ta,24h A H

3a,b NHX 5.8 NHX
Entrada Sustrato X Ar- Producto  Rdto (%)@
1 3a 'Boc | 5a 84
2 3b Cbz 5b 77
3 3a 'Boc | 6a 90
T
4 3b Cbz 6b 75
5 3a ‘Boc S 7a 88
)
6 3b Cbz 7b 79
7 3a Boc 8a 80

8 3b Cbz

(@) Rendimiento de producto cromatograficamente puro.
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Una vez sintetizadas, las amidas8a,b fueron tratadas con el
reactivo PIFA bajo las condiciones optimizadas paestro grupo de
investigacion' para conducir a las pirrolidin-2-onas desea8ak2a,b
(Tabla 2.3. Los resultados muestran que ambos grupos pooéscison
eficientes en esta reaccion, si bien, de manerargenuevamente, &oc
permite lograr mejores rendimientos (el mecanismeo lal reaccion de
ciclacion con PIFA se estudiara en detalle en attagoConsideraciones

mecanisticaspagina 232).

Por otro lado, la eleccion de los sustituyentesaen el contexto
general de la sintesis no fue trivial. Basandonosneestros estudios
anteriores, en los que observamos que alquinilangisstituidas en la
posicion terminal por anillos aromaticos fuertereentiesactivados
(nitrofenilo) no permitian acceder al derivado @idinico deseado,
limitamos nuestro estudio a sustratos activagemdtoxifenilo, tienilo;
entradas 3-B no activados (fenilojentradas 1,2 y moderadamente

desactivadogclorofenilo;entradas 7,8
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Tabla 2.2.Ciclacién asistida por PIFA para la obtencion aedompuestos
9-12

NHX
o) o /)

PIFA

Ar H TFEA, 0°C, 2 h
5. NHX 9-12
Entrada Sustrato X Ar Producto  Rdto (%)@
1 5a ‘Boc e 9a 55
2 5b Cbz 9b 53
3 6a 'Boc 10a 74
[ j”’{

o
4 6b Cbz 10b 68
5 7a ‘Boc s 11a 94

O
6 7b Cbz 11b 81
7 8a Boc J@}{ 12a 54
Cl

8 8b Cbz 12b 79

(@) Rendimiento de producto cromatograficamente puro.
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Una vez sintetizadas las pirrolidinonas, nos dispos a preparar las
pirrolopirazinonas proyectadas. Asi, los compuesf&2a,b fueron
desprotegidos bajo las condiciones adecuadas pater pacometer

posteriores procesos de aminacion reductiva intiecutar.

Por una parte, las N-aminoetilpirrolidinon®sl2g protegidas como
terc-butilcarbamatos, fueron desprotegidas en medidoa¢rFA) para
liberar el grupo amino y permitir, sin posteriorificacion, un proceso de
ciclacion bajo condiciones de deshidratacion, eamge tamiz molecular
(4A) y medio bésico. Asi, se obtuvieron, con reridittos moderados, las
pirrolopirazinonas insaturadas objeti¥/8a-d como resultado de un proceso
de isomerizacidon posterior a la formacion del imidio biciclico iminico
(Tabla 2.3.
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Tabla 2.3.Reacciones de ciclacion de los compueStd2a

NH'Boc TEA" NH,
o /) H TEA  pN
Q CH,Cl, M

N, TFA_ N CHCl - IGUN
Ar)J\L)ﬁO CH,Cl, | Ar 0 tamiz A" O
molecular

L ] @A
9-12a producto confirmado por 13a-d
RMN, pero no aislado
Entrada  Sustrato Ar Producto Rdto (%)@

1 9a @fz‘ 13a 41
Y
2 10a 13b 33
>0

)
3 11a Ug_ 13¢ 39
e
4 12a /@ 13d 34
Cl

(@ Rendimiento de producto cromatograficamente puro.

Paralelamente, tal y como muestraTiabla 2.4 procedimos a la
hidrogenacion catalitica de las N-aminoetilpirrisithas9-12b protegidas
por el grupo Cbz. Transcurridas 12 horas de reaauidse observéd ningun
cambio (ccf) en el progreso de la reaccion. Bajmsesondiciones, la
liberacidbn del grupo protector, la ciclacion int@ecular, y la

hidrogenacion del intermedio iminico resultanteptliugar secuencialmente
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en la misma etapa de la sintesis. Asi, una vemlilaela amina, se evidencio
la formacion de los derivados biciclicaga,b,d y, ademas, si bien con
rendimientos moderados, la heterociclacién tuvaduwde forma totalmente
diastereocontrolada. Los experimentos de RMN d&prbidimensionales

realizadosFigura 2.2, muestran la existencia de NOE entre los hidrégen
H-1y H-8a de la molécul&.

Tabla 2.4.Reacciones de heterociclacion de los compu@siidx.

NHCbz
N
Q H H, Pd(C) |/\N HNTY
N ———— | Ar o| — N_o
Ar O MeOH/HCI, t.a. Ar
9-12b 14
Entrada Sustrato Ar Producto Rdto (%)@

-
1 9b ©&7“ 14a 40
2 10b /@% 14b 43
~o
S
3 11b ) 11b
Wa

4 12b /@E 14d 46
Cl

@ Rendimiento de producto cromatograficamente puro.

76. En la Figura 2.2 se muestran los experimenfE Kelectivos, pulsando sobre los protones H-1y
H-8a.
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o,

HN/\
H

PMPH—E@FO 1
| |

i

78 76 74 72 70 68 66 64 62 60 S8 SA 54 52 S50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 1.4
1 o)

Figura 2.2. Espectro NOE selectivo realizado sobre el compuieti.

La formacién del intermedio de reaccion iminico trexo en la tabla
anterior se postuldé en base a un experimento adiciealizado. En €l se
tratd de hidrogenar, en las condiciones mostraglasympuesto enaminico
13b, con objeto de transformarlo igualmente en el asspo 14b. Sin
embargo, la recuperacion del sustrato inalteradmigié concluir que el

proceso de hidrogenacion catalitica tiene lugaresebenlace iminico y no
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sobre el enaminico, aparentemente inerte en ladigones ensayadas,

confirmando asi el intermedio de reaccion propu@ssquema 2.8

NHCbz

N HNY H

PM )X\FO 3¢~ Pup PMP)KLN/g

(0] <_
13b
L N O
intermedio iminico

Esquema 2.8Ensayos para descartar la formacion de un inteorediminico en
la reaccion de hidrogenacion @d.2.

A la vista de los resultados es de destacar el cdarpiento
diferenciado del compuestiBc que contiene un resto tienilo, ya que se
mostro totalmente inerte a la accion del hidrogémduso empleando otros
catalizadores de paladio, tales como Pd@HEs conocido que los
compuestos sulfurados son venenos muy efectivdesdeatalizadores de
paladio, inhibiendo tanto procesos de quimisoraérpequefias moléculas
como procesos de hidrogenaci@nPara explicar este fendmeno se han

propuesto teorias que combinan tanto efectos estédomo electronicos.

77. Rodriguez, J. AProg. Surf. Sci2006 81, 141.
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Por ello, en un ultimo intento de obtener pirrotapinonas tienil
sustituidas, y pensando que el atomo de azufre gxigleno carbonilico
podrian actuar cooperativamente en el secuestrcatiizador, se sintetizo
el regioisbmerollc que contiene un resto 3-tiofenilo en su estractur
(Esquema 2.9 No obstante, si bien los compuestasy 11c se obtuvieron,
segun el procedimiento habitual, la reaccion deogehacion catalitica fue

infructuosa, obteniéndose el producto de partidakerar.

o)
o)
— NH
///\)J\NH Pd(h.Cul ’ = H
H EtsN, t.a. S NHCbz
" NHCbz 7c (70%)
PIFA
TFEA
NHCbz
HN Q
ﬂ H,, Pd(C) B
S o) X

MeOH/HCI, t.a. 11c (64%)

* Hy, Pd(OH),
HN
AN

S @)

Esquema 2.9Ensayos para la obtencién de la pirrolopirazinotierdl
sustituida.
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1.2. Ensayos hacia una sintesis alternativa de patopirazinonas

a partir de a-aminonitrilos.

Si bien en el apartado anterior se ha descrito nogedosa
metodologia para la sintesis de compuestos 1+aoiippirazinonicos, se ha
desarrollado paralelamente una alternativa simstétic la que la funcion
nitrogenada proviene de un grupo nitrilo incluidmneenientemente en la
estructura del sustrato pirrolidindnicEsguema 2.10 lo que evita las
etapas de proteccidon y desproteccion necesariaslagnalternativas
anteriores. Al mismo tiempo, el nuevo enfoque ptrénievaluar, por
primera vez, el comportamiento del grupo nitrilentie al reactivo PIFA en
el contexto de la reaccion de amidacion de alquiRoslmente, el uso de
a-aminonitrilos quirales como productos de partiderngtira obtener
eventualmente, mediante induccion asimétrica, casios
enantioméricamente enriquecidos. A modo de ensagginpnar se

emplearoro-aminonitrilos racémicos y comerciales.

Ar N o <& Ar)\(\NFO — Ar)J\EN/v/o

Esquema 2.10Estrategias planteadas para la preparacion de las
pirrolopirazinonas.
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Para llevar a cabo esta sintesis se procedié dermanéloga a la ya
descrita en este capitulo, comenzando por prefzramidasl6a,ba partir
de los correspondientas-aminonitrilos comercialed5a,b Debido a su
buen comportamiento en la sintesis de las pirrdapionasl3-14h se
escogio el 4-yodoanisol como unico fragmento arition el que optimizar

el proceso.

A continuacion, las amida&7a,b se trataron con PIFA bajo las
condiciones habituales proporcionando las pirrotidas deseadds3. Sin
embargo, segun muestra Esquema 2.11los rendimientos obtenidos
fueron muy bajos para ambos compuestos, probabtemeonr Ila
desactivacion que ejerce el grupo nitrilo sobre nd@irogeno. Esta
desactivacion también parece responsable del bapimiento obtenido en
la formacion de la funcion amida. Ademas, a patérla amidal7a se
obtuvo un producto identificado comk®, en proporcion similar 48a
procedente de la pérdida del resto nitrilo y quesealetecto al realizar la

reaccion sobré7bh.
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R 0 O R
A EDC, HOBt PY
HN" "CN + OH = N" "CN
Et,N, CH,Cl, H
15aR = H 4 16a R = H (47%)
15b R = Ph 16b R = Ph (71%)
i
4-yodoanisol
yodoaniso PMP/\)J\H CN
Pd(PPhs), Cul
e (NH t‘*;“’ ih 17a R = H (62%)
e 17b R = Ph (77%)
PIFA
TFEA, 0°C, 2 h
Ph
CN 0 CN
o ) 0 ! ;Z/
PMPJ\LN/V/O PMPJ\LFO PMP 0
18a (20%) 19 (23%) 18b:18c dr 71:29 (30%)

Esquema 2.11Preparacion de las pirrolidinonas precursdés

Por otra parte, la induccion prevista para la gmién del
estereocentro C-5 €IB no fue pronunciada. Asi, a partir de la anida,
se obtuvieron dos pirrolidinonas diastereomérit@isy 18c en proporcion
71:29 que pudieron ser aisladas por cromatograf@okimna flash. Debido

a las dificultades asociadas a la determinaciGresfuimica en moléculas
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conformacionalmente inestables, y al hecho de ase résultados se
hallaban lejos de ser los deseables, no se proaeds identificacion

estereoquimica de cada uno de estos dos estereoa=Om

A pesar del bajo rendimiento obtenido en la reacdé ciclacion
mediada por PIFA conducente a las N-cianometiljidirmonas 18a-¢g se
continud con la sintesis a fin de evaluar la vidad de la ruta disefiada.
Asi, dichos heterociclos se sometieron a las combs clasicas de
hidrogenacion catalitica (P#OMeOH/HCI; Ni-Raney, MeOH) con vistas a
promover un proceso de aminacién reductiva. Sinaegtd) las diferentes
condiciones de reaccion ensayadas condujeron alasezomplejas de
productos sin determinar entre los que no se puglar ai identificar el

producto biciclico deseado.
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1.3. Visién de conjunto.

Se ha descrito un novedoso método de obtencion de 1
arilpirrolopirazinonas a través de un proceso sstiaé de amidacion
intramolecular de alquinos por accion del reactilo yodo hipervalente
PIFA, seguido de una reaccién de aminacién redaetitre el grupo amino
del sustrato original y el grupo cetdnico desaadil en la etapa previa de

ciclacion.

Asi, el empleo del reactivo PIFA en la reaccionhééerociclacion
intramolecular conducente a la obtencion de losolpiinonas 9-12a,h
paso clave en la sintesis, dio el resultado esper@dsteriormente, la
liberacion del grupo amino, protegido pBoc en los compuest@&12ay
por Cbz en los compuest8sl12h permitié un proceso de aminacion que
resulté en las pirrolopirazinonas3a-d y 14a,b,d respectivamente, con
rendimientos globales entre 13-29% p&3845 pasos) y 14-32% palfal (5

pasos).

0 NHX
_ HN/\

Z NH PIFA_ o ATFA N

Ar TFEA N i.,TEA, tamiz AT O
Ar O molecular
NHX 13a-d
5-8a,b 9-12a X = Boc

Ar = Ph. PMP 9-12b X = Cbz HN |
2-tienilo, p-CICgH, | Hp Pd(C)  _ Ar 0
X ='Boc, Cbz MeOH/HCI

14a,b.d
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En una alternativa sintética, se emplearon alqanmdlas sustituidas
por un grupo nitrilo como fuente de la necesarizidn nitrogenada. Sin
embargo, ni los rendimientos obtenidos en su réaamn el reactivo PIFA
fueron los deseables (compuestt®a-g, ni la posterior reduccién del
grupo nitrilo/ciclacién intramolecular mediante ttgenacion catalitica

resulté en la formacion de las pirrolopirazinonggesadas.

0 R NN
H,, cat.
/\)L NH _PIFA 3¢
Mp NC)\ TFEA N

17aR=H 18aR=H
17b R = Ph 18b,c R = Ph



Sintesis de pirrolopirazinonas 75

1.4. Experimental procedures.
1.4.1. General methods and materials.

All reagents were purchased and used as receivedolkents used
in reactions were dried and purified according temdard procedures. All
air- or moisture-sensitive reactions were performedler argon. The
glassware was oven dried (140°C) overnight andgalvgth argon prior to
use. Melting points were measured using open gtagsllaries on a
Gallenkamp instrument and are uncorrected. Infrgpettra were recorded
as thin films on a Perkin-Elmer instrument and geate reported in crh
Only representative absorptions are given. Flasionshtography was
carried out on Si@(silica gel 60, 230-400 mesh ASTM). NMR spectra
were recorded on a Bruker AV300 instrument (300 Mbiz'H and 75.4
MHz for *3C) and on a Bruker AV500 instrument (500 MHz fét and
125.8 MHz for*C) at 20-25 °C unless otherwise stated. Chemidtis <B)
were measured in ppm relative to chlorofoda®.26 for'H or 77.0 forC)
as internal standard. Coupling constadtgre reported in hertz. DEPT and
several bidimensional NMR experiments (NOESY, CO$NMQC) were
used to assist with the assignation of the signaisl structural
determinations. Mass spectra were recorded unéetreh impact (70 eV)

or chemical ionization conditions on a MicromassT@astrument.
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1.4.2. Typical procedure for the synthesis of amide3 and 16.

N-(2-N’-tert-butoxycarbonylaminoethyl)pent-4-ynam(@a).

A solution of 4-pentynoic acid4) (740 mg, 7.2

/QJ\ mmol) in 5 mL of DCM was added to a
N/\l

magnetically stirred solution of EDC-HCI (2.0 g,

% 1 X 10.8 mmol) and HOBt (1.5 g, 10.8 mmol) in 20 mL

4 3 of the same solvent followed by the addition of the

5

monoprotected diaminga’s (1.74 g, 10.8 mmol) that was dissolved in 5 mL
of DCM. The mixture was cooled to 0 °C angdNE(1.15 g, 10.8 mmol) was
added dropwise and was left to react at rt ovetnifhen, the reaction was
diluted with DCM, water (25 mL) was added, the mnetwas decanted and
the organic layer was consecutively washed withm20of HCI (aq., 5%),
20 mL of a saturated solution of aqueous NalH@@d 20 mL of a saturated
solution of NaCl. The organic layer was dried oMesSO,, filtered, and the
solvent was removed under vacuum. The resultanwamsl crystallized from
Et,O to afford amide&a as a white solid (91%).

mp 107-108 °C (D).

'H NMR (CDCk) 8 6.24 (br s, 1H, NH), 4.88 (br s, 1H, NH), 3.41-3(27,
4H, H-1", H-2'), 2.53-2.40 (m, 4H, H-2, H-3), 2.q J=2.6, 1H, H-5), 1.44
(s, 9H,'Bu).

78. For physical and spectroscopic data of comp@arste reference 72.
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13C NMR (CDChk) 5171.7 (C-1), 156.9 (C-4’), 82.9 (C-4), 79B-(CHs)3),
69.3 (C-5), 40.7, 40.1, 35.3 (C-1’, C-2’, C-2), 28C-(CHa)3), 14.9 (C-3).

IR (film) v 3284, 2978, 1655.

MS (M+1, Cl) m/z(%) 213 (21), 185 (32), 167 (42)41 (100), 124 (72), 57
(24).

HRMS calculated for @HooN-Os-H' 241.1552, found 241.1877.

N-(2-N’-benzyloxycarbonylaminoethyl)pent-4-ynan(@ie).

According to the typical procedure, amidb

6’ was obtained from monoprotected amiig®

q
o):.\N/ﬁ ro . o i
H LN, Lo [N 97% yield as a white solid after purification

S\J by crystallization from hexanes.
2

4
3 mp 108-110 °C (hexanes).

'H NMR (CDCl) & 7.36-7.31 (m, 5H, Harom), 6.14 (br s, 1H, NH), 5(48
1H, NH), 5.10 (s, 2H, H-6'), 3.39-3.35 (m, 4H, H-H-2), 2.49-2.33 (m,
4H, H-2, H-3), 1.98 (br s, 1H, H-5).

3c NMR (CDCk) & 171.6 (C-1), 157.2 (C-4"), 136.3 (g-Carom), 128.3,
128.2, 128.1 (t-Carom), 83.9 (C-4), 69.3 (C-5),766C-6'), 40.8, 40.2 (C-
2', C-1), 35.2 (C-2), 14.9 (C-3).

IR (film) v 3307, 1690, 1643.

79. For physical and spectroscopic data of comp@lrgke reference 73.
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MS (M+1, Cl)m/z(%) 167 (48), 107 (1891 (100), 87 (17), 79 (28).

HRMS calculated for @H1sN,Os-H" 275.1396, found 275.1399.

N-(cyanomethyl)pent-4-ynamid&6a).

According to the typical procedure, amib@awas

o)
3 1
4
5/\)LH/\CN obtained from 2-aminoacetonitrilel%a) in 47%
2
yield as a colourless oil.

'H NMR (CDCk) & 6.92 (br s, 1H, NH), 4.18 (d=5.7, 2H, H-1'), 2.55-
2.45 (m, 4H, H-2, H-3), 2.03 (s, 1H, H-5).

13C NMR (CDCh) 5172.3 (CO), 116.6 (CN), 82.6 (C-4), 69.7 (C-5),234.
27.7 (C-1', C-2), 14.4 (C-3).

IR (film) v 3298, 1685.
MS (M+1, Cl)m/z(%) 137 (100), 110 (46).

HRMS calculated for @HgN,O-H" 137.0715, found 137.0716.

N-(1-phenylcyanomethyl)pent-4-ynam{déb).

3 9 j\h According to the typical procedure, amitiéb was

= N”_"CN obtained from 2-amino-2-phenylacetonitril&5p)
2 HI

¢

5 in 71% yield as a yellow solid after purificatioy b

crystallization from hexanes.
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mp 98-100 °C (hexanes).

'H NMR (CDCk) 87.46-7.39 (m, 5H, Harom), 6.84 (d=8.2, 1H, NH),
6.08 (d,J=8.2, 1H, H-1"), 2.55-2.42 (m, 4H, H-2, H-3), 1.99 (H, H-5).

13C NMR (CDCL) 8170.6 (CO), 133.1 (g-Carom), 129.6, 129.3, 1270 (t
Carom), 117.4 (CN), 82.3 (C-4), 69.9 (C-5), 44.11(}; 34.7, 14.6 (C-2, C-
3).

IR (film) v 3307, 1690.
MS (M+1, Cl) m/z(%) 213 (47), 186 (100).

HRMS calculated for gH1,N,O-H" 213.1028, found 213.1023.

1.4.3. Typical procedure for the Sonogashira couplg reaction.

Synthesis of compounds 5-8 and 17.

N-(2-N’-tert-butoxycarbonylaminoethyl)-5-phenylpdnynamide(5a).

A solution of iodobenzene (550 mg, 2.7 mmol),
OJ< PACK(PPh); (15 mg, 0.02 mmol) and amida (939 mg,

4N 4.0 mmol) in E{N (15 mL) was stirred at rt for 15 min.

¢

0

2 '

Ph HN.__O was stirred for 24 h. The whole crude was purifisd
\i

Then, Cul (8 mg, 0.04 mmol) was added and the mextu

5 column chromatography (EtOAc) to afford amisieas a
4

3 white solid that was triturated in hexanes (84%).

mp 118-120 °C (hexanes).
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'H NMR (CDCL) 6 7.39-7.36 (m, 2H, Harom), 7.28-7.25 (m, 3H, Harom),
6.36 (br s, 1H, NH), 4.93 (br s, 1H, NH), 3.41-3(8§ 4H, H-2, H-3), 2.74
(t, J=7.3, 2H, H-1'/H-2"), 2.46 (t)=7.3, 2H, H-2'/H-1") 1.42 (s, 9HBuU).

%C NMR (CDCk) 5171.8 (C-1), 156.9 (C-4’), 131.6, 127.8 (t-Carom),
123.4 (g-Carom), 88.4, 81.4 (C-4, C-5), 79C%(CHs)s), 40.8, 40.3 (C-1',
C-2'), 35.6 (C-2), 28.3 (CHs3)3), 15.9 (C-3).

IR (Film) v 3284, 2967, 1649, 1549.
MS (M+1, CI) m/z(%) 289 (26), 261 (100), 243 (1217 (56), 57 (39).

HRMS calculated for gH,4N,Os-H" 317.1865, found 317.1860.

N-(2-N’-tert-butoxycarbonylaminoethyl)-5-p-metholkgpylpent-4-ynamide
(69).

J< According to the typical procedure, amida was
04, obtained from amid&a in 90% as a white solid after
O™ 'NH purification by column chromatography (EtOAc)
2N followed by crystallization from hexanes.

PMP 1 mp 109-111 °C (hexanes).
5N 5

'H NMR (CDCk) & 7.33-7.30 (dJ=8.8, 2H, Harom),
6.82-6.79 (dJ=8.8, 2H, Harom), 6.28 (br s, 1H, NH), 4.88 (bd ki, NH),
3.80 (s, 3H, OCh), 3.43-3.23 (m, 4H, H-2, H-3), 2.72 @=7.3, 2H, H-
1'/H-2'), 2.48 (t,J=7.3, 2H, H-2'/H-1"), 1.43 (s, 9HBu).
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13C NMR (CDCL) 172.0 (C-1), 159.2 (C-4’), 156.9, 132.9 (g-Carom),
115.6, 113.8 (t-Carom), 86.8, 81.5 (C-4, C-5), 79®(CHs)s), 56.2
(OCH), 40.5, 40.3 (C-1", C-2"), 35.6 (C-2), 26.3 (CH3)3), 15.9 (C-3).

IR (film) v 3296, 2967, 1689, 1643.

MS (M+1, CI) m/z (%) 291 (100), 290 (28), 273 (247 (44), 231 (45),
230 (65).

HRMS calculated for GH,gN,O4+H" 347.1971, found 347.1972.

N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(2-thiejpgnt-4-ynamidé€7a).

According to the typical procedure, amida was
OJ< obtained from amid&a in 88% as a white solid after
o)éINH purification by column chromatography (EtOAc)
21 followed by crystallization from hexanes.
a HN._O
S 5\\ 1 , mp 128-130 °C (hexanes).
4 3 'H NMR (CDCk) & 7.18-7.12 (m, 2H, Harom), 6.99-

6.91 (m, 1H, Harom), 6.34 (br s, 1H, NH), 4.93 ¢brlH, NH), 3.39-3.27
(m, 4H, H-2, H-3), 2.76 (1)=7.3, 2H, H-1'/H-2"), 2.64 (tJ=7.3, 2H, H-
2'[H-1"), 1.43 (s, 9H!Bu).

%C NMR (CDCk) 8171.7 (C-1), 156.9 (C-4’), 131.3, 126.8, 126.3 (t-
Carom), 123.5 (g-Carom), 92.5, 79.6 (C-4, C-5)54@-(CHs)3), 40.7, 40.3
(C-1', C-2"), 35.3 (C-2), 28.3 (CgH3)s), 16.1 (C-3).
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IR (film) v 3284, 2967, 1690, 1649.
MS (M+1, Cl)m/z(%) 267 (100), 249 (23), 223 (44), 206 (50), 186)(

HRMS calculated for GH»,N,0:>2SH* 323.1429, found 323.1440.

N-(2-N'’-tert-butoxycarbonylaminoethyl)-5-p-chloraaylpent-4-ynamide
(89).

J< According to the typical procedure, ami8a was
04' obtained from amid8&a in 80% as a pale yellow
O~ 'NH solid after purification by column chromatography
Cl ™1 (EtOAC) followed by crystallization from hexanes.
SQHNl 20 mp 131-132 °C (hexanes).
43 IH NMR (CDCh) 3 7.32 (d,J=9.2, 2H, Harom),

7.23 (d,J=9.2, 2H, Harom), 6.37 (br s, 1H, NH), 4.90 (bi.kl, NH), 3.39-
3.25 (m, 4H, H-2, H-3), 2.73 (8=7.3, 2H, H-1'/H-2"), 2.46 (tJ=7.3, 2H,
H-2'/H-1"), 1.43 (s, 9H!Bu).

3C NMR (CDCl) $171.7 (C-1), 157.0 (C-4), 132.8, 128.5 (t-Carom),
133.7, 122.0 (g-Carom), 89.5, 80.3 (C-4, C-5), 1€{CHa)s), 40.8, 40.3
(C-1’, C-2), 35.4 (C-2), 28.3 (CaHs)3), 15.9 (C-3).

IR (film) v 3296, 2967, 1684, 1637.

MS (M+1, CI) m/z (%) 323 (17), 295 (91), 277 (50), 251 (100), 23%)(
192 (30).
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HRMS calculated for GH5>°CIN,OsH* 351.1475, found 351.1465.

N-(2-N’-benzyloxycarbonylaminoethyl)-5-phenylpentvdmide(5b).

6' According to the typical procedure, amideb was
m obtained from amid&b in 77% vyield as a white solid
o NH after purification by column chromatography follaiviey
2'N\ 1

crystallization of the resultant oil in hexanes.

Ph HN O
EN% mp 151-152 °C (hexanes).

4

3 'H NMR (CDCl) & 7.39-7.26 (m, 10H, Harom), 6.17 (br
s, 1H, NH), 5.17-5.07 (m, 3H, NH, H-16"), 3.38 (4H, H-2, H-3), 2.72 (t,
J=7.2, 2H, H-1'/H-2"), 2.44 (t)=7.2, 2H, H-2'/H-1).

13C NMR (CDCL) 5171.9 (C-1), 157.2 (C-4’), 136.3, 131.5 (g-Carom),
128.5, 128.3, 128.1, 127.9, 123.4 (t-Carom), 88135 (C-4, C-5), 66.9 (C-
6"), 41.0, 40.9 (C-1’, C-2"), 35.6 (C-2), 15.9 (§-3

IR (film) v 3296, 3070, 1690, 1637.

MS (M+1, Cl) m/z(%) 351 (20), 286 (100), 266 (1@43 (23), 91 (61), 79
(19).

HRMS calculated for gH,,N,OsH"351.1709, found 351.1708.
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-p-methoxyptieent-4-ynamide
(6h).

6' According to the typical procedure, amidid was

j\?@ obtained from amid&b in 75% as a white solid after
NH

© purification by column chromatography (EtOAc)

o
1 —
followed by crystallization from hexanes.

PMP HN1 o}
5% , Mp 124-125 °C (hexanes).

s 'H NMR (CDCk) & 7.34-7.29 (m, 7H, Harom), 6.80-
6.77 (d,J=8.8, 2H, Harom), 6.17 (br s, 1H, NH), 5.13-5.07, @H, NH, H-
6), 3.78 (s, 3H, OCH), 3.41-3.34 (m, 4H, H-2, H-3), 2.70 (7.1, 2H, H-
1'/H-2"), 2.43 (t,J=7.1, 2H, H-2"/H-1).

13C NMR (CDCk) 5172.0 (C-1), 159.3, 136.4, 115.5 (g-Carom), 15T0 (
4'), 132.9, 128.5, 128.2, 128.1, 113.9 (t-Caron6),7881.3 (C-4, C-5), 66.8
(C-6'), 56.2 (OCH), 41.0 (C-2'), 40.3, 35.7 (C-1’, C-2), 15.9 (C-3).

IR (film) v 3296, 1684, 1637.

MS (M+1, Cl) m/z(%) 381 (22), 273 (65), 272 (4831 (100), 91 (78), 79
(29).

HRMS calculated for &H,4N-O,-H"381.1814, found 381.1818.
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-(2-thiengip-4-ynamid€7b).

6' According to the typical procedure, amid®d was

jé.A© obtained from amid&b in 79% as a white solid after
NH

o purification by column chromatography (EtOAc)
2 .
H 1 followed by crystallization from hexanes.
/| HN.__O
ST ! , Mp 127-128 °C (hexanes).
4 3

'H NMR (CDCk) & 7.36-7.33 (m, 5H, Harom), 7.17-
7.11 (m, 2H, Harom), 6.93-6.90 (m, 1H, Harom), 6(i7s, 1H, NH), 5.13-
5.07 (m, 3H, NH, H-6"), 3.41-3.34 (m, 4H, H-2, H;2)70 (t,J=7.1, 2H, H-
1'/H-2"), 2.43 (t,J=7.1, 2H, H-2'/H-1").

13C NMR (CDCL) 171.8 (C-1), 157.2 (C-4’), 136.3, 123.4 (g-Carom),
131.4, 128.5, 128.2, 128.1, 126.9, 126.3 (t-Card@@)4, 74.7 (C-4, C-5),
66.9 (C-6'), 40.9, 40.4 (C-1’, C-2"), 35.3 (C-2p5.1 (C-3).

IR (film) v 3296, 3070, 1690, 1637.

MS (M+1, CI) m/z (%) 296 (11), 249 (39), 248 (30), 208 (14), 208001
164 (16), 108 (22).

HRMS calculated for GHooN,0:>2SH* 357.1213, found 357.1289.
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-p-chloropient-4-ynamide
(8h).

6' According to the typical procedure, amigle was

i@ obtained from amid&b in 90% as a pale yellow
NH

© solid after purification by column chromatography

cl 2 1
HN 0]

5 1 , Mp 169-170 °C (hexanes).

4 3

(EtOAC) followed by crystallization from hexanes.

'H NMR (CDCk) & 7.34-7.21 (m, 9H, Harom),
6.22 (br s, 1H, NH), 5.18 (br s, 1H, NH) 5.07 (s}, H-6'), 3.40-3.34 (m,
4H, H-2, H-3), 2.70 (t)=7.2, 2H, H-1'/H-2"), 2.43 (t)=7.2, 2H, H-2'/H-
1).

%C NMR (CDCk) 5171.7 (C-1), 157.2 (C-4’), 136.3, 133.8, 121.9 (g-
Carom), 132.8, 128.5, 128.2, 126.9, 126.3 (t-Car@a), 80.4 (C-4, C-5),
66.9 (C-6"), 40.9, 40.5 (C-1', C-2'), 35.4 (C-25.9 (C-3).

IR (film) v 3284, 1684, 1637.

MS (M+1, CI) m/z (%) 385 (11), 324 (10), 279 (40), 277 (100), 233)(
235 (73), 193 (11).

HRMS calculated for GH»,>°CIN,Os-H* 385.1319, found 385.1315.
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-(3-thiengip-4-ynamid€7c).

6' According to the typical procedure, amide was
jﬁ@ obtained from amid&b in 70% as a white solid after
© Z't purification by column chromatography (EtOAc)
1
HN.__O
I,
4 3

SN followed by crystallization from hexanes.
S
—
% mp 150-151 °C (hexanes).
'H NMR (CDCk) & 7.37-7.30 (m, 6H, Harom), 7.21-
7.19 (m, 1H, Harom), 7.06-7.02 (m, 1H, Harom), 6(8#ds, 1H, NH), 5.30

(br s, 1H, NH), 5.07 (s, 2H, H-6"), 3.42-3.30 (nH,4H-2, H-3), 2.69 (t,
J=7.2, 2H, H-1'/H-2"), 2.33 (tJ=7.2, 2H, H-2'/H-1").

13C NMR (CDCk) 8 172.0 (C-1), 157.2 (C-4"), 136.4, 123.4 (gq-Carom),
129.9, 128.6, 128.1, 125.2, 122.3 (t-Carom), 8889 (C-4, C-5), 40.9,
40.3 (C-1’, C-2'), 35.5, 15.9 (C-2, C-3).

IR (film) v 3300, 3078, 1685, 1641.
MS (M+1, Cl)m/z(%) 357 (60), 249 (100), 248 (50), 207 (64), 168)(

HRMS calculated for GHooN,0:>2SH* 357.1273, found 357.1289.
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N-(cyanomethyl)-5-(4-methoxyphenyl)pent-4-ynan(ide).

1 A solution of Pd(PP$)4 (335 mg, 0.29 mmol), Cul (110
mg, 0.58 mmol) y 4-iodoanisole (678 mg, 2.9 mmnol) i
2 O EtKNH (15 mL) was stirred at rt for 5 min. Then, a
5z 3 solution of the amidel6a (430 mg, 3.1 mmol) was
slowly added in THF (3.0 mL) and the mixture was
stirred for 4 h. The crude was diluted with EtOAltered and washed with
saturated NKCI. The aqueous phase was extracted with EtOAcQ3wR),
dried over anh. N&Q,, filtered, and the solvent was eliminated under
reduced pressure. The crude was purified by coluhromatography
(EtOAC) to afford amidd.7aas a white solid that was triturated in hexanes
(62%).

mp 92-93 °C (hexanes).

'H NMR (CDCk) & 7.30 (d,J=8.8, 2H, Harom), 6.80 (dJ=8.8, 2H,
Harom), 6.76 (br s, 1H, NH), 4.15 @:5.7, 2H, H-1'), 3.77 (s, 3H, OGH{
2.75 (t,J=7.2, 2H, H-2/H-3), 2.72 (]=7.2, 2H, H-3/H-2).

13C NMR (CDCk) §171.9 (C-1), 149.4, 116.2, 115.3 (g-Carom, CN) @33.
114.0 (t-Carom), 86.2, 81.7 (C-4, C-5), 55.2 (QE136.1, 27.5, 15.6 (C-1’,
C-2, C-3).

IR (film) v 3284 , 1669 .
MS (M+1, Cl) m/z(%) 243 (21), 216 (100), 201 (15).

HRMS calculated for &H14N,O»H"243.1134, found 243.1128.
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5-(4-methoxyphenyl)-N-(1-phenylcyanomethyl)pentzinyide(17b).

Ph According to the previous procedure, amitiéb was
NC)l-\NH obtained from amid&6b in 77% as a pale yellow solid
2 o after purification by column chromatography (DCM)
5 — 3 followed by crystallization from hexanes.

4
PMP mp 83-84 °C (hexanes).

'H NMR (CDCk) &7.45-7.21 (m, 5H, Harom), 7.17 (@8.8, 2H, Harom),
6.77 (d,J=8.2, 1H, NH), 6.92 (dJ=8.8, 2H, Harom), 6.10 (dl=8.2, 1H,
H-1"), 3.78 (s, 3H, OCH), 2.74-2.70 (m, 2H, H-2/H-3), 2.53-2.50 (m, 2H,
H-3/H-2).

13C NMR (CDCk) 170.9 (C-1), 159.4, 127.0, 117.5, 115.1 (g-Carom,
CN), 133.1, 133.0, 129.5, 129.3, 113.9 (t-Caron®)1882.0 (C-4, C-5),
55.3 (OCH), 44.1 (C-1’), 35.2, 15.8 (C-2, C-3).

IR (film) v 3296, 1690.
MS (M+1, Cl) m/z(%) 319 (50), 293 (100), 204 (23).

HRMS calculated for gH1sN,O»-H" 319.1447, found 319.1454.
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1.4.4. Typical procedure for the PIFA-mediated cyctation

reaction. Synthesis of pyrrolidinones 9-12 and 18.

5-benzoylIN-(2-N'-tert-butoxycarbonylaminoethyl)pyrrolidin-2-or{€a).

/% A solution of alkynylamideba (250 mg, 0.8 mmol) in
TFEA (12 mL) was stirred and cooled to 0 °C and a

OI NH solution of PIFA (526.8 mg, 1.2 mmol) in 6 mL ofeth
i 1N/) 2 same solvent was added dropwise. The reaction meixtu
5| 2
4 3

Ph .
6 © was stirred at that temperature for 2 h. For thekvap,

aqueous N#LO; (10%) was added and the mixture
extracted with DCM (3x20 mL). The combined orgalaigers were washed
with brine, dried over N&QO,, and the solvent evaporated. Purification of
the crude by flash chromatography (EtOAc) gavedéngred produc®a as a
chromatographically pure yellowish oil (55%).

'H NMR (CDCk) 87.99 (d,J=7.1, 2H, Harom), 7.64-7.63 (m, 1H, Harom),
7.55-7.50 (m, 2H, Harom), 5.39-5.35 (m, 1H, H-5004(br s, 1H, NH),
3.80-3.77 (m, 1H, H-1'/H-2"), 3.49-3.40 (m, 1H, H4#2-1’), 3.11-3.02 (m,
2H, H-1'/H-2"), 2.44-2.30 (m, 3H, H-3/H-4), 2.11A (m, 1H, H-4/H-3),
1.41 (s, 9H'Bu).

13C NMR (CDCkL) 5197.1 (C-6), 176.3 (C-2), 156.3 (C-4’), 134.0 (g-
Carom), 129.0, 128.6, 128.4 (t-Carom), 792(CHs)3), 61.8 (C-5), 42.2,
33.2 (C-1, C-2), 29.3 (C-4), 28.3 (CHi3)3), 23.5 (C-3).

IR (film) v 3331, 2967, 1690, 1519.
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MS (EI) m/z(%) 332 (36), 317 (31), 305 (10@87 (26), 277 (16).

HRMS calculated for GgH>4N-O4 332.1736, found 332.1731.

N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(p-methbenzoyl)pyrrolidin-2-
one(10a).

According to the typical procedure, pyrrolidino@ia
424. was obtained from amidéa in 74% as a white solid
0
NH - after purification by column chromatography
0 1/)2

N (EtOAC) followed by crystallization from EtOAc.
PMP g s 2=0

) mp 111-113 °C (EtOAC).
3

'H NMR (CDClL) 8 7.97 (d,J=8.7, 2H, Harom), 6.99
(d, J=8.7, 2H, Harom), 5.34-5.30 (m, 1H, H-5), 4.92¢bdH, NH), 3.89 (s,
3H, OCH), 3.80-3.76 (m, 1H, H-1'/H-2"), 3.51-3.33 (m, 1H-2'/H-1"),
3.11-3.06 (m, 2H, H-1'/H-2), 2.50-1.97 (m, 4H, H-B-4), 1.41 (s, 9H,
'Bu).

13C NMR (CDCL) 5195.7 (C-6), 176.4 (C-2), 156.3 (C-4), 164.2, 127.
(g-Carom), 130.8, 114.2 (t-Carom), 79.C-(CHs)3), 61.5 (C-5), 55.5
(OCHs), 42.2, 38.2 (C-1, C-2), 29.4 (C-3), 28.3 (CHy)3), 23.7 (C-4).

IR (film) v 3331, 2967, 1684, 1596, 1508.
MS (M+1, Cl)m/z(%) 246 (15), 245 (83), 244 (100), 215 (5).

HRMS calculated for gH,sN,Os-H" 363.1875, found 363.1877.
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N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(2-thieogtbonylpyrrolidin)-2-
one(113).

k According to the typical procedure, pyrrolidinone
o) ) . .

Aa 1la was obtained from amid&a in 94% as a
o)

yellowish oil after purification by column
0 2

Y chromatography (EtOAC).
\s S 2 4 NMR (CDCl) & 7.79-7.70 (m, 2H, Harom),
7.19-7.14 (m, 1H, Harom), 5.18-5.09 (m, 2H, NH,
H-5), 3.75-3.72 (m, 1H, H-1'/H-2"), 3.41-3.37 (mH1H-2'/H-1’), 3.11-

2.88 (m, 2H, H-1'/H-2"), 2.44-2.27 (m, 3H, H-3/H;8.12-2.10 (m, 1H, H-
4/H-3), 1.35 (s, 9HBu).

13C NMR (CDCL) 5190.8 (C-6), 176.3 (C-2), 156.2 (C-4)), 141.1 (g-
Carom), 135.2, 132.9, 128.6 (t-Carom), 79C(CHs)s), 62.3 (C-5), 42.2,
38.2 (C-1, C-2), 29.4 (C-3), 28.3 (CHl3)3), 24.0 (C-4).

IR (film) v 3331, 2967, 1684, 1514.
MS (M+1, CI) m/z(%) 265 (4), 222 (20), 221 (93), 220 (100), 191)(1

HRMS calculated for GH»,N,0,*?SH*339.1378, found 339.1334.
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N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(p-chlomiizoyl)pyrrolidin-2-
one(123).

/% According to the typical procedure,
pyrrolidinone12awas obtained from amidga

o 1—2

N column chromatography (EtOAc).
651 2=0
cl h 'H NMR (CDCkL) & 7.91 (d, J=8.4, 2H,

’ Harom), 7.47 (d,J=8.4, 2H, Harom), 5.35-5.28
(m, 1H, H-5), 5.00 (br s, 1H, NH), 3.87-3.75 (m,,H#1'/H-2’), 3.50-3.27
(m, 1H, H-2'/H-1"), 3.12-2.94 (m, 2H, H-1'/H-2"),.29-2.32 (m, 3H, H-
3/H-4), 2.02-1.86 (m, 1H, H-4/H-3), 1.39 (s, 9Bu).

/) in 54% as a yellowish oil after purification by

13C NMR (CDCL) 5196.0 (C-6), 176.1 (C-2), 156.4 (C-4’), 140.6, ¥32.
(g-Carom), 129.9, 129.4 (t-Carom), 79G-(CHs)3), 61.6 (C-5), 42.1, 30.0
(C-1, C-2), 28.3 (C-3), 28.2 (G3Hz)3), 23.4 (C-4).

IR (film) v 3343, 2967, 1690, 1588, 1519.

MS (M+1, Cl) m/z (%) 294 (20), 280 (15), 267 (21), 266 (91), 2360(1
194 (17), 180 (19).

HRMS calculated for GH5>°CIN,O,-H* 367.1424, found 367.1317.
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5-benzoyl-N-(2-N’-benzyloxycarbonylaminoethyl)plidio-2-one(9b).

6' According to the typical procedure, pyrrolidinone

o)
41\4-/\® 9b was obtained from amidgb in 53% vyield as a
O™ “NH . . o
° 1}) yellowish oil after purification by column
o

N chromatography (EtOAc).
Ph 65 =0
4 'H NMR (CDCk) 57.92-7.80 (m, 2H, Harom),

7.60-7.55 (m, 1H, Harom), 7.48-7.43 (m, 2H,

Harom), 7.26-7.23 (m, 5H, Harom), 5.83-5.76 (m, N#{), 5.35-5.29 (m,
1H, H-5), 5.06 (dJ=12.3, 1H, H-6"), 4.94 (dJ=12.3, 1H, H-6"), 2.97-2.74
(m, 4H, H-1’, H-2"), 2.40-2.19 (m, 3H, H-3/H-4),89-1.83 (m, 1H, H-4/H-
3).

13C NMR (CDCL) 5197.2 (C-6), 176.5 (C-2), 156.9 (C-4), 136.8, 1134.
(g-Carom), 132.1, 129.0, 128.4, 128.0, 127.9 (@8 66.4 (C-6’), 62.0
(C-5), 42.1, 38.9 (C-1', C-2'), 29.3, 23.5 (C-34¢-

IR (film) v 3331, 2931, 1690, 1525, 1449.

MS (M+1, CI) m/z (%) 259 (75), 216 (40), 215 (100), 214 (75), 189)(
108 (35).

HRMS calculated for gH,,N,O4,H" 367.1656, found 367.1653.
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-(p-methoxyamy|)pyrrolidin-2-
one(10b).

6' According to the typical procedure, pyrrolidinone

0
04\4-/\® 10b was obtained from amidéb in 68% as a
NH

yellowish oil after purification by column

o 12
)KLN/V/ chromatography (EtOAc).
PMP76 1" =0
Pt 'H NMR (CDCk) 8 7.92 (d,J=8.6, 2H, Harom),

7.33-7.30 (m, 5H, Harom), 6.97 (d=8.6, 2H,
Harom), 5.31-5.24 (m, 2H, NH, H-5), 5.10 @12.2, 1H, H-6"), 5.03 (d,
J=12.2, 1H, H-6"), 3.89 (s, 3H, OG} 3.80-3.75 (m, 1H, H-1/H-2), 3.60-
3.49 (M, 1H, H-2'/H-1), 3.24-3.09 (m, 2H, H-1'/H)2 2.43-2.25 (m, 3H,
H-3/H-4), 1.95-1.74 (m, 1H, H-4/H-3).

3C NMR (CDClL) 195.6 (C-6), 176.5 (C-2), 156.8 (C-4"), 164.3, 736.
114.2 (g-Carom), 128.1, 128.0, 127.9, 127.0 (t-88/®6.6 (C-5), 61.7 (C-
6), 56.6 (OCH), 42.2, 39.1 (C-1', C-2"), 29.4, 23.9 (C-3, C-4).

IR (film) v 3331, 2943, 1684, 1596, 1514.
MS (M+1, Cl)m/z(%) 290 (14), 289 (100), 246 (26), 245 (13), 153)(

HRMS calculated for &H,4N-Os:H"397.1763, found 397.1767.
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-(2-thienylsanypyrrolidin-2-
one(11b).

6' According to the typical procedure,

0
04\4-/\® pyrrolidinone11b was obtained from amideb
NH

in 81% as a yellowish oil after purification by
o} 2

@)GJ?E\IZ/V/O column chromatography (EtOAc).
S A 'H NMR (CDCk) 8 7.75-7.67 (m, 2H, Harom),
7.27-7.22 (m, 5H, Harom), 7.14-7.11 (m, 1H,
Harom), 5.79-5.73 (m, 1H, NH), 5.13-5.10 (m, 1H5K-5.03 (d,J=12.2,
1H, H-6"), 4.96 (d,J=12.2, 1H, H-6"), 3.76-3.68 (m, 1H, H-1'/H-2’), 24
3.30 (m, 1H, H-2'/H-1"), 3.20-2.96 (m, 2H, H-1'/H)22.30-2.14 (m, 3H,

H-3/H-4), 1.97-1.90 (m, 1H, H-4/H-3).

3C NMR (CDCk) 5190.8 (C-6), 176.5 (C-2), 156.8 (C-4"), 141.0, B35.
(g-Carom), 128.7, 128.4, 128.0, 127.9 (t-Carom)48E-5), 62.7 (C-6),
42.0, 38.7 (C-1', C-2'), 29.4, 24.0 (C-3, C-4).

IR (film) v 3319, 3072, 1678, 1590.

MS (M+1, Clym/z(%) 329 (8), 256 (34), 222 (38), 221 (100), 220)(@08
(34).

HRMS calculated for GHooN,0,*°SH* 373.1222, found 373.1224.
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-(p-chlorokewl)pyrrolidin-2-
one(12b).

6' According to the typical procedure,
0
4 pyrrolidinonel2b was obtained from amide

A 8b in 79% as a vyellowish oil after
(0] 2

1
N purification by column chromatography
65| 270 (EtOAC).
Cl 4 3

'H NMR (CDCk) & 7.88 (d,J=8.4, 2H,
Harom), 7.47 (d,)=8.4, 2H, Harom), 7.32-7.25 (m, 5H, Harom), 5.426€b.
(m, 1H, NH), 5.30-5.28 (m, 1H, H-5), 5.09 @12.2, 1H, H-6"), 5.02 (d,
J=12.2, 1H, H-6"), 3.86-3.77 (m, 1H, H-1'/H-2"), 343.30 (M, 1H, H-2'/H-
1’), 3.20-2.96 (m, 2H, H-1'/H-2"), 2.32-2.20 (m, 2HH-3/H-4), 1.87-1.80
(m, 1H, H-4/H-3).

O

3C NMR (CDCL) 5196.0 (C-6), 176.3 (C-2), 156.8 (C-4"), 140.7, B36.
132.3 (g-Carom), 129.8, 129.4, 128.5, 128.1, 12®@arom), 66.6 (C-5),
61.8 (C-6'), 42.1, 38.7 (C-1', C-2'), 29.2, 23.4-8:C-4).

IR (film) v 3319, 2943, 1690, 1590, 1525.

MS (M+1, CI) m/z (%) 295 (33), 293 (100), 252 (10), 250 (84), 289)(
153 (95), 108 (26).

HRMS calculated for §H»,>°CIN,O,H* 401.1268, found 401.1261.
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-(3-thienylsanypyrrolidin-2-
one(119.

6' According to the typical procedure,

0
09/\4@ pyrrolidinonellc was obtained from amidéc
NH

in 64% as a yellowish solid after purification by
O 2'

1
N column chromatography (EtOAc).
s ] 65 2=0
= 'H NMR (CDCL) & 8.14 (s, 1H, Harom), 7.56-
3

754 (m, 1H, Harom), 7.39-7.33 (m, 6H,
Harom), 5.39 (br s, 1H, NH), 5.12-5.00 (m, 3H, HFbE’), 3.85-3.76 (m,
1H, H-1'/H-2’), 3.52-3.45 (m, 1H, H-2', H-1"), 3.19.04 (m, 2H, H-1"/ H-

2'), 2.42-2.22 (m, 3H, H-3/H-4), 2.00-1.93 (m, 1HK4/H-3).

13C NMR (CDCL) 5191.8 (C-6), 176.5 (C-2), 156.8 (C-4), 139.1, 1365
Carom), 133.3, 128.5, 128.1, 128.0, 127.2, 127-Oafom), 66.6 (C-5),
62.9 (C-6'), 42.0, 38.8 (C-1', C-2"), 29.3, 23.7-8;C-4).

IR (film) v 3315, 3088, 1685, 1528.

MS (M+1, Cl) m/z (%) 373 (10), 329 (27), 265 (100), 261 (16), 222)(
153 (24).

HRMS calculated for GHooN,0,*°SH* 373.1222, found 373.1224.



Sintesis de pirrolopirazinonas 99

N-cyanomethyl-5-p-methoxyphenylpyrrolidindt8a).

o 1/'/CN According to the typical procedure, pyrrolidinof8a

PMP):;\ENfO was obtained from amiderain 20% as a yellowish oll

5| 2 —

4 after purification by column chromatography (EtOAc)
3

'H NMR (CDCk) & 7.92 (d,J=8.8, 2H, Harom), 6.98
(d, J=8.8, 2H, Harom), 5.28-5.24 (m, 1H, H-5), 4.86Jd17.7, 1H, H-1),
3.88 (s, 3H, OCH), 3.81 (d,J=17.7, 1H, H-1), 2.55-2.39 (m, 3H, H-3/H-
4), 2.10-1.00 (m, 1H, H-4/H-3).

3C NMR (CDCL) 5194.1 (C-6), 174.8 (C-2), 164.6, 126.3 (g-Carom),
130.9, 114.9 (t--Carom), 114.4 (CN), 60.9 (C-5),7560CHs), 30.0, 28.6,
23.4 (C-1', C-3, C-4).

IR (film) v 3331, 1690, 1519.
MS (M+1, Cl)m/z(%) 259 (100), 232 (45), 204 (36).

HRMS calculated for &H14N,Os-H" 259.1083, found 259.1078.

5-p-methoxyphenyl-N-(1-phenylcyanomethyl)pyrroligione(18b, 184.

Ph According to the typical procedure, pyrrolidinoh8b

0 CN
ET and18c were obtained as an inseparable diastereomeric
PMP”6 1™ »)=0

mixture (71:29) from amid&7b in 30% as a yellowish
4
3 oil after purification by column chromatography {8}.
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'H NMR (CDCL) 6 7.75/7.60 (d)=8.7/8.9, 2x 2H, Harom), 7.36-7.30 (m,
7H, Harom), 7.19-7.15 (m, 3H, Harom), 6.89/6.86 Jd8.7/8.9, 2x 2H,
Harom), 6.35/6.37 (s, 2x 1H, H-1'), 5.16/4.77 {§&9.0/9.3, 2x 1H, H-5),
3.85/3.83 (s, 2x 3H, OCHl 2.62-2.22 (m, 2x 3H, H-3/H-4), 2.00-1.90 (m,
1x 1H, H-4/H-3).

3C NMR (CDCk) 5194.4/194.2 (C-6), 175.3 (C-2), 164.3/164.1,
131.3/130.7, 126.8/126.7 (g-Carom), 130.7/130.8,2/229.5, 129.4/128.8,
128.5/127.6, 114.3/114.0 (t-Carom), 116.3/115.5)@8.6/58.1, 47.3/46.1
(C-1’, C-5), 55.6 (OCH), 28.9, 24.5/24.3 (C-3, C-4).

IR (film) v 3331, 1690, 1525.
MS (M+1, Cl) m/z(%) 335 (100)308 (87), 118 (19).

HRMS calculated for gH1sN,Os-H" 335.1396, found 335.1403.

1.4.5. Typical procedure for the intramolecular amnation

reaction. Synthesis of pyrazinones 13.

1-phenyl-3,4,7,8-tetrahydropyrrolo[1,2-a]pyrazinZs{)-one(13a).

3 A solution of pyrrolidinone9a (170 mg, 0.5 mmol) in
qNﬁ\f TFA/DCM 1/1 (20 mL) was stirred for 30 min. An aligt
Ph™ ga O was taken to confirm‘d NMR) that the protecting group
8 7 was completely released. Then, solvents were redhove

under vacuum and the residue was taken in 50 niG#¥, cooled to 0 °C
and treated with BN (0.7 mL, 5 mmol). After stirring for 20 min,
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molecular sieve (4 A) was added and the stirringtinaed for 15 additional
minutes. The mixture was then filtered throughteeland washed with 20
mL of a saturated aqueous solution of NaHC&nhd finally extracted with
EtOAc (3x25 mL). The combined organic extracts weheed and
evaporated at reduced pressure, and the resudtanduie purified by column
chromatography (EtOAc/MeOH, 95/5) to afford pyrame 13a as a
yellowish oil that was crystallized from MeOH (41%)

mp 127-128 °C (MeOH).

'H NMR (CDCl) & 7.95 (d,J=8.0, 2H, Harom), 7.43-7.36 (m, 3H, Harom)
5.14 (br s, 1H, NH), 4.05-3.95 (m, 2H, H-3, H-4)6&3.57 (m, 1H, H-3),
3.23-3.16 (m, 1H, H-4), 2.71-2.59 (m, 1H, H-8), 2&25 (m, 2H, H-7, H-
8), 2.09-1.96 (m, 1H, H-7).

3C NMR (CDCk) 5173.1 (CO), 165.2 (C-1), 135.9 (g-Carom), 130.2,
128.3, 128.1 (t-Carom), 83.9 (C-8a), 48.1, 32.8(C-4), 32.5, 29.4 (C-7,
C-8).

IR (film) v 3236, 1667.
MS (M+1, Cl)m/z(%) 215 (72), 214 (100), 213 (14), 185 (10).

HRMS calculated for GH14N,O-H" 215.1184, found 215.1191.
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1-(4-methoxyphenyl)-3,4,7,8-tetrahydropyrrolo[1 Jpyaazin-6(2H)-one
(13b).

According to the typical procedure, pyrrolidinoh8b

SN was obtained from amid&Oa in 33% as a yellowish
P 8 ° solid by purification by column chromatography
7 (EtOAc/MeOH, 70/30) followed by crystallization fro
methanol.

mp 131-132 °C (MeOH).

'H NMR (CDCl) 57.96 (d,J=9.0, 2H, Harom), 6.93 (9.0, 2H, Harom)
4.14-4.02 (m, 2H, H-3, H-4), 3.87 (s, 3H, OgH3.70-3.58 (m, 1H, H-3),
3.22-3.12 (m, 1H, H-4), 2.75-2.66 (m, 1H, H-8), @234 (m, 2H, H-7, H-
8), 2.14-2.04 (m, 1H, H-7), 1.64 (br s, 1H, NH).

3C NMR (CDCk) 5172.8 (CO), 163.9 (C-1), 161.2, 113.6 (g-Carom),
129.7, 128.3 (t-Carom), 84.0 (C-8a), 55.3 (QEHI8.0, 32.8 (C-3, C-4),
32.7,29.3 (C-7, C-8).

IR (film) v 3355, 1696.
MS (M+1, Cl)m/z(%) 245 (71), 244 (100), 243 (53), 242 (42).

HRMS calculated for &H16N,O»H"245.1290, found 245.1288.



Sintesis de pirrolopirazinonas 103

1-(2-thienyl)-3,4,7,8-tetrahydropyrrolo[1,2-a] pyraz6(2H)-one(130).

HN% 4 According to the typicall proc'edure, pyrrolidinoméc
@}\&N/V/O was obtained from amid&lain 39% as a yellowish
\_§ 8a solid by purification by column chromatography

87 (EtOAc/MeOH, 95/5) followed by crystallization from
methanol.
mp 131-132 °C (MeOH).
'H NMR (CDCk) & 7.64-7.39 (m, 2H, Harom), 7.08-7.06 (m, 1H, Harom)
4.12-3.93 (m, 2H, H-3, H-4), 3.91-3.79 (m, 1H, H-3)66-3.58 (m, 1H, H-
4), 3.18-2.80 (m, 1H, H-8), 2.79-2.56 (m, 2H, HHFB), 2.42-2.22 (m, 1H,
H-7), 1.68 (br s, 1H, NH).

13C NMR (CDCL) 5173.0 (CO), 160.3 (C-1), 141.4 (g-Carom), 129.2,
129.1, 127.7 (t-Carom), 83.9 (C-8a), 48.1, 33.8(C-4), 32.9, 29.3 (C-7,
C-8).

IR (film) v 3296, 1690.
MS (M+1, Cl)m/z(%) 221 (67), 220 (100), 153 (13), 127 (14).

HRMS calculated for GH1,N,0**SH* 221.0749, found 221.07309.
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1-(p-chlorophenyl)-3,4,7,8-tetrahydropyrrolo[1,2@jrazin-6(2H)-one
(13d).

3 According to the typical procedure, pyrrolidinone
1 13d was obtained from amid&2a in 34% as a
ClceHy M=o , . e
P64 ga yellowish oil by purification by column
8 7 chromatography (EtOAc/MeOH, 95/5).

'H NMR (CDCk) & 7.92 (d,J=8.7, 2H, Harom), 7.37 (dJ=8.7, 2H,
Harom), 4.10-3.99 (m, 2H, H-3, H-4), 3.70-3.57 (th, H-3), 3.48 (s, 1H,
NH), 3.25-3.14 (m, 1H, H-4), 2.74-2.62 (m, 1H, H-8)38-2.27 (m, 1H, H-
7), 2.05-1.98 (M, 2H, H-8, H-7).

13C NMR (CDCL) 5173.0 (CO), 163.9 (C-1), 136.4, 134.2 (g-Carom),
129.5, 128.6 (t-Carom), 83.8 (C-8a), 48.2, 32.3(©-4), 32.6, 29.3 (C-7,
C-8).

IR (film) v 3302, 1678.
MS (M+1, Cl) m/z(%) 249 (58), 248 (100), 213 (11).

HRMS calculated for GH15>°CIN,O-H" 249.0795, found 249.0783.
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1.4.6. Typical procedure for the intramolecular redictive

amination reaction. Synthesis of pyrazinones 14.

(+/-)-(1R,8aS)-1-phenylhexahydropyrrolo[1,2-a]pyna6-one(14a).

3 . .y
HN/\4 A solution of pyrrolidinone9b (209.5 mg, 0.6 mmol)
o 1 N g dissolved in 6 mL of MeOH and 0.5 mL of HCI (1M) sva
8a hydrogenated (70 psi) in the presence of Pd/C ayetn
8 7

The catalyst was filtered through celite and thkitgm
treated with 15 mL of an aqueous solution ob@l@; (20%). The mixture
was extracted with DCM (3x15 mL), the combined migaextracts were
dried with NaSQ,, and the solvent evaporated under vacuum. Thétiresu
oil was purified by column chromatography (MeOH)atfford pyrazinone
14aas a yellowish oil (40%).

'H NMR (CDCk) &7.37-7.26 (m, 5H, Harom), 4.61 (&8.0, 1H, H-1),
3.79-3.77 (m, 1H, H-8a), 3.71-3.68 (m, 1H, H-34®3.44 (m, 1H, H-3),
3.38-3.36 (M, 1H, H-4), 2.93-2.90 (m, 1H, H-4), 22,38 (m, 1H, H-7),
2.26-2.19 (m, 1H, H-7), 1.90-1.83 (m, 1H, H-8), 27,68 (m, 1H, H-8).

13C NMR (CDCk) §177.5 (CO), 141.4 (g-Carom), 128.5, 127.9, 127-0 (t
Carom), 77.1 (C-1), 66.6 (C-8a), 46.8, 39.2 (C-3})C30.1, 22.6 (C-7, C-
8).

IR (film) v 3350, 1655.
MS (M+1, Cl)m/z(%) 217 (39), 215 (100), 214 (76), 153 (29), 188)(

HRMS calculated for GH6N,O-H"217.1341, found 217.1348.
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(+/-)-(1R,8aS)-1-(p-methoxyphenyl)hexahydropyrrél8Falpyrazin-6-one
(14b).

3 According to the typical procedure, pyrrolidinofdb
HlN/\N‘l was obtained from amidEdb in 43% as a yellowish oil
PMP™ g2 O after purification by column chromatography (EtOAc)
8 7

'H NMR (CDCk) & 7.27 (d,J=8.7, 2H, Harom), 6.85
(d. J=8.7, 2H, Harom), 4.09-4.04 (m, 1H, H-3), 3.76 36}, OCH), 3.48-
3.43 (m, 1H, H-8a), 3.22 (d=9.3, 1H, H-1), 3.13-3.10 (m, 1H, H-3), 2.97-
2.91 (m, 1H, H-4), 2.82-2.76 (m, 1H, H-4), 2.46@@n, 3H, NH, H-7),
1.84-1.77 (m, 1H, H-8), 1.64-1.56 (m, 1H, H-8).

13C NMR (CDCL) 173.7 (CO), 159.5, 131.6 (gq-Carom), 128.8, 114.0 (t
Carom), 79.7 (C-1), 61.9 (C-8a), 55.2 (OfH15.4, 40.2 (C-3, C-4), 30.1,
21.6 (C-7, C-8).

IR (film) v 3425, 1667.
MS (M+1, Cl) m/z(%) 247 (100), 246 (66), 230 (28), 161 (13).

HRMS calculated for &H1sN,O-H"247.1447, found 247.1440.
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(+/-)-(1R,8aS)-1-(p-chlorophenyl)hexahydropyrrold?dalpyrazin-6-one
(14d).

3
HN T 4 _ _ _
1 N 14d was obtained from amidé&2b in 46% as a
p-CICgH o . . .
74 ea yellowish oil after purification by column

8 7

According to the typical procedure, pyrrolidinone

chromatography (MeOH).

'H NMR (CDCk) & 7.42-7.33 (m, 4H, Harom), 4.12-4.09 (m, 1H, H-3),
3.54-3.49 (m, 1H, H-8a), 3.30 (&:9.2, 1H, H-1), 3.17-3.14 (m, 1H, H-4),
3.00-2.96 (m, 1H, H-3), 2.86-2.80 (m, 1H, H-4), 22129 (m, 2H, H-7),
1.98 (br's, 1H, NH), 1.84-1.80 (m, 1H, H-8), 1.662(m, 1H, H-8).

13C NMR (CDCk) 5173.7 (CO), 139.6, 128.5 (g-Carom), 128.7, 127.7
(Carom), 68.3 (C-1), 61.9 (C-8a), 45.4, 40.3 (@34), 30.1, 21.6 (C-7, C-
8).

IR (film) v 3387, 1667.
MS (M+1, Cl)m/z(%) 251 (10), 218 (14), 217 (100), 216 (60), 2P8)(

HRMS calculated for @H;s°CIN,O-H* 251.0951, found 251.0953.
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2. Sintesis de pirrolodiazepinonas y pirrolobenzodzepinonas.

2.1. Sintesis de pirrolodiazepinonas a partir de N-
aminopropilpentinamidas.

2.2. Sintesis de pirrolobenzodiazepinonas a partirde N-
aminobencilpentinamidas.

2.3. Sintesis alternativa para la obtencion del esgleto de PBD.

2.4. Vision de conjunto.

2.5. Experimental procedures.

2. SINTESIS DE PIRROLODIAZEPINONAS Y PIRROLO-
BENZODIAZEPINONAS

La actividad biologica de muchos compuestos anttaies de bajo
peso molecular parece estar relacionada con el njoskpecificidad con
que interactian con secuencias concretas de ADNeDleo, en la mayoria
de los farmacos contra el cancer, su efecto amitaimreside en la
capacidad de inhibir los procesos de sintesis deipas o de los acidos
nucleicos (ADN o ARN). La preparacion de dichos poestos
antitumorales resulta, sin embargo, laboriosa, dieba la compleja

naturaleza del ADN.

En este contexto, la sintesis del esqueleto deolgiir2-
c][1,4]benzodiazepina, PBD, ha sido objeto de nusescaproximaciones

sintéticas ya que dichos heterociclos conformaesgleleto bésico de los
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agentes antitumorales conocidos como antramiéhpsyductos naturales
que tienen la habilidad de reconocer y unirse aesextas especificas del
ADN. En laFigura 2.3 se muestra la estructura general de las PBDs, asi
como diversos analogos con reconocida capacidadbid@ita y

antitumoraldl

80. Aislado y caracterizado por primera vez en) L&@mgruber, W.; Stefanovic, V.; Schenker, F.;
Karr, A.; Berger, JJ. Am. Chem. So#965 87, 5791. (b) Leimgruber, W.; Batcho, A. D.; Schenker,
F.J. Am. Chem. Sot965 87, 5793.

81. Sintetizados por primera vez eMacetramicina Kunimoto, S.; Masuda, T.; Kanbayashi, N.;
Hamada, M.; Naganawa, H.; Miyamoto, M.; Takeuchj,Umetawa, HJ. Antibiotics198Q 33, 665.
Porotramicina Tsunakawa, M.; Kamei, H.; Konishi, M.; Miyaki, ;TOki, T.; Kawaguchi, H.J.
Antibiotics 1988 41, 1366. Tomamicina:Arima, K.; Kohsaka, M.; Tamura, G.; Imanaka, H.k&a
H. J. Antibiotics1972 25, 437.Protracarcina: Shimizu, K.; Kawamoto, |.; Tomita, F.; Morinoto,.M
Fujimoto, K. J. Antibiotics 1982 35, 972. Chicamicina: Konishi, M.; Ohkura, H.; Naruse, N.;
Kawaguchi, H.J. Antibiotics 1984 37, 200. Abeimicina: Hochlowski, J. E.; Andrés, W. W.;
Theriault, R. J.; Jackson, M.; McAlpine, J. B. Antibiotics1987, 40, 145. Neotramicina A y B:
Takeuchi, T.; Miyamoto, M.; Ishizuka, M.; Naganaw; Kondo, S.; Hamada, M; Umezawa, H.
Antibiotics1976 29, 93.DC-81 (a) Thurston, D. E.; Thompson, A. Shem. Brit.199Q 26, 767. (b)
Bose, D. S.; Jones, G. B.; Thurston, DTEtrahedronl 992 48, 751.
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9
G M OMe
R SH 1
R
R2 N _— S R2
0 o)

antramicina R® = Me; R'=R2=R% = H
macetramicina R8=R' = Me; R2=R%=H
porotramicina R® = H; R'=R?=R® = Me

RS
tomamicina R’ = OMe; R® = OH
R’ protracarcina R’=R® = H
H OMe H OMe
HO N | N~ 4 _
chicamicina @r abeimicina
MeO N . N
e "OH "OH
o] O
HO
HO N= n
MeO N
£ 1 MeO
(0] R2 R 4
neotramicina A R' = H; R = OH DC-81

neotramicina BR' = OH; R2=H

Figura 2.3. Diferentes PBDs con actividad farmacolégica.

Desde el descubrimiento de la antramicina, en $96&% han

desarrollado numerosas estrategias sintéticas d&s Piluida la propia
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antramicina. De manera genefalas dos aproximaciones mas habituales
para la sintesis de PBDs se basan en el uso deadiesi de N-(2-
aminobencil)prolina convenientemente sustitiloy de anhidridos

isatoico$* (Esquema 2.12

(A) Derivados de prolina

4 1 1
, R COOX , R H 0 , R N
R ID HCI aq. R H red R /\ H
—_— —_—
R? NH, RS N R3 N
R R* O R* O
(B) Anhidridos isatoicos
H H O
BnO N__O BnO N H
\( L-prolina, DMSQ
MeO © 120°C, 4 h MeO N
o} o)

Esquema 2.12Estrategias habituales para la preparacion de PBDs

82. Para una lectura sobre los diferentes métodosimtesis de PBDs véase: (a) Antonow, D.;
Thurston, D. E.Chem. Rew2011, 111, 2815. (b) Kamal, A.; Rao, M. V.; Laxman, N.; RameGh;
Reddy, G. S. KCurr. Med. Chem. Anti-Cancer Ager2602 2, 215. (c¢) Hu, W. —P.; Wang, J. -J;
Lin, F. —-L.; Lin, Y. —C.; Lin, S. —R.; Hsu, M. —H. Org. Chem2001, 66, 2881. (d) Thurston, D. E.;
Bose, D. SChem. Rev1994 94, 433.

83. (a) O'Neil, I. A.; Thompson, S.; Murray, C. IKalindjian, S. B.Tetrahedron Lett1998 39,
7787. (b) Molina, P.; Diaz, |.; Tarraga, Petrahedronl995 51, 5617. (c) Eguchi, S.; Yamashita, K.;
Matsushita, Y.; Kakehi, AJ. Org. Chem1995 60, 4006. (d) Kamal, A.; Praveen Reddy, B. S;
Narayan Reddy, B. Setrahedron Lett1996 37, 2281. (e) Thurston, D. E.; Murty, V. S.; Langley,
D. R.; Jones, G. BSynthesi499(Q 81.

84. Por ejemplo en: (a) Clark, R. L.; Carter, K. C.;llghy, A. B.; Coxon, G. D.; Owusu-Dapaah, G.;
McFarlane, E.; Thi, M. D. D.; Grant, M. H.; Tette},N. A.; Mackay, S. FBioorg. Med. Chem. Lett
2007, 17, 624. (b) Wang, T.; Lui, A. S.; Cloudsdale, I.Gxg. Lett 1999 1, 1835. (c) Kamal, A.;
Reddy, B. S. N.; Reddy, G. S. ISynlett1999 1251. (d) Kamal, A.; Ramulu, P.; Srinivas, O.;
Ramesh, GBioorg. Med. Chen2003 13, 3955. (e) Kamal, A.; Ramulu, P.; Srinivas, O.; Ram G.
Bioorg. Med. Chen2003 13, 3577.
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También se han aplicado las ventajas de la sirgadiase solida a la
obtencion de PBDs. En dEsquema 2.13se muestra el uso de esta

aproximacion para la sintesis del DC881.

o] )
Meoj;/jfj\o O/\CI MGOJQ\)J\O
BnO N/go BnO O)N/go

H
o

“COOH
o) o)
HO N=— H HO N OH
DC-81 QJ

Esquema 2.13Sintesis en fase sdlida del DC-81.

Nuestro grupo de investigacion llevé a cabo coralvlet éxito una
novedosa ruta para la obtencién enantiocontrolatiardibiotico (-)-DC-81.
En este caso, el tratamiento de una amida N-mstestituida, derivada de
L-prolina, con el reactivo PIFA facilito la constaion de su esqueleto base

triciclico por formacion de un nuevo enlace C-Navés de un proceso de

85. Kamal, A.; Reddy, K. L.; Devaiah, V.; Shankahail. Synlett2004 1841.
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amidacion electréfila aromatica por formacion de imermedio N-

acilnitrénico. Posteriores modificaciones permdreta obtencion del DC-

81 y se pudo comprobar que la pureza optica défatkr de L-prolina de

partida se transmitia integramente al productd f{iBaquema 2.146 Esta

alternativa sintética presenta la ventaja de comasolo 9 pasos, con un

rendimiento global del 19%3.

MeO
BnO
PIFA
TFA
Phl
0
MeO TFA MeO
+ _L’
BnO [\j BnO
cF,coo- MeO

Meé

Esquema 2.14Estrategia sintética para la preparacion del D@eXharrollada

por nuestro grupo.

86. Correa, A,; Tellitu, I.; Dominguez, E.; Morehg,SanMartin, RJ. Org. Chem2005 70, 2256.

87. Algunas de las sintesis publicadas para el D@t&den encontrarse en: (a) Referencia 81. (b)
Kamal, A.; Praveen Reddy, B. S.; Narayan Reddy, BTe&rahedron Lett1996 37, 6803. (c)
Prabhu, K. R.; Sivanand, P. S.; ChandrsekaraisyBlett1998 47. (d) Kamal, A.; Howard, P. H.;
Narayan Reddy, B. S.; Praveen Reddy, B. S.; Thurstork.Oetrahedron1997 53, 3223. (e)
Referencia 83d. (f) Referencia 85. (g) Kamal, A.a8taraiah, N.; Reddy, K. L.; Devaiah, V.

Tetrahedron Lett2006 47, 4253.
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Se presenta ahora una extension de la estrateguzesa en el
apartado anterior a la obtencion tanto de pirrelpeipina® como de
pirrolobenzodiazepin&s(Esquema 2.15 Se valorara el comportamiento de
alquinilamidas que porten un fragmento propilendiaoo monoprotegido
convenientemente situado con el fin de permitir poaterior ciclaciéon

intramolecular a los compuestos deseados.

Ar R
S R
= o L=
Ar N )J\LNF NH NHX
Ar o)
0
o)

R=H, Me
X ='Boc, Cbz U
R R
R R R R A\
D &=
NH NHX
NH, NH, NH, NHX

)

Esquema 2.15Retrosintesis para el acceso a pirrolodiazepinas.

88. Aungue en la bibliografia se encuentran nunosregemplos para la sintesis de PBD, el nimero
de referencias para la preparacion de pirrolodiaaspes mucho menor. Algunos ejemplos se
encuentran en: (a) Malamidou-Xenikaki, E.; Spyrsud.; Tsanakopoulou, M.; Hadjipavlou-Litina,
D. J. Org. Chem2009 74, 7315. (b) Dyker, G.; Théne, A.; Henkel, Beilstein J. Org. Chen2007,

3, 28. (¢) Katritzky, A. R.; Jain, R.; Akhmedova, Ry X. -J.ARKIVOC2003 ix, 4.

89. Ejemplos para la sintesis de PBD-3-onas se pumutmontrar en: (a) Lee, J. Y.; Im, |.; Webb, T.
R.; McGrath, D.; Song, M. -R.; Kim, Y. -@ioorganic Chemistry2009 37, 90. (b) Zhao, D. -M.;
Ma, C.; Sha, Y.; Liu, J. —H.; Cheng, M. —8cta Cryst. Sect. 2008 64, 266. (c) Witt, A,;
Gustavsson, A.; Bergman,Jl.Heterocycl. Chen2003 40, 29.
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2.1. Sintesis de pirrolodiazepinonas a partir de N-

aminopropilpentinamidas.

Para llevar a cabo la investigacion planteada, a®enzé por
preparar una serie de amidas lineales polifuncmadds.Como ya se ha
mencionado en el apartado anterior, la experiedeianuestro grupo ha
puesto de manifiesto que la presencia de gruposcana hidroxilos libres
no es compatible con la reaccion de heterociclad&mmidas insaturadas

mediada por PIFA, por lo que fue preciso procedsr proteccion.

En esta ocasiorTabla 2.5, y de manera analoga a lo expuesto en el
apartado anterior, se eligieron dos grupos protestbabituales'Boc y
Cbz) para la reaccion de monoproteccion de lasidasyde partid21y 22,
lo que deberia conducir a la obtencién de esquefetmlodiazepinicos con
diferente grado de instauracion, en funcion del oned el que ambos
grupos protectores son retirados en la etapa paelddormacion del biciclo
final. Asi, las aminas monoprotegid@34,by 24)°° fueron preparadas con
rendimientos moderad¥spor reaccion del 2,2-dimetil-1,3-diaminopropano
(compuesto comerci&l) y del 1,3-diaminopropano (compuesto comercial
22) con diterc-butildicarbonato y cloroformiato de bencilo. Pogtenente,
los carbamato®3a,b se transformaron en las amid#sa,b con excelentes
rendimientos por reaccién con el acido 4-pentindgoen presencia de
HOBt y EDC-HCI como agente activantes. Paralelaeesg comprobd que

90. Debido a la mayor eficiencia en la sintesis ebgrupo protector Cbz, la amir# sélo fue
protegida con este grupo.
91. Una limitacion relacionada con la necesidadwi@ar procesos de mdltiple proteccion.
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la amida26 se obtuvo de modo mas satisfactorio al ser prepasad
presencia de DCC y DMAP como agentes activanteartr ple 24. Las
amidas preparadas se sometieron a las condiciomeSodogashira que
requieren Cul y Pd@IPPh), como catalizadores, para incorporar el resto
arilo terminal. En esta ocasién, la reaccion sdnmopbd empleando 4-
yodoanisol lo que supuso la entrada del sustiteyanlo que, en la sintesis

previa de pirrolopirazinonas, mostré un mejor cortgraiento.

Una vez sintetizadas las amida3a,b y 28, se procedi6 a su
tratamiento con el reactivo PIFA, bajo las condie® habituales, dando

lugar a las pirrolidin-2-onas desea@&s,by 30 con buenos rendimientos.
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Tabla 2.5.Sintesis de precursores.

t
(BuOCORO 1 N"><NH'Boc

PdClz(PPh:;)z’ Cul

CH20|2! t.a. 23a (52%)
R__R
BnOCOCI _ H,N._><__NHCbz
NH, NH, CH,Cl, 0°C 23b (41%)
21 R = Me
22R=H BnOCOCI _ HyN._~_NHCbz
CHCl, 0°C 24 (60%)
o] A. EDC, HOBt R__R
R_R Et,N, CH,Cl, Rﬁ
o< " .
N B.DCC,DMAP  XHN HNN
NH, NHX > CH,Cl, I
23,24 4 25,26
4-yodoanisol j
R

PMP

Et;N, ta., 24 h

O
/)</NHX /\)L
)J\LN);O PlFA & ”/R><R\NHX

29,30 TFEA,0°C, 2h 27,28

Entrada Sustrato R X Amidacién  Sonogashira@

Ciclacion(@

1 23a Me 'Boc 25a(97%)@(©  27a (43%)
2 23b Me Cbz 25b (87%)@©  27b (66%)
3 24 H Cbz 26 (93%)®Xd 28 (60%)

29a (83%)
29b (89%)
30 (70%)

(@ Rendimiento de producto cromatograficamente puro.
() Rendimiento de producto puro cristalizado (Et,0).

(©) Condiciones de amidacion A.
@ Condiciones de amidacién B.
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Una vez sintetizadas, las pirrolidinoriz@a,by 30 fueron desprotegidas.
Asi, al igual que en el apartado anterior, la fiothoona29a se desprotegio
bajo condiciones &acidas (TFA). La amina asi obtensg sometié a
condiciones de ciclodeshidratacion en medio basao tamiz molecular
para dar lugar al bicicl81 como resultado de un proceso de isomerizacion
de un previo intermedio iminico. En cualquier cadaendimiento para esta

transformacion resulté ser muy pobEsuema 2.16

NHBoc | TFA N, |
o) /F o //<: TEA, HN/AV
Ar 0 ——=| Ar o - PMP
CHyCl tamiz @

producto confirmado por
20 | RMN pero no aislado | 31 (11%)

Esquema 2.16Desproteccion/ciclodeshidratacion de la pirrolidia@9a

Paralelamente, la hidrogenacion catalitica de tepuesto29b y
30, protegidos como O-bencilcarbamatos, condujo condingentos
moderados, a los bicicl@&2a,by 33a,b respectivamente, como una mezcla
de dos diastereoisomeros inseparables. Tal tranaidn resulta ser una
combinacion sucesiva de etapas de desprotecciosterfmy ciclacion

intramolecular y final reduccion de la unidon azoimeta Esquema 2.1)7
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NHCbz B 7 R

R
0 R NA%R HN/\g
H, Pd(C
MeOH/HCI, t.a. o)

_ L _ 32a:32b R = Me

ggbRR:—HMe dr 82:18 (43%)
33a:33bR=H
dr 37:63 (48%)

o™X

Esquema 2.17Desproteccion/ciclodeshidratacion de las pirrobdias29b y 30.

La caracterizacion estructural de estas moléc@agalizo mediante
diversos experimentos de RMN tanto monodimensisnaleomo
bidimensionales. En Iaigura 2.4se muestra, a modo de ejemplo, parte del
espectro déH-RMN del compuest®2, para el que se destacan las sefiales

selecccionadas que han servido para determinar plagorciones
diastereoméricas.
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HN // a
PMP TN\ —N 1
O \
32
7‘.9 ‘ 7‘.7 ‘ 7‘.5 ‘ 7‘.3 ‘ 7‘.1 ‘ 6‘.9 ‘ é.7 ‘ 6‘.5 ‘ 6‘.3 ‘ 6.1 5‘.9 ‘ 5‘.7 ‘ 5‘.5 ‘ 5‘.3 ‘ 5‘.1 ‘ 4‘.9 ‘ 4‘.7 4‘.5 ‘ 4‘.3
f1 (ppm)

Figura 2.4.EspectrdH-RMN del compuest82.
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2.2. Sintesis de pirrolobenzodiazepinonas a partirde N-

aminobencilpentinamidas.

Extendiendo el esquema general mostrado previampata la
sintesis de pirrolodiazepinonas, planteamos labposid de aplicar esta
ruta para la obtencion pirrolobenzodiazepinonasa BHo, se requiere una
serie de precursores que permitan posteriormemstroir la estructura
triciclica deseadaEsquema 2.18)Asi, habriamos accedido a una novedosa
y sencilla estrategia para la obtencibn de dos osépmeros
pirrolobenzodiazepinicos, uno con una fusibn méas mlo
(benzog]pirrolo[2,1-a][1,4]diazepinona) y el otro con una fusidbn menos
habitual (benzd]pirrolo[1,2-a][1,4]diazepinona), aprovechando la marcada
diferencia de nucleofilia entre los grupos aminolal@-aminobencilamina

de partida, tal y como describiremos en los sigegparrafo§?

92. La primera publicaciéon para la sintesis deofuft,2-a]lbenzodiazepinonas se encuentra en:
Mucedda, M.; Muroni, D.; Saba, A.; ManasseroT€trahedror2007, 63, 12232.
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U

HN é
PMP N
0 o) NH,

benzol[e]pirrolo[1,2-a][1,4]diazepina > — NH;

HNA@ c HN
bzHN
PMP N — o
0

benzo[f]pirrolo[1,2-a][1,4]diazepina J

Esquema 2.18Retrosintesis para el acceso a las PBDs.

En esta ocasion, y ante los pobres resultados idbteanteriormente
en la reaccion de heterociclacion intramolecula2 @k se decidio restringir
nuestro estudio Unicamente a la via que empleaupbgCbz como agente
protector del grupo aminico. Asi, se valoraron dosndiciones
experimentales para la obtencidén de la amina motegida a partir d&84.
Por un lado, se recurrié al uso de cloroformiatdédercilo en presencia de
trietilamina como aditivo, lo que resultd en la esition del producto
deseadd5 con rendimiento cuantitativo. Y, por otro lado,is&odujo el
grupo protector Cbz empleando carbonato meitrofenilbencilo bajo
similares condiciones de reaccion empleando DMFccalisolvente. En
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ambos casos, se consigui6 la formacion del compuiEstead@5 con un

rendimiento excelent&Egquema 2.19

A. BnOCOCI, Et3N,
@CNHz CH,Cly, t.a. . @(\NHCbZ
NH,  B.BnOCOOPNO,CgHy, NH,

34 Et;N, DMF, ta. 35 cond. A (99%)

cond. B (87%)

Esquema 2.19Proteccion de la amina de partida.

A continuacion se preparo la ami@& con buen rendimiento por
tratamiento con el acido 4-pentinoict) €n presencia de HOBt y EDC-HCI

como activantes.

Paralelamente, para preparar la andida partir de34 y del acido 4-
pentinoico Esquema 2.20hubo de recurrirse a la acciéon de DCC y DMAP
como activantes, ya que en presencia de HOBt y Bldnidacién no tuvo
lugar. Su proteccion, para dar el compuedose realizé por tratamiento
con carbonato de-nitrofenilbencilo para solventar su inercia cuarelo

ensayo lo realizamos en presencia de cloroforndatoencild?3

Sobre estas amidaf6 y 38, se llevd a cabo la reaccion de

Sonogashira con 4-yodoanisol, empleando KH&€h), y Cul como

93. Un ejemplo del empleo dptnitrofenilbencilo para la proteccién del grupo amise encuentra
en: Papot, S.; Bachmann, C.; Combaud, D.; GessonTéatiahedronl999 55, 4699.
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catalizadores, obteniéndose los compue8fby 40, respectivamente, con

rendimientos moderados.

A continuacion, se procedio al tratamiento de estragdas con el
reactivo PIFA bajo las condiciones optimizadas, ddadugar a las
pirrolidin-2-onas correspondientd$ y 42 con rendimientos aceptables.
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Q BnOCOCI, Et3N ac. 4-pentinoico
B —— >
CbzHN NH, CHxCly ta. HoN DCC, DMAP HoN
\ HoN CHCl \\ HN
35 (99%) 34 \_):O
37 (82%)
ac. 4-pentinoico
EDC, HOBt p- NOZC6H4OCOOBn
CHyCl, EtsN, DMF, ta
CbzHN ‘<J (INHC;UJ\
36 (80%) (19%)
4-yodoanisol 4-yodoanisol
Pd,Cly(PPhs), Pd,Cly(PPhs),
Cul, EtzN Cul, Et3N
CszN—j 4<_/ : NHij\
9 (64%) 40 (54%)
PIFA, TFEA
PIFA, TFEA 0°C,2h
0°C,2h

CbzHN
O ;\Z\/NHCbz 0] K\O
F’MF’J\ENfo PMP)KLN/gO

41 (39%) 42 (65%)

Esquema 2.20Preparacion de las pirrolidinonas precursdrbg 42.
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Una vez sintetizadas las pirrolidinonds y 42, nos dispusimos a
preparar las pirrolobenzodiazepinonas objetivo., Aas pirrolidinonas
fueron desprotegidas bajo condiciones estandar pemeneter sobre los
productos resultantes posteriores procesos de aidinareductiva
intramolecular conducentes, en su caso, a los cestpsideseados.

Es de destacar que, bajo las condiciones de hidaocg® catalitica
habituales, la pirrolobenzodiazepinofia se sintetizé de forma totalmente
diastereoselectiva, aunque con rendimiento modemadp otro lado, bajo
idénticas condiciones, el compuedibno solo se obtuvo como mezcla de

diastereoisdbmeros, sino también con bajo rendimiggquema 2.21

O ;\Z\/NHCbz /\Q
H, Pd/C
MP N o 2 -
HCI, MeOH
41

43 (51%)

N — =
PMPJ\LFQ HCI, MeOH PMP)\E\/:

42 44a:44b
dr 67:33 (15%)

Esquema 2.21Sintesis de las PBDEy 44.

En este caso, planteamos que la diferencia entéaeeselectividad

de la reaccion puede ser tomada como argument@pavaner la identidad
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del intermedio que se genera en la etapa de cgladtatacion. Asi,
postulamos que en la reaccién del compuédstee formara un intermedio
enaminico, estabilizado por conjugacion extendldggo p-metoxifenilo,
gue resultard en el compuestd de forma totalmente diastereoselectiva

como resultado de una adicion sin de hidrégeno.

Por otro lado, el intermedio de reaccion propugsi@ la formacion
del compuestd@d4 se encuentra en un equilibrio enaminico-imini@gue
este Ultimo tautomero esta estabilizado por suugamion con el anillo
aromatico y con el grupg-metoxifenilo. Dado que las dos caras
diastereotopicas alrededor del grupo iminico noarestlaramente

diferenciadas, el diastereocontrol se vera amimo@asiquema 2.22
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CbzHN
O NHCbz o K\@
N
PMP)J\L)ﬁO PMP)J\EN)ﬁO
42

le, Pd(C) lHQ’ Pd(C)

43 44a:44b dr 67:33

Esquema 2.22Propuesta mecanistica para la formacion de los gestpsA3y
44,
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2.3. Sintesis alternativa para la obtencion del eagleto de PBD.

La sintesis de la pirrolobenzodiazepingtiresultd especialmente
interesante debido al completo control estereogquirobtenido, asi como
por su inusual estructura en relacion a la fus®muillos. Sin embargo, en
la sintesis disefiada para el compudgttanto el rendimiento global como
el estereocontrol no fueron aceptables. Por etls,propusimos desarrollar
una nueva alternativa para la obtencion de diclmopo@sto que evitase los

pasos de proteccion.

Asi, se selecciono la 2-nitrobencilamina (compuestmercial,45)
como sustrato de partida, ya que, una vez prepashdmrrespondiente
sistema 5-aroilpirrolidinénico, la reduccion delgo funcional nitro, bajo
condiciones de aminacién reductiva intramolecudaheria proporcionar el

compuesto deseadé.

Para llevar a cabo el planteamiento sintético exjoud@abla 2.6)se
transformo la bencilamind5 en la amidad6, en un proceso asistido por el
uso de DCC y DMAP, y posteriormente se traté camserie de yoduros de
arilo en presencia de Cul y PdEPHh), como catalizadores. Ello dio como
resultado la formacion de una serie de alquinilasidi7a-d A
continuacion, se trataron con PIFA, bajo las cdondis habituales de

reaccion, para dar lugar a una serie de pirrolittsd8a-d con un rango de

94. También evaluamos el 2-aminobenzonitrilo comampcto de partida con idéntico fin sintético.
Sin embargo, la reaccion de éste con el acido #ifméco para dar lugar a la correspondiente amida
(tanto con los activantes EDC y HOBt como con DCC y IWIAo tuvo lugar.
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rendimientos aceptable, tras llevarse a cabo digseensayos para Su
optimizacion.

Tabla 2.6.Sintesis de las pirrolidinond8a-d

O
ac. 4-pentinoico J\/\
@fNHZ DCCpDMAP ] @C” N
NO, ! NO,

. Et;N, CH,Cl,
0,
0°C. 12h 46 (65%)
Ar-l
PdClz(PPh3)2‘ Cul
O,N Et;N, ta., 24 h
P ;
i )K/\
PIFA (1.5 equiv. N
TFEA,0°C,2h NO,
48a-d 47a-d
Entrada Ar Sonogashira@  Ciclacién(®

e
1 O 47a (52%) 48a (81%)
e
2 47b (55%) 48b (69%)
o

S
3 47c (82% %
Ug_ c (82%) 48c (77%)

4 /@ 47d (80%) 48d (57%)
cl

(@ Rendimiento de producto cromatograficamente puro.
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Para acometer la Gltima etapa sintética, se précadsometer el
grupo nitro a diferentes condiciones de reducciem.la bibliografia se
encuentran facilmente ejemplos de reduccionestdegespo funcional bajo
condiciones de hidrogenacion con diversos catadizsd (Pd/C, Ptg)
Pd(OH), PtCl,, PtCE,...),% por lo que seleccionamos esta opcion, frente al
uso de reductores nucleofilos. De hecho, con eslimos, el proceso
combinado de reduccidén-aminacion reductiva en umaaletapa no es
posible.

La busqueda de las condiciones Optimas para llavaabo esta
reaccion se realizé preliminarmente con el compué8b. La Tabla 2.7
muestra que, de entre los cinco catalizadores ewmipe destaca el uso de
PtO, ya que es el que conduce al esqueleto de PBDagkpeon excelente
rendimiento y, a la vez, con un control estereogrdnmas acusado.
(entrada 9.

95. Rylander, P. NCatalytic Hydrogenation in Organic SynthesAsademic Press: New York,
1979, 114.
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Tabla 2.7.Reacciones de hidrogenacion catalitica.

O,N
(0] HN
PMP N_o et  pyp N
MeOH 0]
48b ta., 12 h 44
Entrada Catalizador Producto dr Rdto (%)@
(b) mezclasin
1 Pd/C determinar
2 Pd negro 49 71
3 Pd(OH), 44 53:47 72
4 Ni/Ra 44 38:62 58
5 PtO, 44 84:18 92

@ Rendimiento de producto cromatograficamente puro.
®) En presencia de HCI.

Resultados menos atractivos se obtuvieron con el des otros
catalizadoresgntradas 3y 4), y cursando con menor rendimiento y peor
diastereoselectividad. Por otro lado, el uso deadmal negro como
catalizador no fue Util, ya que se obtuvo Unicameglt correspondiente
amino derivada49 (Figura 2.5 por reduccion del grupo nitro. Finalmente

sefalaremos que el empleo de Pd/C en las condicmptenizadas para la
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sintesis de pirrolopirazinonasgbla 2.4 pagina 65) resultd, en este caso, en

una mezcla intratable de productesttada J.

49 53

Figura 2.5. Estructura de las pirrolidinond9 y 53.

Una vez seleccionadas las condiciones de reaccpiimas, se
acometiéo la reaccion de hidrogenacion cataliticdbresola serie de
pirrolidinonas48a-d Los resultados recogidos en Tabla 2.8 muestran
resultados muy dispersos. Si bien la sintesissipiteolobenzodiazepinonas
44, 50 y 52se consiguié con buenos rendimientBat(adas 1, 2y 4) y
elevado diastereocontrol, la formacion del compugs$tresultod infructuosa.
En su lugar, y junto a una gran proporcion de prtmunalterado, se
identificd el compuestd3 (Figura 2.5, resultante de la reduccion del grupo
nitro a amino. Todos los intentos de llevar a cabo posterior
heterociclacion resultaron fallidos aunque se agptm distintas

condiciones de reaccion.
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Tabla 2.8.Formacién de las pirrolobenzodiazepinonas.

O,N

® K\Q H,, PtO, HN
N =
ta., 12h o
48a-d 44 Ar = PMP; 51 Ar = 2-tienil
50 Ar = Ph; 52 Ar = p-CICgH4
Entrada Ar Pirrolidinona Producto® dr

1 @Hﬁ 48a 50 (95%) 77:23
2 /@ﬁ% 48b 44 (92%) 84:18
o

3 S s 48¢c 53 (70%)
|
&
4 N 48d 52 (49%) 71:29

(@ Rendimiento de producto cromatograficamente puro.

La caracterizacion estructural y estereoquimicasias moléculas se
realiz6 mediante diversos experimentos de RMN mionedsionales y
bidimensionales. En I&igura 2.6 a modo de ejemplo, se muestran los
experimentos NOE selectivos realizados para el cestp44, en los que
puede observarse la existencia de un acusado NtEles hidrogenos H-1

y H-9a de la molécula, lo que revela su orientacébativa sin.
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H
1
PMZ\\\ YN
t—l H\‘ a O
9a
l_‘.‘lu« _/\Jl & 1L '

2.0 7.5 7.0 6.5 6.0 5.5 50 4.5 35 3.0

4.0
f1 {ppm)

Figura 2.6. Espectro NOE selectivo realizado sobre la PBD
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2.4. Vision de conjunto.

En este apartado se ha descrito un nuevo métodibtéacion de
pirrolodiazepinonas y pirrolobenzodiazepinonas avés de un proceso
combinado de amidacion intramolecular de N-aminpitetmuinilamidas
asistido por el reactivo de yodo hipervalente PIBA posterior

ciclodeshidratacion.

Asi, la preparacion de las pirrolidinor28y 30, intermedios clave en
la sintesis de las pirrolodiazepinas tuvo lugarsfattoriamente. La
posterior liberacion del grupo amino proporcioné farrolodiazepinonas
31, 32y 33, a través de un proceso de ciclodeshidratacionrexdimientos
globales del 4% para el compue8ip 22% para el compuess2 y del 19%

para el compuesta3.

0 XHN ﬁ%
R j HN
/225/\\“1£\NH PIFA_ 1) [/:% ITFA N
PMP R TFEA N R ii.TEA, tamiz A 0
PMP o Mmolecular PMP
31

XHN
27a R = Me; X = 'Boc 29a X = 'Boc R
27b R = Me; X = Cbz 29b,30 X = Cbz f%R
28 R=H;X=Cbz | Hp Pd(C)  _ HN
MeOH/HCI N__o
PMP

32,33
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Del mismo modo, se prepararon las pirrolidinofay 42 que, tras la
liberacion del grupo amino/ciclodeshidratacion, dmmon las
pirrolobenzodiazepina&3 y 44, respectivamente, con rendimientos globales
del 10% para el compuesA8 y menor del 1% para el compuedt si bien
esta Ultima se obtuvo como mezcla de isomeros,aptetmente debido al
diferente resultado estereoquimico en la hidrogénacde la mezcla

tautomérica imina-enamina en la que se estabilizaegmedio de reaccion.

o) 0
P e
PMP PMP
©/\NHCbz D
39 40 CbzHN

lPIFA jF’lFA
TFEA TFEA
CbzHN
O NHCbz 0 //\@
PMPJ\LNFO PMP)KLNfO
4 42
‘HZ Pd(C) JHZ Pd(C)
HN HNQ
PM N

P PMP N
o) o)

43 44a:44b (67:33)
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Posteriormente, se desarrollé una alternativa parabtencién de
pirrolobenzodiazepinas a partir de nitrobencilammidea sintesis de las
pirrolidinonas48 bajo la accion del reativo PIFA tuvo lugar con o
rendimientos, y la sucesiva reduccion del grupmren presencia de 6xido
de platino (IV) como catalizador permitio el prozeke heterociclacién para
acceder a los compuestos desedih<t4 y 52, con rendimientos globales
del 26% para el compues?O, 23% para el compuestid y del 14% para el
compuest®2. Esta alternativa sintética llevo a la obtencicayaritaria del
estereoisdmero sin que pudo ser aislado y caraatierien cada caso.

O,N
PIFA_ H
TFEA N PtO,
o
48a-d 48a-d 44 Ar = PMP

Ar = Ph, PMP, 50 Ar=Ph
2-tienilo, p-CICgH, 52 Ar = p-CICgH,4
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2.5. Experimental procedures.

2.5.1. Procedures for the synthesis of monoprotectaliamines 23
and 24

N-tert-butoxycarbonyl-2,2-dimethylpropane-1,3-diag(23a).

2 A stirred solution of diert-butyl dicarbonate (3.26 g,
1 3

15 mmol) in DCM (10 mL) was added dropwise to a
NH, HN

Toj< solution of 2,2-dimethylpropane-1,3-diamin21) (3
° mL, 30 mmol) in 30 mL of the same solvent at rteTh
mixture was stirred for 20 h min. Then, the solveras removed under
vacuum and the crude was dissolved in EtOAc (30.rhg solution was
washed with saturated P@0O;, decanted and dried over anh. 8@
Removal of the solvent under vacuum afforded adwesthat was purified
by column chromatography (EtOAc) to render carban2®a as a white

solid after trituration in hexanes (52%).
mp 56-58 °C (hexanes).

'H NMR (CDCk) 5.36 (br s, 1H, NH), 2.84 (d= 5.9, 2H, H-3), 2.33 (s,
2H, H-1), 1.50 (s, 2H, NB), 1.29 (s, 9H'Bu), 0.71 (s, 6H, &(CHa)2).

13C NMR (CDCL) 3 156.4 (CO), 78.7G-(CHs)s), 50.4 (C-1), 48.2 (C-3),
35.7 (C-2), 28.3, 23.1 (ECHa),).

IR (film) v 3355, 2944, 1684.
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MS (M+1, CI) m/z (%) 203 (2), 202 (7), 175 (10), 157 (25), 147 (829
(100), 117 (60), 103 (41).

HRMS calculated for H»,N,O,H" 203.1760, found 203.1768.

N-benzyloxycarbonyl-2,2-dimethyl-1,3-propanedian{iib).

2 A stirred solution of benzyl chloroformiate (2.9
1 3
mL, 21 mmol) in 50 mL of DCM was added
NH, HN.__ O
\Cf)( 1 dropwise over 85 min to a solution of 2,2-

dimethylpropane-1,3-diamin@1) (4.3 g, 42 mmol)
in 70 mL of the same solvent at 0 °C. The mixtues stirred for additional
90 min, the temperature was raised to rt and sgjwvas continued for 24 h.
Then, the solid formed was filtered, and the sotlutivas washed with brine
(3x40 mL), decanted and dried over anh,®@, Removal of the solvent
under vacuum afforded an oil that was purified bjumn chromatography
(EtOAC) to render carbama®@b as a colorless oil (41%).

'H NMR (CDCk) & 7.37-7.12 (m, 5H, Harom), 6.05 (br s, 1H, NH),5(8,
2H, H-1'), 2.99 (s, 2H, H-3), 2.42 (s, 2H, H-1)88.(s, 2H, NH), 0.79 (s,
6H, Go-(CHa)).

13C NMR (CDCL) 8 157.1 (CO), 136.8 (g-Carom), 128.4, 128.0 (t-C3rom
66.5 (C-1'), 50.4 (C-1), 49.1 (C-3), 35.6 (C-2),28C-(CHa)y).

IR (film) u 3320, 2944, 1702.

MS (M+1, Cl)m/z(%) 237 (8), 129 (100), 108 (22), 107 (13).



142 Capitulo 2

HRMS calculated for GHoN,O-H" 237.1603, found 237.1611.

N-benzyloxycarbonyl-1,3-propanediami{2d).

2 . According to the typical procedure for compound
1
\/@ 23b, carbamate4 was obtained from diamin22
NH, HN_ _O
\l(])/ 1 in a 60% vyield and purified by column

chromatography (EtOAc) as a colorless oil.

'H NMR (CDCl) & 7.32-7.26 (m, 5H, Harom), 5.55 (br s, 1H, NH),&5(8,
2H, H-1)), 3.26-3.22 (m, 2H, H-3), 2.80-2.67 (m, 2H-1), 1.61-1.56 (m,
2H, H-2), 1.46 (br s, 2H, N,

13C NMR (CDCL) 8 156.6 (CO), 136.7 (g-Carom), 128.5, 128.0 (t-C3rom
66.5 (C-1’), 39.6 (C-3), 39.1 (C-1), 33.0 (C-2).

IR (film) v 3325, 2931, 1683.
MS (M+1, Cl)m/z(%) 209 (41), 165 (10), 108 (26), 101 (100).

HRMS calculated for GHi1eNO.-H™ 209.1290, found (M+ethylene)
237.1304.
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2-amino-N-(benzyloxycarbonyl)benzylam{B§).

A stirred solution of benzyl chloroformiate
o_/<o (0.3 mL, 2.05 mmol) in 50 mL of DCM was
Q_l/' AN, N2 added dropwise over 85 min to a solution of
benzylamine34 (0.5 g, 4.1 mmoff and EfN (0.3 mL, 6.1 mmol) in 6 mL
of the same solvent at 0 °C. The mixture was stifoe additional 90 min,
the temperature was raised to rt and stirring veedicued for 24 h. Then, a
white precipitate was filtered, and the solutiorswaashed with brine (3x40
mL), decanted and dried over anh..8@,. Removal of the solvent under
vacuum afforded an oil that was purified by colurohromatography
(MeOH) to render carbamaBb as a yellowish solid that was triturated in

hexanes (99%).
mp 52-53 °C (hexanes).

'H NMR (CDCk) 6 7.36-7.34 (m, 5H, Harom), 7.15-7.03 (m, 2H, Harpm)
6.74-6.65 (m, 2H, Harom), 5.32 (br s, 1H, NH), 5(322H, H-1’), 4.28 (d,
J=6.1, 2H, H-2), 4.09 (br s, 2H, NH

3 NMR (CDCk) & 157.0 (CO), 145.4, 136.4, 129.2 (g-Carom), 131.6,
128.6, 128.2, 128.1, 122.3, 118.1, 116.0 (t-Car@n)) (C-1’), 42.5 (C-2).

IR (film) v 3349, 3029, 1692.

MS (M+1, Cl) m/z (%) 257 (32), 256 (100), 196 (38), 149 (47), 12B)(
121 (26), 106 (39).

96. An excess of starting material was employeavtmd an undesireN,N-diprotection process.
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HRMS calculated for @H1gN,O,-H" 257.1290, found 257.1293.

N-[(2-benzyloxycarbonylamino)benzyl]-4-pentynaniigi®.

1 O Benzyl p-nitrophenylcarbonate (683 mg, 2.5 mmol)
@CH A 24 and E§N (1.1 mL, 7.5 mmol) were added
NH 3 X Successively into a solution of amidé (1.0 g, 4.9
05 0 5> mmol) in DMF (15 mL). The mixture was
7'K© magnetically stirred at rt for 12 h under inert
atmosphere. Then, solvent was removed under

vacuum; the residue was taken in 40 mL of DCM arashved with a
saturated solution of N@O; (30 mL). The decanted organic phase was
dried with anh. Ng5O,, the solvent removed under vacuum, and the
resulting residue was purified by column chromaaphy (hexanes/EtOAc,
1/1) to afford38 as a white solid that was triturated in hexan@84L

mp 110-111 °C (hexanes).

'H NMR (CDCh) 58.79 (br s, 1H, NH), 7.90 (d=8.4, 1H, Harom), 7.44-
7.04 (m, 8H, Harom), 6.29 (m, 1H, NH), 5.23 (s, 2H7’), 4.37 (d,J=6.4,
2H, H-1"), 2.51-2.46 (m, 2H, H-2/H-3), 2.38-2.34,(8H, H-3/H-2), 1.92 (t,
J=2.6, 1H, H-5).

13C NMR (CDCk) 8 172.0 (C-1), 154.5 (C-5"), 136.8 (g-Carom), 136.6,
128.5, 128.0, 123.9, 123.8, 122.4 (t-Carom), 828, 69.6 (C-5), 66.7 (C-
7"), 40.6 (C-1’), 35.1 (C-2), 14.8 (C-3).
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IR (film) v 3290, 3073, 1650, 1559.

MS (M+1, CI) m/z (%) 230 (11, M+1—Cbz), 229 (75), 227 (21), 149)(30
147 (100), 132 (20).

HRMS calculated for [GoH20N-03-H" — Cbz] 230.1055, found 230.1024.

2.5.2. Typical procedure for the acylation of aming. Synthesis of

compounds 25 and 36.

N-(3-tert-butoxycarbonyl-2,2-dimethyl-3-propyl)-éniynamidg25a).

A solution of 4-pentynoic acid4] (640 mg, 6.5
1/'\{0»5 >L mmol) in 5 mL of DCM was added to a
o2 3NH magnetically stirred solution of EDC-HCI (1.9 g,
2 3 \\ 9.9 mmol) and HOBt (1.35 g, 9.9 mmol) in 20 mL
of the same solvent followed by the addition of the
monoprotected diamin23a(1.9 g, 9.9 mmol) dissolved in 5 mL of DCM.
The mixture was cooled to 0 °C angNE(1.4 mL, 9.9 mmol) was added
dropwise and left to react at rt overnight. Thée, teaction was diluted with
DCM, water (25 mL) was added, the mixture was dexhrand the organic
layer was consecutively washed with 20 mL of HQ.(£%), 20 mL of a
saturated solution of aqueous NaHC@nd 20 mL of a saturated solution of
NaCl. The organic layer was dried over,8@), filtered, and the solvent

was removed under vacuum. The resultant chromaibgaly pure
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yellowish oil was identified as amidg5a (97%) and used without any

further purification.

'H NMR (CDCh) 8 6.79 (br s, 1H, NH), 5.18-5.16 (m, 1H, NH), 3.GR (
J=6.8, 2H, H-1"), 2.87 (dJ=6.8, 2H, H-3"), 2.51-2.56 (m, 2H, H-2/H-3),
2.40-2.45 (m, 2H, H-3/H-2), 1.97 (=2.5, 1H, H-5), 1.43 (s, 9*Bu), 0.85
(s, 6H, (G-(CHa)y).

13C NMR (CDCh) & (ppm) 171.4 (C-1), 157.1 (C-5'), 83.1 (C-4), 79G
(CHs)3), 69.2 (C-5), 47.3 (C-3), 45.4 (C-1'), 36.4 (C;B5.7 (C-2"), 28.4
(‘Bu), 23.4 (G-(CHs)y), 15.1 (C-3).

IR (film) v 3307, 1712, 1654.

MS (M+1, CI) m/z (%) 283 (1), 282 (2), 255 (13), 277 (25), 209 (IB3
(100), 181 (17), 166 (31) 153 (23).

HRMS calculated for gH,gN,O3-H" 283.2022, found 283.2032.

N-(3-benzyloxycarbonylamino-2,2-dimethylpropyl)ehtynamidg25b).

1 o] 5 According to the typical procedure ami2igb
HN™ 2\ 3 NE*O

\\@ was prepared from monoprotected ani3b
v as a white solid in 87% yield as a colourless

0O 4

2 3 \\
5 oil.

'H NMR (CDCl) & 7.26-7.18 (m, 5H, Harom), 6.23 (br s, 1H, NH), (8,

2H, H-7’), 2.94 (d,J=6.6, 2H, H-1’), 2.87 (dJ=6.6, 2H, H-3’), 2.46-2.40
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(m, 2H, H-2/H-3), 2.36-2.32 (m, 2H, H-3/H-2), 1.9 1H, H-5), 0.78 (s,
6H, Cy-(CH3),).

13C NMR (CDCk) 8 172.0 (C-1), 157.6 (C-5"), 136.7 (g-Carom), 128.4,
128.0, 127.9 (t-Carom), 83.0 (C-4), 69.5 (C-5),566C-7"), 47.5 (C-3"),
45.8 (C-1'), 35.4, 36.4 (C-2, C-2'), 23.54&CHs),), 15.2 (C-3).

IR (film) v 3296, 1702, 1649.

MS (M+1, Cl) m/z (%) 317 (12), 273 (37), 209 (100), 153 (17), 129)(
110 (17).

HRMS calculated for GH,4N,O3-H" 317.1865, found: 317.1858.

N-[(2-benzyloxycarbonylaminomethyl)phenyl]-4-pertyinde (36).

According to the typical procedure ami@é

5

\Q o} // was prepared from monoprotected ani3deas
. HN

L/,
5' 2 3

a white solid in 80% vyield. It was purified by
crystallization from ELO.
2:> mp 121-122 °C (ED).
'H NMR (CDCL) & 9.31 (br s, 1H, NH), 8.06-8.04 (m, 1H, Harom),4%.3

7.06 (m, 8H, Harom), 5.54 (br s, 1H, NH), 5.12 Z§{, H-5’), 4.30 (d,
J=6.7, 2H, H-1’), 2.66-2.58 (m, 4H, H-2, H-3), 2.0 1H. H-5).

HN
0=z
0

3c NMR (CDCl) & 170.2 (C-1), 157.8 (C-3"), 136.4, 136.0, 116.1 (g-
Carom), 130.4, 129.0, 128.7, 128.6, 128.5, 12828.1], 124.6, 123.3 (t-
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Carom), 83.1 (C-4), 69.1 (C-5), 67.5 (C-5), 42@-1), 35.9 (C-2), 14.8
(C-3).

IR (film) u 3295, 3024, 1686, 1653.

MS (M+1, CI) m/z(%) 337 (8), 276 (20), 201 (12), 185 (28), 149)(2B8
(100), 107 (76).

HRMS calculated for gH,oN,O5-H™: 337.1552, found: 337.1598.

2.5.3. Typical procedure for the acylation of aming. Synthesis of

compounds 26, 37 and 46.

N-(3-benzyloxycarbonyl-aminopropyl)-4-pentynan{@@.

1 » 0O Amine 24 (1.6 g, 7.7 mmol) was added to a cold (0
HN/\\E >\§O °C) solution of DCC (1.7 g, 8.5 mmol), DMAP (50
NH B ’

O)\ZN mg, 0.4 mmol), and 4-pentynoic aci) (833 mg,
\\5 8.5 mmol) in DCM (80 mL) and the mixture was

stirred overnight. Then, a white solid (urea) wiétered and the solvent was

evaporated at reduced pressure. The residue waBeguby column

chromatography (MeOH) to affoi2b as a white solid that was triturated in
Et,O (93%).

mp 60-61 °C (EO).

'H NMR (CDCk) & 7.37-7.26 (m, 5H, Harom), 6.32 (br s, 1H, NH),4.3
(br s, 1H, NH), 5.09 (s, 2H, H-7’), 3.33-3.20 (nH{,4H-1’, H-3"), 2.54-2.49
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(m, 2H, H-2/H-3), 2.41-2.36 (m, 2H, H-3/H-2), 1.69 1H, H-5), 1.66-1.64
(m, 2H, H-2)).

3C NMR (CDCly) 5 171.6 (C-1), 156.8 (C-5'), 128.5, 128.0 (Caron®,8
(C-4), 69.3 (C-5), 66.7 (C-7’), 37.6, 36.0 (C-13), 35.4 (C-2), 30.0 (C-
2", 15.0 (C-3).

IR (film) v 3300, 2926, 1700, 1648.

MS (M+1, CI) m/z (%) 289 (55), 245 (46), 197 (20), 181 (100), 1%58)(
136 (18), 111 (20).

HRMS calculated for GH,oN,Os-H" 289.1552, found 289.1551.

N-(2-aminobenzyl)-4-pentynamid#y/).

0 According to the typical procedure amigé was

1 3 4
©?H)1K2/\§ prepared from benzylamir@3 and purified as a
NH, 5 white solid in 82% vyield by column

chromatography (hexanes/EtOAc, 1/1) followed bystalization from
Et,O.
mp 76-77 °C (E1O).

'H NMR (CDCk) 6 7.10-6.99 (m, 2H, Harom), 6.67-6.60 (m, 2H, Harpm)
6.48 (br s, 1H), 4.30 (dI=6.1, 2H, H-1"), 4.11 (br s, 2H, N} 2.48-2.43
(m, 2H, H-2/H-3), 2.36-2.31 (m, 2H, H-3/H-2), 1.8/ 1H, H-5).
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13C NMR (CDCk) 8 171.6 (C-1), 145.5, 130.6 (g-Carom), 129.2, 121.9,
117.8, 115.8 (t-Carom), 83.0 (C-4), 69.5 (C-5)84(-1’), 35.1 (C-2), 14.9
(C-3).

IR (film) v 3292, 3059, 1643.
MS (M+1, Cl) m/z(%) 203 (35), 202 (100), 134 (10), 121 (31), 1886)(

HRMS calculated for @H14N,O3-H" 203.1184, found 203.1186.

N-(2-nitromethylphenyl)-4-pentynami@46).

" o g A According to the typical procedure amidé was
©\/\H)12J\/\ prepared from benzylamind5 as a yellowish
NO, 5 solid in a 65% yield. It was purified by column

chromatography (hexanes/EtOAc, 1/1) followed bytutdtion of the

resultant solid in hexanes.
mp 62-63 °C (hexanes).
'H NMR (CDCk) 6 7.96 (d,J=8.1, 1H, Harom), 7.58-7.50 (m, 2H, Harom),

7.40-7.34 (m, 1H, Harom), 7.01-6.97 (m, 1H, NHp24(d, J=6.3, 2H, H-
1), 2.43-2.36 (M, 4H, H-2, H-3), 1.93 (s, 1H, H-5)

13C NMR (CDCkL) 5 171.6 (C-1), 148.1, 133.7 (g-Carom), 133.9, 131.5,
128.5, 125.0 (t-Carom), 82.7 (C-4), 69.5 (C-5).14C-1’), 35.0 (C-2), 14.8
(C-3).

IR (film) u 3296, 1653.
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MS (M+1, CI) m/z (%) 233 (100), 225 (16), 186 (30), 153 (26), 18B)(
135 (12).

HRMS calculated for @H1,N,O3-H" 233.0926, found 233.0936.

2.5.4. Typical procedure for the Sonogashira coupig reaction.
Synthesis of compounds 27, 28, 39 and 47.

N-(3-tert-butoxycarbonyl-2,2-dimethyl-3-propy)-&ihethoxyphenyl)-4-
pentynamid€27a).

1 o A solution of 4-iodoanisole (1.4 g, 6.0 mmol),
HN™ o 3'NEEO PdCL(PPh), (42 mg, 0.06 mmol), Cul (23 mg,
0.12 mmol) and carbamagba (1.7 g, 6.0 mmol)

in EBN (15 mL) was stirred at 80 °C for 24 h.
When cooled, water (3 mL) was added, the mixture

O 4
2 3 \\

5 PMP
was extracted with EtOAc (3x25 mL), and the combieganic extracts
were dried over anh. N80O,. Once the solvent was evaporated under
vacuum, the whole crude was purified by column olatography
(hexanes/EtOAc, 1/1) to afford amid@aas a yellowish oil (43%).

'H NMR (CDCL) & 7.28 (d,J=8.8, 2H, Harom), 6.86 (br s, 1H, NH), 6.78
(d, J=8.8, 2H, Harom), 5.28 (m, 1H, NH), 3.77 (s, 3H, KL 3.02 (d,
J=6.8, 2H, H-3’), 2.84 (dJ=6.8, 2H, H-1), 2.73 (tJ=7.1, 2H, H-2/H-3),
2.48 (1,J=7.1, 2H, H-3/H-2) 1.42 (s, 9FBu), 0.82 (s, 6H, &-(CHa)»).
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13C NMR (CDCkL) & 171.8 (C-1), 157.1 (C-5"), 159.2, 132.9 (g-Carom),
133.2, 114.5 (t-Carom), 86.9 (C-4), 81.2-(CHs)s), 79.3 (C-5), 55.2
(OCHg), 47.1 (C-1"), 45.5 (C-3), 36.4 (C-2), 36.1 (C}228.4 (Bu), 23.4
(C2-(CHs)y), 16.2 (C-3).

IR (film) v 3325, 2964, 1655, 1607.

MS (M+1, CI) m/z (%) 389 (12), 361 (14), 333 (1015 (50), 289 (74),
273 (23), 271 (21), 211 (16), 203 (26).

HRMS calculated for gHz,N,04-H" 389.2440, found 389.2447.

N-(3-benzyloxycarbonylamino-2,2-dimethylpropyl45aiethoxyphenyl)-4-
pentynamid€27b).

1' 0 5 According to the typical procedure amigiéb
HN™ 2 3'N2\0\\© was prepared from carbama®db in 66%
o 4 v yield as a yellowish oil. It was purified by
2 3 \\

column chromatography (hexanes/EtOAc,
1/1).

'H NMR (CDCk) 6 7.46-7.26 (m, 7H, Harom), 6.78 (#8.9, 2H, Harom),
6.62-6.60 (m, 1H, NH), 5.64-5.62 (m, 1H, NH), 5@9 2H, H-7"), 3.78 (s,
3H, OCH), 3.05 (d,J=6.8, 2H, H-1"), 2.93 (d,J=6.8, 2H, H-3"), 2.72 (t,
J=7.1, 2H, H-2/H-3), 2.48 (1]=7.1, 2H, H-3/H-2), 0.85 (s, 6H,,6&(CH3)).
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13C NMR (CDCk) 8 172.0 (C-1), 157.5 (C-5"), 159.2, 132.9 (g-Carom),
128.5, 128.1, 128.0 (t-Carom), 113.8 (C-4), 86.85{C66.8 (C-7’), 55.2
(OCHg), 47.5 (C-3'), 45.7 (C-1’), 36.4 (C-2), 36.1 (C)223.3 (G-(CHa)y),
16.2 (C-3).

IR (film) v 3323, 2960, 1704, 1657.
MS (M+1, Cl)m/z(%) 423 (17), 315 (100), 313 (14), 273 (37), 216)(

HRMS calculated for gH3oN,O4-H" 423.2284, found 423.2287.

N-(3-benzyloxycarbonylaminopropyl)-5-(4-methoxyphefd-pentynamide
(28).

1 o O>\E According to the typical procedure amidg 2

@ was prepared from carbam&eéin 60% yield
r as a white solid. It was purified by column

chromatography  (hexanes/EtOAc, 1/1)

O 4
2 3 \\
5 PMP
followed by trituration in hexanes.
mp 114-116 °C (hexanes).

'H NMR (CDCL) 8 7.35-7.29 (m, 7H, Harom), 6.80 (@:8.8, 2H, Harom),
6.20 (br s, 1H, NH), 5.25 (br s, 1H, NH), 5.09 28{, H-7"), 3.78 (s, 3H,
OCH), 3.36-3.30 (m, 2H, H-1’), 3.25-3.20 (m, 2H, H-32.72 (t,J=7.2,
2H, H-2/H-3), 2.46 (t)=7.2, 2H, H-3/H-2), 1.65-1.62 (m, 2H, H-2").

3c NMR (CDCk) & 171.8 (C-1), 159.3 (C-5"), 136.0, 115.5 (g-Carom),
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132.9, 128.5, 128.1, 128.0, 113.9 (t-Carom), 86.8}), 81.3 (C-5), 66.7 (C-
7’), 55.2 (OCH), 37.5, 36.6 (C-1’, C-3"), 35.9 (C-2), 30.1 (C-216.1 (C-
3).

IR (film) v 3325, 2950, 1678, 1643.

MS (M+1, Cl)m/z(%) 288 (40), 287 (79), 245 (40), 189 (7088 (73), 159
(48), 147 (63), 135 (80), 101 (100).

HRMS calculated for [GsH26N,04-H" — Cbz] 288.1474, found 288.1487.

N-[(2-benzyloxycarbonylaminomethy)phenyl]-5-(4-hwedyphenyl)-4-
pentyamid€39).

According to the typical procedure ami@é

H was prepared from carbama&@ in 64% yield

@ o 3 4 as a Yyellowish solid after purification by

1'3, oﬁ column chromatography (hexanes/EtOAc, 1/1)

11/ 5 followed by trituration of the resultant solid in
hexanes.

mp 125-126 °C (hexanes).

'H NMR (CDCk) & 9.32 (s, 1H, NH), 8.08 (d]=8.1, 1H, Harom), 7.33-
7.07 (m, 10H, Harom), 6.79 (d=8.6, 2H, Harom), 5.44-5.42 (m, 1H, NH),
5.11 (s, 2H, H-5’), 4.28 (dI=6.7, 2H, H-1"), 3.78 (s, 3H, OCGJ{{ 2.87-2.80
(m, 2H, H-2/H-3), 2.73-2.68 (m, 2H, H-3/H-2).
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13C NMR (CDCh) 8 170.5 (C-1), 159.1 (C-3), 157.7, 136.0, 133.03.42
115.9 (g-Carom), 133.0, 129.0, 128.6, 128.3, 12824.6, 123.4, 115.9,
113.8 (t-Carom), 87.1 (C-4), 81.1 (C-5), 67.5 (¢:-55.2 (OCH), 41.9 (C-
1), 36.5 (C-2), 16.0 (C-3).

IR (film) v 3295, 3054, 1689.

MS (M+1, Cl) m/z (%) 443 (19), 335 (49), 293 (40), 187 (61), 1400(
147 (50), 135 (14), 108 (41), 107 (25).

HRMS calculated for gH,gN,O,-H" 443.1971, found 443.1953.

N-[(2-benzyloxycarbonylamino)benzyl]-5-(4-methoxemii)-4-pentyamide
(40).

According to the typical procedure amid®
was prepared from carbam&® in 54% yield

as a white solid. It was purified by column

chromatography (hexanes/EtOAc, 1/1)

7-© followed by trituration in hexanes.

mp 109-110 °C (hexanes).

'H NMR (CDCk) & 9.03 (br s, 1H, NH), 7.88 (d=8.0, 1H, Harom), 7.43-
7.21 (m, 11H, Harom), 6.75 (d=8.6, 1H, Harom), 6.64 (br s, 1H), 5.22 (s,
2H, H-7"), 4.34 (d,J=6.4, 2H, H-1"), 3.78 (s, 3H, OGH 2.66 (t,J=7.1,
2H, H-2/H-3), 2.40 (tJ=7.1, 2H, H-3/H-2).
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13C NMR (CDChL) 8 172.4 (C-1), 154.6 (C-5), 136.8, 136.7, 127.65.81
86.4 (g-Carom), 132.9, 128.5, 123.8, 123.7, 122Bafom), 81.6 (C-4),
72.9 (C-5), 66.6 (C-7), 55.3 (OGH 40.5 (C-1"), 35.5 (C-2), 15.9 (C-3).

IR (film) v 3300, 3073, 1727, 1646.

MS (M+1, Cl) m/z(%) 336 (23, M+1—Cbz), 335 (100), 293 (98), 198)(1
188 (52), 160 (26), 147 (35).

HRMS calculated for [G/H26N204-H" — Cbz] 336.1474, found 336.1440.

N-(2-nitrobenzyl)-5-phenyl-4-pentynami@&a).

. o 4 According to the typical procedure amidiéa
4
NW was prepared from amidks in 52% vyield as
Ho 2 Ph . . o
NO, a yellowish solid. It was purified by column

chromatography (hexanes/EtOAc, 1/1) followed bytdtion in hexanes.
mp 82-83 °C (hexanes).

'H NMR (CDCly) & 7.97 (d,J=8.0, 1H, Harom), 7.68 (dJ=7.6, 1H,

Harom), 7.50 (tJ=7.5, 1H, Harom), 7.39 (1=7.7, 1H, Harom), 7.31-7.23
(m, 5H, Harom), 6.58-6.56 (m, 1H, NH), 4.71 {&:6.4, 2H, H-1'), 2.74 (t,
J=7.1, 2H, H-2/H-3), 2.50 ()=7.1, 2H, H-3/H-2).

13C NMR (CDCk) & 171.3 (CO), 148.3, 133.6, 123.3 (g-Carom), 134.1,
132.4, 131.5, 128.6, 128.2, 127.8, 125.0 (t-Car@8)) (C-4), 81.7 (C-5),
41.2 (C-1), 35.7 (C-2), 15.9 (C-3).
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IR (film) u 3294, 1653.
MS (M+1, Clym/z(%) 309 (100), 291 (10), 172 (8), 136 (1T7)5 (12).

HRMS calculated for GH1eN,O3-H" 309.1239, found 309.1231.

5-(4-methoxyphenyl)-N-(2-nitrobenzyl)-4-pentynantitiéo).

L 0 3 According to the typical procedure amide
@NW 47b was prepared from amidé6 in 55%
H
NO, PMP yield as a white solid. It was purified by

column chromatography (hexanes/EtOAc, 1/1) followsd trituration in

hexanes.
mp 98-99 °C (hexanes).

'H NMR (CDCk) & 7.92 (d,J=8.1, 1H, Harom), 7.61 (dJ=7.6, 1H,
Harom), 7.39-7.17 (m, 4H, Harom), 6.91-6.89 (m, INH#), 6.73 (d,J=8.7,
2H, Harom), 4.65 (dJ=6.3, 2H, H-1"), 3.74 (s, 3H, OG} 2.70-2.65 (m,
2H, H-2/H-3), 2.49-2.44 (m, 2H, H-3/H-2).

3C NMR (CDCk) & 171.7 (CO), 159.2, 148.1, 133.8, 115.4 (g-Carom),
134.0, 132.9, 131.5, 128.4, 124.9, 113.8 (t-Car@8)6 (C-4), 81.4 (C-5),
55.2 (OCH), 41.1 (C-1’), 35.6 (C-2), 15.9 (C-3).

IR (film) u 3290, 1653.

MS (M+1, CI) m/z (%) 339 (100), 297 (28), 291 (10), 203 (53), 156)(
136 (27).
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HRMS calculated for H1sN,O,-H" 339.1345, found 339.1346.

N-(2-nitrobenzyl)-5-(2-thienyl)-4-pentynami@r o).

o, According to the typical procedure amide
1
@(\N 1 4\\ 47c was prepared from amidés in 82%
H ™ 2 S
NO, S / yield as a brown solid. It was purified by

column chromatography (hexanes/EtOAc,

1/1) followed by trituration in hexanes.

mp 58-60 °C (hexanes).

'H NMR (CDCk) & 7.90 (d,J=8.0, 1H, Harom), 7.56 (dJ=7.5, 1H,
Harom), 7.40 (tJ=7.2, 1H, Harom), 7.30 (11=7.6, 1H, Harom), 7.11-6.99

(m, 3H, Harom), 6.85 (m, 1H, NH), 4.63 (d=6.1, 2H, H-1), 2.69 (t,
J=7.0, 2H, H-2/H-3), 2.46 (]=7.0, 2H, H-3/H-2).

13 NMR (CDCk) & (ppm) 171.5 (CO), 148.0, 133.7, 123.4 (g-Carom),
133.9, 131.4, 131.2, 128.4, 126.8, 126.3, 124@afbm), 92.4 (C-4), 74.7
(C-5), 41.0 (C-1), 35.2 (C-2), 16.1 (C-3).

IR (film) u 3290, 1652.

MS (M+1, CI) m/z (%) 315 (100), 297 (14), 273 (55), 267 (1203 (29),
178 (46), 136 (83).

HRMS calculated for GH14N,0:°2S-H 315.0803, found 315.0807.
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5-(4-chlorophenyl)-N-(2-nitrobenzyl)-4-pentynami{d&d).

0 According to the typical procedure

amide47d was prepared from amidd
5 C6H4p-C|

9-
I\)OIZ
=
N
/-b

in 80% vyield as a white solid. It was
purified by column chromatography (hexanes/EtOAL) Ifollowed by

trituration in hexanes.
mp 101-102 °C (hexanes).

'H NMR (CDCk) & 7.99 (d,J=8.1, 1H, Harom), 7.68 (dJ=6.5, 1H,
Harom), 7.54 (t)=7.5, 1H, Harom), 7.41 (§=7.7, 1H, Harom), 7.25-7.18
(m, 4H, Harom), 6.54-6.52 (m, 1H, NH), 4.70 {&:6.4, 2H, H-1'), 2.73 (t,
J=7.1, 2H, H-2/H-3), 2.49 (1)=7.1, 2H, H-3/H-2).

13C NMR (CDCk) & 171.1 (CO), 148.3, 133.5 (g-Carom), 134.1, 132.8,
132.6, 128.7, 128.5, 125.0 (t-Carom), 89.1 (C-4)68C-5), 41.3 (C-1),
35.5 (C-2), 15.8 (C-3).

IR (film) u 3290, 1648.
MS (M+1, Clym/z(%) 343 (100), 325 (11), 301 (1295 (22).

HRMS calculated for GH;5°CIN,O3-H' 343.0849, found 343.0851.
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2.5.5. Typical procedure for the PIFA-mediated hetecyclization.
Synthesis of pyrrolidinones 29, 30, 41, 42 and 48.

N-(3-tert-butoxycarbonylamino-2,2-dimethylpropyH< -methoxybenzoyl)-

2-pyrrolidinone(29a).

A solution of alkynylamid€7a (900 mg, 2.3

Oyo
o 1%</NH5I 7< mmol) in TFEA (12 mL) was stirred at 0 °C
1

PMP757 N 03 and a solution of PIFA (1.4 g, 3.4 mmol) in

3, 15 mL of the same solvent was added
dropwise. The reaction mixture was stirred at
that temperature for 2 h. For the work up, aqueNagCO; (10%) was
added and the mixture extracted with DCM (3x20 mLChe combined
organic layers were washed with brine, dried ovasfSQ0,, and the solvent
evaporated. Purification of the crude by flash amatography (EtOAc) gave

the desired productd2 as a chromatographically pure yellowish oil (83%).

4 NMR (CDCh) & 7.92 (d,J=8.9, 2H, Harom), 6.99 (dJ=8.9, 2H,
Harom), 6.07 (m, 1H, NH), 5.26 (d=8.8, 1H, H-4), 3.89 (s, 3H, OGH
3.77 (d,J=14.6, 1H, H-1/H-3"), 3.24-3.16 (m, 1H, H-3/H-1'R.67-2.60
(m, 1H, H-1/H-3), 2.47-2.35 (m, 3H, H-2/H-3), B2d, J=14.6, 1H, H-
3/H-1), 2.06-1.99 (m, 1H, H-3/H-2), 1.41 (s, 91Bu), 0.90 (s, 3H, &
(CHg)2), 0.85 (s, 3H, &-(CHa)o).

13C NMR (CDCk) & 195.2 (C-5), 177.6 (C-1), 156.7 (C-5'), 164.3, 127
(g-Carom), 130.7, 114.3 (t-Carom), 78.8-(CHas)3), 64.3 (C-4), 55.6
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(OCHg), 50.3 (C-1'), 47.1 (C-3), 37.2 (C-2'), 28.9 (Q;28.4 (Bu), 24.7
(C-3), 23.7 (&-(CHa)o).

IR (film) v 3328, 2967, 1686, 1601.

MS (M+1, Clym/z(%) 405 (1), 331 (94), 305 (68), 287 (102)3 (18), 195
(40).

HRMS calculated for &H3,N,Os-H" 405.2345, found 405.2354.

N-(3-benzyloxycarbonylamino-2,2-dimethylpropyl¥5+#hethoxybenzoyl)-

2-pyrrolidinone(29b).

o o According to the typical procedure
o 1&2} 7+ pyrrolidinone29b was obtained fron27b in
PMP)SSEI\;)COE 89% vyield. It was purified by column
h chromatography (EtOAc) as a yellowish oil.
'H NMR (CDCk) & 7.93 (d, J=8.8, 2H,
Harom), 7.35-7.28 (m, 5H, Harom), 6.99 (&8.8, 2H, Harom), 6.49-6.47
(m, 1H, NH), 5.27 (dJ=9.1, 1H, H-4), 5.11 (d)=12.3, 1H, H-7"), 5.04 (d,
J=12.3, 1H, H-7"), 3.89 (s, 3H, OGH 3.76 (d,J=14.8, 1H, H-1'/H-3"),
3.26-3.24 (m, 1H, H-3'/H-1"), 2.74-2.70 (m, 1H, HH-3’), 2.49-2.36 (m,
3H, H-2/H-3), 2.26 (dJ=14.8, 1H, H-1'/H-3’), 2.06-1.99 (m, 1H, H-3/H-2),
0.92 (s, 3H, ©-(CHs),), 0.86 (s, 3H, &-(CH3)y).

13C NMR (CDCL) 8 195.1 (C-5), 177.7 (C-1), 157.2 (C-5'), 164.3, 187
114.3 (g-Carom), 130.7, 128.4, 127.9, 127.8, 12#@arom), 66.3 (C-4),
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64.3 (C-7"), 55.6 (OCH), 50.3 (C-1"), 47.7 (C-3"), 37.2 (C-2"), 28.9 (Q;2
24.7 (C-3), 23.6 (€-(CHa)2).

IR (film) v 3338, 2962, 1682, 1600.
MS (M+1, Cl) m/z(%) 439 (1), 359 (10), 331 (100), 303 (11), 19%)(4

HRMS calculated for gH3oN,Os-H™ 439.2233, found 439.2249.

N-(3-benzyloxycarbonylaminopropyl)-5-(4"-methoxyosh)-2-
pyrrolidinone(30).

According to the typical procedure

0
o %‘P - pyrrolidinone 30 was obtained fron28 in
o 1T NH . .
N//\,o,,/ 70% vyield. It was purified by column
PMP"5 X" N=0
2

3

chromatography (EtOAc) as a yellowish oil.

'H NMR (CDClL) & 7.93 (d, J=8.8, 2H,
Harom), 7.33-7.26 (m, 5H, Harom), 6.97 (&8.8, 2H, Harom), 5.61 (m,
1H, NH), 5.15-5.02 (m, 3H, H-7’, H-4), 3.89 (s, 38CH;), 3.71-3.56 (m,
1H, H-1'/H-3"), 3.41-3.27 (m, 1H, H-3'/H-1"), 3.18:02 (m, 2H, H-1"/H-
3", 2.52-2.34 (m, 3H, H-2/H-3), 2.02-1.98 (m, 1H,3/H-2), 1.70-1.58 (m,
2H, H-2").

13C NMR (CDCk) & 195.4 (C-5), 176.4 (C-1), 164.3 (C-5), 136.7, 127
(g-Carom), 130.7, 128.4, 128.0, 114.3 (t-Carom)4g&-7’), 61.8 (C-4),
55.6 (OCH), 39.3 (C-1"), 37.9 (C-3"), 29.5 (C-2), 27.4 (C}223.8 (C-3).
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IR (film) v 3332, 2938, 1685, 1599, 1512.

MS (M+1, Cl) m/z (%) 304 (12, M+1—Chz), 303 (79), 260 (28), 16700
135 (17).

HRMS calculated for [GsH2eN2Os-H" — Cbz] 304.1423, found 304.1390.

N-[(2-benzyloxycarbonylaminomethy)phenyl]-5-(4" thoxybenzoyl)-2-
pyrrolidinone(41).

According to the typical procedure
0 Q/H 5 6 pyrrolidinone 41 was obtained fron89 in
pMp)é\ArLl\ljfgl (7)7/ 7 39% vyield. It was purified by column
3, chromatography (hexanes/EtOAc, 1/1) as a

pale brown oil.

'H NMR (CDCl) 5 7.87 (d,J=8.6, 2H, Harom), 7.49 (br s, 1H, NH), 7.37-
7.22 (m, 8H, Harom), 6.91 (d=8.8, 2H, Harom), 5.69-5.65 (m, 1H, H-4),
5.13 (s, 2H, H-7"), 4.56-4.54 (m, 2H, H-3'), 3.84, BH, OCH), 2.52-2.23
(m, 3H, H-2/H-3), 2.15-2.07 (m, 1H, H-3/H-2).

13C NMR (CDCL) 8 195.1 (C-5), 164.3 (C-1), 156.8 (C-5'), 136.8, 1136
127.0 (g-Carom), 130.8, 128.5, 128.3, 128.1, 1281@.2 (t-Carom), 66.6
(C-7’), 64.9 (C-4), 55.6 (OC#), 41.4 (C-3'), 30.1 (C-2), 24.5 (C-3).

IR (film) v 3354, 1693, 1599.
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MS (M+1, Clym/z(%) 459 (6), 351 (17), 323 (20), 308 (100), 213)(@35
(11).

HRMS calculated for §H,sN,Os-H" 459.1920, found 459.1900.

N-[(2-benzyloxycarbonylamino)benzyl]-5-(4"-methaxyboyl)-2-
pyrrolidinone(42).

According to the typical procedure pyrrolidinod2

T-0_o

5\'74 was obtained fron40 in 65% vyield. It was purified
HN

K@ by column chromatography (hexanes/EtOAc, 1/1) as
o L

a yellowish oil.
PMPS O =0 |
H NMR (CDCk) & 8.90 (s, 1H, NH), 8.02 (d,

1
2 J=8.1, 1H, Harom), 7.86 (dJ=8.7, 2H, Harom),
7.46-7.26 (m, 6H, Harom), 6.97-6.89 (m, 4H, Harog®2 (s, 2H, H-7),
5.03-4.98 (m, 3H, H-1",H-4), 3.87 (s, 3H, OQH2.52-2.28 (m, 3H, H-2/H-
3), 2.02-1.88 (m, 1H, H-3/H-2).

13C NMR (CDCL) & 194.8 (C-5), 176.4 (C-1), 164.4 (C-5'), 154.3, ¥37
136.8, 124.9 (g-Carom), 130.7, 129.3, 128.5, 12847.9, 123.1, 121.7,
114.3 (t-Carom), 66.5 (C-7), 60.6 (C-4), 55.6 (OfH2.8 (C-1'), 29.2 (C-
2), 23.5 (C-3).

IR (film) v 3251, 1732, 1679, 1597.

MS (M+1, Cl)m/z(%) 352 (22, M+1-Cbz), 351 (100), 215 (84), 132)(3
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HRMS calculated for [G/H26N,Os-H" — Cbz] 352.1323, found 352.1387.

5-benzoyl-N-(2-nitrobenzyl)-2-pyrrolidinorié8a).

o According to the typical procedure pyrrolidinoA8a
’ was obtained from7ain 81% yield. It was purified as

Q4 a yellowish oil by column chromatography (EtOAc).
N
Ph”g e}
)E@‘ IH NMR (CDCk) 5 7.91-7.88 (m, 3H, Harom), 7.66-
3
2 7.56 (m, 3H, Harom), 7.49-7.40 (m, 3H, Harom),

5.22-5.15 (m, 2H, H-1', H-4), 4.41 (d=15.8, 1H, H-1’), 2.50-2.43 (m, 3H,
H-2/H-3), 2.05-2.02 (m, 1H, H-3/H-2).

3C NMR (CDCk) & 196.5 (C-5), 176.2 (C-1), 148.7, 133.9, 131.8 (g-
Carom), 134.0, 133.6, 131.3, 129.0, 128.6, 1283,7L(Carom), 62.0 (C-
4), 42.7 (C-1), 28.9 (C-2), 23.4 (C-3).

IR (film) v 1696, 1525.
MS (M+1, Cl) m/z(%) 325 (100), 219 (86), 136 (18).

HRMS calculated for gH1gN,O4-H" 325.1188, found 325.1185.
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5-(4-methoxybenzoyl)-N-(2-nitrobenzyl)-2-pyrroliolive (48b).

O,N According to the typical procedure pyrrolidinone
T 48b was obtained fromi7b in 69% vyield. It was

o )kﬂf purified by column chromatography
5 o) . .
AT (hexanes/EtOAc, 1/1) as a yellowish solid that was
3
2 triturated in hexanes.
mp 55-58 °C (hexanes).
'H NMR (CDCL) 5 7.88-7.82 (m, 3H, Harom), 7.59-7.57 (m, 2H, Harpm)
7.48-7.38 (m, 1H, Harom), 6.92 (d+8.8, 2H, Harom), 5.19-5.10 (m, 2H,
H-1', H-4), 4.30 (d,J=16.0, 1H, H-1"), 3.84 (s, 3H, OGH 2.52-2.33 (m,
3H, H-2/H-3), 2.09-1.97 (m, 1H, H-3/H-2).

13C NMR (CDCk) & 195.0 (C-5), 176.2 (C-1), 164.2, 148.7, 132.0,.926
(g-Carom), 133.5, 131.3, 130.7, 128, 124.6, 11#4Qafom), 61.7 (C-4),
55.6 (OCH), 42.8 (C-1'), 29.0 (C-2), 23.6 (C-3).

IR (film) v 1690, 1600.
MS (M+1, Cl) m/z(%) 355 (100), 219 (62), 135 (13).

HRMS calculated for gH1sN,Os-H" 355.1294, found 355.1302.
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N-(2-nitrobenzyl)-5-(2-thienyl)-2-pyrrolidinon@80).

ON According to the typical procedure pyrrolidinone
2

},/© 48c was obtained fromi7c in 77% vyield. It was
0 . : :

N purified as a yellowish oil by column
Q)E‘Ely‘o chromatography (EtOAC).

3 2

'H NMR (CDCL) 5 7.88 (dJ=8.1, 1H, Harom), 7.70-7.65 (m, 2H, Harom),
7.57 (d,J=4.2, 2H, Harom), 7.43-7.37 (m, 1H, Harom), 6.12J€4.2, 1H,
Harom), 5.13 (dJ=16.0, 1H, H-1"), 4.98 (dJ=8.2, 1H, H-4), 4.40 (d,
J=16.0, 1H, H-1'), 2.53-2.43 (m, 3H, H-2/H-3), 2.1D2(m, 1H, H-3/H-2).

%C NMR (CDCk) & 190.0 (C-5), 176.1 (C-1), 148.7, 140.8, 131.8 (g-
Carom), 135.0, 133.6, 132.6, 131.4, 128.7, 12848, 7.(t-Carom), 62.9 (C-
4), 42.8 (C-1'), 29.0 (C-2), 24.0 (C-3).

IR (film) v 1695, 1523.
MS (M+1, Cl) m/z(%) 331 (100)219 (91), 136 (20).

HRMS calculated for GH14N,0:>2S-H 331.0753, found 331.0760.
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5-(4-chlorobenzoyl)-N-(2-nitrobenzyl)-2-pyrrolidine (48d).

According to the typical procedure pyrrolidinone

O,N
2 48d was obtained from7d in 57% yield. It was
1
Q purified as a colorless oil by column
N
p-CICsH4)5K4£])iO chromatography (EtOAC).
3 2

'H NMR (CDCls) & 7.88-7.80 (m, 3H, Harom),
7.66-7.56 (m, 2H, Harom), 7.43 (d8.6, 3H, Harom), 5.16-5.11 (m, 2H,
H-1', H-4), 4.37 (d,J=15.6, 1H, H-1"), 2.45-2.41 (m, 3H, H-2/H-3), 2.00-
1.98 (m, 1H, H-3/H-2).

13C NMR (CDCh) & 195.4 (C-5), 175.9 (C-1), 171.1, 148.8, 132.3,.831
(g-Carom), 133.6, 131.9, 129.7, 129.3, 128.7, 124@arom), 61.9 (C-4),
42.5 (C-1), 28.9 (C-2), 23.3 (C-3).

IR (film) v 1697, 1524.
MS (M+1, Cl) m/z(%) 361 (23), 360 (14859 (70), 219 (100), 136 (22).

HRMS calculated for GH1s°CIN,O,4-H' 359.0799, found 359.0798.
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2.5.6. Procedure for the intramolecular amination eaction.
Synthesis of diazepine 31.
1-(4-methoxyphenyl)-4,5,8,9-tetrahydro-2H-pyrrol@-h][1,4]diazepin-
7(3H)-one(31).

3\, A solution of pyrrolidinone 2a (800 mg, 1.9 mmol) in

HN c TFA/DCM 1/1 (25 mL) was stirred for 30 min. An
PMP{)}EI\?I)tO aliquot was taken to confirm'{ NMR) that the
o protecting group was completely released. Thewvesol

was removed under vacuum to remove both solvemts an

the residue was taken in 50 mL of DCM, cooled t8C0and treated with
EtzN (0.7 mL, 5 mmol). After stirring for 20 min, malelar sieve (4 A) was
added and the stirring continued for 15 additionadutes. The mixture was
then filtered through celite, washed with 20 mL afsaturated aqueous
solution of NaHCQ, and finally extracted with EtOAc (3x25 mL). The
combined organic extracts were dried with anh,9@ and solvent
evaporated at reduced pressure. The resultinguegdrified by column
chromatography (EtOACc) to afford pyrazinoBikas a brown oil (11%).

'H NMR (CDCL) 57.85 (d,J=8.9, 2H, Harom), 7.74 (m, 1H, NH), 6.92 (d,
J=8.9, 2H, Harom), 3.82 (s, 3H, OGH 3.59-3.38 (m, 2H, H-3), 3.09 (d,
J=6.7, 1H, H-5), 2.71-2.69 (m, 3H, H-8/H-9), 2.70:2.6n, 1H, H-5), 2.01
(s, 1H, H-9/H-8), 0.93 (s, 6H,44CHa)y).
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13C NMR (CDCk) 5178.7 (C-7), 178.6 (C-1), 166.8 (C-9a), 162.1, 826.
(g-Carom), 128.8, 113.7 (t-Carom), 55.4 (O{;H45.8, 45.6 (C-3, C-5),
37.7 (C-4), 28.1(C-8, C-9), 24.1 {QCH5),).

IR (film) v 3385, 2966, 1698.
MS (M+1, Cl)m/z(%) 317 (6), 206 (21), 167 (12)35 (100).

HRMS calculated for §H2.N,Ox»H" 287.1760, found ([M+3] + ethylene)
317.1609.

2.5.7. Typical procedure for the reductive aminatia. Synthesis of
diazepines 32, 33, 43 and 44.

1-(4-methoxyphenyl)-4.4-dimethyl-octahydro-pyrrél@-al[1,4]diazepin-
7-one(32).

A solution of pyrrolidinone29b (930 mg, 2.1 mmol) in

3 \a
HlN 5 10 mL of MeOH and 0.5 mL of HCI (IM) was
PMP™ o2 ';‘ . hydrogenated (70 psi) in the presence of Pd/C ayletn
9 . The catalyst was filtered through celite and thleitsazn

treated with 15 mL of an aqueous solution of,Gla;
(20%). The mixture was extracted with DCM (3x15 mthe combined
organic extracts were dried with &0y, and the solvent evaporated under
vacuum. The resulting oil was purified by colummarhatography (MeOH)
to afford diazepinon82 as a brown oil (43%) as an inseparable mixture of
both diastereoisomers (82:18). Reported data sngier the both of them.
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'H NMR (CDCk) & 7.29/7.25 (dJ=8.2, 2H, Harom), 6.86-6.80 (m, 4H,
Harom), 5.12 (br s, 1H, NH), 4.80 @5.7, 1H, H-1)/4.03-4.00 (m, 1H, H-
1), 3.96-3.91/3.89-3.85 (m, 1H, H-9a), 3.77/3.75 38, OCH), 3.65-
3.62/3.44-3.42 (m, 1H, H-3), 3.25-3.20 (m, 2H, H-3)08-2.79 (m, 4H, H-
5), 2.56-2.54/2.15-2.10 (m, 1H, H-9/H-8), 2.05-11992-1.72 (m, 3H, H-
9/H-8), 1.13/0.98/ 0.96/0.87 (s, 3Hs-(CH3),).

%C NMR (CDCl) & 177.4/176.8 (C-1), 159.2, 158.8 (q-Carom), 127.6,
127.1, 113.9, 113.5 (Carom), 74.7/72.9 (C-1), BRH (C-9a), 55.4/55.3
(OCHg), 52.7/49.5 (C-5), 49.3/47.9 (C-3), 29.6/24.8 (C24.7/24.3 (C-8),
24.0/23.9 (G-(CHa3)), 20.9/19.1 (C-9).

IR (film) v 3285, 2955, 1673.
MS (M+1, Cl) m/z(%) 289 (43), 169 (33).

HRMS calculated for ¢H,4N,O,-H™: 289.1916, found: 289.1925.

1-(4-methoxyphenyl)-octahydro-pyrrolo[1,2-a][1,4édiepin-7-ong33).

3, According to the typical procedure diazepin@8was
HN/X5 obtained from pyrrolidinone80 in 48% vyield. It was
purified by column chromatography (MeOH) as a
colorless oil as an inseparable mixture of bothmiss
(37:63). Reported data is given for the both ofthe

'H NMR (CDCk) & 7.27/7.21 (dJ=8.5, 2H, Harom), 6.88-6.82 (m, 4H,
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Harom), 5.08 (br s, 1H, NH), 4.60 @6.7, 1H, H-1)/3.84-3.79 (m, 1H, H-
1), 3.78/3.77 (s, 3H, OGH| 3.73-3.69/3.63-3.56 (m, 1H, H-9a), 3.48-
3.35/2.39-2.32 (m, 2H, H-3), 2.93-2.87/2.84-2.79, (K, H-5)/2.77-2.70
(m, 2H, H-5), 2.18-2.10 (m, 2H, H-9)/2.10-2.00 (b, H-9), 1.99-1.85 (m,
3H, H-8/H-9), 1.82-1.73/1.71-1.64 (m, 1H, H-4), 3-6.55 (m, 2H, H-4).

13C NMR (CDCL) & 176.6/176.1 (C-7), 158.8, 158.5, 133.1, 133.8 (g-
Carom), 127.7, 127.0, 114.0, 113.7 (t-Carom), 78.@ (C-1), 65.7/63.6
(C-9a), 55.2/40.6 (OCH, 39.9/39.2 (C-3/C-5), 38.3/30.5 (C-5/C-3), 30.1/
29.5 (C-2), 21.0 (C-8), 17.7 (C-9).

IR (film) v 3349, 1663.
MS (M+1, Cl)m/z(%) 261 (84), 244 (26), 206 (27), 141 (100).

HRMS calculated for gH,oN,O,-H" 261.1603, found 261.1615.

(+/-)-(4R,3aR)-(4-methoxyphenyl)-2,3,3a,4,5,6-hexhb-
benzo[f]pyrrolo[1,2-a][1,4]diazepin-1-on¢43).

According to the typical procedure diazepin@grgewas

3
HN/\Q obtained from pyrrolidinondlin 51% yield as a single
1

PMP N diastereoisomer. It was purified by column

/=0 chromatography (MeOH) as a yellowish oil.

'H NMR (CDCk) & 7.23-6.76 (m, 8H, Harom), 5.00-
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4.98 (m, 1H, H-1), 4.67 (dJ=17.0, 1H, H-3), 4.55 (d)=17.0, 1H, H-3),
4.47-4.45 (m, 1H, H-9a), 3.79 (s, 3H, OgH2.42-2.33 (m, 1H, H-8/H-9),
2.09-1.95 (m, 3H, H-9/H-8).

3c NMR (CDCk) & 160.6 (C-7), 159.3, 137.5, 132.3, 119.3 (g-Carom),
127.7, 127.4, 126.1, 123.2, 113.6, 111.3 (t-Card®@)3 (C-1), 62.7 (C-9a),
55.2 (OCH), 48.7 (C-3), 29.1 (C-8), 21.1 (C-9).

IR (film) v 3310, 1670.
MS (M+1, Cl)m/z(%) 309 (30), 291 (13), 172 (28), 171 (100).

HRMS calculated for H,oN,O,-H" 309.1603, found 309.1615.

(+/-)-(11R,11aR)-11-(4-methoxyphenyl)-1,2,5,10,11,11 ainokro-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-3-onEld).

According to the typical procedure diazepingiewas

obtained from pyrrolidinonel2 in 15% vyield. It was

HN

PMpl N S purified as a yellowish oil by column chromatogrgph
9 . . :
7 o (MeOH) as an inseparable mixture of isomers (67:33)
9

8 Both diastereocisomers could be partially purified b
column chromatography (E2) followed by trituration in the same solvent

(see next section for spectroscopic information).
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2.5.8. Typical procedure for the reductive aminatia. Synthesis of
diazepines 44, 50, 52 and 59.

(+/-)-(11R,11aR)-11-(4-methoxyphenyl)-1,2,5,10,14-hexahydro-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-3-ongld).

A solution of pyrrolidinone48b (500 mg, 1.4 mmol) in
10 mL of MeOH was hydrogenated (70 psi) in the
1 5 presence of PtO(50 mg) overnight. The catalyst was
9a '\7| o filtered through celite and the solution was evapent
° 8 under vacuum. The resulting chromatographicallyepur
white solid was identified as a diastereocisomerixtune of diazepinond4
in a combined 92% vyield. Both diastereoisomersadd partially purified
by column chromatography () followed by trituration in the same

solvent. Reported data is given for the isolategbm@yn) stereoisomer.
mp 68-70 °C (EO).

'H NMR (CDCk) 6 7.22-7.08 (m, 4H, Harom), 6.88-6.83 (m, 2H, Harpm)
6.67-6.62 (m, 2H, Harom), 4.92 (3:6.0, 1H, H-5), 4.79 (dJ=14.6, 1H,
H-1), 4.38-4.27 (m, 2H, NH, H-5), 3.79-3.75 (m, 4BICH;, H-9a), 2.06-
1.83 (m, 2H, H-9/H-8), 1.76-1.69 (m, 2H, H-8/H-9).

%C NMR (CDChL) & 176.5 (C-7), 159.5, 145.9, 132.7, 120.1 (g-Carom),
131.8, 129.2, 127.6, 117.4, 115.6, 113.9 (t-Carats)) (C-1), 61.7 (C-9a),
55.3 (OCH), 43.0 (C-5), 29.7 (C-8), 21.0 (C-9).

IR (film) v 3358, 2931, 1655.
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MS (M+1, Cl) m/z(%) 309 (24), 204 (11), 190 (64)89 (27), 106 (100).

HRMS calculated for GH,oN,O,-H" 309.1603, found 309.1609.

(+/-)-(11R,11aR)-11-phenyl-1,2,5,10,11,11a-hexabydr
benzo[e]pyrrolo[1,2-a][1,4]diazepin-3-onEs0).

According to the typical procedure diazepind@ was

obtained from pyrrolidinond8ain combined 95% yield
as a mixture of diastereoisomers that could beigblgrt
7=0 purified by column chromatography (EX). Reported data

8 is given for the isolated major (syn) stereoisomer.
mp 131-132 °C (D).

'H NMR (CDCL) 6 7.37-7.28 (m, 5H, Harom), 7.12-7.05 (m, 2H, Harpm)
6.68-6.63 (m, 2H, Harom), 4.93 (8+14.6, 1H, H-5), 4.86 (d)=5.7, 1H,
H-1), 4.25 (dJ=14.6, 1H, H-5), 3.82-3.80 (m, 1H, H-9a), 2.08-1(i#§ 4H,
H-9, H-8).

13C NMR (CDCk) & 176.5 (C-7), 145.8, 140.7, 120.0 (g-Carom), 131.8,
129.2, 128.6, 128.3, 126.4, 117.4, 115.6 (t-Carats)s (C-1), 61.7 (C-9a),
43.1 (C-5), 29.7 (C-8), 21.2 (C-9).

IR (film) v 3357, 1651.
MS (M+1, Cl)m/z(%) 279 (9), 204 (13), 190 (11), 189 (53), 1060010

HRMS calculated for gH1sN,O-H" 279.1497, found 279.1511.
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(+/-)-(11R,11aR)-11-(4-chlorophenyl)-1,2,5,10,11aiiexahydro-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-3-0n¢s2).

According to the typical procedure diazepindsie

HN was obtained from pyrrolidinoné8d in 49% vyield

1 5 as a 71:29 mixture of syn/anti diastereoisomers tha
p-CICeH, g3 —N
7~0 could be partially purified by column
9
8 chromatography (ED). Reported data is given for

the major (syn) stereoisomer.

mp 239-240 °C (ED).

'H NMR (CDCk) 6 7.29-7.26 (m, 2H, Harom), 7.22-7.19 (m, 3H, Harpm)
7.11-7.06 (m, 1H, Harom), 6.79-6.76 (m, 1H, Harof}5-6.53 (m, 1H,
Harom), 4.99 (m, 1H, H-1), 4.67 (d+17.0, 1H, H-5), 4.55 (d]=17.0, 1H,

H-5), 4.47-4.45 (m, 1H, H-9a), 3.79 (br s, 1H, NBIY2-1.95 (m, 4H, H-9,
H-8).

3C NMR (CDChL) & 174.5 (C-7), 146.2, 136.4, 134.1, 124.6 (g-Carom),
129.9, 129.0, 128.7, 128.2, 121.1, 119.4 (t-Car@8)5, 62.1 (C-1, C-9a),
44.8 (C-5), 30.2 (C-8), 20.2 (C-9).

IR (film) v 3327, 1678.
MS (M+1, Cl)m/z(%) 313 (100), 279 (7), 229 (45), 227 (54).

HRMS calculated for GH;7°°CIN,O-H" 313.1108, found 313.1111.
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N-(2”-aminobenzyl)-5-(4-methoxybenzoyl)-2-pyrraiatie(49).

N A solution of pyrrolidinonet8b (500 mg, 1.4 mmol)
/2/@ in 10 mL of MeOH was hydrogenated (70 psi) in the
o :

! presence of Pd black (25 mg) overnight. The catalys
N
PMP%O was filtered through celite and the solution was
3 5 evaporated under vacuum. The resulting

chromatographically pure white solid (98% yield)samaturated in MeOH
and identified as pyrrolidinono.

mp 136-137 °C (MeOH).

'H NMR (CD;COCD;) & 7.96 (d,J=8.9, 2H, Harom), 7.04 (dl=8.9, 2H,
Harom), 6.96 (tJ=7.6, 1H, Harom), 6.75 (dl=7.0, 1H, Harom), 6.67 (d,
J=8.0, 1H, Harom), 6.40 (d]=7.3, 1H, Harom), 5.06-5.03 (m, 1H, H-4),
4.92 (d,J=14.7, 1H, H-1'), 4.85-4.83 (m, 2H, NH 3.80 (s, 3H, OC}),
3.76 (d,J=14.7, 1H, H-1'), 2.52-2.30 (m, 3H, H-2/H-3), 1.9384 (m, 1H,
H-3/H-2).

13C NMR (CDsCOCDs) 8 195.5 (C-5), 175.9 (C-1), 164.2, 145.9, 127.2,
118.8 (g-Carom), 131.3, 130.7, 129.4, 117.3, 11518,.2 (t-Carom), 60.0
(C-4), 55.6 (OCH), 42.7 (C-1'), 29.6 (C-2), 23.3 (C-3).

IR (film) v 3359, 2931, 1679, 1599.

MS (M+1, Cl) m/z (%) 324 (30), 307 (70), 306 (100), 223 (19), 180)(
106 (90).

HRMS calculated for @H,oN,Os-H" 324.1474, found 324.1481.
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3. Sintesis de indolizidinonas.
3.1. Sintesis de 8-aril-8-hidroxiindolizidinonas apartir de 5-aril-4-
pentinamidas.
3.1.1. Ensayos de dihidroxilacion.
3.1.2. Ensayos de hidrogenacion.
3.2. Sintesis de 8-hidroxiindolizidinonas a partirde 5-alquenil-4-
pentinamidas.
3.2.1. Estudio del alcance de la estrategia sintéi.
3.3. Consideraciones mecanisticas.
3.4. Vision de conjunto.
3.5. Experimental procedures.

3. SINTESIS DE INDOLIZIDINONAS

El sistema indolizidinico es parte del esqueletogdin nimero de
compuestos naturales presentes en plantas, anjibattsrias y hongos, por
lo que las indolizidinonas, consideradas “privikgg&ructures”, han sido
ampliamente estudiadas desde el punto de vistétismty por su accion
biolégica?’ Especial atencion requieren las indolizidinastpdioxiladas’®
tales como la lentiginosina, castanospermina orseaina Figura 2.7), ya

97. (a) Nakanishi, K. enComprehensive Natural Products ChemistrBarton, D. H. B., Ed,;
Elsevier Science: Oxford, 1999; Vol. 4, p 25. (bgviick, P. M. Medicinal Natural Products

Wiley: 1998; p. 289. (c) Michael, J. Rat. Prod. Rep2005 22, 603. (d) Michael, J. MNat. Prod.
Rep 2007, 24, 191. (e) Michael, J. MNat. Prod. Rep2008 25, 139. (f) Arnone A.; Broggini G.;
Passarella, D.; Terraneo, A.; Zecchi, JGOrg. Chem1998 63, 9279.

98. (a) Paolucci, C.; Mattioli, L1. Org. Chem2001, 66, 4787. (b) Lindsay, K. B.; Pyne, S. &.Org.
Chem 2002 67, 7774. (c) Carretero, J. C.; Arrayas, RJGOrg. Chem1998 63, 2993. (d) El Nemr,
A. E. Tetrahedron200Q 56, 8579. (e) Burgess, K.; HendersonTetrahedron1992 48, 4045. (f)
Asano, N.; Nash, R. J.; Molyneux, R. J.; Fleet, G.)Wetrahedron: Asymmeti300Q 11, 1645. (g)
Torres-Sanchez, M. |.; Borrachero, P.; Cabrera-EaoahF.; Gomez-Guillen, M.; Angulo-Alvarez,
M.; Alvarez, E.; Favre, S.; Vogel, Petrahedron Asymmmet2p07, 18, 1809.
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que, ademas de su capacidad inhibidora de lassgleesas? han sido
citados como potenciales agentes terapéuticos acolatr diabete®l0

cancetoly V|H.102

e
T

indolizidina (+)-lentiginosina (+)-castanospermina
OMe
MeO
H Me
- | J
mOH N |
MeO N
HO O
MeO
(-)-swainsonina (+)-ipalbidina (+)-septicina

Figura 2.7. Algunos compuestos indolizidinicos de interés sicwé

99. (a)Diaz, L.; Bujons, J.; Casas, J.; Llebaria, A.; Detga#l. J. Med. Chem201Q 53, 5248.(b)
Sinnot, M. LChem. Rev199Q 90, 1171.

100. (a) Platt, F. M.; Neises, G. R.; Reinkensméger, Townsend, M. J.; Perry, V. H.; Proia, R. L.;
Winchester, B.; Dwek, R. A.; Butters, T. Bciencel997 276, 428. (b) Nojima, H.; Kimura, |,;
Chen, F. =J.; Sugihara, Y.; Haruno, M.; Kato, A.aAs, N.J. Nat. Prod1998 61, 397.

101. (a) Gross, P. E.; Baker, M. A.; Carver, J. Renids, J. WCIin. Cancer Res1995 1, 935. (b)
Pili, R.; Chang, J.; Partis, R. A.; Mueller, R. A.; CétreF. J.; Passaniti, ACancer Res1995 55,
2920. (c) Zhao, B. X.; Wang, Y.; Zhang, D. M.; JiaRg W.; Wang, G. C.; Shi, J. M.; Huang, X. J;
Chen, W. M.; Che, C. T.; Ye, W. Qrg. Lett.2011, 13, 3888. (d) Oredipe, O. A.; Furbert-Harris, P.
M.; Laniyan, I.; Green, W. R.; White, S. L.; Olddf; Parish-Gause, D.; Vaughn, T.; Griffin, W. M.;
Sridhar, RiInternational inmunopharmacolo@003 3, 445.

102. (a) De Clercq, EMed. Res. Re 2000 20, 323. (b) Wikler, D. A.; Holan, GJ. Med. Chem.
1989 32, 2084.
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En los Ultimos afios hemos sido testigos de un desarrollo de
diferentes disefios de sintesis para estos hetla®cizebido a las ventajas
que presenta recurrir al empleo de estructuras gomtienen una
estereoquimica bien definida, las estrategias lasaeh el uso de
carbohidratos, uno de los representantes mas Nessdel “chiral pool”,
para la preparacion de indolizidinas polihidrox@achan sido ampliamente
descritas, especialmente aquellas que parten dearitef)y D-ribosa, D-
glucosa o L-sorbosa, como se muestra, a modo dgkjeen elEsquema
2.23 103

OH (;H 7n o) NBoc
- OH —— e
HO/\é/H/\/ bromuro H)Kr\o OH
OH OH de alilo O% OH
D-manitol
NaIO4

PhsP=CHCO,Et

OH <—
TFA EtOH COOEt
OH
(-)-lentiginosina

\\\

Esquema 2.23Sintesis de (-)-lentiginosina partiendo de D-manito

103. Ejemplos de estas sintesis pueden encongars@) Kamal, A.; Vangala, S. Retrahedron
2011 67, 1341. (b) Hu, X. —G.; Bartholomew, B.; Nash, R.\Wijson, F. X.; Fleet, G. W. J,;
Nakagawa, S.; Kato, A.; Jia, Y. —M.; van Well, R.u,YC. =Y. Org. Lett 201Q 12, 2562. (c)
Izquierdo, I.; Tamayo, J. A.; Rodriguez, M.; FranEq,Lo Re, D.Tetrahedron2008 64, 7910. (d)
Karanjule, N. S.; Markad, S. D.; Shinde, V. S.; da, D. D.J. Org. Chem2006§ 71, 4667.
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Sin embargo, estas aproximaciones estan limitastascasiones, por
su falta de flexibilidad estructural y estereoquémiy por el excesivo
namero de etapas sintéticas requeridas debidocipaimente, a la
introduccién de pasos de proteccion y desprotecdiin cualquier caso,
estas estrategias no estan libres de que, ocasiema&, conduzcan a
mezclas diastereoméricas durante la generacion slereecentros
adicionales. Por lo tanto, prestar especial atergigu control es siempre un

aspecto de gran importancia.

Por otro lado, diferentes estudios sugieren que uqieap
modificaciones estructurales y estereoquimicas gugmovocar cambios
considerables en su actividad biolégieaComo consecuencia, cualquier
esfuerzo por desarrollar nuevas estrategias Vviesato basadas en el
empleo de carbohidratos, que permitan introduciriagiones en el
esqueleto y en la estereoquimica de indolizidinadihidroxiladas

representaria un avance significativo.

En este trabajo, presentamos una nueva aplicad@dla @strategia
expuesta anteriormente para acceder a indolizidsquolihidroxiladas de
manera estereocontroladasuema 2.24 Para ello, introduciremos restos
arilos (ruta A) y restos alquenilos (rut8) en el triple enlace de la
alquinilamida de partida, que aportaran, asi, langna diversificacion
estructural perseguida en los derivados finales.
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y
o
I
Py
I
&I
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O
O

A
X — X —

N
7~ N

Esquema 2.24Propuestaetrosintética para la preparacion de indolizidason

Tras una primera ciclacion mediada por PIFA condiecea la
construccion del esqueleto pirrolidindnico, ded@remos un grupo
hidroxilo a partir del grupo cetonico, que finalnemstara presente en la
posicion C-8 de los futuros sistemas indolizidisicbien a través de un
proceso de adicion nucledfila con un organometaticbien por reduccion
del carbonilo cetbénico. Planteamos también una rskguciclacion
intramolecular catalizada por rutenio a partir@edos restos olefinicos que

dara lugar al esqueleto indolizidinico, cuyo doldalace podra ser
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posteriormente modificado para dar lugar a nuevosrivados

indolizidinicos.
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3.1 Sintesis de 8-aril-8-hidroxiindolizidinonas a artir de 5-aril-4-

pentinamidas.

Para poder acometer la sintesis de los compuestyegiados se
comenzo por preparar una serie de amidas linealganrionalizadas. Para
ello seleccionamos las pirrolidinon&a-d como intermedios sintéticos
clave del proceso. Estos derivados contienen uto @dico y un resto
vinilico que posibilitara la reaccion de metatesigramolecular Ring

closing metathesis, ROM

Asi, la amidab6 fue preparada con buen rendimiento por reaccion del
acido 4-pentinoico4) con alilamina (compuesto comercid) en presencia
de HOBt y EDC-HCI como agentes activantes. Estalarse sometio a la
variante habitual de la reaccion de Sonogashira,rgquiere el empleo de
Cul y PdC}(PPh), como catalizadores, para incorporar el resto arilo
terminal (compuestds7a-d. Una vez sintetizadas estas amidas, se procedio
a su tratamiento con el reactivo PIFA, bajo lasdomaones habituales,

dando lugar a las pirrolidin-2-on&8a-d (Esquema 2.25
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O 0
>
//\)J\OH + NN /\)J\ ANF
= 2 EDC, HOBt = N
4 55 EtsN, CHLCl, 56 (82%)
Ar-1 | PdCIy(PPhs),
Cul, EtsN, t.a.

0] /J/ O
/\/
Ar)kLN/\éo L PFA /\)L N

Ar
0,
58a Ar = Ph (66%) TFEA,0°C 57a Ar = Ph (94%)
58b Ar = PMP (40%) 57b Ar = PMP (57%)
58c Ar = 2-tienil (64%) 57c¢c Ar = 2-tienil (44%)
58d Ar = p-CICgH, (54%) 57d Ar = p-CICgH, (54%)

Esquema 2.25Preparacion de las pirrolidinonas precurséés

A continuacion, se evaluaron diferentes condiciaeseaccion para
introducir un resto vinilico sobre el carbono cé&t6n Tal proceso se
optimiz6 sobre la pirrolidinon&8a (Tabla 2.9 por accion del bromuro de
vinilmagnesio $9) asistida por distintos aditivos (ZnCeCk, Mg(ClOy),,
Cul y éter 18-corona-6), a diferentes temperatwad HF como disolvente.
El objetivo de este estudio fue no solo verificar diabilidad de la
incorporacion del resto vinilico en la posicion adeda, sino que, ademas,

ésta tuviera lugar de modo diastereodivergente.
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Tabla 2.9 Optimizacion de la reaccion de adicion al gruptboico en58a

0 //// Ph, OH
N e
Ph o+ /\MgBr aditivo ]
THF,5h, T I~

58a 59

HQ, [Ph

60a anti (5R,1'R)  60a sin (5R,1'S)

Entrada 59 T (°C) Aditivo 60a
(equiv.) (equiv.) anti:sin(@)®)
(1 1.75 refl. 67:33 (86%)
2 4.0 refl. - 45:55
3 4.0 refl. 18-C-6 (4.0) 29:71
( 4 4.0 ta. 29:71
5 4.0 t.a. ZnCl, (1.1) 9:91
6 4.0 0 29:71
7 4.0 -20 17:83
8 4.0 -20 Mg(CIOy,)2 (3.0) ---(©)
(9o 4.0 -20 ZnCl, (1.1) 5:95 (90%))
10 4.0 -20 Cul (4.0) 37:63
11 4.0 -20 18-C-6 (4.0) 37:63
12 15 -78 ©
13 2.2 -78 33:67
14 4.0 -78 23:77
15 4.0 -78 ZnCl; (1.1) 0:100
16 4.0 -78 CeCl3 (4.0) 29:71

(@ Nomenclatura sin/anti en relacion a las posiciones de los grupos nitrogenado e hidroxilo
en el esqueleto indolizidinico.

®) A menos que se indique lo contrario, todos los ensayos concluyeron con la completa
transformacion del sustrato 58a.

© se recupero el sustrato de partida inalterado.

) En los espectros de RMN se observé sustrato 58a.
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Los datos recogidos en [Babla 2.10 muestran que temperaturas
elevadas favorecen la formacion del producto aisii, bien nunca se
consiguio de manera totalmente estereoseleativtiada }-, mientras que
a bajas temperaturas la formacion del isémerownpfeferenteehtradas
7, 13y 14). La presencia de un pequefio exceso de xZnGhndo THF
como disolvente y con un exceso del reactivo dgr@ard a -20 °C permitio
la sintesis del compuesifa sinde manera casi totalmente estereoselectiva
con un rendimiento del 90%:iftrada 9. No obstante, aunque a -78 °C esta
diastereoselectividad fue practicamente tatatr@da 13, la conversion no,
obteniéndose una gran cantidad de sustrato ded@asin reaccionar. El
empleo de aditivos, tales como éteres corona, oog#sitoddt y
organocupratdg® se ha introducido, como mostraban algunos preteslen
para promover la estereoselectividad de la reaat@badicion nucledfila al
carbonilo. Sin embargo, en nuestro caso, ningunlosiensayos realizados
en presencia de estos aditivestfadas 3,8,1¢ 16) permitid6 mejorar los
resultados obtenidos en lantradas 1y 9 para la obtencion de los
compuesto$0a antiy 60a sin respectivamente.

La diferente diastereoselectividad que muestra estacion puede
explicarse en base a dos modelos tedricos propugsica la adicion

nucledfila a cetonasF{gura 2.8. El modelo de Felkin-Ahn, con el que

104. (a) Liu, H.-J.; Shia, K.-S.; Shang, X.; Zhu;¥B Tetrahedron1999 55, 3803. (b) Imamoto, T.;
Hatajima, T.; Ogata, KTetrahedron Lett1991, 32, 2787.
105. Ejemplos sobre el uso de organocupratos ecioees de adicion: (a) Lopez, F.; Harutyunyan,

S. R.; Minnaard, A. J.; Feringa, B. . Am. Chem. SoQ004 126, 12784. (b) Kiyotsuka, Y.;
Katayama, Y.; Acharya, H. P.; Hyodo, T.; Kobayaghil. Org. Chem2009 74, 1939.
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explicamos la obtencion preferente del isomero, amfuiere de una
ordenacion determinada que posibilite el ataquandeledfilo con la menor
oposicion posiblé® Por otro lado, el modelo quelato anula la movdida
conformacional del sustrato maximizando, por tatds, diferencias en el
ambiente estérico alrededor de las dos caras diagipicas del grupo
carbonilo. En nuestro caso, el empleo de espedigstantes deberia rendir

el diasteroisbmero sit¥”?

106. Anh, N. TTop. Curr. Chem198Q 80, 145.
107. Cram, D. J.; Abd-Elhafez, F. A. Am. Chem. So&952 74, 5828.
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MODELO FELKIN-A)V

ataque por 0
la cara Si

1095

60a anti (5R,1'R)

\EIIODELO QUELATO

+2
Zn ataque por
O'/ \ /J la cara Re

60a sin (5R,1'S)

Figura 2.8.Modelos tedricos para la adiciéon nucledfila a cason
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Una vez evaluadas las condiciones mas eficientesgsta reaccion,
se procedio a extender el protocolo sintético a seree de pirrolidinonas
60b-d en sus dos formas diastereoméridasgqema 2.26 Especialmente
notable es el hecho de que la proporcién diasteggoande los compuestos
60b-¢ resultante de la reaccion de adicion del vinilnesggno a las
pirrolidinonas58b-d, llegue no solo a modificarse sino incluso a itikee,

lo que da muestras de lo sensible que es estaigea@mnto a factores
experimentales como estructurales.

O\ ZMgBr

Ar)J\LN/tO ZnCl, (1.1 equiv.l

THF, -20 °C
58b Ar = PMP 60b sin Ar = PMP (86%)
58c Ar = 2-tienilo 60c sin Ar = 2-tienilo (61%)
58d Ar = p-CICgH, 60d sin Ar = p-CICgH,4 (81%)
ZMgBr
(1.75 equiv.)
THF, reflujo
60b anti:sin Ar = PMP
Arg OH (53:47) (80%)
+ 60c anti:sin Ar = 2-tienilo
(62:38) (83%)
y and Y 60d anti:sin Ar = p-CICgH,
(59:41) (73%)

Esquema 2.26Preparacion de las pirrolidinonée.
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Cabe mencionar que, si bien la sintesis de los uestpst0a-d anti
no se consiguid de manera estereoselectiva, lasrocyzarejas de
diastereoisbmeros pudieron ser separadas por @graéif en columna, vy,
por lo tanto, identificadas. Sin embargo, antent@dsibilidad de obtener
cantidades significativas de este isémero, tantdagmmicas cromatograficas
como por cristalizacion, se opto por continuar tmessestudios sintéticos a
partir de los derivado$0a-d sin por una parte, y a partir de mezclas
diastereoméricas de los compuedifa-d enriquecidos en el isbmeanti,
por otra.

A fin de formar el esqueleto indolizidinico, lasrplidinonas60a-d
se sometieron a la reaccion de metatesis olefifidaa metéatesis olefinica
de cierre de anilloRing Closing Methatesis, RGNMermite la formacion de
alquenos ciclicos de diverso tamafio mediante el desocatalizadores
metalicos. Tal transformacion no es sencilla denforgenérica por otros
métodos, por lo que ha sido ampliamente empledat® $odo en la sintesis
de productos naturalé%

En nuestro caso particular, evaluamos la eficagibsl catalizadores
de Grubbs de primera y segunda generacion. Ambtaizealores de
rutenio son estables al aire y, si bien el desoubrito del catalizador de

Grubbs | mostré desde un inicio una alta selediyig capacidad de iniciar

108. Una revision sobre metatesis, isomerizaci@firota y otras reacciones secundarias derivadas
del uso de catalizadores de rutenio puede enceatesr. Schmidt, BEur. J. Org. Chen2004 1865.
Para ilustrar algin ejemplo del uso de la reacBiGM para la sintesis de indolizidinas, véase: Ben-
Othman, R.; Othman, M.; Ciamala, K.; Knorr, M.; Stmednn, C.; Decroix, BTetrahedror2009 65.
4846.

109. Prunet, Eur. J. Org. Chen011, 3634.
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el proceso de metatesis en presencia de alcohalgsa y &acidos
carboxilicos, su baja reactividad dio paso a uni@ ske mejoras que dieron
lugar, entre otros, a la preparacion del catalizato Grubbs de segunda
generacion, Grubbs Il, de idéntica aplicacién dhlcaador de Grubbs I,
pero con mayor actividadrigura 2.9. 110

o o

Cl, \\ Cl,, \
Ru= Ru
Cl’ _\ Cl’ _\
Grubbs | Grubbs Il

Figura 2.9. Catalizadores de Grubbs de primera y segunda gedera

En diversos ensayos preliminares llevados a cabecesa mezcla
diastereomérica de la pirrolidinot®a se observaron resultados similares
independientemente de la naturaleza del catalizddoBrubbs empleado,

110. Una revisién reciente sobre los catalizaddeessrubbsVougioukalakis, G. C.; Grubbs, R. H.
Chem. Rev201Q 110, 1746.
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asi como en relacion a la temperatura de reactedmperatura ambiente y
de reflujo) o en relacion al disolvente (toluendicdorometano).

En atencion a los rendimientos de reaccion obtenld@ramente
superiores y a lo suave de las condiciones emmeadaptd finalmente por
usar el catalizador de Grubbs de segunda generaeiétemperatura
ambiente y con diclorometano como disolvente. Ugma seleccionadas las
condiciones, se aplicaron a la ser@®b-d lo que condujo a las
correspondientes indolizidinon&4a-d tal y como se muestra enTabla
2.10 Asi, cuando se empled la mezcla de isébmeros cusimato éntradas
1, 3, 5y 7), esa misma proporcion diastereomeérica se man&umwvdos
productos, lo que muestra ausencia de epimerizamioal transcurso del
proceso. Por otro lado, no se observa ningun tgteddencia diferenciada
en la reaccion en funcion del resto arilo o dettigeoisomero presente en

el sustrato de partidal

111. La caracterizacion estructural de estos costpaee realiz6 mediante diversos experimentos de
RMN, tanto de proton como de carbono trece, monawsineales y bidimensionales. Una vez
obtenida la estereoquimica de estos compuestaditnsi se infirié la de los compuestos aciclicos
precursores.
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Tabla 2.10.Reaccion de metétesis olefinica de los compuéfasi
Grubbs Il (10%), CH,Cl, t.a.

Ar \\\\OH

Grubbs Il (10%)

—_—
CH,Cl,
ta.
a 0
60a-d anti:sin 61a-d anti:sin
Entrada Sustrato 60.??' 61a-d

anti:sin anti:sin (rdto.)®
1 ) 67:33 61a 67:33 (66%)
2 60a Ar =Ph 0:100 61a 0:100 (65%)
3 ) 53:47 61b 53:47 (60%)
4 60b Ar =PMP 0:100 61b 0:100 (65%)
5 I 62:38 61c 62:38 (69%)
6 60c Ar = 2-Tienilo 0:100 61c 0:100 (60%)
7 ) 59:41 61d 59:41 (65%)
8 60d Ar = p-ClCqH, 0:100 61d 0:100 (58%)

(@) Rendimiento de producto cromatograficamente puro.
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3.1.1. Ensayos de dihidroxilacion.

Tal y como hemos comentado anteriormente, una de la
caracteristicas mas atractivas que ofrece nuestrategia radica en el
hecho de que el esqueleto indolizidinico formadesg@nta un doble enlace
en su estructura, lo que constituye un nuevo pulgodiversificacion
funcional. Debido a la actividad bioldgica y terapea que presentan las
indolizidinonas polihidroxiladas, descrita en elcia de este capitulo,
decidimos dihidroxilar los compuestd&la-d extendiendo asi, nuestra
aproximacion al acceso a nuevos compuestos indolizdos

polihidroxilados.

El proceso de conversion de un doble enlace enalrvecinal con
estereoquimica relativa sin ha sido ampliamenteidesio. Entre los
procedimientos mas comunmente empleados paraiasse fncuentra el
meétodo de Upjoh#il2 que requiere el uso de una cantidad catalitica de
tetroxido de osmio junto con N-metilmorfolina-N-dgi (NMO) como
oxidante primario. En nuestro caso, se evalu6 uaaame de estas
condiciones, inicialmente con el compueSi@ en la que, debido a su alta
toxicidad, el tetroxido de osmio se sustituyo pbrosmiato de potasio
dihidratado (kOsQ;-2H,0) (Esquema 2.27 Cuando la reaccion se llevé a
cabo con el isdbmer@la sin el empleo de estas condiciones no result6 en el
compuesto deseado, obteniéndose el sustrato addterSin embargo,

112. (a) VanRheenen, V.; Kelly, C.; Cha, D.Tetrahedron Lett1976 17, 1973. (b) Deubel, D. V,;
Frenking, GAcc. Chem, Re2003 36, 645.
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cuando la mezcla diastereomérika anti:sin (en este caso de proporcion
67:33) se tratd0 bajo idénticas condiciones de réacainicamente el
diastereoisbmero anti evoluciono hacia el corredmie compuesté62a
anti, con rendimiento moderado, dejando al estereoigbnéda sin

nuevamente inalterado.

K5>0s042H,0
‘ NMO, t.a,,
acetona/H,O

K,0s042H,0 O
_—

NMO, t.a,,
o acetona/H,O

HO™

61a anti:sin 62a anti (57%)
(67:33)

Esquema 2.27Reacciones de dihidroxilacion.

La literatura consultada acumula un buen niumerpredeedentes en
los que se sefiala que la estereoquimica de lositpsode dihidroxilacion
con catalizadores de osmio puede venir determirtadto por efectos
estéricos como por efectos electronicos. Hasgjuema 2.2&eacciéon ) se
describe la dihidroxilacion de una indolizidinon&¥Esililoxilada con un
catalizador de osmio (AD-mixx) para la que, con el fin de evitar la

interaccion no enlazante entre el agente dihidao y los hidrogenos axial
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del carbono 8a vy alilico y el gran impedimento esbtécreado por el gran
volumen del grupo protector sililado, el ataque chhlizador tiene lugar
por la cara opuesta a éste, formando el compuestbhidroxilado como el

producto mayoritarid13 En la reaccion siguientee@ccion 2 se muestra el
primer ejemplo descrito en el que se observa ca@w@fectos electronicos
que se generan entre el grupo hidroxilo y el Qdftigen la reaccion de
modo que el catalizador se aproxima preferentemmntéa cara opuesta a

éste 114

OTI:PS [ 0Oy »%Q( J\—

OH
QOH 00, /‘m/ — OH (3
H H

0s0, o)

O.,

Esquema 2.28Ejemplos sobre la influencia de efectos estérjoalgctronicos en

la estereoquimica de la reaccion de dihidroxilacion

113. Ceccon, J.; Greene, A. E.; Poisson, JOfB. Lett.2006 8, 4739.

114. (a) Cha, J. K.; Christ, W. J.; Kishi, Yetrahedronl984 40, 2247. (b) Cha, J. K.; Christ, W. J.;
Kishi, Y. Tetrahedron Lett1983 24, 3943. (c) Cha, J. K.; Christ, W. J.; Kishi, Yetrahedron Lett.
1983 24, 3947.



Sintesis de indolizidinonas 199

Nuestra hipétesis para explicar el hecho de queo sel
diastereocisbmer6la anti reaccione, asi como el resultado estereoquimico
de su transformacion, se basa en la diferente ooafoon preferente que
adoptarian estas moléculas. Segun nuestra propwstasultado de la
reaccion vendra dado por cual de los grupos (hidraxfenilo) ocupara las
posiciones pseudoaxial y pseudoecuatorial en caua de los dos
diastereoisbmeros. Asi, proponemos que, en eldmatomolécul®la anti,
el grupo fenilo, ubicado en una posicion pseudoaxidoquea el
acercamiento del reactivo de osmio al doble entacda cara en donde se
encuentra. El grupo hidroxilo estaria en una pésigseudoecuatorial que
lo aleja de la nubet del doble enlace, aminorando el efecto repulsivo
electrénico que se opondria al acercamiento detiveapor su misma cara.
Sin embargo, en el caso de la molédia sin este Ultimo efecto estaria
mas acusado al disponerse el grupo hidroxilo gro$acion pseudoaxial. Si
a ello afadimos que el grupo fenilo sigue manifektasu control estérico, a
pesar de alejarse en una posicion pseudoecuatpodiemos explicar la
inercia de este diastereoisémero a la accion dahtagde dihidroxilacion
(Figura 2.1Q.
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0sO Q0804
Ph _0 OH _0
N
HO \ = N Ph \=
D, 2
0s0, OsO4
61a anti 61a sin
l Ph,_ OH
Ph _o HO.,
HO N — o
HO"
OHOH 62a anti ©

J

Figura 2.10.Probable explicacién de la estereoquimica desadalkén el triol
62a anti

Este razonamiento es coherente con el resultadmeeguimico
“todo sin” para referirnos a la disposicion relatide los tres grupos

hidroxilos en el product62a anti.

Con objeto de conseguir la dihidroxilacion desesmlare el isdmero
6la sin se ensayaron otros métodos bien reconocidos agibilian esta
transformacion. Asi, el empleo de KMp@a lugar a un éster ciclico que

resulta hidrolizado en medio acuoso basksgiema 2.29, Reaccion 1

Otro método de dihidroxilacion, empleado principahie en la

preparacion enantioselectiva de 1,2-dioles a paetivlefinas proquirales, es
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la dihidroxilacion de Sharple$%: Este procedimiento consiste en el uso de
preparados comerciales (AD-mix y AD-mix ) que contienen un
catalizador de osmio, un oxidante y un ligando ajuijgeneralmente
(DHQD),PHAL, (DHQ)%PHAL o derivados). El ligando acelera la reaccién
y transfiere la informacion quiraEéquema 2.29, Reaccidh 2

Segun Donohue y colaboradotésel uso de TMEDA como aditivo
en la reaccion de dihidroxilacion resulta en larfacion de un complejo
OsQ/TMEDA que es capaz de realizar las dihidroxilae®ile manera sin
selectiva. También se han publicado recientememntgrgsos en el uso del
reactivo de yodo hipervalente PIFA en reaccionessiesis de 1,2-
dioles!l” previa formaciéon de un producto bis(trifluoroacdxo) que
posteriormente sera hidrolizado bajo condicionesichd Esquema 2.29,
Reaccion 3

Nuestra propia experiencia indicd, sin embargo, gurguno de
estos procedimientos relatados anteriormente gesultia obtencion de los
dihidroxi derivados deseados, recuperandose ers tlodocasos, tanto para
el sustratdla anticomo pard&la sin el producto de partida inalterado.

115. Para una revision sobre la dihidroxilacionaliata asimétrica, véase: (a) Zaitsev, A. B.;
Adolfsson, H.Synthesi2006 1725. (b) Kolb, H. C.; VanNieuwenhze, M. S.; Shesp, K. B.Chem.
Rev.1994 94, 2483.

116. Donohue, T. J.; Blades, K.; Moore, P. R.; Warikg J.; Winter, J. J. G.; Helliwell, M;
Newcombe, N. J.; Stemp, G. Org. Chem2002 67, 7946.

117. (a) Celik, M.; Alp, C.; Cgkun, B.; Gutelkin, M. S.; Balci, MTetrahedron Lett2006 47, 3659.
(b) Tellitu, I.; Dominguez, ETetrahedron2008 64, 2465
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\‘ _\/ ) <O 'OH/HZO H + Mn02 (1)

HX H - > O 0 - > HO OH
_Mn_
o.r P o° O
,,Mn\
o 0 R -
I R
5 o
“%0s7° %O:;\:O') “gs-0 —~ 0\9)5 0N
7 N + -0 | :98_0 ) OH
O ‘\ONRB R’RN‘R R/ITITR R/ITLR o ~— OH
R
Os(VIIl) Os(VIIl) Os(VI) Os(VI)
PIFA OCOCF3 OH
3
OCOCF, MeOH OH
(95%) (90%)
-OS\O OH

: =" OH
PMBO OMOM OMOM PMBO ™ Gmom

Esquema 2.29Métodos de dihidroxilacion ensayados.

I n
I I

Recientemente se han publicado diversos trabajdesegue la sin
diastereoselectividad de la reaccion de dihidroidla con osmio se ha
explicado mediante la formacién de un intermedioeémue el par de

electrones del nitrégeno adopta una configuragigdmsten la molécula para
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formar un complejo con el osmio y dirigir la adiio(Esquema 2.29,

Reaccion 3118

En base a este precedente, y para evitar que é&&idad coordinante
del &tomo de nitrégeno no se vea aminorada poasicter amidico, se optd
por reducir el grupo carbonilo del compues$tta sin en este caso con
hidruro de litio y aluminio, para dar lugar al camegto 63 con un
rendimiento del 60%. A continuacion, el compueSBse sometio a las
condiciones Upjohn ya mencionadas pero, desgratiaci@ dieron lugar

nuevamente al producto de partida sin altdfaggema 2.30

HQ, Ph HQ, Ph
LAH, THF K20$O4'2H20
— | |
reflujo, 2 h N N
NMO, H,O
61a sin o 63 (60%)

Esquema 2.30Ensayos para la dihidroxilacion del esqueleto izdtihico.

Lamentablemente y, a pesar del esfuerzo empleadguno de los
meétodos ensayados dio lugar al compuesto deseaddal dnodo que
concluimos que la reacciéon de dihidroxilacion Umeate tiene lugar bajo
condiciones Upjohn. Asi, aplicamos estas condid@aieesto de la serie de

indolizidinonas61b-d pero, desgraciadamente y de modo inexplicable para

118. Louvel, J.; Botuha, C.; Chemla, F.; Demont,HRerreira, F.; Pérez-Luna, &ur. J. Org. Chem.
201Q 2921.
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nosotros, en todos los casos se obtuvo el prodigcfrartida sin reaccionar,
siendo62a antj, por lo tanto, la Unica indolizidinona polihidréadla que

pudimos preparaiEsquema 2.31

HO, ~*‘\\Ar KQOSO4'2H20

IRV

NMO, H,0

0]

61b-d anti:sin

Esquema 2.31Ensayos para la dihidroxilacion de los compue8idsd.

La determinacion estructural del compue&®a anti se realizo
mediante diversos experimentos de RMN de protoa gagdbono trece tanto
monodimensionales como bidimensionales. ERidgaira 2.11se muestra, a
modo de ejemplo, los experimentos NOE selectivaedizadlos sobre los
protones H-7 y H-8a del compuesi@a anti donde puede obsevarse la

relacion entre H-6 y H-7.
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8a 7
N8
Ny
wr_ . a A W . IW o
ijD 4?5 4?0 3.‘5 3.‘0 2‘I5 2“0 1‘r5 ljU DjS

1 (ppr)

Figura 2.11.Espectro NOE selectivo realizado sobre el complg&aaanti
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3.1.2. Ensayos de hidrogenacion.

Si bien hasta ahora nos habiamos centrado en prepsqueletos
indolizidinicos polihidroxilados, decidimos sintsr, a partir de las
indolizidinas insaturada8l, estructuras carentes de funcionalizacion en las
posiciones C-6 y C-7 del anillo. Este tipo de elrjos también esta
presente en diferentes productos naturales comae, gjemplo, la

lentiginosina y la swainsonina.

Para ello, la mezcla anti:sin de la indolizidindsiba se someti6 a
condiciones de hidrogenacion catalitica. En estsion, ambos isomeros
reaccionaron, para dar lugar, de este modo, aolopgesto$4a antiy 64a
sin con rendimientos moderados y sin que la propordiastereomérica se
alterara. A pesar de los esfuerzos realizados,onseguimos separar los
isdbmeros resultantes mediante técnicas cromatogsib de cristalizacion.
Un experimento posterior sobre el compudsia sin permitié la obtencion
del compuesto84a sinde manera aislada, lo cual facilito la determidaci

estructural de la mezcla de isdmeéds sin:anti anteriormente formada.

La extension de esta reaccidon a la serie de indmianas61b-d
permitié la sintesis de los compueséadb-d con rendimientos moderados,

como se muestra enTabla 2.11
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Tabla 2.11.Reaccion de hidrogenacion de los compuedidsd.

H,, Pd/C, MeOH, t.a.

Ar \\\\OH

H, Pd/C
_PdiC
MeOH, t.a.
o)
61a-d anti:sin 64a-d anti:sin
Entrada Sustrato 61.??' 64a-d
anti:sin anti:sin (rdto.)®
1 ) 67:33 64a 67:33 (69%)
2 61a Ar=Ph 0:100 64a 0:100 (60%)
3 B 53:47 64b 53:47 (67%)
4 61b Ar =PMP 0:100 64b 0:100 (63%)
5 o 62:38 64c 62:38 (68%)
6 61c Ar=2-tienilo 0:100 64c 0:100 (56%)
7 ) 59:41 64d 59:41 (65%)
8 61d Ar = p-CICeH, 0:100 64d 0:100 (53%)

(@ Rendimiento de producto cromatograficamente puro.
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3.2 Sintesis de 8-hidroxiindolizidinonas a partir @ 5-alquenil-4-

pentinamidas.

Una vez evaluada la viabilidad del disefio sintéticente a la
obtencion de derivados indolizidinicos C(8)-arit#uidos, se comenzé el
estudié de su adecuacion a sustratos alquinilansdion grupos alquenilos
de diferente naturaleza en la posicion terminal t@ble enlace.
Conseguiriamos asi una ruta de facil acceso hacéntesis del esqueleto
indolizidinico, presente en numerosos productosurabgs, y cuya
sustitucién en las posiciones C(6) y C(7) (X, efcsfjuema 2.32vendria

dada por la estructura del resto olefinico insereel triple enlace.

) OH OH o J
0 0 I

R=H, OH
2 =
\/\)J\ i
g N &—— \\/\ N
NG~ 4
X/ H X\)KL/V/O

Esquema 2.32Retrosintesis para el acceso a los derivados mdiolicos.

Auln con la mente puesta en la incorporacion ers@li@eto final de

otras variables estructurales, y siguiendo la pdetaapartado anterior, se



Sintesis de indolizidinonas 209

comenzo por la preparacion de la pirrolidin@&a, un intermedio sintético
clave que contiene un resto alilico y un restoioied que posibilitaran,
posteriormente, una reaccion de ciclacion intramwée para dar lugar a los

productos biciclicos objetivo.

Para la incorporacion del resto estirilo termirabre la amidéb6 se
empled la variante de la reaccion de Sonogashbvduad, que requiere Cul
y PdCL(PPh), como catalizadores. En esta ocasion, al trataeseurd
compuesto no comercial, dE)¢3-bromoestireno requerido (compuesk)
hubo de ser preparado a través de una reacciérunediécker a partir del
acidotrans-cinamico y de la N-bromosuccinimida siguiendo pdimientos
bibliograficos!1? Sin embargo, cuando se enfrent6 al alg@6da reaccion
de Sonogashira no dio lugar al producto de acoplatmi deseado
(compuest®6d), sino Unicamente al compuedi@, resultado de un doble
acoplamiento tanto sobre la posicion deseada cavbee sel atomo de
nitrogeno amidicd2° Por ello, decidimos modificar las condiciones de
reaccion elevando la temperatura y haciendo paatica la trifenilfosfina
como cocatalizador. Todo ello resultd en la obtemael compuest66a
con un rendimiento moderado, cuyo posterior tragatoi con el reactivo
PIFA, bajo las condiciones habituales, dio lugda girrolidin-2-ona68a

con un rendimiento sintéticamente aceptaBigema 2.33

119. Tanto el procedimiento experimental como a®sl espectroscopicos del compudfipueden
encontrarse en: Chowdhury, S.; Roy,JSOrg. Chem1997, 62, 199.

120. Ejemplos de este tipo de acoplamientos N-Csgguu encontrase en: (a) Dunetz, J. R.;
Danheiser, R. LOrg. Lett.2003 5, 4011. (b) Villeneuve, K.; Riddell, N.; Tam, Wetrahedron
2006 62, 3823.
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/\)(1 f _Br PACI(PPhg); A/\)L
: 71/\J

N
56 H 65 Cul, E3N, ta.
PdCly(PPhj3), PPh;
Cul, Et3N, 80°C O 67 (40%)
O
__PIFA
A/\)J\ N o PN
Ph™ XX H TFEA, 0°C, 2 h
66a (54%) 68a (74%)

Esquema 2.33Preparacion de la pirrolidinona precurs66za

A continuacion, se evaluaron distintas condiciodeseaccion para
transformar el grupo cetonico de la pirrolidinof8a en una funcidn
hidroxilo de modo diastereoselecti#3.En nuestro caso, realizamos una
serie de experimentosTdbla 2.13 que nos permitio valorar el
comportamiento de este compuesto frente a vari@nteg reductores
(NaBH,, L-selectride, DIBAL-H y BH-THF), en presencia y ausencia de
distintas sales metalicas (ZnCICeCk, NiBr, y TiCly) y en distintos
disolventes (MeOH, tolueno, THF y GEl,) y temperaturas.

121. (a) Kim, B. C.; Lee, W. KTetrahedron1996 52, 12117. (b) Yun, J. M.; Sim, T. B.; Hahm, H.
S.; Lee, W. KJ. Org. Chem2003 68, 7675.
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Tabla 2.12 Ensayos encaminados a la optimizacion de la @acde

reduccion de la pirrolidinon@8a
OH H

(0]
Ph X Reductor Ph” X yio Ph"XX
N aditivo N N
dte., T
S o S o S0
7 V Y

|IIO

68a 69a sin (5R,1'R) 69a anti (5R,1'S)
Entrada Redu_ctor Aditi_vo T t Dte. 69a

(equiv.) (equiv.) (°C) (horas) sin:anti@®)
1 NaBH, (2.0) 0 0.5 MeOH 70:30
2 NaBH, (2.0) CeCl3(1.5) 0 05 MeOH 75:25
3 NaBH, (2.0) NiBr, (1.5)  -78 05 MeOH 68:32

[4 NaBH, (2.0) ZnCl, (2.0) -78 2 MeOH 37:63 (46%)]
5 NaBH, (2.0) TiCly(1.5)  -78 05 MeOH ()

[6 L-selectride (2.0) - -78 0.5 THF  100:0 (70%)}
7 L-selectride (2.0) ZnCl, (1.5) -78 0.5 THF 100:0
8  DIBAL-H (2.0) -78 12 Tolueno --(©)
9 BH3THF (5.0) - refljo 0.5  THF —@

(@ Nomenclatura sin/anti en relacion a las posiciones de los grupos nitrogenado e
hidroxilo en el futuro esqueleto indolizidinico.

®) A menos que se indique lo contrario, todos los ensayos concluyeron con la completa
transformacion del sustrato 68a.

© se recupero el sustrato de partida inalterado.

@ En los espectros de RMN se observaron mezclas de productos sin determinar.

Por su sencillez experimental decidimos comenzer estudio por

valorar el comportamiento de NaBEomo agente reductor. El resultado de
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su acciéon sobré8a condujo a la formacion del compue$@a sincon una
diastereoselectividad moderadantfadas 1-R Sin embargo, el uso de un
reductor mas voluminoso, como es el organoboraseléetride, dio lugar
al compuest®9a sincomo unico producto de reacci@nfradas 6y 7). El
uso de agentes coordinantes como aditive#régdas 2-b» nos permitio
variar la proporcion diastereomérica de la reagogktepto con el uso de
tetracloruro de titanioepitrada 9, ya que inactivd por completo al sustrato.
El empleo de otros agentes reductores (DIBAL-H y-BHF) condujo a la
obtencion tanto del sustrato de partida sin altéeatrada §, como de
mezclas de productos sin identifican{rada 9. Desafortunadamente, la
sintesis del compuest69a anti no pudo llevarse a cabo de manera
estereoselectiva, si bien los isomeros pudieronaraege mediante

cromatografia en columna para su completa caraat@#din estructural.

La diastereoselectividad que presenta la reacaiéde explicarse de
modo analogo a como se explicé la transformaciorb&ke (Figura 2.8
pagina 190). Asi, fijado el conformero mas reactiue predice el modelo
Felkin-Ahn, el ataque del L-selectride provocard canversion en el
estereoisomer@9a sinde modo exclusivo. En presencia de zn@l de
modo menos relevante para el resto de aditivosyadsa) por el contrario,
el estereocontrol viene fijado por la acusada mfisnacion de las dos caras
diastereotdpicas del grupo carbonilo a reducir uea que el sustrato
quelatado es sometido a rigidez conformacional.oNgtante, el hecho de
que el grado de diasterocontrol conducente al cestpG9a anti no sea el

Optimo esta indicando que la estabilidad de diamelajo, en relacion a su
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forma abierta, es limitada, probablemente debid menor basicidad del

nitrogeno amidicoRigura 2.19.
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MODELO FELKIN-A'Iy

69a sin (5R,1'R) |

MODELO QUELATO
68a \

69a anti (5R,1'S) |

Figura 2.12.Modelos teéricos para la reduccion estereocontaodied grupo

cetonico erb8a
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A continuacién, y con objeto de formar el esqueietiolizidinico

proyectado, la mezcla diastereomérica de las pimoinas69ase sometio a

la reaccion de metatesis olefinica. Durante el ggoade optimizacion de
esta etapa, se evaluo el uso de los catalizader€subbs | y Il, asi como el
empleo de distintos disolventes y temperaturas edecién. Asi, segun
muestra lalabla 2.13 la transformacion deseada para obtener el cortgpues
70a solo tuvo lugar en presencia del catalizador debles 1l a reflujo de
tolueno éntrada 4. En el resto de los casosnfradas 1-3 se obtuvo el
compuestd@1 como resultado de la isomerizacién del doble enddidico.

Teniendo en cuenta los resultados mostrados amtenme Tabla
2.11, pagina 207), parece evidente que la necesidadauheentar la
temperatura de reaccion para vencer la inercisulglato viene motivada
por la sustitucion de la olefina. De hecho, en dasos anteriores con
olefinas terminales (transformacion 6@ en 61), la reaccidén de ciclacion
transcurre bajo condiciones suaves asistida polguiesa de los dos

catalizadores de Grubbs | o Grubbs II.
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Tabla 2.13.Evaluacion de diferentes condiciones de reacciomegtesis

olefinica ensayadas sol8a

H H
Q cat. de OH Q
Ph™ X Grubbs o Ph™ X
N dte., T N N
0 0
69a ) 70a © 71 j

Entrada Catalizador T (°C) Disolvente Producto

1 Grubbs I ta. CH,Cl, 7
2 Grubbs I reflujo CH.Cl, 7
3 Grubbs | reflujo Tolueno 71
4 Grubbs |l reflup  Tolueno  70a (80%)@

@ Rendimiento de producto cromatograficamente puro.

La isomerizacion de olefinas y la propia reaccienRCM son dos
procesos que pueden coexistir bajo unas mismasociomes de reaccion, y
si bien el mecanismo para aquélla no es alun coampétte conocido, suele
responsabilizarse al hidruro de rutenio, espearegelan situ a partir de la

degradacion del catalizador de GrubBsquema 2.34-22

122. Hong, S. H.; Day, M. W.; Grubbs, R. HAm. Chem. So2004 126, 7414. Con respecto al uso
del catalizador de Grubbs Il para la reaccidon den&izacion de olefinas, como ocurre en nuestro
caso, puede consultarse: (a) Arisawa, M.; TeradalNakagawa, M.; Nishida, AAngew. Chem. Int.
Ed. 2002 41, 4732. (b) Kobayashi, T.; Mitsuhiro, A.; Shuto,&g. Biomol. Chem2011, 9, 1219.

(c) Donohue, T. J.; O'Riordan, T. J. C.; Rosa, CAfgew. Chem. Int. E@009 48, 1014.
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PCy; PCys
Cl..| H  descomposicion ~ Cls, | H
Ru:‘\ - = Ru\
c” | “pn cl” | ‘co
PCy; PCys
Grubbs |
Mes—N_ N-Mes .. Mes—N_ N-Mes
descomposicion
C,| H — C'@T\\\H
Ru:§ Ru
ci” | “ph c” | Yo
PCy; PCys
Grubbs Il

Esquema 2.34Hidruros de rutenio generados por la descomposigdos

catalizadores de Grubbs |y II.

Una vez seleccionadas las condiciones de reaccés adecuadas,
sometimos a las pirrolidinon&9a siny 69a anti, de modo independiente, a
tratamiento con el catalizador GlI a reflujo deutsio. Tal experimento dio
como resultado la obtencion de los correspondigmiaductos de ciclacion
indolizidinicos70a siny 70a anti con buenos rendimientos y sin aparente
epimerizacion en ninguno de los dos estereocedgbsustrato de partida
(Esquema 2.35
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OH OH
Ph™ X Grubbs Il
N Tol., reflujo | N
/( o o
69a sin 70a sin (71%)
OH OH
NN : Grubbs Il :
/\/\[Q Tol., reflujo m
/( o o
69a anti 70a anti (86%)

Esquema 2.35Reaccion de metatesis olefinica (RCM). Construcdign

esqueleto indolizidinic@O.

La caracterizacidon estructural y estereoquimicasias moléculas se
realiz6 mediante diversos experimentos de RMN tamdoodimensionales
como bidimensionales. En FEigura 2.13se muestra, a modo de ejemplo,
los espectros NOE selectivos realizados para epuesto70a sin donde
se observa la relacion existente entre los protblh@sy H-8a que confirma

Su estructura.
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70a sin O

| B S R L I L I L L B B B
15 4.3 4.1 39 37 35 33 21

2.9 2.7 2.3 21 1.9 1.7 15

2.5
1 igpry
Figura 2.13.Espectro NOE selectivo realizado sobre la inddlimida70a sin

A continuacion y, de modo semejante a lo descritceleapartado

anterior, decidimos extender nuestra aproximaciamuevos compuestos

indolizidinicos. Para ello sometimos a los comm&s0a siny 70a anti a
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las condiciones de dihidroxilacion e hidrogenacyanoptimizadas para los

compuesto$la-d

Asi, la reaccion de dihidroxilacion sobv®a sin se llevo a cabo
empleando la variante de Upjohn habitua}@kQ,-H,O, NMO, HO0), lo
cual condujo a la formacién del compueg®a sin para el que el control
estereoelectronico ejercido por el grupo hidrogikn el sustrato de partida
orienta la entrada del agente oxidante por la cardraria a donde él se
encuentra.. Sin embargo, de manera anéloga a &nvala® en la reaccion
de dihidroxilacion del compuestia sin el compuest@0a anti no sufrié
modificacion alguna durante la reaccion y el ststde partida se recupero
inalterado. En esta ocasion no encontramos ningynddesis razonable para

explicar este hech(Eequema 2.36

K;050,2H,0 HO.,
'NMO, H,0
ta, 18 h

70a sin 72a sin 93%
OH
Kz080,2H,0 :
CQ NMO, H,O CI\Q
ta.,18h O
70a anti 70a anti

Esquema 2.36Ensayos de dihidroxilacion llevados a cabo solwe la

indolizidinonas70a
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Los experimentos de RMN de proton, tanto monodimeases
como bidimensionales, realizados sobre el compu&csin permitieron
determinar su estereoquimica. En particular esedéadar Figura 2.19 la
relacion entre los protones H-6 y H-7, evidenciagaliante el empleo de
un experimento NOE selectivo, que nos permitié pnep su estructura.

HO 72asin O

T T T T T T T T T T T T T T T T T T T T T
S8 S8 54 5.2 S0 4.8 4.6 4.4 4.2 4.0 38 36 34 3.2 30 28 25 24 22 20 1.8 1.6 14
f1 (ppr)

Figura 2.14.Espectro NOE selectivo realizado sobre la inddliwida72a sin

De modo complementario, realizamos la hidrogenadéh doble
enlace del compuesitDa en sus dos variantes estereoméricas, mediante el

empleo de Pd/C como catalizador. Tal experimentmgm a la formacion
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de los compuestog3a siny 73a anti con rendimientos moderados, si bien

el compuest@3a antino pudo purificarse apropiadamerigsguema 2.37

OH OH
Pd/C, MeOH
| ta 12h
N ta., 12 h N
. O o)
70a sin 73a sin (46%)
Pd/C MeOH
t.a., 12 h
70a ant| 73a anti (43%

Esquema 2.37Reacciones de hidrogenacion de los compu&g€tas
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3.2.1. Estudio del alcance de la estrategia sintéi.

A fin de estudiar el alcance de la aproximacioratdstida en el
punto anterior, se evaluaron las distintas reaesiogue componen esta
rutina partiendo de sustratos con diferente sw#bity de tal modo que, si se
tuviera éxito, se conseguiria acceder a indolipidas sustituidas en
posicion 6 y 7. De acuerdo con nuestro plan sgugtmostrado en el
Esquema 2.38 una adecuada seleccion de la alilamina de partida
determinaria la naturaleza del sustituyente a dioics en la posicion 6,
mientras que el resto olefinico insertado en latipamida de partida
alojaria, finalmente, un determinado sustituyeotees el carbono C-7 de la

indolizidinona deseada.

Asi, se dispuso la combinacion de una serie dangililas junto con
una serie de bromuros de alquenilo que rendiranomjunto de derivados

amidicos para ser utilizados en nuestro protodatétsco general.

Ho OH
7
SN \ OH #A
R
HO o R oH R
|

= N
R N " ©
OH o
R J
7 R'=Ph, Me 0
R 8 N R" = Ph, Me
© ﬂ N

R’ R

Esquema 2.38Retrosintesis para la preparacion de una seriedddizidinonas.
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Asi, la amida75 fue preparada, con un rendimiento del 84%, por
reaccion del acido 4-pentinoica)(con la 2-metilalilamina (compuesto
comercial74) en presencia de HOBt y EDC-HCI como agentes atids.
Asimismo, tuvimos que preparar algunos haluros dgueailo, no
disponibles comercialmente, para su introducciélosrsustratos alquinicos
a través de la reaccion de Sonogashira. En consgauel compuest@6é
fue preparado (70%) a través de una reaccion dsdikoker, mientras que
el compuesto77 se sintetizd a partir de fenilacetileno en presemte
DIBAL-H y con Ni(dpp)Ck como catalizador (69%) tal y como reflejaba el

procedimiento bibliografico seguid&g¢quema 2.3923

123. Tanto los procedimientos experimentales caraalhtos espectroscopicos de estos compuestos
pueden encontrarse en: (para el compuggt®&/an Alem, K.; Belder, G.; Lodder, G.; Zuilhof, HL;

Org. Chem2005 70, 179. (Para el compuesi@) Gao, F.; Hoveyda, A. Hl. Am. Chem. So201Q

132 10961.
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S g
56 75
N-alilpent-4-inamida N-(2-metilalil)pent-4-inamida

X _Br Br
65 76 77

(E)-bromoestireno (E)-2-metil-2-bromoestireno  a-bromoestireno

Br Ph
N Ph)\( Br
Ph
78 79

2-bromo-2-buteno bromuro de trifenilvinilo

Esquema 2.39Productos de partida empleados.

El empleo de las condiciones de la reaccion de @asiora
habituales (Cul y PdePPh),) para la preparacion de los compue$iois-
g fue infructuoso ya que Unicamente detectamos daguicia de sustratos
inalterados en el crudo de reaccion. Por ello, dilegs emplear una

cantidad catalitica de trifenilfosfina como aditiy@levar la temperatura de
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reaccion para, obtener los compue&@is,f con rendimientos moderad&s.
Este procedimiento no resulté ser general ya que lie recurrirse a una
dltima variante de esta reaccion, que emplea Pd{PRhCul como
catalizadores, para posibilitar la sintesis de dosmpuestos66c,d,gl2>
también en este caso con rendimientos moderadas. e®ibargo, la
preparacion de la amid@eno fue posible bajo ninguna de las condiciones

descritas.

A continuacion, las amid&6b-d,f,gse trataron con el reactivo PIFA,
bajo las condiciones habituales, para dar lugalasa dirrolidin-2-onas
deseada$8b,d,f,g con rendimientos moderados. EI compued8ag, sin
embargo, no pudo sintetizarse con éxito debidobgblemente, a que su
estructura no facilita la estabilidad del internoediatibnico por el que
transcurre esta reacciéhabla 2.14.126

124. Brimble, M. A.; Pavia, G. S.; Stevenson, R.etrahedron Lett2002 43, 1735.

125. El compuest®6d se prepar6é por reaccion de la amiacon el compuest@8, disponible
comercialmente. Este reactivo se empled como meecliadémeros E/Z por motivos econdmicos y
porque, tras el paso de metatesis olefinica, amrducirian al mismo producto.

126. Nuestra hip6tesis para el mecanismo de estziém se desarrollara en detalle en el apartado
siguiente.
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Tabla 2.14.Sintesis de las pirrolidin-2-on&8b-g

O
/\)J\N/\’/ R'-Br /\)J\N/\’/
cat. Pd Cul_ o = H &
aditivo, dte., T
56 R=H 66b-g
75 R =Me
//ZA PIFA
TFEA,0°C, 2h
68b-g

Entrada Sustrato R'-Br Sonogashira® Pirrolidinona(®

1 56 76 66b (45%)®)  68b (41%)
2 56 77 66¢C (40%)©)"
3 56 78 66d (60%)© 68d (59%)
4 56 79
5 75 65 66f (75%)®) 68f (63%)
6 75 76 669 (47%)© 689 (37%)

(@) Rendimiento de producto cromatograficamente puro.

() Condiciones: PdCl,(PPhs), PPhs Cul, EtsN, 80 °C.

©) Condiciones: Pd(PPhs),, Cul, Et;NH, t.a.

"No pudieron conseguirse muestras analiticamente puras de estos
compuestos, por lo que se emplearon en el siguiente paso sin una mayor
purificacion.

Una vez sintetizadas, las pirrolidinond8b,d,f se trataron bajo las
condiciones de reaccion de reduccion del carboreldnico optimizadas

anteriormente Tabla 2.19. Sobre el compuest®8g no se realiz6 ningun

experimento, puesto que, en base a los pobrestadssi obtenidos, se
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decidi6 abandonar la sintesis. Como cabria prevar, obtencion
diastereocontrolada de las pirrolidinoré@b,d,f sin tuvo lugar con éxito
empleando L-selectride como reduct@ntfadas 1-3 Sin embargo, el
pobre diastereocontrol y rendimiento global obtesidn la preparacion de
69b anti, nos desanimd a extender la serie de pirrolodm6é8aanti mas
alld de este primer modelo para el que la purifttacromatografica, al

menos, pudo realizarse satisfactoriameai¢rada J.

Tabla 2.15.Sintesis de las pirrolidinon&9b,d,f.

O OH OH

R Reductor R o R
N > N N
@) @] @)

68b,d.f 69b,d,f sin (5R,1'R) 69b anti (5R,1'S)
Producto®
Entrada  Sustrato L-selectride NaBH,/ZnCl,

1 68b (R = H, 69b sin (61%) 69b anti (37%)
R' = 2-metilestirilo)

2 68d(R=H, 69d sin (75%)
R' = 2-butenilo)

3 68f(R=Me, 69f sin (90%)
R' = estirilo)

(@) Rendimiento de producto cromatograficamente puro.
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A continuacion, se aplicaron las condiciones deaiéa de metatesis
olefinica optimizadas (catalizador de Grubbs liyeao a reflujo) sobre los
compuesto$9b,d,f. Sin embargo, estas condiciones solo tuvieroro éit
la sintesis del compuest@Of sin y, ademas, con un rendimiento
extremadamente bajo. Observamos, de forma anélogacasiones
anteriores, que el empleo de estas condicionesateion sobre el resto de
compuestosaOb,d) dio lugar al producto de isomerizacion del daotéace
cuando la reaccion se llevé a cabo sobre el conp66b (compuest@0),

y al producto de una doble isomerizacion cuandenspled el compuesto
69d como sustrato (compuest®l). Cualquiera de las modificaciones
experimentales valoradas para subsanar esta ic@dan alteraron estos

resultadosEsquema 2.40
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H H
S A. Grubbs I, CH,Cl, ta. 9
Ph™ ™ B. Grubbs Il, CH,Cl, reflujo  Ph™ ™
N C. Grubbs II, Tol., t.a. N
/( O D. Grubbs II, Tol., reflujo & O
69b sin 80 sin (cond. D, 13%)

pos

A. Grubbs II, CH,Cl, t.a.

OH OH
Ph™ ™ B. Grubbs I, CH,Cl,, reflujo N
N C. Grubbs I, Tol., t.a. j
0]

D. Grubbs Il, Tol., reflujo

V
69b anti 80 anti (cond. D, 20%)
Grubbs Il
D
., reflujo
69d sin / ] j 6% |
OH OH

Ph™ X Grubbs Il |
N Tol., reflujo N
S )\ °

69f sin 70f sin (<10%) 69f sin (30%)

Esquema 2.40Ensayos para la obtencion del esqueleto indatizidi

Paralelamente, se llevd a cabo un Unico ensayoioadic para

ibilitar la transformacion del compuest®b sin en la indolizidina
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deseada. Para ello, evaluamos su comportamientoldesjcondiciones de
reaccion habituales en presencia de 2,3-dicianail6ro-1,4-
benzoquinona 82). Se halla descrito en la bibliografia que el who
benzoquinonas electron deficientes puede prevenitsémerizacion de
dobles enlaces en procesos que conllevan el usatdikzadores de rutenio.
Sin embargo, en nuestro caso, tal aditivo Unicaenantué para oxidar el

grupo hidroxilo y revertir, por tanto, al compue&b (Esquema 2.41

OH 0 0
NC
Ph™ ™ Grubbs II Ph™ ™
+ _—
N ) N
NC Cl Tol, reflujo
o M I
7 g
69b sin 82 68b

Esquema 2.41Ensayo para evitar la reaccion de isomerizacidfinide.

En base a los resultados mostrados en este apasedimgé a la
conclusion de que no es posible, por el momentepgrar esqueletos
indolizidinicos sin restricciones estructurales icgpido nuestro disefio
sintético. Para poder explicar la falta de éxito rerestra estrategia, es
necesario conocer y analizar los aspectos meaasstie las distintas
reacciones que tienen lugar en la secuencia sajétuestiones a las que

dedicaremos el préximo apartado.
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3.3. Consideraciones mecanisticas.

En la introduccion de esta memoria se han expuesikstras
propuestas mecanisticas para el proceso de cariétiude 5-aroil-
pirrolidinonas a partir de alquinilamidas por accidel reactivo de yodo
hipervalente PIFA. Asi, se presentan dos mecanisowglementarios, en
funcidn de la sustitucion que presentan las altprmdas en el atomo de
nitrogeno. Por un lado, planteamos que, cuandoeamps amidas N-aril
sustituidas como sustratos, la reaccion trans@utravés de un intermedio
N-acil-N-arilnitrenio estabilizado por el grupo lafi de modo que se
facilitaria su ciclacion intramolecular con el restiquinico. Por otro lado,
asumiendo que sustituyentes alquilicos no puedtbikzar intermedios
nitrénicos, proponemos que el reactivo de yodo rhglente actuaria
activando el triple enlace para generar un intefimeléctréfilo que sufriria

una ciclaciéon intramoleculaEéquema 2.42

Ambas propuestas mecanisticas comparten un inteznasechun: el
cation vinilico destacado en el centro del esqudisda naturaleza de esta
especie la que determina, en base a su estabibtigdjto de la ciclacion.
Por ello, la discusion anterior respecto a la viéeda funcion del reactivo de
yodo (II) al inicio del proceso pierde relevandasde el punto de vista

practico.

Revisemos, en base a esta idea, qué ha ocurridode@use ha

intentado la preparacion de las pirrolidinonas getas en la Figura 2.16.
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Sustratos N-arilamidicos Sustratos N-alquilamidicos
i F
Ix I\ oIEA Ph\IIOCOC 3
oo AR 07 NH X / “OCOCFs
H ! S
Me R
NH
O Me
PIFA L
TFA, Phl i\TF A
3 OCOCF,
=
i PhI 7 \ph
N\ —_— L N\
0] Ar Me
@)
] 0]
TFA" TFA
R A OCOCF, } R
N_ N.
3 Ar 3 Me

Esquema 2.42Propuestas mecanisticas para la reaccion de adiddei

alquinos mediada por PIFA.



234 Capitulo 2

)

[V] 68a [V] s8b [] e8¢

CoL .
[] 68d [V] est [V] e8g

Figura 2.16.Resumen de las pirrolidinonas ensayadas.

Asi, en el proceso de formacion de las pirrolides68a,b,f,g el
carbocation generado tras el ataque del reactit@ Ristara estabilizado
mediante deslocalizacion por resonancia por ebrekfinico y, de modo
extendido, por el resto fenilo en posicién termimgbor un efecto inductivo
adicional aportado por un grupo metilo en el proads formacién dé8d
(Esquema 2.43
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I\ R R= PP YH Ph/\f‘i o \ﬁ{

07 "NH
R’ 68a,f 68b,g 68d
P'FAl»TFA, Phl

Ph
P Y Z

- - F, <> ‘OCOCF
o R R o

R

L intermedio estabilizado, ciclacion posible

Esquema 2.43intermedio propuesto para la formacion de pirrolidias.

Por el contrario, el carbocation que se generata pa la amid&6¢,
no se encuentra especialmente estabilizado, ghrseario en una de sus

formas resonantes, por lo que la formacion del em@siw68cno tiene lugar
(Esquema 2.44
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X _Ph PIFA 0 #
O —K— N
o)
| 66c o 68¢c

I:’”:At‘TFA, Phl e
+)J\ Ph /J\ Ph

N =
N R—»

I TR

intermedio menos estable, ciclacion imposibilitada

Esquema 2.44Intermedio no estabilizado en la formacion de la®ldinonas.

En lo que respecta a la segunda reaccion de dolatel disefo
sintético general, ya hemos mencionado a lo lagegte capitulo que la
isomerizacion de olefinas mediada por catalizaddeesutenio durante la
reaccion de metatesis olefinica no es un processual, y que es
relativamente comun que acompafie al propio prodesciclacion:’® Si
bien en ocasiones este proceso secundario pued#lsen nuestro caso, se
trata de una reaccién indeseable que resulta esofopuestog 1, 80 sin, 80
anti y 81 (Figura 2.17.*%2
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i OH 0 i
NP s
N n N
g g
L 81 ]

Figura 2.17.Productos de isomerizacién obtenidos durante la RCM

La explicacion a la formacion de estos productosdmerizacion ha
de buscarse, obviamente, en el mecanismo de lzideade metatesis
olefinica de cierre de anillo. El paso clave da esaccion es la formacion
de un ciclometalobutano, que puede revertir en dostratos o en la
formacion del producto deseado. Es posible que ifeudiad en la
formacion de este intermedio, que conducira al yetml de partida, sea
también la clave para explicar el establecimierggpbcesos alternativos

gue se observan al emplear olefinas con mayor gtaduistitucion.

Asi, ya hemos mencionado que, a pesar de que enisew de la
reaccion de isomerizacion no esta completamenéblestdo, se propone la

formacion de un hidruro de rutenio derivado de Ikgrddacion del
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catalizador de Grubbs como responsable del protésa.de las hipétesis
presentadas para poder explicar este proceso, dasacl mecanismo
conocido para los hidrurogstalilicos!?? consiste en suponer una
coordinaciéon de la olefina a un fragmento del cadbr de rutenio
(intermediol) para formar un compleja (intermedioll ) que posibilita una
migracion 1,3 de hidruro. Ello conduce a un complejalquilofrealilo
(intermediolll ), que, a través de un proceso de eliminacion tedudara
lugar al intermediolV. La disociacion de éste resultar4d en la olefina
isomerizada y regenerara la especie catalti@squema 2.45-28

127. McGrath, D. V.; Grubbs, R. lrganometallics994 12, 224.
128. Bourgeois, D.; Pancrazi, A.; Nolan, S. P.; Btud.J. Organomet. Chen2002 643-644 247.
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MesN_ NMes  pcy. MesN_ NMes

Cl., _ 3
m | _ _Ph =—= Cl,

Ru=~* +PCys Ru==""
cl’ | v

Cl

PCy3 |
Grubbs II

METATESIS | ISOMERIZACION

H

R

CX

@ IM\ i R/\f/' [Ru]
! I
SN LI
N RN R iz
/< ! \Y I
o [Ru]-H
=M o \ )
N L

Esquema 2.45Mecanismos de metatesis e isomerizacion olefinica.

En el mecanismo anteriormente descrito se asumelgnéermedio
[l se forma como resultado de la migracion de uruhiddesde la posicion
alilica de la olefina al centro metélico del catadlor. Sin embargo, en esta

segunda propuesta, que ocurriria a través de urmaersga de
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hidrometalacion seguida d¢-eliminacion del hidruro, requiere la
coordinacién del hidruro de rutenio (intermedip a la olefina de partida
para formar el complejgl. A continuacién tendra lugar la hidrometalacion,
gue resultara en el compleydl , cuyaf-eliminacion formara el compleja
VIII 'y que, finalmente, se disociara para dar lugg@radlucto isomerizado

junto con la especie catalitivaregeneradagsquema 2.46°8

MesN NMes descom.MeSN NMes

Cl//,,l - C|//,,‘ \\\H = Rul-H
H —Ph Ay [Ru]
cl” | cl” | >co
PCy; PCy3
Grubbs II \'

I H

)\/
[Ru]-
S Ru]-H
R/\/ 7/7 \/ \

[Ru]-H [Ru]-H
R&/ R/\/
Vil /Vl
\ R H

[Ru]
Vil

Esquema 2.46Segundo mecanismo propuesto para la isomerizata€inioa.
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3.4. Vision de conjunto.

En este tercer apartado de la Memoria se ha paxed la
preparacion de derivados indolizidinicos a parte dlquinilamidas
funcionalizadas, donde el empleo del reactivo diyapervalente, por una
parte, y el empleo de catalizadores de rutenio,op@a; facilitan los pasos

clave de ciclacion intramolecular conducentes aistemas objetivo.

Asi, la preparacion de las pirrolidinon&8a-d intermedios en la
sintesis de las 8-aril-8-hidroxiindolizidinonas fllevada a cabo con éxito
por amidacion intramolecular con la participacil deactivo PIFA. La
introduccion posterior de un resto vinilico de nrangparcialmente)
estereoselectiva permitié la sintesis de los costpa&0a-d, si bien los
isbmeros anti no pudieron ser obtenidos de formmkada. Por ultimo, la
reaccion de metéatesis olefinica bajo la accioncd&dlizador de Grubbs I

rindié los compuestos indolizidinicéd a-d
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0
_ 5TaAr=FPh
/\)Lu/\/ 57b Ar = PMP

Ar 57¢ Ar = 2-tienil
57d Ar = p-CICgH4
PIFA
TFEA ZMgBr, ZnCl,

o /J Ar OH
ZMgBr

(@]
58a-d 60a-d anti:sin
Grubbs I Subns
CH20|2‘ t.a. 2¥12, a.

HO, Ar

61a-d anti:sin

Por otro lado, las pirrolidinon&8a-g intermedios sintéticos de las
las 8-hidroxiindolizidinonas objetivo, fueron prepdas con rendimientos
aceptables, excepto para el compuéstodebido, probablemente, a la falta
de estabilidad del intermedio a través del cuakdalformarse. La posterior
reduccion del carbonilo ceténico para dar lugariséimero sin de los
compuestos 69a,b,d,f tuvo Ilugar de manera satisfactoria.

Desafortunadamente, la reaccion de metéatesis ioi@féolo tuvo lugar en la
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sintesis de los compuest@®a y 70f, si bien en este ultimo caso el
rendimiento no fue aceptable. En el resto de lasosase obtuvieron
productos de isomerizacion del doble enlace, r@dojtprobablemente, de

la accidén de un proceso de degradacion del cafalizie Grubbs Il

0]
Rn R'
66a,b,d-g
JPIFA
TFEA NaBH, ZnCl,
o ‘ OH OH i
R" L-selectride R" + R ]
o } o } 0
R R R
68a,b,d-g 69a,b anti 69a,b,d.fsin |5 sl
Grubbs I Tol., reflujo
Tol., reflujo
OH OH
Ru R Rll
s )T
R' R’
(0] (0]
70a anti 70a,f sin

A continuacion, los compuestos indolizidinicos aiizados6la-d y
70afueron tratados bajo condiciones de dihidroxilaci8in embargo, solo

los compuesto$la anti y 70a sin pudieron ser transformados en las
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indolizidinonas polihidroxiladass2a anti y 72a sin con rendimientos
globales del 16 y 15%, respectivamente. En el r@stilos casos, a pesar de
las diferentes condiciones ensayadas (AD-m AD-mix (3,
OsQ/TMEDA, PIFA), se obtuvo el producto de partidalieeado.

Ar ~\\\\OH

HO,_ Ar Ar OH

K,0s0,2H,0 HOu.
+ R
NMO
HO"
o) o)
61a-d anti:sin 62a anti
OH OH OH
’ K,0s0,42H,0 HOx,
| + | NMO LU N
C‘“/j} N HO™
o) o) o)
70a anti:sin 72a sin

Paralelamente, los compuestos indolizidinid®ka-d y 70a se
hidrogenaron para dar lugar a los compueStasdy 73acon éxito.



Sintesis de indolizidinonas 245

H, Pd(C)
MeOH

61a-d anti:sin 64a-d anti:sin

H2 Pd(C)
CQ MeOH

70a anti:sin 73a anti:sin

|IIO
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3.5. Experimental procedures.
3.5.1. Typical procedure for the synthesis of amide56 and 75

N-allyl-4-pentynamid€56).

2 A solution of 4-pentynoic acid4f (640 mg, 6.5
Z N1
3-/}\]\}(2\4/// 5 Mmmol) in 5 mL of DCM was added to a magnetically
o 3 stirred solution of EDC-HCI (1.9 g, 9.9 mmol) and

HOBt (1.35 g, 9.9 mmol) in 30 mL of the same sotvisllowed by the
addition of N-allylaming55) (0.75 mL, 9.9 mmol) dissolved in 10 mL of
DCM. The mixture was cooled to 0 °C angMNE{(1.4 mL, 9.9 mmol) was
added dropwise and was left to react at rt ovetnifhen, the reaction was
diluted with DCM and water (30 mL), the mixture decanted, and the
aqueous phase extracted with DGBk15 mL). The combined organic
layers were dried over NaO,, filtered, and the solvent was removed under
vacuum. The resultant chromatographically purerteds oil was triturated
with cold EtO to afford amidé6 as a while solid (82%)

mp 46-48 °C (EO).

'H NMR (CDCk) & (ppm) 5.90-5.77 (m, 2H, H-2", NH), 5.23-5.11 (n,2
H-3"), 3.91-3.88 (M, 2H, H-1"), 2.57-2.51 (M, 2H;2H-3), 2.44-2.39 (m,
2H, H-3/H-2), 2.00 (tJ=2.0, 1H, H-5).

13C NMR (CDCL) & (ppm) 170.7 (C-1), 134.0 (C-2’), 116.4 (C-3'), 82.
(C-4), 69.3 (C-5), 41.9 (C-1"), 35.3 (C-2), 14.983C

IR (film) v 3295, 1648.
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MS [M+1, CI] m/z(%) 138 (100), 136 (8).

HRMS calculated for gH;;NO-H" 138.0919, found 138.0925.

N-(2-methylallyl)pent-4-ynamid&5).

, P N According to the typical procedure for compound
5:4/T§N42>: 56, amide 75 was obtained from 2-
4 3 1

methylallylamine 74) in 84% vyield as a colorless

oil.

'H NMR (CDCL) & (ppm) 6.10 (br s, 1H, NH), 4.81 (d=5.4, 2H, H-3"),
3.78 (d,J=5.4, 2H, H-1’), 2.51-2.39 (m, 4H, H-2, H-3), 1.9, §=2.4, 1H,
H-5), 1.70 (s, 3H, €-CHa).

13C NMR (CDCh) & (ppm) 171.0 (C-1), 141.8 (C-2'), 110.94CH3), 83.0
(C-5), 69.3 (C-4), 45.1 (C-1’), 35.3 (C-2), 20.3-83, 14.9 (C-3).

IR (film) v 3295, 1652.
MS [M, EI] m/z(%) 152 (100), 151 (5).

HRMS calculated for gH13NO 152.1075, found 152.1077.
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3.5.2. Procedures for the Sonogashira coupling re@an.

Synthesis of compounds 57, 66 and 67.

N-allyl-5-phenylpent-4-ynamid®&74a).

A solution of iodobenzene (0.5 mL, 4.05
mmol), PAC}(PPh). (28 mg, 0.04 mmol) and
amide 56 (555 mg, 4.05 mmol) in BN (20

mL) was stirred at rt for 15 min. Then, Cul (8

mg, 0.04 mmol) was added and the mixture was dtioe24 h. The whole
crude was purified by column chromatography (hegdft©Ac, 1/1) to
afford amides7aas a white solid that was triturated in@&t94%).

mp 72-73 °C (ED).

'H NMR (CDCk) 7.37-7.32 (m, 2H, Harom), 7.25-7.23 (m, 3H, Hayom
6.30 (br s, 1H, NH), 5.89-5.74 (m, 1H, H-2’), 5.3D6 (m, 2H, H-3"), 3.90-
3.86 (m, 2H, H-1"), 2.76-2.70 (m, 2H, H-2/H-3), 2:2.45 (m, 2H, H-3/H-
2).

3%C NMR (CDCk) & (ppm) 171.1 (C-1), 133.9, 131.4, 128.1, 127.7 (t-
Carom, C-7), 123.3 (g-Carom), 116.1 (C-3), 88.44(C81.4 (C-5), 41.8,
35.4,15.8 (C-3, C-2, C-1").

IR (film) v 3301, 1631.

MS (M, EI) m/z(%) 213 (15), 212 (41), 185 (45)84 (98), 172 (100), 170
(31), 128 (67).
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HRMS calculated for GH14/NO213.1154, found 213.1149.

N-allyl-5-(4-methoxyphenyl)pent-4-ynami@&'b).

According to the typical procedure for
PMP

>
A
2N, - -
HNM compound57a, amide57b was obtained from
3

5 amide 56 in 57% as a yellowish solid after
purification by column chromatography (hexanes/E¢tQ2/8) followed by

crystallization from ELO.
mp 82-83 °C (ELO).

'H NMR (CDCk) & (ppm) 7.28 (d,J=8.7, 2H, Harom), 6.77 (d=8.7, 2H,
Harom), 6.10 (br s, 1H, NH), 5.88-5.75 (m, 1H, H;5.21-5.07 (m, 2H, H-
3", 3.88 (t,J=5.6, 2H, H-1"), 3.76 (s, 3H, OCGH 2.71 (t,J=7.2, 2H, H-
2/H-3), 2.47 (tJ=7.2, 2H, H-3/H-2).

13C NMR (CDCk) & (ppm) 171.2 (C-1), 159.3, 115.5 (g-Carom), 134.4,
132.9, 113.8 (t-Carom, C-2") 116.2 (C-3"), 86.8(-81.4, (C5), 55.2
(OCHs), 41.9, 35.8, 15.9 (C-2, C-3, C-1)).

IR (film) v 3310, 1633.
MS (M+1, Cl) m/z(%) 244 (100), 243 (44), 202 (5A¥5 (10).

HRMS calculated for @H;7NO,H" 244.1337, found 244.1345.
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N-allyl-5-(2-thienyl)pent-4-ynamid@&79).

2 ST\ According to the typical procedure for

7 ' ~
3-/}\]1 1 2 4//5 compound57a, amide57c was obtained from
5 3 amide 56 in 44% as a white solid after

purification by column chromatography (hexanes/EtQ2/8) followed by

crystallization from EO.
mp 68-69 °C (ELO)

'H NMR (CDCk) & (ppm) 7.18-7.10 (m, 2H, Harom), 6.93-6.91 (m, 1H,
Harom), 5.97 (br s, 1H, NH), 5.90-5.77 (m, 1H, H;%.23-5.09 (m, 2H, H-
3), 3.91 (t,J=5.5, 2H, H-1"), 2.77 (tJ=7.3, 2H, H-2/H-3), 2.48 (1)=7.3,
2H, H-3/H-2).

13C NMR (CDCL) & (ppm) 170.9 (C-1), 134.0, 131.4, 126.3, (t-Car@m,
2", 123.5 (g-Carom), 116.4 (C-3'), 92.5 (C-4), §4C-5), 42.0, 35.4, 16.2
(C-2, C-3, C-1)).

IR (film) v 3305, 1633.
MS (M+1, Cl) m/z(%) 220 (100), 179 (47), 178 (9G35 (10).

HRMS calculated for GH13>’SNOH* 220.0796, found 220.0790.
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N-allyl-5-(4-chlorophenyl)pent-4-ynamidqg7d).

Cl

3 According to the typical procedure for
3./D\Illl 5 4//5 compound57a, amide57d was obtained
5 from amide56 in 54% as a white solid
o)

after purification by column
chromatography (hexanes/EtOAc, 2/8) followed bystaljization from
EtO.

mp 196-197 °C (BED).

'H NMR (CDCL) & (ppm) 7.30-7.22 (m, 4H, Harom), 5.88-5.77 (m, 2H,
2', NH), 5.23-5.09 (m, 2H, H-3'), 3.91 (§=5.7, 2H, H-1), 2.75 (t)=7.2,
2H, H-2/H-3), 2.48 (tJ=7.2, 2H, H-3/H-2).

13C NMR (CDCk) & (ppm) 170.9 (C-1), 134.1, 132.8, 128.5 (t-Carom, C
2", 133.8, 121.9 (g-Carom), 116.4 (C-3'), 89.5 4§;-80.5, (C-5), 42.0,
35.5, 15.9 (C-2, C-3, C-1)).

IR (film) v 3305, 1631.
MS (M+1, Cl)m/z(%) 248 (100), 247 (25), 206 (4249 (10).

HRMS calculated for &H1,°CINO.H* 248.0842, found 248.0839.
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(E)-N-allyl-N-[(5-(allylaminocarbony)pent-1-yn-1y7-phenylhept-6-en-4-
ynamide(67).

According to the typical procedure for
compound57a amide 67 was obtained
from amide56 and E-bromostyrene g5)

in 40% as a yellow solid after purification
by column chromatography
(hexanes/EtOAc, 1/1) followed by
crystallization from EO.

'H NMR (CDCh) & (ppm) 7.28-7.20 (m, 5H, Harom), 6.79 (e;16.4, 1H,
H-7), 6.38 (br s, 1H, NH), 6.05 (d=16.4, 1H, H-6), 5.88-5.69 (m, 2H, H-
2"), 5.12 (ddJ=5.7, 17.1, 2H, H-3"), 5.05 (d)=10.2, 2H, H-3"), 3.85-3.80
(m, 4H, H-1"), 2.68-2.35 (m, 8H, H-3, H-4, H-3', #).

13C NMR (CDCh) & (ppm) 171.2, 171.1 (C-1’, C-5), 140.5 (C-7), 1369-
Carom), 134.2 (C-2), 128.6, 128.3, 126.0 (Carort.Q (C-3"), 108.3 (C-
6), 90.9, 83.0, 80.5, 69.2 (C-4, C-5, C-1’, C-&B)).3, 41.9 (C-1"), 35.5,
35.1, 16.1, 14.1 (C-2, C-3, C-3", C-4).
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N-Allyl-7-phenyl-4-in-6-heptenamid66a).

2 6 A solution of E)-bromostyrene g5) (500
Al' S __Ph
3 N1 2z ! mg, 3 mmol), PdG(PPh), (21 mg, 0.03
53 4 mmol), PPh (23 mg, 0.09 mmol) and amide

56 (615 mg, 4.5 mmol) in BN (15 mL) was stirred at 40 °C for 15 minutes.
Then, Cul (17 mg, 0.09 mmol) was added and the mexure was stirred
at 80 °C until total consumption of the startingtenal (tlc, 6 h). Finally, all
volatiles were eliminated under vacuum and theduesiwas purified by
column chromatography (EtOAc) to render ambda as a yellowish solid,
which was triturated in ED (54%).

mp 68-70 °C (E4O).

'H NMR (CDCk) & (ppm) 7.37-7.29 (m, 5H, Harom), 6.87 (&16.2, 1H,
H-7), 6.11 (d,J=16.2, 1H, H-6), 5.91-5.80 (m, 1H, H-2"), 5.74 (riH,
NH), 5.26-5.13 (m, 2H, H-3"), 3.73 (@=5.7, 2H, H-1"), 2.73 (tJ=5.7, 2H,
H-2/H-3), 2.46 (tJ=7.1, 2H, H-3/H-2).

13C NMR (CDCk) & (ppm) 170.9 (C-1), 140.8, 134.1 (C-7, C-6), 13@3
Carom), 128.7, 128.5, 126.1 (t-Carom), 116.4 (G-308.2 (C-2’), 90.8,
80.8 (C-4, C-5), 42.0, 35.7, 16.2 (C-3, C-2, C-1").

IR (film) v 3295, 1638.
MS (M+1, Cl) m/z(%) 240 (100), 198 (32), 155 (2341 (25).

HRMS calculated for gH,7NO-H" 240.1388, found 240.1392.
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(E)-N-allyl-6-methyl-7-phenylhept-6-en-4-ynam{@éb).

According to the typical procedure for
A ~._Ph . .
HN V4 compound66a amide66b was obtained from
5 amide 56 and bromide76 in 45% as a
colorless oil after purification by column chromgtaphy (hexanes/EtOAc,

1/1).

(E)-N-(2-methylallyl)-7-phenylhept-6-en-4-ynam{@éf).

)\ 6 According to the typical procedure for
37 2

' 5 . .
e 2 = PN compound 66a amide 66f was obtained
HN . 1 7

s 4 from amide 75 and bromide 65 after

0
purification by column chromatography

(EtOAC) as a yellowish solid which was trituratedhexanes (75%).
mp 60-62 °C (hexanes).

'H NMR (CDCk) & (ppm) 7.29-7.18 (m, 5H, Harom), 6.94 (br s, 1H,)NH
6.81 (d,J=16.2, 1H, H-7), 6.07 (d)=16.2, 1H, H-6), 4.77 (s, 1H, H-3"),
4.85 (s, 1H, H-3"), 3.76 (d]=5.5, 2H, H-1'), 2.68 (t)=6.8, 2H, H-2/H-3),
2.46 (t,J=6.8, 2H, H-3/H-2), 1.69 (s, 3H,,CCHy).

13C NMR (CDCk) & (ppm) 171.5 (C-1), 142.0 (C-2’), 140.5 (C-7), 186.
(g-Carom), 128.7, 128.4, 126.1 (t-Carom), 110.78.80C-3’, C-6), 91.4
(C-4), 80.6, (C-5), 45.0, 35.4, 20.3, 16.3 (C-28,03-1’, G-CH3).

IR (film) v 3295, 1638.
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MS (M+1, Cl) m/z(%) 254 (100), 253 (13), 183 (3).

HRMS calculated for @HgNO-H" 254.1545, found 254.1551.

N-allyl-6-phenylhept-6-en-4-ynami@é6c).

2 Ph A solution of a-bromostyrene 17) (263 mg,
S'All 2 42637 1.1 mmol), Pd(PP (135 mg, 0.11 mmol),
HN 1 ~5
5 3 and Cul (45 mg, 0.22 mmol) in /&H (13
mL) was stirred for 5 min prior to the dropwise #ieh of a solution of
amide 56 (178 mg, 1.3 mmol) in 3.5 mL of THF. The new mpeuvas
stirred at rt until total consumption of the stagtimaterial (tlc, 4 h). Then,
the mixture was diluted with EtOAc, filtered and shad with a saturated
solution of NH,CI (1x30mL). The aqueous phase was extracted W{EAE
(3x20 ml), and the combined organic extracts weaieddover NaSQy,
filtered, and the volatiles eliminated under vacuufie residue was
purified by column chromatography (hexanes) to eenamide66c as a
yellowish oil (40%).

'H NMR (CDCk) & (ppm) 7.61 (d,J=6.9, 2H, Harom), 7.32-7.27 (m, 3H,
Harom), 6.34 (br s, 1H, NH), 5.83 (s, 1H, H-7), 574 (m, 1H, H-2),
5.56 (s, 1H, H-7), 5.18-5.09 (m, 2H, H-3), 3.86J£4.6, 2H, H-1"), 2.74
(t, J=7.1, 2H, H-2/H-3), 2.48 (]=7.1, 2H, H-3/H-2).
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3C NMR (CDCl) & (ppm) 171.2 (C-1), 137.4, 130.6 (g-Carom, C-6}.13
(C-2), 128.7, 128.2, 126.0 (t-Carom), 120.0, 11€C43’, C-7), 90.1 (C-4),
80.7 (C-5), 42.0, 35.5, 16.0 (C-2, C-3 C-1).

IR (film) v 16609.
MS (M+1, Cl) m/z(%) 240 (100), 198 (12), 157 (10).

HRMS calculated for gH;7NO-H" 240.1388, found 240.1384.

N-allyl-6-methyl-4-in-6-octenamid@6d).

2 According to the typical procedure for
Al‘ 5 . .
3 N1 2 Z Y compound66c, amide66d was obtained from
I 4 amide 56 and bromide 78 in 60% after
purification by column chromatography

(hexanes) as a yellowish oil.

'H NMR (CDCk) & (ppm) 7.23 (br s, 1H, NH), 5.69-5.43 (m, 2H, H-&,
7), 5.00 (d,J=16.6, 1H, H-3), 4.90 (dJ=10.2, 1H, H-3), 3.67 (s, 2H, H-
1), 2.51-2.27 (m, 4H, H-2, H-3), 1.58-1.44 (m, 64 CHs, C;-CHa).

3C NMR (CDCk) & (ppm) 171.7/171.6 (C-1), 134.2 (C-7), 130.9 (G-2)
118.6/118.4 (C-6), 115.6/115.5 (C-3"), 92.1, 8483,2, 80.3 (C-5, C-4),
41.8/41.7, (C-1'), 35.5/35.4 (C-2), 23.1, 16.8,918.5.8, 15.7,13.7 (C-3,C
CHs C7-CHa).

IR (film) v 1669.
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MS (M+1, Cl) m/z(%) 192 (100), 191 (13), 150 (7).

HRMS calculated for @H;7NO-H" 192.1388, found 192.1385.

(E)-6-methyl-N-(2-methylallyl)-7-phenylhept-6-erydamide(66g).
0

Ph According to the typical procedure for

H= HN compound 66¢, amide 66g was obtained
from amide 75 and bromide76 in 47% after purification by column

chromatography (hexanes/EtOAc, 1/1) as a yellowikh

3.5.3. Typical procedure for the PIFA-mediated hetecyclization.
Synthesis of pyrrolidinones 58 and 68.

N-allyl-5-benzoylpyrrolidin-2-on¢€58a).

3 A solution of alkynylamide57a (1.8 g, 8.45 mmol) in
o 1,» o> TFEA (110 mL) was stirred at 0 °C and a solution of
N PIFA (5.45 g, 12.67 mmol) in 60 mL of the same salv
was added dropwise. The reaction mixture was dtiate
that temperature for 2 h. For the work up, aqueous
NaCOs; (10%) was added and the mixture extracted with D@K20 mL).
The combined organic layers were washed with buined over NgSO,
and the solvent evaporated. Purification of the deruby flash
chromatography (EtOAc) gave the desired produsBa as a

chromatographically pure yellowish oil (66%).
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'H NMR (CDCk) & (ppm) 7.91 (dJ=7.1, 2H, Harom), 7.63-7.45 (m, 3H,
Harom), 5.78-5.55 (m, 1H, H-2"), 5.15-5.02 (m, 3#1’, H-3’), 4.51-4.45
(m, 1H, H-4), 3.39 (ddJ=15.0, 7.9, 1H, H-1"), 2.42-2.39 (m, 3H, H-2/H-3),
2.01-1.96 (m, 1H, H-3/H-2).

3%C NMR (CDCL) & (ppm) 196.8 (C-5), 175.0 (C-1), 134.0 (g-Carom),
133.9, 132.3 128.9, 128.2 (t-Carom, C-2’), 118.63( 60.6 (C-4), 44.2
(C-6), 29.4 (C-2), 23.0 (C-3).

IR (film) v 1690.
MS (M, EI) m/z(%) 229 (1), 124 (100), 105 (23).

HRMS calculated for @H5NO, 229.1103, found 229.1111.

N-(1-allyl-5-(4-methoxybenzoyl)pyrrolidin-2-o(&8b).

3 According to the typical procedure pyrrolidinob8b
o 1,» o was obtained frond7b in 40% vyield. It was purified by

PMP{:&@FO column chromatography (EtOAc) as a yellowish solid.
mp 72-73 °C (E£O).

'H NMR (CDCk) & (ppm) 7.86 (d,J=8.9, 2H, Harom),
6.91 (d,J=8.9, 2H, Harom), 5.72-5.59 (m, 1H, H-2’), 5.10-4(®9, 3H, H-
1', H-3'), 4.45-4.38 (m, 1H, H-4), 3.82 (s, 3H, OQH3.37-3.30 (m, 1H, H-
1), 2.44-2.33 (m, 3H, H-2/H-3), 1.96-1.90 (m, 1H3/H-2).
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3C NMR (CDCk) & (ppm) 195.4 (C-5), 175.2 (C-1), 164.2, 127.1 (g-
Carom), 132.5, 130.6 128.9, 114.2 (t-Carom, C-218.5 (C-3’), 60.4 (C-
4), 55.6 (OCH), 44.3 (C-1'), 29.6 (C-2), 23.4 (C-3).

IR (film) v 1690.
MS (M+1, Cl) m/z(%) 260 (100), 124 (40).

HRMS calculated for @H;7NOs-H" 260.1287, found 260.1277.

N-allyl-5-(2-thiophenecarbonyl)pyrrolidin-2-on&809.

3 According to the typical procedure pyrrolidinob8c
o 1,» o was obtained fromd7cin 64% yield. It was purified by
N column chromatography (EtOAc) as a yellowish oil.

'H NMR (CDCL) & (ppm) 7.71-7.67 (m, 2H, Harom),
7.13-7.10 (m, 1H, Harom), 5.65-5.56 (m, 1H, H-2’),
5.06-4.90 (m, 3H, H-1', H-3’), 4.39-4.32 (m, 1H,4); 3.37-3.29 (m, 1H,
H-1"), 2.46-2.31 (m, 3H, H-2/H-3), 2.03-1.93 (m, 1H-3/H-2).

3%C NMR (CDCL) & (ppm) 190.5 (C-5), 175.1 (C-1), 140.9 (g-Carom),
135.1, 132.6 132.2, 128.6 (t-Carom, C-2’), 118.83( 61.7 (C-4), 44.3
(C-1), 29.5 (C-2), 23.7 (C-3).

IR (film) v 1690.
MS (M+1, Cl) m/z(%) 236 (100), 124 (48).

HRMS calculated for GH15>>SNO,-H' 236.0745, found 236.0734.
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N-allyl-5-(4-chlorobenzoyl)pyrrolidin-2-ong8d).

3 According to the typical procedure pyrrolidinone

o 1 | o 58d was obtained frond7d in 54% yield. It was

. N o purified by column chromatography (EtOAc) as a
. a ! yellowish oil.

3
i 'H NMR (CDCk) & (ppm) 7.81 (d,J=8.6, 2H,
Harom), 7.40 (dJ=8.6, 2H, Harom), 5.66-5.56 (m, 1H, H-2’), 5.08-4.97
(m, 3H, H-1", H-3"), 4.41-4.35 (m, 1H, H-4), 3.372% (m, 1H, H-1"), 2.44-
2.32 (m, 3H, H-2/H-3), 1.93-1.87 (m, 1H, H-3/H-2).

¥C NMR (CDCk) & (ppm) 195.8 (C-5), 175.0 (C-1), 140.5, 132.5 (g-
Carom), 132.4, 129.7 129.3 (t-Carom, C-2’), 11&73(), 60.7 (C-4), 44.3
(C-1), 29.4 (C-2), 23.1 (C-3).

IR (film) v 1697.
MS (M+1, Cl) m/z(%) 264 (100), 124 (47).

HRMS calculated for @H1,°°CINO,-H" 264.5791, found 264.0785.

N-allyl-5-(3-phenylacryloyl)-pyrrolidin-2-oné58a).

3 According to the typical procedure pyrrolidinone
o 1'} » 68awas obtained fron66a in 74% yield. It was
I N purified by column chromatography (EtOAc) as a
6 41 yellowish oil.
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'H NMR (CDCL) & (ppm) 7.70 (dJ=15.8, 1H, H-7), 7.54-7.39 (m, 5H,
Harom), 6.76 (dJ=15.8, 1H, H-6), 5.75-5.62 (m, 1H, H-2"), 5.15-5.08,
2H, H-3"), 4.53-4.41 (m, 2H, H-4, H-1"), 3.46-3.88), 1H, H-1'), 2.48-2.33
(m, 3H, H-2, H-3), 2.00-1.93 (m, 1H, H-3).

13C NMR (CDCh) & (ppm) 197.2 (C-5), 175.2 (C-1), 145.2 (C-7), 13@9
Carom), 132.1, 131.2, 129.1, 128.6, 121.4 (t-CarGr2), C-6), 118.8 (C-
3), 63.7 (C-4), 44.5 (C-1’), 29.6 (C-3), 21.4 (§-2

IR (film) v 1692, 1609.
MS [M+1] m/z(%) 256 (89), 124 (100).

HRMS calculated for GH,7NO,-H" 256.1338, found 256.1335.

(E)-1-allyl-5-(2-methyl-3-phenylacryloyl)pyrrolidiB-one(68b).

3 According to the typical procedure pyrrolidinone
o 1'} » 68b was obtained fron66b in 41% yield. It was
7 6 N purified by column chromatography (EtOAc) as a
4 1 yellowish oil.

'H NMR (CDCk) & (ppm) 7.46-7.36 (m, 5H,
Harom), 5.78-5.65 (m, 1H, H-2"), 5.20-5.05 (m, 3t#3’, H-1'), 4.48-4.42
(m, 1H, H-4), 3.39-3.31 (m, 1H, H-1’), 2.50-2.35,(&H, H-2/H-3), 2.10 (s,
3H, Gs-CH3), 1.99-1.83 (m, 1H, H-3/H-2).
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13C NMR (CDCL) & (ppm) 199.0 (C-5), 175.3 (C-1), 140.0 (C-7), 135.3
135.1 (g-Carom, C-6), 132.7, 129.9, 129.2, 128@®atom, C-2’), 118.5 (C-
3"), 59.9 (C-4), 44.3 (C-1'), 29.5 (C-3), 23.6 (¢-23.4 (G-CHa).

IR (film) v 1692, 1609.
MS [M+1] m/z(%) 270 (100), 124 (23).

HRMS calculated for §H1gNO,-H" 270.1494, found 270.1501.

N-allyl-5-(2,3-dimetylacryloyl)-pyrrolidin-2-on&8d).

3 According to the typical procedure pyrrolidino68b
o 1,» o was obtained fron66b in 59% yield. It was purified

7\6 . N o by column chromatography (EtOAc) as a yellowish
a\ 1 .
oil.

'H NMR (CDCk) & (ppm) 6.49-6.42 (m, 1H, H-7),
5.35-5.24 (m, 1H, H-2'), 4.76-4.61 (m, 3H, H-3', ), 3.97 (dd,J=15.3,
4.8, 1H, H-4), 3.06-2.87 (m, 1H, H-1'), 1.98 (3.2, 3H, G-CH3), 1.63-
1.43 (m, 7H, G-CHg, H-3, H-2).

13C NMR (CDCk) & (ppm) 197.8 (C-5), 174.9 (C-1), 139.1 (C-7), 13&9
6), 132.4 (C-2"), 117.8 (C-3"), 59.3 (C-4), 43.9-1Q, 29.2 (C-2), 23.3 (C-
3), 14.7, 10.8 (§CHs, C;-CHs).

IR (film) v 1692, 1609.

MS [M+1] m/z(%) 208 (100), 180 (2), 124 (4).
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HRMS calculated for @H,7NO,-H" 208.1338, found 208.1331.

5-cinnamoyl-1-(2-methylallyl)pyrrolidin-2-on@8f).

3 According to the typical procedure pyrrolidino6&f
o 1,% was obtained fron66f in 63% yield. It was purified
! N by column chromatography (EtOAc) as a yellowish

oil.

'H NMR (CDCk) & (ppm) 7.71 (dJ=16.0, 1H, H-
7), 7.58-7.56 (m, 2H, Harom), 7.43-7.41 (m, 3H, dtay, 6.77 (dJ=16.0,
1H, H-6), 4.87 (s, 1H, H-3"), 4.74 (s, 1H, H-3)4%-4.42 (M, 2H, H-4, H-
1), 3.31 (d,J=15.2, 1H, H-1’), 2.53-2.35 (m, 3H, H-2/H-3), 2.032 (m,
1H, H-3/H-2), 1.67 (s, 3H, SCHba).

13C NMR (CDCk) & (ppm) 197.1 (C-5), 175.4 (C-1), 145.1 (C-7), 13&9
2’), 133.9 (g-Carom), 131.2, 129.1, 128.6 (t-Caroh®1.5 (C-6), 113.8 (C-
3)), 63.4 (C-4), 47.7 (C-1"), 29.5 (C-2), 22.4 (G-20.1 (G-CHa).

IR (film) v 1690, 1603.
MS [M+1] m/z(%) 270 (100), 254 (3), 138 (8).

HRMS calculated for §H1gNO,-H" 270.1494, found 270.1500.
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(E)-5-(2-methyl-3-phenylacryloyl)-1-(2-methylalipyyrolidin-2-one(68g).

3 According to the typical procedure pyrrolidinone
o ll?k 68g was obtained fron66g in 37% vyield. It was
7 & N purified by column chromatography (EtOAc) as a
4\ 1 yellowish oil.

'H NMR (CDCk) & (ppm) 7.47-7.28 (m, 5H,
Harom), 5.03-4.99 (m, 1H, H-3"), 4.85 (s, 3Hs-CHz3), 4.75 (s, 1H, H-1"),
4.41 (d,J=15.0, 1H, H-4), 3.34-3.21 (m, 2H, H-3', H-1’), 28237 (m, 3H,
H-2/H-3), 2.08 (s, 3H, &CHg), 1.99-1.96 (m, 1H, H-3/H-2).

13C NMR (CDCH) & (ppm) 199.0 (C-5), 175.5 (C-1), 141.3 (C-7), 13&9
2’), 135.1 (C-6), 132.0 (g-Carom), 129.9, 129.18.62t-Carom), 113.5 (C-
3, 59.7 (C-1)), 47.6 (C-4), 29.5 (C-3), 23.6 (§-20.1 (G-CHJ), 13.4
(C2-CHy).

IR (film) v 1690, 1603.
MS [M+1] m/z(%) 284 (100), 270 (3).

HRMS calculated for gH,1NO,-H" 284.1651, found 284.1647.



Sintesis de indolizidinonas 265

3.5.4. Typical procedure for the carbonyl addition reaction.
Synthesis of pyrrolidinones 60 syn.
(+/-)-(5R,1’S)-1-allyl-5-(1-hydroxy-1-phenylallyyprolidin-2-one (60a
syn).

. HO, Ph ZnCl, (30 mg, 0.22 mmol) was added to a solution of
& 3
\6 5 3 2 pyrrolidinone 58a (50 mg, 0.2 mmol) in THF (2 mL).
N . .
/2\/1 X After 30 min, mixture was cold to -20 °C and a
3 vinylmagnesium bromide solution was added (0.8 mL,

1.0M in THF). After 5 h, 4 mL of a saturated sadutiof NH,Cl were added.
The whole mixture was extracted with DC{@x10 mL). The combined
organic layers were dried over 0, and the solvent evaporated.
Purification of the crude by flash chromatographtQAc) gave
pyrrolidinone60a synas a chromatographically pure yellowish oil (90%).

'H NMR (CDCk) & (ppm) 7.26-7.13 (m, 5H, Harom), 6.29-6.20 (m, HH,

6), 5.57-5.51 (m, 1H, H-2'), 5.45 (d=17.2, 1H, H-7), 5.27 (d1=10.8, 1H,

H-7), 5.08 (dJ=10.2, 1H, H-3"), 4.90 (dJ=17.1, 1H, H-3’), 4.26-4.19 (m,
1H, H-1'), 4.09-4.05 (m, 1H, H-4), 2.98-3.90 (m, 1H-1’), 2.28-1.86 (m,
4H, H-2, H-3).

3%C NMR (CDCkL) & (ppm) 176.9 (C-1), 143.4 (g-Carom), 140.0 (C-6),
132.6 (C-2"), 128.5 127.6, 125.7 (t-Carom), 117C53(), 115.5 (C-7), 79.3
(C-5), 64.5 (C-4), 44.5 (C-1'), 30.0 (C-2), 21.33¢

IR (film) v 3368, 1670.
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MS (M+1, Cl) m/z(%) 258 (100), 240 (23), 124 (54).

HRMS calculated for GH1oNO,-H" 258.1494, found 258.1501.

(+/-)-(5R,1'R)-1-allyl-5-(1-hydroxy-1-[4-methoxypimd)allyl]pyrrolidin-2-
one(60b syn.

According to the typical procedure pyrrolidino6@b syn
was obtained fronb9b in 86% vyield. It was purified by

column chromatography (EtOAc) as a yellowish oil.

'H NMR (CDCk) & (ppm) 7.34 (dJ=8.8, 2H, Harom),
6.88 (d,J=8.8, 2H, Harom), 6.30-6.21 (m, 1H, H-6), 5.67-5(8% 1H, H-
2", 5.45 (d,J=17.1, 1H, H-7), 5.31 (dJ=10.8, 1H, H-7), 5.12 (dJ=10.2,
1H, H-3’), 4.99 (d,J=17.1, 1H, H-3), 4.31-4.27 (m, 1H, H-1), 4.05-4.02
(m, 1H, H-4), 3.80 (s, 3H, OG}{ 3.20-3.12 (m, 1H, H-1"), 2.32-1.68 (m,
4H, H-2, H-3).

3%C NMR (CDCkL) & (ppm) 176.9 (C-1), 159.1 (g-Carom), 139.3 (C-6),
132.7 (C-2’), 127.0, 117.5 (t-Carom), 115.7 (C-37)3.9 (C-7), 79.3 (C-5),
64.7 (C-4), 55.3 (OCH), 44.7 (C-1’), 30.1 (C-2), 21.3 (C-3).

IR (film) v 3394, 1668.
MS (M+1, Cl)m/z(%) 288 (100), 272 (13), 270 (23), 163 (17).

HRMS calculated for ¢H,;NO5s-H" 288.1599, found 288.1605.
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(+/-)-(5R,1’'S)-1-allyl-5-[1-hydroxy-1-(2-thienyl)bdil|pyrrolidin-2-one (60c
syn).
According to the typical procedure pyrrolidino6@c syn

was obtained fronb9c in 61% yield. It was purified by
column chromatography (EtOAc) as a brown oll.

'H NMR (CDCk) & (ppm) 7.28-7.26 (m, 1H, Harom),
6.99-6.95 (m, 2H, Harom), 6.29-6.20 (m, 1H, H-6Y6
5.63 (m, 1H, H-2), 5.54 (d)=17.2, 1H, H-7), 5.37 (dJ=10.6, 1H, H-7),
5.16 (d,J=10.2, 1H, H-3), 5.04 (br s, 1H, OH), 4.36 (&17.2, 1H, H-3"),
4.04-3.97 (m, 1H, H-1), 3.53-3.41 (m, 1H, H-4)92.(s, 1H, H-1'), 2.22-
1.91 (m, 4H, H-2, H-3).

3%C NMR (CDCkL) & (ppm) 176.7 (C-1), 148.0 (g-Carom), 138.6 (C-6),
132.8 (C-2"), 127.1, 125.4, 124.5 (t-Carom), 11(C63’), 116.8 (C-7), 79.0
(C-5), 65.6 (C-4), 45.0 (C-1'), 29.9 (C-2), 21.43¢

IR (film) v 3339, 1670.
MS (M, EI) m/z(%) 263 (100), 246 (20), 124 (93).

HRMS calculated for @H;7>’SNO, 263.0980, found 263.0957.
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(+/-)-(5R,1'S)-1-allyl-5-[1-(4-chlorophenyl)-1-hydxyallyl]pyrrolidin-2-
one(60d syr).

Cl According to the typical procedure pyrrolidinoé@d syn
was obtained fronb9d in 81% vyield. It was purified by
column chromatography (EtOAc) as a yellowish oil.

'H NMR (MeOD) & (ppm) 7.50 (dJ=8.7, 2H, Harom),
72 1 O 7.35(dJ=8.7, 2H, Harom), 6.41-6.31 (m, 1H, H-6), 5.65-
5.52 (m, 1H, H-2), 5.46 (d)=17.2, 1H, H-7), 5.31 (dJ=10.5, 1H, H-7),
5.09 (d,J=10.5, 1H, H-3"), 4.96 (d)=17.2, 1H, H-3"), 4.21 (br s, 1H, OH),
4.15-4.11 (m, 2H, H-1', H-4), 3.14-3.04 (m, 1H, B;12.10-1.96 (m, 4H,
H-2, H-3).

13C NMR (MeOD)d (ppm) 179.4 (C-1), 144.2, 134.3 (g-Carom), 14T8 (
6), 133.4 (C-2'), 129.3, 129.1 (t-Carom), 117.83(;-116.0 (C-7), 80.0 (C-
5), 66.5 (C-4), 45.8 (C-1"), 30.9 (C-2), 22.3 (C-3)

IR (film) v 3354, 1668.
MS (M+1, Cl)m/z(%) 292 (100), 276 (15), 234 (10), 167 (12).

HRMS calculated for GH1s>°CINO, H" 292.1104, found 292.1107.
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3.5.5. Typical procedure for the nucleophilic addibn to the keto-

carbonyl group. Synthesis of pyrrolidinones 60 anti

(+/-)-(5R,1’R)-1-allyl-5-(1-hydroxy-1-phenylallylyprolidin-2-one (60a
anti).

Ph OH A vinylmagnesium bromide solution (0.35 mL, 1.0M in

>

(BN 5 4 3 THF) was added to a solution of pyrrolidinoB8a (50
2 .
6 N mg, 0.2 mmol) in THF (2 mL) and the temperature was
)

3 21 O raised to 40 °C. After 5 h, 4 mL of a saturateditioh of
NH,CI| were added and the whole mixture was extractid BCM (3x10
mL). The combined organic layers were dried overS@a, and the solvent
evaporated. Purification of the crude by flash amatography (EtOAc) gave
pyrrolidinone60a anti and60a synin 67:33 ratio (86% combined vyield).
Only the data fo60a antiisomer is reported.

'H NMR (CDCL) & (ppm) 7.46-7.26 (m, 5H, Harom), 6.49-6.40 (m, HH,

6), 5.60-5.44 (m, 1H, H-2"), 5.47 (d=17.2, 1H, H-7), 5.23 (d]=10.8, 1H,

H-7), 5.18 (dJ=10.2, 1H, H-3’), 5.07 (dJ=17.1, 1H, H-3), 4.50-4.45 (m,
1H, H-1"), 4.12-4.06 (m, 1H, H-4), 3.58-3.50 (m, 1H-1"), 2.28-1.80 (m,
4H, H-2, H-3).

3%C NMR (CDCkL) & (ppm) 177.2 (C-1), 143.7 (g-Carom), 141.9 (C-6),
132.8 (C-2), 128.5, 127.3 125.7 (t-Carom), 117C93(), 114.1 (C-7), 78.9
(C-5), 64.4 (C-4), 45.1 (C-1'), 30.0 (C-2), 21.43¢



270 Capitulo 2

(+/-)-(6R,1'R)-1-allyl-5-[1-hydroxy-1-(4-methoxypimg)allyl]pyrrolidin-2-
one(60b anti).

According to the typical procedure pyrrolidinoné6b
anti and60b synwere obtained fromd9b in a 53:47 ratio
(80% combined vyield). It was purified by column

chromatography (EtOAc) as a yellowish oil. Only tiega

for 60b antiisomer is reported.

'H NMR (CDCk) & (ppm) 7.34 (d;J=8.8, 2H, Harom), 6.88 (d=8.8, 2H,
Harom), 6.49-6.36 (m, 1H, H-6), 5.94-5.80 (m, 1H2M| 5.45 (d,J=17.1,
1H, H-7), 5.31 (d,J=10.8, 1H, H-7), 5.19-5-15 (m, 1H, H-3’), 4.99 (d,
J=17.1, 1H, H-3), 4.46-4.41 (m, 1H, H-1), 4.15-4.18, 1H, H-4), 3.79
(s, 3H, OCH), 3.56-3.48 (m, 1H, H-1’), 2.32-1.68 (m, 4H, HF23).

3%C NMR (CDCkL) & (ppm) 177.2 (C-1), 159.1 (g-Carom), 139.9 (C-6),
132.7 (C-1'), 126.8, 117.9 (t-Carom), 115.7 (C-3')3.4 (C-7), 78.9 (C-5),
64.6 (C-4), 55.3 (OCH), 44.5 (C-1’), 30.1 (C-2), 21.3 (C-3).
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(+/-)-(5R,1’R)-1-allyl-5-[1-hydroxy-1-(2-thienyl)all]pyrrolidin-2-one (60c

anti).

According to the typical procedure pyrrolidinoné8c
anti and60c synwere obtained fro9cin a 62:38 ratio
(83% combined vyield). It was purified by column
chromatography (EtOAc) as a brown oil. Only theadat

for 60c antiisomer is reported.

'H NMR (CDCL) & (ppm) 7.28-7.26 (m, 1H, Harom), 6.99-6.95 (m, 2H,
Harom), 6.44-6.35 (m, 1H, H-6), 5.80-5.62 (m, 1H2M} 5.58 (d,J=17.2,
1H, H-7), 5.34 (d,J=10.6, 1H, H-7), 5.16 (d]=10.2, 1H, H-3’), 5.04 (br s,
1H, OH), 4.46 (dJ=17.2, 1H, H-3), 4.04-3.97 (m, 1H, H-1’), 3.53-3.41
(m, 1H, H-4), 2.95 (s, 1H, H-1'), 2.22-1.91 (m, 4H2, H-3).

3%C NMR (CDCL) & (ppm) 176.7 (C-1), 148.0 (g-Carom), 140.0 (C-6),
135.8 (C-2'), 126.9, 125.6, 124.7 (t-Carom), 11(C43"), 116.9 (C-7), 68.2
(C-5), 65.6 (C-4), 45.2 (C-1'), 29.8 (C-2), 21.43¢
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(+/-)-(5R,1'R)-1-allyl-5-[1-(4-chlorophenyl)-1-hydixyallyl]pyrrolidin-2-
one(60d anti).

According to the typical procedure pyrrolidinon@8d
anti and 60d syn were obtained fron59d in a 59:41
ratio (73% combined vyield). It was purified by cain

Cl

chromatography (EtOAc) as a yellowish oil. Only the

data for60d antiisomer is reported.

'H NMR (MeOD) & (ppm) 7.51-7.35 (m, 4H, Harom),
6.53-6.45 (m, 1H, H-6), 5.88-5.72 (m, 1H, H-2')4B.(d,J=17.2, 1H, H-7),
5.31 (d,J=10.5, 1H, H-7), 5.19 (d]=10.5, 1H, H-3'), 4.96 (dJ=17.2, 1H,
H-3), 4.21 (br s, 1H, OH), 4.40-4.35 (m, 2H, H-H;4), 3.14-3.04 (m, 1H,
H-1), 2.10-1.96 (m, 4H, H-2, H-3).

13C NMR (MeOD) 3 (ppm) 179.4 (C-1), 142.6, 134.3 (g-Carom), 1421 (
6), 134.0 (C-2"), 129.3, 129.1 (t-Carom), 117.4)C316.0 (C-7), 80.0 (C-
5), 65.3 (C-4), 45.1 (C-1"), 30.8 (C-2), 23.4 (C-3)
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3.5.6. Typical procedure for the reduction of the kto-carbonyl
group. Synthesis of pyrrolidinones 69 syn.
(+/-)-(5R,1’R)-N-allyl-5-(1-hydroxy-3-phenylallypyrrolidin-2-one  (69a
syn).

OH A solution of L-selectride (1.8 mL, 1.0 M in THF)aw
added dropwise to a cold (-78 °C) solution of
1 pyrrolidinone 68a (230 mg, 0.9 mmol) in 4.5 mL of

3/}2' © the same solvent. After 30 min, temperature wasehi
to rt and 2 mL of an aqueous solution of NaOH (10%)
was added. The whole mixture was extracted with D@¥LO mL). The
combined organic layers were dried over,8l@&, and the solvent
evaporated. Purification of the crude by flash amatography (EtOAc) gave
pyrrolidinone69a synas a chromatographically pure yellowish oil (70%).

'H NMR (CDCh) & (ppm) 7.30-7.17 (m, 5H, Harom), 6.59 (&;15.9, 1H,

H-7), 6.10 (ddJ=15.9, 6.00, 1H, H-6), 5.72-5.65 (m, 1H, H-2’), 5.(d}

J=4.5, 1H, H-3"), 5.10 (s, 1H, H-3"), 4.39-4.25 (nH2H-4, H-5), 3.76-3.64
(m, 2H, H-1"), 2.88 (br s, 1H, OH), 2.36-1.98 (nk},4H-2, H-3).

3C NMR (CDCk) & (ppm) 175.9 (C-1), 136.2 (g-Carom), 132.8, 132.3,
128.7, 128.0, 127.5, 126.5 (t-Carom, C-2’, C-7,)C147.8 (C-3'), 73.4 (C-
5), 61.6 (C-4), 44.7 (C-1"), 30.2 (C-3), 20.5 (C-2)

IR (film) v 3374, 1670.

MS (M+1, Cl) m/z(%) 258 (100), 240 (30), 239 (11), 124 (42).
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HRMS calculated for GH1oNO,-H" 258.1494, found 258.1507.

(+/-)-(4R,1'R,2'E)-1-allyl-5-(1-hydroxy-2-methyl-B8henylally)pyrrolidin-
2-one(69b syn.

2 OH According to the typical procedure pyrrolidino68b
6 ] 4 3
Ph™ "5 , Syn was obtained fron68b in a 61% yield. It was
1
1' N \ purified by column chromatography (EtOAc) as a
/jZ colourless oil.

3

'H NMR (CDCk) & (ppm) 7.37-7.24 (m, 5H, Harom),
6.54 (s, 1H, H-7), 5.82-5.75 (m, 1H, H-2"), 5.226 (m, 2H, H-3"), 4.39 (d,
J=15.0, 1H, H-1"), 4.19 (dJ=6.8, 1H, H-5), 3.97-3.86 (m, 2H, H-1’, H-4),
2.55-2.25 (m, 4H, H-2, H-3), 1.89 (s, 3H;-CH3).

3C NMR (CDCk) & (ppm) 175.8 (C-1), 137.6, 136.8 (gq-Carom, C-6),
133.4, 128.9, 128.3, 128.2, 126.9 (t-Carom, C-27)C117.2 (C-3"), 81.3
(C-5), 59.8 (C-4), 45.3 (C-1'), 30.1 (C-3), 22.1-2%;, 14.0 (G-CHy).

IR (film) v 3363, 1668.
MS (M+1, Cl)m/z(%) 272 (100), 254 (18), 124 (34).

HRMS calculated for §H,NO,-H 272.1651, found 272.1662.
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(+/-)-(5R,1'R)-1-allyl-5-(1-hydroxy-2-methylbut-2z€l-y)pyrrolidin-2-one
(69d syn.

OH According to the typical procedure pyrrolidino6@d syn
X was obtained fron®8d in a 75% vyield. It was purified by
N column chromatography (EtOAc) as a colourless oil.
o)
J

(+/-)-(5R,1'R,2’'E)-5-(1-hydroxy-3-phenylallyl)-1{&hethylally)pyrrolidin-
2-one(69f syn).

7 OH4 3 According to the typical procedure pyrrolidino6ef
Ph \6 5 5 sin was obtained fron68f in a 90% vyield. It was
1
1 N purified by column chromatography (EtOAc) as a
. 0
3 2)\ colourless oll.

'H NMR (CDCk) & (ppm) 7.31-7.19 (m, 5H, Harom),
6.62 (d,J=16.0, 1H, H-7), 6.11 (dd]=16.0, 5.6, 1H, H-6), 4.86 (s, 1H, H-
3"), 4.76 (s, 1H, H-3)), 4.41 (br s, 1H, H-5), 4.80, J=15.5, 1H, H-1'),
3.71-3.57 (m, 2H, H-1', H-4), 2.40-2.22 (m, 3H, H42-3), 1.99-1.97 (m,
1H, H-3/H-2), 1.62 (s, 3H, £CHy).

3%C NMR (CDCk) & (ppm) 176.0 (C-1), 140.2 (C-2"), 136.3 (g-Carom),
132.0, 128.6, 127.9, 127.7, 126.4 (t-Carom, C-&)C112.7 (C-3), 73.0
(C-5), 61.3 (C-4), 47.6 (C-1'), 30.2 (C-2), 20.4{CHs), 20.1 (C-3).
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IR (film) v 3359, 1668.
MS (M+1, Cl)m/z(%) 272 (100), 254 (18), 124 (34).

HRMS calculated for §H,NO,-H 272.1651, found 272.1662.

3.5.7. Typical procedure for the reduction of the kto-carbonyl
group. Synthesis of pyrrolidinones 69 anti.

(+/-)-(5R,1'S,2’E)-N-allyl-5-(1-hydroxy-3-phenylal)-pyrrolidin-2-one
(69a anti).

OH Solid NaBH, (68 mg, 1.8 mmol) was added in one
7% , 3

oh X : 4 portion to a cold (-78 °C) solution of pyrrolidin@68a

/\6/\@2 (230 mg, 0.9 mmol) in MeOH (5 mL). After 30 min,

l/jz' O H,O (2 mL) was added and temperature was raised to
3 rt. The whole mixture was extracted with DGBk10

mL). The combined organic layers were dried ovesS@a, and the solvent
evaporated. Purification of the crude by flash amtography (MeCN)
rendered, independently, pyrrolidinon@a anti and 69a syn as a
chromatographically pure yellowish oils in a 63:@&tio (46% combined
yield). Only the data fo9a antiisomer is reported.

'H NMR (CDCk) & (ppm) 7.40-7.25 (m, 5H, Harom), 6.73 (6;16.0, 1H,
H-7), 6.14 (dd,J=16.0, 5.5, 1H, H-6), 5.87-5.74 (m, 1H, H-2'), 5.7,
J=9.2, 1H, H-3’), 5.23 (s, 1H, H-3"), 4.63 (s, 1H,53); 4.36 (ddJ=15.5,
4.8, 1H, H-4), 3.72 (dd)=16.2, 6.9, 2H, H-1’), 2.92 (br s, 1H, OH), 2.59-
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2.47 (m, 1H, H-2/H-3), 2.32-2.26 (m, 1H, H-3/H-2)14-1.87 (m, 2H, H-2,
H-3).

3%C NMR (CDCk) & (ppm) 176.1 (C-1), 136.4 (g-Carom), 132.8, 132.1,
128.7, 127.3, 126.5 (t-Carom, C-2’, C-7, C-6), P18C-3'), 70.7 (C-5),
61.9 (C-4), 43.6 (C-1’), 30.6 (C-3), 18.2 (C-2).

(+/-)-(5R,1'S,2’E)-1-allyl-5-(1-hydroxy-2-methyl{henylallyDpyrrolidin-
2-one(69b anti).

OH According to the typical procedure pyrrolidinorg3b

6% 43

Ph" "5 ) anti and 69b syn were obtained from68b (37%
1
X N combined vyield). It was purified by column
o)
)2' chromatography (MeCN) as a yellowish oil. Only the
3

data for69b antiisomer is reported.

'H NMR (CDCk) & (ppm) 7.37-7.21 (m, 5H, Harom), 6.72 (s, 1H, H-7),
5.84-5.80 (m, 1H, H-2"), 5.30-5.23 (m, 2H, H-3")45-4.38 (m, 2H, H-1)),
3.85-3.83 (m, 1H, H-5), 3.70-3.62 (m, 1H, H-4),®B00 (m, 7H, H-2, H-
3, C-CHa).

13C NMR (CDCh) & (ppm) 176.1 (C-1), 137.4, 135.9 (g-Carom,C-6),.033
129.0, 128.2, 126.6, 125.9 (t-Carom, C-2’, C-7)8.81(C-3"), 73.2 (C-5),
59.8 (C-4), 43.4 (C-1"), 30.6 (C-3), 17.5 (C-2),4%Cs-CHs).
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3.5.8. Typical procedure for the olefin metathesisreaction.

Synthesis of indolizidinones 61 and compound 71.

(+/-)-(8S,8aR)-8-hydroxy-8-phenyl-1,2.8,8a-tetratoyddolizin-3(5H)-one

(61a syn.

Grubbs Il catalyst (5 mg, 10% wt) was added in podion
onto a solution of pyrrolidinon60a syn(50 mg, 0.2 mmol)
in DCM (10 mL) at rt. After 12 h, the solvent wdsrenated

under vacuum and the resulting residue was column

chromatographed (EtOAc) to afford indolizidinoda synas a white solid
that was triturated in &D (65%).

mp 162-165 °C (BD).

'H NMR (CDCl) & (ppm) 7.41-7.26 (m, 5H, Harom), 5.97 (&10.3, 1H,
H-7), 5.82 (d,J=10.3, 1H, H-6), 4.48 (d]=18.8, 1H, H-5), 3.79 (dJ=7.7,
1H, H-8a), 3.63 (dJ=18.8, 1H, H-5), 2.79 (br s, 1H, OH), 2.02-1.75 (m,
3H, H-1, H-2), 1.41-1.27 (m, 1H, H-2/H-1).

3%C NMR (CDCk) & (ppm) 174.9 (C-3), 139.0 (g-Carom), 133.5 (C-6),
128.2 127.8, 126.5 (t-Carom), 123.7 (C-7), 73.8}063.0 (C-8a), 40.0 (C-
5), 29.2 (C-2), 18.8 (C-1).

IR (film) v 3359, 1670.
MS (M+1, Cl)m/z(%) 230 (100), 212 (83), 211 (53), 146 (34).

HRMS calculated for &H1sNO,-H" 230.1181, found 230.1191.
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(+/-)-(8S,8aR)-8-hydroxy-8-(4-methoxyphenyl)-1 228,
tetrahydroindolizin-3(5H)-on€61b syn).

According to the typical procedure indolizidinoégb syn
was obtained fron60b synin 65% yield. It was purified
by column chromatography (EtOAc) as a brown oil.

'H NMR (CDCk) & (ppm) 7.23 (d,J=8.7, 2H, Harom),
6.85 (d,J=8.7, 2H, Harom), 5.94 (d=10.2, 1H, H-7), 5.79 (d]=10.2, 1H,
H-6), 4.46 (d,J=18.9, 1H, H-5), 3.77 (br s, 4H, H-8a, OgH3.61 (d,
J=18.9, 1H, H-5), 2.57 (br s, 1H, OH), 1.97-1.77 @H, H-1, H-2).

13C NMR (CDCL) & (ppm) 174.8 (C-3), 159.3, 131.4 (g-Carom), 13&7 (
6), 127.7, 123.5 (t-Carom), 133.5 (C-7), 73.6 (C-83.0 (C-8a), 55.2
(OCHy), 39.9 (C-5), 29.2 (C-2), 18.8 (C-1).

IR (film) v 3389, 1670.

MS (M+1, CI) m/z (%) 260 (100), 242 (99), 241 (77), 240 (41), 223)(
176 (53).

HRMS calculated for gH,7/NO5s-H" 260.1286, found 260.1285.
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(+/-)-(8R,8aR)-8-hydroxy-8-(thien-2-yl)-1,2.8.8ar#hydroindolizin-
3(5H)-one(61c syr).

According to the typical procedure indolizidino&&c syn

was obtained fron80c synin 60% vyield. It was purified by
column chromatography (EtOAc) as a brown oil.

'H NMR (CDCk) & (ppm) 7.31-7.25 (m, 1H, Harom),
7.00-6.93 (m, 1H, Harom), 6.81-6.77 (m, 1H, Harom)
6.04-5.88 (m, 2H, H-6, H-7), 4.45 (d=19.3, 1H, H-5), 3.87-3.82 (m, 1H,
H-8a), 3.61 (dJ=19.3, 1H, H-5), 3.12 (br s, 1H, OH), 2.11-2.00 @Hl, H-

1, H-2), 1.41-1.31 (m, 1H, H-1/H-2).

3C NMR (CDCk) & (ppm) 175.0 (C-3), 144.8 (g-Carom) 133.7 (C-6),
127.3, 126.2, 125.4 (t-Carom), 123.6 (C-7), 73.38JC62.6 (C-8a), 39.9
(C-5), 29.0 (C-2), 19.0 (C-1).

IR (film) v 3330, 1670.
MS (M+1, Cl)m/z(%) 236 (100), 218 (89), 217 (64), 152 (60).

HRMS calculated for GH13>’SNO,-H' 236.0745, found 236.0741
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(+/-)-(8S,8aR)-8-(4-chlorophenyl)-8-hydroxy-1,2 &@trahydroindolizin-
3(5H)-one(61d syn).
Cl According to the typical procedure indolizidino6éd

@ syn was obtained fron60d synin 58% yield. It was
2 purified by column chromatography (EtOAc) as a bmow

oil.

5 o ‘HNMR (CDCk) d (ppm) 7.36-7.27 (m, 4H, Harom),
6.00 (d,J=10.6, 1H, H-7), 5.80 (dJ=10.6, 1H, H-6), 4.51 (dJ=19.2, 1H,
H-5), 3.78 (d,J=8.3, 1H, H-8a), 3.63 (d]=19.2, 1H, H-5), 2.33 (br s, 1H,
OH), 1.98-1.54 (m, 4H, H-1, H-2).

13C NMR (CDCh) & (ppm) 174.6 (C-3), 159.3, 131.4 (g-Carom) 133.1 (C
6), 128.3, 128.0 (t-Carom), 133.1 (C-7), 124.3 |C63.0 (C-8a), 40.0 (C-
5), 29.1 (C-2), 18.7 (C-1).

IR (film) v 3387, 1670.
MS (M+1, Cl) m/z(%) 264 (100), 248 (36), 246 (40).

HRMS calculated for @H1,°CINO,-H" 264.0791, found 264.0804.
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(+/-)-(8R,8aR)-8-hydroxy-8-phenyl-1,2 8,8a-tetratniddolizin-3(5H)-one
(61a anti).

Phe OH According to the typical procedure indolizidinor@&ka anti
{8a l

and6la synwere obtained fron®0ain a 67:33 ratio (66%
combined yield). It was purified by column chrongrphy
(EtOAc) as a yellowish oil. Only the data férla anti

isomer is reported.

'H NMR (CDCk) & (ppm) 7.43-7.30 (m, 5H, Harom), 6.01 (s, 2H, H4?,
6), 3.79 (d,J=7.7, 1H, H-8a), 3.71 (dd]=3.7, 2H, H-5), 3.42 (br s, 1H,
OH), 2.58-2.14 (m, 4H, H-1, H-2).

3C NMR (CDCkL) & (ppm) 175.5 (C-3), 142.8 (g-Carom), 132.6 (C-6),
128.0 127.6, 126.6 (t-Carom), 123.3 (C-7), 71.8}(064.0 (C-8a), 40.1 (C-
5), 30.3 (C-2), 17.3 (C-1).

(+/-)-(8S,8aR)-8-hydroxy-8-(4-methoxyphenyl)-12a8,
tetrahydroindolizin-3(5H)-on€61b anti).

PMPR, OH According to the typical procedure indolizidinonésb
{8a_l

anti and61b synwere obtained frond0b in a 53:47 ratio
(60% combined vyield). It was purified by column
chromatography (EtOAc) as a brown oil. Only theadatr

61b antiisomer is reported.
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'H NMR (CDCh) & (ppm) 7.23 (dJ=8.7, 2H, Harom), 6.85 (d=8.7, 2H,
Harom), 5.98 (s, 2H, H-6, H-7), 4.46 (@18.9, 1H, H-5), 3.80 (br s, 4H,
H-8a, OCH), 3.61 (d,J=18.9, 1H, H-5), 2.57 (br s, 1H, OH), 1.97-1.77 (m,
4H, H-1, H-2).

13C NMR (CDCl) & (ppm) 175.4 (C-3), 158.8, 132.9 (g-Carom), 13&7 (
6), 126.8, 126.5 (t-Carom), 134.9 (C-7), 71.5 (C-83.9 (C-8a), 55.3
(OCHy), 40.0 (C-5), 30.3 (C-2), 17.4 (C-1).

(+/-)-(8S,8aR)-8-hydroxy-8-(thien-2-yI)-1,2 8, 8drtydroindolizin-3(5H)-

one(61c anti.

According to the typical procedure indolizidinoné4c
anti and61c synwere obtained fron6Oc in a 62:38 ratio
(69% combined vyield). It was purified by column

chromatography (EtOAc) as a brown oil. Only theadiatr

61c antiisomer is reported.

'H NMR (CDCk) & (ppm) 7.31-7.25 (m, 1H, Harom), 7.00-6.93 (m, 1H,
Harom), 6.81-6.77 (m, 1H, Harom) 6.92 (s, 2H, HH67), 4.45 (d,J=19.3,
1H, H-5), 3.87-3.82 (m, 1H, H-8a), 3.61 @19.3, 1H, H-5), 3.12 (br s,
1H, OH), 2.11-2.00 (m, 3H, H-1, H-2), 1.41-1.31 (th, H-1/H-2).

3C NMR (CDCL) & (ppm) 175.4 (C-3), 147.4 (g-Carom) 132.71 (C-6),
127.1, 126.8, 125.1 (t-Carom), 123.4 (C-7), 71.88JC63.7 (C-8a), 40.0
(C-5), 29.5 (C-2), 18.0 (C-1).
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(+/-)-(8R,8aR)-8-(4-chlorophenyl)-8-hydroxy-1,2 &.&trahydroindolizin-
3(5H)-one(61d anti).
Cl According to the typical procedure indolizidinongsd

anti and 61d syn were obtained fron60d in a 59:41
ratio (65% combined vyield). It was purified by colo

chromatography (EtOAc) as a brown oil. Only theadat

for 61d antiisomer is reported.

'H NMR (CDCk) & (ppm) 7.36-7.27 (m, 4H, Harom), 6.09 (s, 2H, H46,
7), 451 (d,J=19.2, 1H, H-5), 3.78 (dJ=8.3, 1H, H-8a), 3.63 (d]=19.2,
1H, H-5), 2.33 (br s, 1H, OH), 1.98-1.54 (m, 4H1HH-2).

13C NMR (CDCL) & (ppm) 175.4 (C-3), 159.6, 132.9 (g-Carom), 13&6 (
6), 129.1, 128.3 (t-Carom), 134.9 (C-7), 123.2 {CéB.9 (C-8a), 40.0 (C-
5), 30.2 (C-2), 18.7 (C-1).

5-(1-hydroxy-3-phenylallyl)-N-(1-propenyl)pyrroliti2-one(71).

OH 3 According to the typical procedure pyrrolidinofié
Ph 5 S , was obtained from69a in a 63:37 ratio (20%
1N combined vyield). It was purified by column
3j\2 ° chromatography (EtOAc) as a brown oil.

'H NMR (syn + anti) (CDCk) & (ppm) 7.42-7.25 (m,

10H, Harom), 6.85-6.60 (m, 4H, H-7, H-1"), 6.24-B.0m, 2H, H-6), 5.33-
5.21/5.15-5.06 (m, 1H, H-2’), 4.90/4.78 (s, 1H, H-8.21-4.16/4.04-4.01
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(m, 1H, H-4), 3.76-3.64 (m, 2H, H-1’), 2.78-1.93,(BH, H-2, H-3), 1.79-
1.76 (m, 6H, H-3).

3%C NMR (CDCk) & (ppm) 174.1/173.4 (C-1), 136.3 (g-Carom), 132.5,
131.7, 128.7, 128.0, 127.8, 126.5, 126.2, 123.3,31@-Carom, C-1’, C-7,
C-6), 108.2/107.9 (C-2"), 70.7/69.6 (C-5), 61.065(C-4), 31.3/30.8 (C-2),
19.2/18.3 (C-3), 15.6/15.5 (C-3").

IR (film) v 3394, 1663.
MS (M+1, Cl)m/z(%) 258 (49), 240 (54), 200 (100), 124 (57).

HRMS calculated for GH1oNO,-H" 258.1494, found 258.1506.

3.5.9. Typical procedure for the olefin metathesisreaction.
Synthesis of indolizidinones 70 and compounds 80 c&i81.
(+/-)-(8R,8aR)-8-hydroxy-1,5,8,8a-tetrahydro-2H-glididin-3-one  (70a
syn).

OH Grubbs Il catalyst (3 mg, 10% wt) was added in poeion
8a 1

7| 8 2 , onto a solution of pyrrolidinon&9a syn (90 mg, 0.35
6 N3

mmol) in toluene (10 mL) and temperature was raised
reflux. After 4 h, the mixture was cooled to rt asmlvent
was eliminated under vacuum. The resulting residuas column
chromatographed (EtOAc) to afford indolizidinon@a synas a white solid

that was triturated in hexanes (71%).

mp 111-113 °C (hexanes).
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'H NMR (CDCk) & (ppm) 6.83 (dJ=7.0, 1H, H-7), 4.96 (ddJ=11.9, 5.9,
1H, H-6), 3.98 (s, 1H, H-8), 3.76 (d#:16.1, 8.0, 1H, H-8a), 2.51-1.95 (m,
7H, H-1, H-2, H-5, OH).

13C NMR (CDCh) & (ppm) 172.7 (C-3), 121.8 (C-7), 105.0 (C-6), 6@4
8), 58.9 (C-8a), 31.6 (C-5), 30.7 (C-2), 20.1 (C-1)

IR v 3359, 1670.
MS [M+1] m/z(%) 154 (100), 153 (37), 136 (12).

HRMS calculated for gH;;NO,-H" 154.0868, found 154.0866.

(+/-)-(8S,8aR)-8-hydroxy-1,2,8,8a-tetrahydroindoit8(5H)-one (70a

anti).

OH According to the typical procedure inodlizidinori@a anti
Ba 1l
7| 8 )2 was obtained fron69a anti in a 86% combined yield. It
6 N

was purified by column chromatography (EtOAc) as a

brown oil.

'H NMR (CDCL) & (ppm) 6.72 (dJ=7.5, 1H, H-7), 5.05-5.00 (m, 1H, H-
6), 3.68-3.60 (m, 1H, H-8), 3.54-3.45 (m, 1H, H:8207 (br s, 1H, OH),
2.45-1.39 (M, 4H, H-1/H-2/H-5), 2.20-2.11 (m, 1H;1HH-2/H-5), 1.83-

1.76 (m, 1H, H-1/H-2/H-5).

13C NMR (CDCh) & (ppm) 171.9 (C-3), 121.2 (C-7), 107.2 (C-6), 7(CA
8), 60.4 (C-8a), 32.5 (C-5), 31.1 (C-2), 24.3 (C-1)
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(+/-)-(8R,8aR)-8-hydroxy-6-methyl-1,2 8,8a-tetratniddolizin-3(5H)-one

(70f syn).
QH According to the typical procedure inodlizidino®f syn
| A was obtained frond9f synin a <10% combined yield. It was
5 purified by column chromatography (EtOAc) as a odiess
oil.

(+/-)-(bR,1'S,2’E)-5-(1-hydroxy-2-methyl-3-phenWd)-1-(prop-1-en-1-
ylpyrrolidin-2-one(80 anti).

7 H 2 According to the typical procedure pyrrolidinoB6
6_~_4
th , anti was obtained fror69b antiin a 20% yield. It was
1
1 N purified by column chromatography (EtOAc) as a

i
3./ 2 brown oil.

'H NMR (CDCk) & (ppm) 7.38-7.24 (m, 5H, Harom), 6.87-6.77 (m, BH,
7, H-1), 5.18-5.09 (m, 1H, H-2"), 4.72 (s, 1H, H;%.17-4.08 (m, 1H, H-
4), 2.75-2.66 (m, 1H, H-2/H-3), 2.34-2.20 (m, 3H3HH-2) 1.92 (s, 3H,
Cs-CH3), 1.79 (s, 3H, H-3).

e}

3C NMR (CDCk) & (ppm) 174.2 (C-1), 136.0, 129.0 (gq-Carom, C-6),
128.3, 128.2, 126.6, 125.9, 123.4 (t-Carom, C-17)C107.5 (C-2"), 72.6
(C-5), 59.1 (C-4), 31.4 (C-2), 17.7 (C-3), 16.0,68.85-3", G-CHs).

IR (film) v 3374, 1670.

MS [M+1] m/z(%) 272 (100), 254 (18), 124 (36).
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HRMS calculated for §H,NO,-H" 272.1651, found 272.1662.

N-(1-propenyl)-5-(2-methylbutanoyl)-pyrrolidin-2-e(81).

; 0o . According to the typical procedure pyrrolidinogéd
8 S 5 S , was obtained fron69d synin a 36% yield. It was
1 N-% purified by column chromatography (EtOAc) as a
3 j 2 ° colourless oil.

'H NMR (CDCk) & (ppm) 6.80 (dJ=14.5, 2H, H-1"),
4.73-4.63 (M, 2H, H-2"), 451 (d=9.6, 2H, H-5), 2.65-2.23 (m, 6H, H-6,
H-4), 1.95-1.68 (m, 8H, H-3, H-7), 1.63 (dd=6.6, 1.5, 6H, H-3"),
1.13/1.07 (dJ=7.0, 3H, G-CH3), 0.92-0.82 (m, 6H, H-8).

% NMR (CDCkL) & (ppm) 211.2/210.5 (C-5), 172.8/172.8 (C-1),
123.9/123.8 (C-1'), 107.4/107.2 (C-2'), 63.6/63Q-4), 44.5/44.0 (C-6),

29.5/29.4 (C-2), 26.3/25.4 (C-7), 21.7/21.4 (C-8J,0, 15.6, 15.2, 11.8,

11.4 (G-CHgs, C-3', C-8).

IR (film) v 1689, 1609.
MS [M+1] m/z(%) 210 (100), 208 (4).

HRMS calculated for @H1gNO,-H" 210.1494, found 210.1488



Sintesis de indolizidinonas 289

3.5.10. Typical procedure for dihydroxylation reacton. Synthesis

of compounds 62a anti and 72a syn.

(+/-)-(6R,7R,8R,8aR)-6,7,8-trihydroxy-8-phenylheyditvindolizin-3(2H)-
one(62a anti.

K,0sQ:2HO (4 mg, 0.01 mmol) and N-
methylmorpholine-N-oxide (50 mg, 0.42 mmol) were

sequentially added to 2 mL of an acetone/water) (1/1

solution of indolizidinonesla anti:syn in a 67:33 ratio
(50 mg, 0.2 mmol). The mixture was stirred at rt I8 h, and then filtered
through celite. The volatiles were eliminated ahd tesidue was column
chromatographed (EtOAc) to render trihydroxyindidizone 62a antias a
white solid which was triturated in £ (57%).

mp 183-184 °C (ED).

'H NMR (MeOD) & (ppm) 7.50-7.47 (m, 2H, Harom), 7.37-7.27 (m, 3H,
Harom), 4.21-4.17 (m, 1H, H-8a), 4.04-3.98 (m, HH5), 3.89-3.83 (m,
1H, H-6), 3.71 (s, 1H, H-7), 3.06-2.99 (m, 1H, H-8)55-2.09 (m, 3H, H-1,
H-2), 1.87-1.75 (m, 1H, H-2/H-1).

13c NMR (MeOD) & (ppm) 176.6 (C-3), 142.7 (g-Carom), 129.2, 128.5,
128.3, (t-Carom), 78.0 (C-7), 76.3 (C-8), 65.4 (C&.8 (C-8a), 40.9 (C-
5), 31.7 (C-2), 18.6 (C-1).

IR (film) v 3408, 1658.
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MS (M+1, CI) m/z (%) 264 (100), 246 (33230 (33), 228 (61), 212 (26),
210 (17), 190 (12), 140 (17), 115 (13), 84 (11).

HRMS calculated for &H,7/NO,-H" 264.1236, found 264.1244.

(+/-)-(6S,7S,8S,8aR)-6,7,8-trihydroxy-hexahydroeiimidin-3-one  (72a
syn).

OH According to the typical procedure indolizidinoii@a

HO,, 82 ! synwas obtained fronY0a synin a 93% yield. It was
7

HOg N-3 purified by column chromatography (EtOAc) as a

5 O colourless ail.

'H NMR (MeOD) 3 (ppm) 5.48 (dJ=3.7, 1H, H-5), 3.94-3.64 (m, 3H, H-8,
H-8a, H-5), 2.49-2.29 (m, 2H, H-7, H-6), 2.11-1(87, 4H, H-1, H-2).

13C NMR (MeOD) 5 (ppm) 177.5 (C-3), 74.5 (C-8), 68.2, 65.0, 57.28C
C-6, C-7), 35.2 (C-1/C-2), 32.5 (C-5), 19.6 (C-2VL-

IR (film) v 3408, 1660.
MS [M+1] m/z(%) 188 (10), 171 (10), 170 (100), 152 (63).

HRMS calculated for gH;3NO,-H" 188.0923, found 188.0845.
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3.5.11. Typical procedure for hydrogenation reactin. Synthesis

of indolizidinones 64 and 73.

(+/-)-(8S,8aR)-8-hydroxy-8-phenylhexahydroindoh3ii2H)-one(64a syr).

A solution of pyrrolidinoneéla syn(930 mg, 2.1 mmol) in
10 mL of MeOH was hydrogenated (70 psi) in the @nes
of Pd/C overnight. The catalyst was filtered througglite

and the resulting oil was purified by column
chromatography (MeOH) to afford indolizidinobda synas a white solid
oil which was triturated in ED (60%).

mp 144-148 °C (BD).

'H NMR (CDCk) & (ppm) 7.47 (dJ=7.4, 2H, Harom), 7.35-7.26 (m, 3H,
Harom), 4.22 (dJ=13.1, 1H, H-5), 3.71 (tJ=8.3, 1H, H-8a), 2.85-2.77,
2.74 (m, H-5, OH), 2.41-2.04 (m, 4H, H-6/H-7/H-1#)-1.92-1.64 (m, 4H,
H-6/H-7/H-1/H-2).

3%C NMR (MeOD) & (ppm) 184.5 (C-3), 143.7 (gq-Carom), 128.0, 127.9,
126.7 (t-Carom), 73.6 (C-8), 67.4 (C-8a), 40.8 |C48.4 (C-7), 31.1 (C-2),
21.4 (C-6), 19.8 (C-1).

IR (film) v 3379, 1663.
MS (M+1, Cl) m/z(%) 232 (100), 214 (47213 (28).

HRMS calculated for &H;,7/NO,-H" 232.1337, found 232.1343.
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(+/-)-(8S,8aR)-8-hydroxy-8-(4-methoxyphenyl)hexabiydlolizin-3(2H)-
one(64b syr).

According to the typical procedure indolizidinofdb syn
was obtained fron61b synin 63% yield. It was purified by
column chromatography (EtOAc) as a yellowish oil.

'H NMR (MeOD) & (ppm) 7.37 (d,J=8.9, 2H, Harom),
6.88 (d,J=8.9, 2H, Harom), 4.10 (d=13.2, 1H, H-5), 3.77-3.71 (m, 4H, H-
8a, OCH), 2.91-2.81 (m, 1H, H-5), 2.40-1.69 (m, 8H, H-12HH-6, H-7).

3c NMR (MeOD) & (ppm) 176.6 (C-3), 160.0, 136.6 (g-Carom), 128.8,
114.4 (t-Carom), 73.7 (C-8), 67.7 (C-8a), 56.7 (QCHL1.0 (C-5), 40.5 (C-
7), 31.1 (C-2), 21.6 (C-6), 19.7 (C-1).

IR (film) v 3379, 1660.
MS (M+1, Cl) m/z(%) 262 (67), 244 (100), 243 (49).

HRMS calculated for GH,oNO3s-H" 262.1443, found 262.1455.

(+/-)-(8R,8aR)-8-hydroxy-8-(thien-2-yl)hexahydroaiidin-3(2H)-one (64c
syn).

According to the typical procedure indolizidinofédc syn
was obtained frond1c synin 56% yield. It was purified by

column chromatography (EtOAc) as a yellowish oil.

'H NMR (CDCL) 5 (ppm) 7.26-7.18 (m, 1H, Harom), 6.95-
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6.87 (m, 2H, Harom), 4.17-4.13 (m, 1H, H-8a), 3%36 (m, 1H, H-5),
3.75-2.67 (m, 1H, H-5), 2.28-1.66 (m, 9H, H-1, HF26, H-7, OH).

13C NMR (CDCk) & (ppm) 174.8 (C-3), 146.3 (g-Carom), 126.8, 124.3,
123.7 (t-Carom), 73.9 (C-8), 66.0 (C-8a), 39.4 {C3®.1 (C-7), 30.1 (C-2),
21.0 (C-6), 18.1 (C-1).

IR (film) v 3334, 1660.
MS (M+1, Cl)m/z(%) 238 (100), 222 (14), 220 (4819 (23).

HRMS calculated for GH;5>2SNO-H 238.0902, found 238.0913.

(+/-)-(8S,8aR)-8-(4-chlorophenyl)-8-hydroxyhexahsiddolizin-3(2H)-one
(64d syn.

cl According to the typical procedure indolizidino6édd syn
@ was obtained frone1d synin 53% vyield. It was purified by
HO

column chromatography (EtOAc) as a brown oil.

'H NMR (MeOD) & (ppm) 7.44 (d,J=8.7, 2H, Harom),
7.33 (d,J=8.7, 2H, Harom), 4.14-4.10 (m, 1H, H-5), 3.80-

5 o}
3.73 (m, 1H, H-8a), 2.90-2.83 (m, 1H, H-5), 2.389L(m, 8H, H-1, H-2, H-

6, H-7).

3%C NMR (MeOD) & (ppm) 176.7 (C-3), 144.8, 134.0 (g-Carom), 129.4,
129.1 (t-Carom), 73.6 (C-8), 67.4 (C-8a), 40.8 {C4B.5 (C-7), 31.1 (C-2),
21.4 (C-6), 19.8 (C-1).



294 Capitulo 2

IR (film) v 3379, 1660.
MS (M+1, Cl) m/z(%) 266 (100), 250 (10), 248 (19).

HRMS calculated for GH16°CINO,-H" 266.0948, found 266.0948.

(+/-)-(8R,8aR)-8-hydroxy-8-phenylhexahydroindoli3if2H)-one (64a
anti).

According to the typical procedure pyrrolidinorg$a anti
and64a synwere obtained frondlain a 67:33 ratio (69%
combined yield). It was purified by column chrongri@phy

(EtOAc) as a yellowish oil. Only the data féda anti

isomer is reported.

'H NMR (CDCk) & (ppm) 7.47 (dJ=7.4, 2H, Harom), 7.33-7.25 (m, 3H,
Harom), 4.21 (dJ=13.1, 1H, H-5), 3.70 (tJ=8.3, 1H, H-8a), 2.86-2.76,
2.74 (m+s, 2H, H-5, OH), 2.41-2.04 (m, 4H, H-6/HH7Y/H-2), 1.90-1.63

(m, 4H, H-6/H-7/H-1/H-2).

13 NMR (MeOD) & (ppm) 184.4 (C-3), 143.7 (g-Carom), 128.1, 127.9,
126.8 (t-Carom), 73.6 (C-8), 67.5 (C-8a), 40.9 (C48.3 (C-7), 31.3 (C-2),
21.4 (C-6), 19.8 (C-1).
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(+/-)-(8R,8aR)-8-hydroxy-8-(4-methoxyphenylhexabydlolizin-3(2H)-
one(64b anti).

According to the typical procedure pyrrolidinor@g$b anti
and64b synwere obtained frond1b in a 53:47 ratio (67%
combined yield). It was purified by column chrongri@phy
(EtOAc) as a yellowish oil. Only the data fédb anti

isomer is reported.

'H NMR (MeOD) & (ppm) 7.36 (d,J=8.9, 2H, Harom), 6.89 (d=8.9, 2H,
Harom), 4.11 (dJ=13.2, 1H, H-5), 3.75-3.71 (m, 4H, H-8a, OgH2.91-
2.83 (M, 1H, H-5), 2.38-1.65 (M, 8H, H-1, H-2, HF6;7).

3%C NMR (MeOD) & (ppm) 176.5 (C-3), 160.0, 135.6 (g-Carom), 128.8,
114.3 (t-Carom), 73.6 (C-8), 67.5 (C-8a), 56.7 (QzH0.9 (C-5), 40.5 (C-
7), 32.1 (C-2), 21.6 (C-6), 19.7 (C-1).

(+/-)-(8S,8aR)-8-hydroxy-8-(thien-2-y)hexahydrodtidin-3(2H)-one (64c
anti).

According to the typical procedure indolizidinor@sc anti
and64c synwere obtained frond4cin a 62:38 ratio (68%
combined yield). It was purified by column chrongri@phy
(EtOAc) as a yellowish oil. Only the data fédc anti

isomer is reported.
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'H NMR (CDCk) & (ppm) 7.40-7.37 (m, 1H, Harom), 6.93-6.90 (m, 1H,
Harom), 6.87-6.83 (m, 1H, Harom), 3.85-3.80 (m, H-Ba), 3.39-3.23 (m,
2H, H-5), 2.23-1.43 (m, 8H, H-1, H-2, H-6, H-7).

13C NMR (CDCk) & (ppm) 174.8 (C-3), 146.2 (g-Carom), 126.6, 124.3,
123.7 (t-Carom), 74.0 (C-8), 66.1 (C-8a), 39.3 {C3®.2 (C-7), 30.1 (C-2),
21.0 (C-6), 18.1 (C-1).

(+/-)-(8R,8aR)-8-(4-chlorophenyl)-8-hydroxyhexahyitidolizin-3(2H)-one

(64d anti).

According to the typical procedure indolizidinorge&d anti
and64d synwere obtained frond4d in a 59:41 ratio (65%
combined yield). It was purified by column chrongri@phy
(EtOAc) as a yellowish oil. Only the data féAd anti

isomer is reported.

'H NMR (MeOD) & (ppm) 7.44 (d,J=8.7, 2H, Harom),
7.33 (d,J=8.7, 2H, Harom), 4.14-4.10 (m, 1H, H-5), 3.80-3(#8 1H, H-
8a), 2.90-2.83 (m, 1H, H-5), 2.39-1.69 (m, 8H, H412, H-6, H-7).

3%C NMR (MeOD) & (ppm) 176.7 (C-3), 143.7, 134.0 (g-Carom), 129.3,
128.1 (t-Carom), 73.8 (C-8), 67.5 (C-8a), 40.9 |C48.4 (C-7), 31.1 (C-2),
21.4 (C-6), 19.8 (C-1).
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(+/-)-(8R,8aR)-8-hydroxyhexahydroindolizin-3(2H)eq{73a syr).

OH According to the typical procedure indolizidinon&%a syn

ga X was obtained fronTOa synin a 46% vyield. It was purified

8
3,2

6 N
5 O]

by column chromatography (EtOAc) as a colourleks oi

'H NMR (MeOD) 5 (ppm) 4.13-4.09 (m, 1H, H-8), 3.81 (s,
1H, OH), 3.55-3.51 (m, 1H, H-8a), 2.65-1.24 (m, 16H1, H-2, H-5, H-6,
H-7).

13C NMR (MeOD) & (ppm) 174.7 (C-3), 66.5 (C-8), 60.9 (C-8a), 399 (
5), 30.8 (C-2), 30.4 (C-7), 19.3 (C-6), 17.7 (C-1).

IR (film) v 3379, 1660.
MS (M+1, Cl) m/z(%) 156 (100), 155 (17), 138 (13).

HRMS calculated for gH;3NO,-H" 156.1025, found 156.1024.
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En el presente trabajo de investigacion se han radmstnuevas
aplicaciones del reactivo de yodo hipervalente P#pAla preparacion de
intermedios clave para la sintesis de diversosrd@tdos pirrolidinicos
presentes en numerosos productos naturales. Aanmko de este reactivo
ha permitido la obtencidon de 5-aroilpirrolidinomagdiante una amidacion
intramolecular de alquinos. Dichos heterociclosignah ser transformados
en derivados pirrolopirazinonicos, pirrolodiazep@s, pirrolobenzo-

diazepinicos e indolizidinicos en un niumero limitag pasos.

A continuacion se presentan las principales commles extraidas de

esta investigacion:

El reactivo de yodo hipervalentbig(trifluoroacetoxi)yodo]benceno,
PIFA, se ha mostrado altamente eficaz en la reacdé amidacion
intramolecular de alquinos a partir de sustratditsigos en la posicion
terminal del triple enlace tanto por grupos aroowdticomo por grupos
vinilicos. Del mismo modo, la reaccion tiene lugsatisfactoriamente
cuando se emplean amidas N-alquil o N-alil suslési A partir de los
resultados obtenidos concluimos que, para que lacci@n de
heterociclacion tenga lugar, aparenta ser necekasastitucion del triple
enlace por un grupo que estabilice el déficit dgaajue se genera en tal

proceso.
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0] 0] R'
R _PIFA N
g7 N > R
R/\)J\H m— )J\Lfo

R = arilo, alilo
R' = alquilo, vinilo

El empleo de sustratos que contienen un grupo atiimadicional
permitié el acceso al sistema biciclico pirrolopingdnico en diferentes
grados de oxidacion de manera totalmente diastenérotada. Ensayos
posteriores nos llevaron a postular la formaciénmétermedio iminico en

la etapa de aminacion intramolecular que sucedetapa de desproteccion.

NH'Boc
0 H HN
—_—
Ar)J\LNFO Ar SN ]

El empleo de sustratos N-cianometil-alquinilamidiba resultado ser

una alternativa inviable en la formacion del esgteelpirrolidindnico,
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probablemente debido a que la fuerte desactivagu@provoca el grupo
carbonitrilo no permite la reaccion de ciclacidmovida por PIFA, un
proceso basado en la generacion de un intermedictaieo que ha de

estabilizarse para que resulte productivo.

PIFA
PMP TFEA

Esta estrategia sintética general encaminada ardpagacion de
heterociclos pirrolo-fusionados se verific6 nuevateecuando se aplico a
sustratos analogos a los anteriores que conteniemgméntos
propilendiaminicos monoprotegidos. Ello ha supuestor lo tanto, el
disefio y la ejecuciébn de una nueva via de accesocorapuestos
pirrolodiazepinicos. La preparacion de sus analogos
pirrolobenzodiazepinicos resulté igualmente posiblepartir tanto de
sustratos ~ N-aminometilfenilamidicos como de  sustrat N-
nitrobencilamidicos. En este caso, el origen d&rescontrol observado
puede explicarse en funcion de la estabilizaciélosgléntermedios iminicos
y enaminicos que se someten a la etapa de hidgana
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Pirrolodiazepinonas:

La sintesis de estructuras indolizidinicas 8-hidswstituidas se llevo
igualmente a cabo a través de nuestro disefio ismiztpartir de N-alil-5-
estirilpentinamidas, si bien solo uno de los dosilpes diastereoisomeros

se consiguié con absoluto estereocontrol. La eidensgel proceso a
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sustratos que porten diferentes sustituyentes ritrégjeno amidico y en la
posicion terminal del triple enlace ha encontraddas dificultades. En
primer lugar, la reaccion de metéatesis para gerararerre de anillo ha
resultado ser muy dependiente del grado de sustitude los fragmentos
olefinicos. Hemos observado que la mayor sustituéi@luce procesos
indeseados de isomerizacion, lo que imposibilitd, rruchos casos la

obtencion del producto deseado.

OH

R = alquenilo /
OH /J oH HO
_.R)\LNFOQ | N N
HO™
O
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In this dissertation, we have shown new applicatioh the PIFA-
assisted intramolecular alkyne amidation reactiovards the preparation of
pyrrolidinone derivatives as key intermediate iae fiynthesis of a number of
pirrolo-fused heterocycles. In particular, thisagtgy has allowed the access
to pyrrolopyrazinone, pyrrolodiazepinone, pyrrolobediazepinone and

indolizidinone derivatives in few steps.
We present now the conclusions drawn from our rebea

[Bis(trifluoroacetoxy)iodo]benzene (PIFA) efficientlysssts the
intramolecular alkyne amidation reaction when atgd aryl and alkenyl
groups are located at the terminal position of skerting alkynylamide
precursors. The reaction is also efficient whenlkydaor N-allyl amides are
used. Therefore, the efficiency of the reactionesebn the presence of an
appropriate group positioned on the triple bondorder to stabilize the

charge deficit created during the cyclization pesce

O O R'
R PIFA N
gz N ——___ T R
R/\)L H TFEA )Kl)ﬁo
R = aryl, allyl
R' = alkyl, vinyl

N-Aminoethylpentynamides can be considered adequtaeting

material for the stereocontrolled access to theomypyrazinone scaffold
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according to our synthetic design. Further studeéss us to suggest the
formation of an imine intermediate, during the amtrolecular amination

step.

NH!Boc
HN

O /)
Ar)J\LN);O AN )

NHCbz
0] /) |
—
AI’)KLNFO T AI')\LNFO Ar)\C\lfO

When N-cyanomethylamides were employed, the fownatf the

pd

corresponding pyrrolidine skeleton resulted to béeasible, probably due
to the strong deactivation that the CN group exetimder these
circumstances, the required deficient intermedied@not be stabilized,
making the whole process not productive.

PIFA
PMP TFEA
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The application of our general synthetic strategy N-
aminopropylpentynamide substrates led to the cocstn of the
pyrrolodiazepinone  skeleton.  Analogously, the sgsih  of
pyrrolobenzodiazepinones has been achieved fromhereit N-
aminomethylphenylamide or N-nitrobenzylamide sudiss. In this case,
the stereocontrol of the reaction is based on thdable tautomeric
equilibrium between the imine/enamine intermedidleg are submitted to

the hydrogenation process.
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Pyrrolodiazepinones:

-
-

The synthesis of 8-hydroxy-substituted indolizidisteuctures could
also be carried out through our synthetic desigomfr N-allyl-5-
stirylpentynamides, although only one of the twesgble diastereomers
was obtained with high estereocontrol. The extensb the process to

substrates carrying different substituents on thél& nitrogen and at the
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terminal position of the triple bond has found sesi difficulties. First, the

metathesis reaction employed to generate the fosuie has proved to be
highly dependent on the degree of substitutiorhefdlefinic fragments. We
have observed that increased substitution induc@snted isomerization

processes, which made impossible, in many casesle$ired result.

— OH HO/,
— R —

R=Ar

R = alkenyl

OH OH
HO,,,,,
L R e
Ho““' N
0]
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1. INTRODUCTION TO DIARYL IODONIUM SALTS

Diaryliodonium salts were first discovered in 18924 This class of
iodine (lll) reagents has recently gained considerattentior3° as they
provide a mild, non-toxic and low cost alternatteethe use of metals such
as Hg, Pb or Pd in arylation reactidds.

Thus, diaryliodonium salts are often applied in aheatalyzed
coupling reaction$31.132 in qa-arylations of carbonyl compounéss, as
photoinitiators in polymerizatiori§4 as benzyne generatbisand also as

precursor td®F-labelled radio ligands
1.1. Structure, reactivity and synthesis of diarylbdonium salts

A diaryliodonium salt consists of two aryl moietiesund to a central
iodine atom, together with an aniofrigure 4.1). The anion not only

influences the solubility of the salt, but also tteactivity and stability.

129. Hartmann, C.; Meyer, \Ber. Dtsch. Chem. Ge$894 27, 426.

130. For a review on this topic, see: (a) MerkHtt,A.; Olofsson, BAngew. Chem. Int. EQ009 48,
9052. (b) Richardson, R. D.; Wirth, Angew. Chem. Int. E@00§ 45, 4402. (c) Richardson, R. D.;
Wirth, T. Angew. Chem. Int. EQ006 118 4510. (d) Wirth, TAngew. Chem. Int. EQ006 117,
3722. (e) Wirth, TAngew. Chem. Int. E@006 44, 3656.

131. Stang, P. J. Org. Chem2003 68, 2997.

132. Deprez, N. R.; Sanford, M. IBorg. Chem?2007, 46, 1924.

133. (a) Aggarwal, V. K.; Olofsson, Bngew. Chem., Int. E@005 44, 5516. (b) Ryan, J. H.; Stang,
P. J.Tetrahedron Lett1997 38, 5061. (c) Gao, P.; Portoghese, PJSOrg. Chem1995 60, 2276.
(d) Beringer, F. M.; Daniel, W. J.; Galton, S. A.;lRu G.J. Org. Chem1966 31, 4315.

134. (a) Crivello, J. V. J. Polym. Sci. Part A: Polym. @hel999 37, 4241. (b) Toba, Y. J.
Photopolym. Sci. Techna2003 16, 115.

135. Kitamura, T.; Yamane, M.; Inoue, K.; Todaka, Fukatsu, N.; Meng, Z.; Fujiwara, ¥. Am.
Chem. Socl999 121, 11674.

136. Zhang, M.-R.; Kumata, K.; Suzuki, Retrahedron Lett2007, 48, 8632.
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Generally, diaryliodonium salts containing non-maghilic anions such as
BF, and TfO have better solubility and stability, and are thueferred
over halide anions (GIBr and I). If the two aryl groups of the salt are
identical, the salt is symmetric, whereas if theg maot identical the salt is
unsymmetric. The use of symmetric salts is ofteafgsred in organic
synthesis as this avoids selectivity issues in argihsfer reactions.
However, in cases where starting materials are restpe and selective

transfer of one aryl group is possible, unsymmedaits are desirable.

X s R' = R Symmetric salt

|
R N \©R2 R' # R? Unsymmetric salt
= = X = Cl, Br, |, OTf, OTs, BF,....

Figure 4.1.General structure of diaryliodonium salts.

X-ray crystallography has been used to show thahénsolid state,
iodine (Ill) compounds have a T-shaped structureylich the iodine and
the two apical ligands share a hypervalent bdfnigufe 4.2. However, the
structure of these salts in solution is still deblaand is thought to depend

on both nature of the anion and the solvént.

137. Ochiai, MTop. Curr. Chem2003 224, 5.
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5L

‘\..
s L

Figure 4.2.Geometry of a*iodane.

Diaryliodonium salts are electrophilic reagents ahhireact with
nucleophiles via nucleophilic attack on the elettdeficient iodine (Il1)
centre. After the initial Nu-l bond formation andlease of one of the
ligands, the reductive elimination yields the produeleasing Ar-1$cheme
4.1).138

L Nu
Nuﬁ!“‘m\\: = Ari!"“\\\\..
‘\, L- V|\,

Ar Ar
Scheme 4.1General reactivity of diaryliodonium salts.

—> Nu-Ar + Ar-l

The most common method of synthesizing diaryliodomisalts

involves the conversion of an aryl iodide into agliadine (Ill) compound

138. (a) Varvoglis, AThe Organic Chemistry of Polycoordinated lodiM&€H, Weinheim 1992 (b)
Varvoglis, A.Hypervalent lodine Chemistrgpringer, Berlin2003
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by treatment with an inorganic oxidant under acidionditions!3®

Subsequent ligand exchange with an arene or amamngztallic reagent
yields the diaryliodonium salt under acidic or malitonditions. The anion,
which usually originates from the acid, is oftercleanged to give a more

readily isolable salt3cheme 4)2

X Anion -
Oxidant 2. 2| Exchange
Ar1_| o Ar1_| 2 w r1/|\Ar2 _______ 9 >

Acid Acid

|
Ar'”7 AR

Scheme 4.2Acidic route to diaryliodonium salts.

The use of triflic acid in the above reaction affrtriflate salts
directly with no need for anion exchange. When ittdine (Ill) reagent
PIDA  (diacetoxyiodobenzene) is treated with triflicacid,
[PhI(OAC),-2TfOH] is formed. Subsequent addition of an etaetich
arene results in the formation of a diaryliodonitniflate (Scheme 4)340
This reactivity has also been observed when regsiianes, stannanes and

boron reagents together with pre-formed ioding (#hgentd#!

139. A review on this topic can be found in: (adahkin, V. V.; Stang, P. £hem. Rev2002 102,
2523. (b) Zhdankin, V. V.; Stang, P.GChem. ReVv2008 102, 5299. (c)Reference 130a.

140. (a) Kitamura, T.; Matsuyuki, J.; Taniguchi, $¥nthesid994 147. (b) Kitamura, T.; Furuki, R.;
Nagata, K.; Taniguchi, H.; Stang, PJJOrg. Chem1992 57, 6810.

141. When using silanes, see: Koser, G. F.; WettRciH. Smith, C. SJ. Org. Chem198(Q 45,
1543. For stannanes, see, for example: Zhdankin/.VScheuller, M. C.; Stang, P. Tetrahedron
Lett 1993 34, 6853. For boranes, see an example in: CarrolA MPike, V. W.: Widdowson, D. A.
Tetrahedron Lett200Q 41, 5393.
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OAc -
[ i. TFOH, CH,Cl, I+ OTf

©/I\OAC 0°CtoRT, 1h ©/ N
ii. AtH, CH,Cl, Z

0°Cto RT, 1-24 h (74-98%)

Scheme 4.3Synthesis of diaryliodonium salts from PIDA.

The synthesis of chiral diaryliodonium salts hasodbeen reported.
For example, Ochiagt al. prepared a chiral tetrafluoroborate salt from 2-
(diacetoxyiodo)-1,1’-binaphthyl with tetraphenylistene in the presence of
boron trifluoride etherateéScheme 4)342

9 oy L e
(OAc), PPeSn. BFyOEt, v
] ] CH,Cl, RT, 24 h ] ] BF4

(76%)

Scheme 4.4Synthesis of a chiral diaryliodonium salt.

142. Ochiai, M.; Kitagawa, Y.; Takayama, N.; Takaok.; Shiro, M.J. Am. Chem. S0&99Q 112,
5677.
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The use of inorganic hypervalent iodine reagentviges a shorter
route to diaryliodonium salts. For example, areces be treated with with
iodic acid, iodosylsulfate or iodine (lll) trifluoacetate to form
diaryliodonium salts which, after an anion exchanggnerate the
corresponding diaryliodonium halideSgheme 4)543

HSO, .
H,SO, 44 anion

10),SO, + — —— AnIX

(10):50, + 4ArH 2 Ar/I\Ar exchange 2

Scheme 4.5inorganic hypervalent iodine (Ill) reagents usethia synthesis of

diaryliodonium salts.

All of the reactions described until now are pearied under acidic
conditions. However, substrates containing acidisiee substituents or
certain heteroatoms cannot be used under thesatioosd A frequently
employed method for the preparation of symmetrietoaryliodonium salts
is ligand exchange ofg-(dichloroiodo)chloroethylene with a lithiated aeen
(vide infrg.144 When an unsymmetric salt is desired, treatmenpref

formed vinyliodonium salts with aryllithium is a seessful strategy. These

143. (a) Beringer, F. M.; Drexler, M.; Gindler, E.;M.umpkin, C. CJ. Am. Chem. So0d953 75,
2705. (b)Beringer, F. M.; Falk, R. A.; Karniol, M.: Lillier,; Masulio, G.; Mausner, M.; Sommer, E.
J. Am. Chem. So#&959 81, 342.

144. (a) Beringer, F. M.; Nathan, R. A.Org. Chem1969 34, 685. (c) Beringer, F. M.; Nathan, R.
A. J. Org. Chem197Q 35, 2095. (c) Stang, P. J.; Olenyuk, B.; ChenSknthesid 995 937.



Heteroaromatic lodonium Salts 321

approaches are especially useful in the preparatiomitrogen containing
bis(heteroaryl)iodonium salt$S¢heme 4)645

+ OTf
Ar'-(OAc), R ImAT a2y
L —_—

TfOH TfO R

Scheme 4.6Synthesis of diaryliodonium salts by adding lite@&arenes to vinyl

iodonium salts.

The progress in the synthesis of diaryliodoniuntssialvolves a one-
pot oxidation and ligand exchange reaction in order obtain the
diaryliodonium salts directly from arenes and aitlen iodoarene or

molecular iodine$cheme 4.76

145. (a) Kitamura, T.; Furuki, R.; Taniguchi, H.;a8t, P. JTetrahedron Lett199Q 31, 703. (b)
Kitamura, T.; Furuki, R.; Taniguchi, H.; Stang, PTétrahedron1992 48, 7149. (c) Kitamura, T.;
Kotani, M.; Fujiwara, Y.Tetrahedron Lett1996 33 3721. (d) Pirguliyev, N. S.; Brel, V. K;
Akhmedov, N. G.; Zefirov, N. SSyntehsi200Q 81.

146. (a)Hossain, M. D.; Kitamura, TTetrahedror2006 62, 6955. (b)Hossain, M. D.; Kitamura, T.
Tetrahedron Lett.2006 47, 7889. (cHossain, M. D.; Ikegami, Y.; Kitamura, T. Org. Chem2006
71, 9903.
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| i K28208 TFA + OTf
X Ny ., CHCly 36°C_
R~ + - —R!
Z % ii. ag. NaOTf
RT,8h (58-78%)
i K,S,05 TFA
X 40 °C, 72 h
|2 + 4 | —R
= ii. ag. NaOTf
RT, 12 h
(54-81%)

Scheme 4.7Examples of Kitamura’s one-pot syntheses of diadghium salts.

An example of this strategy is the one-pot synthes$ia wide range
of symmetric and unsymmetric diaryliodonium tri#af including some
heteroaryliodonium salts, from aryliodides and aeenin this casem-
CPBA was selected as the oxidant and the triflid a@as employed to both
activate the oxidant and deliver the triflate antonthe salt. Using this
method, diaryliodonium triflates were obtained imghyields with short

reaction times and without need for excess read8cteeme 4)347

147. (a) Bielawski, M.; Olofsson, BChem. Comm2007, 2521. (b)Bielawski, M.; Zhu, M.;
Olofsson, BAdv. Synth. CatakR007, 349, 2610.
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| m-CPBA (1 eqqiv.) I+'OTf
» _(j/ . @_Rz TfOH (2-3 eqU|v.)= = {j/ \@ »
% — CH,Cly RT, 1h = =
(51-92%)

Scheme 4.8Example of Olofsson’s one-pot syntheses of diadgidum salts.

1.2. Applications of diaryliodonium salts in Organic Syrthesis.

The range of applications of diaryliodonium saftrganic synthesis
has expanded over the last decade, and incladaylation of carbonyl
compounds, metal-catalyzed cross coupling reactioasy/lation of
heteroatom nucleophiles, benzyne generation andomhadization of

phenols.

The use of diaryliodonium salts in reactions witicleophiles leads
to transfer of one of the two aryl moieties. As tn@med earlier, although
symmetric diaryliodonium salts are generally pnefdrover unsymmetric
salts, in some situations, the use of unsymmetdlis s desirable. In metal
mediated reactions with unsymmetric salts, thetlsasrically hindered
arene is selectively transferred; if steric bulkn@ a factor, then the most
electron-rich arene is preferentially transferre@onversely, when
diaryliodonium salts are employed in non-metal ratsti reactions the most

electron-deficient arene is normally transferrdthaugh there are reports of
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different reactivity when an ortho-substituent ieegent in one of the

arenes.’

One of the most well studied reactions of diarytiodims salts isi-
arylation of carbonyl compound® For example, a highly efficient

arylation of malonates is depictedScheme 4.§%¢

o 0 o o
M LNar,omE I L
EtO OFt i prix  E1O7 < “OEt
R r

(up to 95%)

Scheme 4.9Arylation of malonates.

Although this reaction has been thoroughly invedéd, asymmetric
variants are less common. In 1999, Ocleiaal. reported the use of chiral
iodonium salts as a source of asymmetric induciiothe arylation off3-

ketoesters§cheme 4.0)049

148. (a) Reference 130a. (b) Reference 132. (¢) Ol.CKim, J. S.; Jung, H. HJ. Org. Chem.
1999 64, 1338.

149. Ochiai, M.; Kitagawa, Y.; Takayama, N.; Takaok.; Shiro, M.J. Am. Chem. S04999 121,
9233.
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O

'BUOK/'BUOH 0
COOMe
Ph
OO -Ph (37-68%)

"BFs  ee=34-53%
993
Scheme 4.10Asymmetric arylation using chiral iodonium salts.
In the example depicted Bcheme 4.14 pyridyl salt is used for the

arylation of the cyclohexanone after enolizatiothva chiral base, as a key

step in the total synthesis of (-)-epibatidii&

i A i
Ph rI:{/\Ph Ar H N
|
|+‘CI > XN
N(Boc N N N(Boc
(Bockz /O/ U (Boc) (-)-epibatidine
CI” >N N~ ~Cl (41%)
ee = 84%

Scheme 4.11Asymmetric arylation used for the preparation dfefpibatidine.

Considering the excellent leaving group abilitytbé iodobenzene

group, diaryliodonium salts have been widely used cross-coupling
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reactions;>>**? especially in combinations with a copper or paiiad
catalyst. This method has been employed for th&atzoy of alkenes and
both aliphatic and aromatic alkynes. The use ofidure of palladium and
copper catalysts along with diphenyliodonium tosylar triflate allows the
phenylation of enynes, propargylic ketones and amgyic esters,
functional groups that are normally unreactive ietahcatalyzed couplings
with aryl iodidests0 Regarding alkenes, it has recently been found that
palladium pincer complexes can react with diarydiodm salts in order to
arylate allylic acetates and electron-rich alkef8xheme 4.0)251

COOEt Pd b COOEt
pincer
AN T N
H OAc Ar,lX Ar OAc
(74-99%)

Scheme 4.12Heck-type coupling with Pd pincer complexes.

Cross-coupling reactions involving C-H activatidmaugh the use of
diaryliodonium salts have become increasingly widead over the last
decade. A striking example of this is the use aindiodonium salts in a

metaselective copper-catalyzed C-H bond arylationpregal by Phipps and

150. Radhakrishnan, U.; Stang, POdg. Lett.2001, 3, 859.

151. (a) Szabo, J. K. Mol. Cat. A201Q 324, 56. (b) Aydin, J.; Larsson, J. M.; Selander, 8kabd,
J. K.Org. Lett 2009 11, 2852.
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Gaunt in 2009. Interestingly, when palladium (I8talysts are used in this

reaction, the usuartho-product is obtainedScheme 4.1)352

R R R

\© Pd(O) cat. Cu(II) cat. @\
Ph2IPF6 PholOTf

Scheme 4.13netaSelective C-H activation/arylation.

Arylation of heteroatom nucleophiles, such as pleradiphatic and
aromatic amines and sulphur and selenium nuclesphilas also been
achieved using diaryliodonium salts, leading toryiathers, N-arylated
compounds, aryl thioethers and selenoethers, aadylsulphonium and

selenonium saltss3

152. (a) Phipps, R. J.; Gaunt, M.Stience2009 323, 1593. (b) Daugulis, O.; Zaitsev, V. @ngew.
Chem. Int. EJ2005 44, 4046.

153. (a) Beringer, F. M.; Brierley, A.; Drexler, MGindler, E. M.; Lumpkin, C. CJ. Am. Chem. Soc.
1953 75, 2708. (b) Ley, S. V.; Thomas, WMngew. Chem. Int. E@003 42, 5400. (c) Petersen, T.
B.; Khan, R.; Olofsson, BOrg. Lett.2011, 13, 3462. (d) Jalalian, N.; Ishikawa, E. E.; Silva,R.;
Olofsson, BOrg. Lett.2011, 13, 1552.
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2. Heteroaromatic iodonium salts

Like diaryliodonium salts, heteroaromatic iodoniwgalts, where at
least one of the aryl moieties is a heterocycley ba used as arylating
agents, providing a selective, efficient and noxi¢omethod for the
preparation of heterocyclic molecules.

2.1. Synthesis of heteroaromatic iodonium salts

While numerous methods for the preparation of diedgnium salts
exist, only some of these routes are suitable for preparation of
heteroaromatic iodonium salts. Stang and co-workep®rted a route to
pyridine- and quinolone-based diaryliodonium chdes through the
reaction of the appropriate aryllithium wifachlorovinyliodonium chloride
(Scheme 4.)44%¢

Cl
ICl, . -
A+ = —— A % Aryl*CI-
Cl cr LiCl, C,H,

Scheme 4.14Synthesis of diaryliodonium salts iachlorovinyliodonium

chloride.
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Recently, a four step route to (phenyl)(3-pyridytlonium salts was
reportedt>4 In this route, chlorine gas is required to pregheeinitial iodine
(Il1) species, as a direct route to the pyridyliodon salt is not known
(Scheme 4.15

| ICI 10 I(OAc)
X A 2 A A 2
| ]k 0 NaOH (aq.) 0 AcOH U
N N

N N
Basic Synthesis, 4 steps l

— oo
Direct Route

(overall yield 11%)

\

Scheme 4.1%Carroll and co-workers approach to (aryl)(3-pyr)iydonium salts.

Despite the apparent difficulty of this transforioat Olofsson and
co-workers have reported a one-step synthesisaofldidonium salts under
acidic conditions, which, in some cases, can bed us® prepare
heteroaromatic saltsS¢heme 4.8age 323). During my collaboration with
the Olofsson group, my task was to study this readh order to devise a

one-step method for the synthesis of heteroaronmadicnium salts, based

154. Carroll, M. A.; Nairne, J.; Woodcroft, J.L.Label. Comp. Radiopharr2007, 50, 452.
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on the success of the one-pot synthesis of dialyhaum salts employing
m-CPBA 147,155

A preliminary study of this reaction had previoublkgen carried out
within the group Table 4.). Thus, it was determined that the use of an
excess of the oxidant and 4 equivalents of Tf@Hrtries 1-4 improved the
yield. It was found that the reaction proceeds eamtrly rapidly, with the
best yield being obtained when the time was deerkde 30 minutes
(entries 4-. Lowering the temperature resulted in a losseaictivity, but
good yields were obtained at 60 °C. Further studliethis reaction led us to
the conclusion that protonation of the nitrogenobefthe addition of the
oxidant resulted in selective oxidation of the raiwith the proton acting
as a protecting group, preventing oxidation of tieogen. Thus, a five
minute reaction of TfOH with the substrate, foll@Mey the addition of the
oxidant would guarantee that only oxidation of ibéine took place when
them-CPBA was added.

155. (a) Bielawski, M.; Aili, D.; Olofsson, B. Org. Chem2008 73, 4602. (b)Zhu, M.; Jalalian, N.;
Olofsson, BSynlett2008 592.
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Table 4.1.0ptimization studies.

CoHs (84a) +OTf
1.1 equiv.) N
e L O
CH,Cl 12 mCPBA  “p
RT, 5 min |
85
Entry m-CP_BA TfOH T Time 85
(equiv)  (equiv.)  (°C) (h) Yield (%)
1 1.1 3.0 80 3 54
2 15 3.0 80 3 60
3 2.0 3.0 80 3 52
4 1.5 4.0 80 3 68
5 1.5 4.0 80 10 min 48
6 15 4.0 80 0.5 60
7 15 4.0 RT 0.5 --@
8 15 4.0 40 0.5 (@)
(9 15 4.0 60 0.5 69 )

@ No product could be isolated.

To determine the scope of this reaction, a numbdeniwogen-
containing iodoarenes3a-f were tested under these conditions with
sterically hindered arenéglb-c (Figure 4.3. The sterically hindered arene
will act as a dummy ligand and promote a seledtiaesfer of the heteroaryl

group in metal mediated reactions.
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X
~

N I
83f

I I [ Me |
A O W
HNTY N=
N N" \— N
83a 83b 83c

83d Me 83e

Me 'Pr
© Me/©\Me ipr/ﬁj\ipr
84b 84c

84a

Figure 4.3.Substrates employed in the synthesis of diaryliadarsalts.

The results inTable 4.2show that the reaction of 3-iodopyridine
(839 was successful with both mesitylene84l) and 1,3,5-
triisopropylbenzeneddc) (entries land2). The desired products were also
obtained when reacting 3-iodoquinolir83¢ entries 4 and band pyrazoles
83d and83e (entries 6-9 with 84b and84c under the optimized conditions.
Unfortunately, 2-iodopyridine8@3f) did not react and protonated starting

material was obtaineetry 10.
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Table 4.2.Synthesis of heteroaryl iodonium salts.

| TfOH | m-CPBA j ot
R S (dequiv) R-T ] (15equiv.) R—'/j/ Ar
J —— UJ —Fag = L7 -ToH
N CHACl2 N-ott (1.1 equiv.) N
RIS min H " 60, 30 min
83a-f ’ 86-94
Entry lodoarene Ar-H Product  Yield (%)
1 83a 84b 86 70
2 83a 84c 87 59
3 83b 84b 88(@ 47
4 83c 84b 89 77
5 83c 84c 90 82
6 83d 84b 91 67
7 83d 84c 92 70
8 83e 84b 93 75
9 83e 84c 94 75
10 83f 84b - -—

(@) |solated as non-protonated salt.
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3. CONCLUSIONS

A fast, efficient and simple one-pot synthesis efeinoaryl iodonium
salts has been developed. Heteroaryl iodonium saks obtained in a
protonated form directly from iodoarenes, usmgCPBA as oxidant and
triflic acid. Further studies are being conducted order to allow the

isolation of non-protonated salts.

This reaction allows the synthesis of a large nundfiecompounds,
including those with sterically hindered moietiekwever, further studies
on the effect of substituent type and substitupattern on different hetero-
iodoarenes are necessary in order to fully evalubte scope of the

methodology.
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4. EXPERIMENTAL PROCEDURES
4.1. General methods and materials.

NMR spectra were recorded using Me@pas solvent. Chemical
shifts are given in ppm relative to the residuakptor MeODd, (*H-NMR
§ 3.31,°C-NMR 49.0) with multiplicity (s: singlet, d: dou, t: triplet, q:
quartet, m: multiplet, br: broad, app: apparemjegration and coupling
constants (Hz). All reaction were carried out iled tubes to allow for
reactions above the boiling point of @H,, and run without any
precautions to avoid moisture or dig. without inert gas or dried solvent.
TfOH (> 99%) was stored under an argon atmosphere. Nawghpsedn-
CPBA contains a variable quantity of®L Prior to usem-CPBA was dried
in batches under vacuum for 1 h and the percentdgactive oxidant
determined by iodometric titratida® The dried, titratean-CPBA was then
stored at 4 °C for future use. All other reagentrevused as received
without further purification (or synthesized andrifjad according to

literature procedures where stated).

156. A. I. Vogel, B. S. Furniss, A. J. Hannaford,Rbgers, P. W. G. Smith, A. R. Tatch&bxtbook
of Practical Organic Chemistryjtongman, London, New York,978
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4.2. Typical procedure for the synthesis of heteragl iodonium
salts 85-94.
3-(phenyliodonio)pyridinium triflatég85).

+ OTf 3-lodopyridine 83a 50 mg, 0.24 mmol) was

I~
| o Ph | TioH dissolved in CHCI, (1 mL) and TfOH (4 equiv.)

=

N was added. The mixture was stirred for 5 minutes

before the addition om-CPBA (1.5 equiv.), followed by the addition of
benzene§4a 1.1 equiv.). The reaction mixture was stirred@t’C for 30
minutes before being allowed to cool to room terapge and concentrated.
Et,O was added (1 mL) to the vial and the solutionleddo 0 °C and
stirred for 30 minutes to give a precipitate. Thecpitate was isolated by
filtration and washed with ED (3x1 mL) to give compoun85 as a light
grey solid in69% vyield.

mp: 127-130 °C (BEO).

'H-NMR (5.0 mg in 0.5 mL MeODy, 400 MHz): & 9.29 (d,J=1.6, 1H),
8.86 (dd,J=1.2, 4.8, 1H), 8.70 (ddd}=1.2, 2.0, 8.4, 1H), 8.25 (app. d,
J=8.5, 2H), 7.73 (app. 1=7.6, 1H), 7.65 (dddJ=0.8, 5.2, 8.4, 1H), 7.57
(app. t,J=8.0, 2H).

3C-NMR (20.0 mg in 0.5 mL MeODR; 100 MHz):$ 152.3, 151.1, 147.2,
136.9, 134.2, 133.5, 129.2, 121.8.g316), 116.3, 115.4.

HRMS (ESI): m/zcalculated forCy;HoNI [M - OTf" - TfOH]" 281.9774, found
281.9759
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3-(mesityliodonio)pyridinium triflat¢86).

+|’0Tf According to the typical procedure, compoudl
\ N
Mes . TfoH Wwas obtained fron83a and84b in 70% vyield as a

beige solid.
mp: 153-155 °C (BEO).

'H-NMR (10.2 mg in 0.5 mL MeORk 400 MHz): & 9.14 (d,J=1.9, 1H),
8.90 (dd,J=5.0, 1.2, 1H), 8.54 (ddd=8.4, 2.2, 1.4, 1H), 7.76 (ddd=8.5,
5.2, 0.7, 1H), 7.30 (s, 2H), 2,71 (s, 6H), 2.4CB(3).

3C-NMR (20.0 mg in 0.5 mL MeORk 100 MHz): & 150.6, 150.0, 147.1,
146.6, 143.8, 131.7, 129.7, 122.4, 121.7}®17), 113.4, 27.1, 21.0.

HRMS (ESI): m/z calculated for @H1sNI [M - OTf - TIOH]" 324.0244,
found 324.0252.

3-[(2,4,6-triisopropylphenyl)iodonio]pyridinium fitate (87).

+|’0Tf According to the typical procedure, compoudd
| N TR .Ttoy Was obtained fron83a and84cin 59% yield as a
~
N white solid.

mp: 149-150 °C (BO).

'H-NMR (5.0 mg in 0.5 mL MeODy, 400 MHz): 8 9.00 (dd,J=0.6, 2.3,
1H), 8.82 (ddJ=1.3, 4.8, 1H), 8.34 (dddl=1.3, 2.3, 8.3, 1H), 7.64 (ddd,
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J=0.8, 4.8, 8.4, 1H), 7.37 (s, 2H), 3.45-3.40 (m,),2B106-2.99 (m, 1H),
1.31 (d,J=6.8, 12H), 1.27 (dJ=7.0, 6H).

3C-NMR (20.0 mg in 0.5 mL MeORk 100 MHz): 5 157.6, 153.6, 151.0,
150.6, 145.9, 129.5, 126.8, 123.3, 121.8)&816), 114.1, 40.8, 35.4, 24.5,
24.0.

HRMS (ESI): m/z calculated GHi/NI [M - OTf - TfOH]" 408.1183,
found 408.1192.

mesityl(6-chloro-3-pyridyl)iodonium triflate38).

+|’OTf According to the typical procedure, compouslwas

| \/ Mes " obtained from83b and 84c in 47% yield as a brown

ci” N solid.

mp: 163-164 °C (BO).

'H-NMR (MeOD-d,, 400 MHz):5 8.82 (dd,J = 0.7, 2.4, 1H), 8.28 (dd}, =
2.4, 8.6, 1H), 7.58 (dd = 0.5, 8.5, 1H), 7.26 (s, 2H), 2,67 (s, 6H), 2.86 (
3H).

¥C-NMR (MeOD-d; 100 MHz):5 155.9, 154.3, 146.3, 145.4, 143.5, 131.5,
129.2, 122.4, 121.8 (4,= 314), 111.4, 27.0, 21.0.

HRMS (ESI): m/z calculated for ¢H14CINI [M — OTf]* 357.9854, found
357.9843.
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3-(mesityliodonio)quinolinium triflatéB9).

+ OTf According to the typical procedure, compound
| Y Mes . Tion 89 was obtained fror83cand84bin 77% yield
=
N as a light brown solid.

mp: 155-156 °C (EO).

'H-NMR (MeOD-d,, 400 MHz):5 9.22 (d,J=2.2, 1H), 9.15 (dJ=2.0, 1H),
8.15 (d,J=8.8, 1H), 8.09 (dJ=8.2, 1H), 8.04-7.99 (m, 1H), 7.85-7.79 (m,
1H), 7.27 (s, 2H), 2.74 (s, 6H), 2.36 (s, 3H).

3C-NMR (MeOD-d; 100 MHz):8 150.2, 149.5, 146.5, 144.2, 143.8, 136.7,
131.6, 131.4, 131.2, 130.5, 125.8, 122.7, 121.35816), 107.3, 27.2, 21.0.

HRMS (ESI): m/z calculated for GHi/NI [M - OTf - TFOH]" 374.0400,
found 374.0399.

3-[(2,4,6-triisopropylphenyliodonio]quinoliniumittate (90).

+ OTf According to the typical procedure, compound

N
A
| TRIP 90 was obtained fronB3c and 84c in 82%
N/ » TfOH

yield as an off-white solid.
mp: 135-138 °C (BEO).

'H NMR (MeOD-ds 400 MHz):5 9.19 (d,J=2.2, 1H), 9.16 (dJ=1.6, 1H),
8.15 (d,J=8.5, 1H), 8.10 (dJ=8.3, 1H), 8.06-8.00 (m, 1H), 7.87-7.81 (m,
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1H), 7.37 (s, 2H), 3.61-3.51 (m, 2H), 3.07-2.96 (4h), 1.33 (d,J=6.6,
12H), 1.26 (d,J=6.8, 6H).

13C NMR (MeOD-ds 100 MHz):$ 157.6, 153.7, 150.4, 148.1, 145.5, 136.2,
131.3, 131.0, 130.3, 127.1, 126.8, 123.9, 121.9816), 108.4, 40.9, 35.5,
24.7,24.1.

HRMS (ESI): m/zcalculated for gHxeNI [M - OTf - TfOH]" 458.13309,
found 458.1314.

4-(mesityliodonio)-3,5-dimethyl-1H-pyrazol-2-iunflate (91).
Me , OTf According to the typical procedure, compoudil
I~
HN)T Mes was obtained fron83d and84b in 67% vyield as a
. « TfOH
N™ “Me pale brown solid.

mp: 148-152 °C (ED).

'H-NMR (5.9 mg in 0.5 mL MeOD, 400 MHz): 3 7.20 (s, 2H), 2.64 (s,
6H), 2.35 (s, 9H).

3C-NMR (MeOD-d,; 100 MHz):5 149.8, 145.4, 142.9, 131.4, 121.3, 121.8
(q,J=316), 81.0, 26.6, 20.9, 12.3.

HRMS (ESI): m/zcalculated for gH:gNol [M - OTf™ - TfOH]" 341.0509,
found 341.0515.
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3,5-Dimethyl-4-[(2,4,6-triisopropylphenyl)iodonid]H-pyrazol-2-ium
triflate (92).

Me +I'0Tf According to the typical procedure, compolgi
~" "TRIP . : ;

HN\):( . Ton Was obtained fron83d and84cin 70% vyield as
N™ “Me an off-white solid.

mp: 141-142 °C (ED).

'H-NMR (25. 3 mg in 0.5 mL MeORk 400 MHz):§ 7.30 (s, 2H), 3.41-
3.34 (m, 2H), 3.03-2.96 (m, 1H), 2.38 (s, 6H), 1(89=6.8, 12H), 1.25 (d,
J=6.8, 6H).

¥C-NMR (MeOD-d; 100 MHz):5 156.5, 153.0, 149.7, 126.3, 122.9, 121.8
(q,J=316), 82.0, 40.5, 35.3, 24.4, 24.0, 12.3.

HRMS (ESI): m/zcalculated for goHzoNol [M - OTf™ - TfOH]" 425.1448,
found 425.1451.

4-(mesityliodonio)-1H-pyrazol-2-ium trifla@®3).

+I’0Tf According to the typical procedure, compoudl
HN/j/ “Mes . roy Was obtained fron83eand84b in 75% yield as a

N brown solid.

mp: 169-171 °C (ED).

'H-NMR (5.8 mg in 0.5 mL MeODl, 400 MHz):6 8.23 (s, 2H), 7.19 (s,
2H), 2.71 (d, 6H), 2.34 (s, 3H).
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3C-NMR (5.8 mg in 0.5 mL MeOD, 100 MHz): § 145.5, 142.7, 140.3,
131.0, 124.2, 121.8 (d=316), 79.0, 27.0, 21.0.

HRMS (ESI): m/zcalculated for GH1Nol [M - OTf™ - TfOH]" 313.0196,
found 313.0192.

4-[(2,4,6-triisopropylphenyl)iodonio]-1H-pyrazol-2:m triflate (94).

. OTf According to the typical procedure, compoudwi
I~
HN/T TRIP was obtained fron83eand84cin 75% yield as an
_ * TfOH

N off-white solid.

mp: 175-179 °C (ED).

'H-NMR (4.7 mg in 0.5 mL MeOD#; 400 MHz):§ 8.16 (s, 2H), 7.28 (s,
2H), 3.57-3.48 (m, 2H), 3.02-2.95 (m, 1H), 1.35 Jd6.7, 12H), 1.25 (d,
J=6.8, 6H).

3C-NMR (4.7 mg in 0.5 mL MeODi, 100 MHz): § 156.5, 152.5, 140.1,
126.0, 125.6, 121.8 (4=317), 79.8, 40.4, 35.4, 24.4, 24.0.

HRMS (ESI): m/zcalculated for @HxeNol [M - OTf™ - TfOH]" 397.1135,
found 397.1142.



Anexo |

Papers






Anexo

345

A Quick Entrance to the Synthesis of 1-Aryl-pyrrolopyrazinones from Linear

Alkynylamide Derivatives

Leticia M. Pardo, Imanol Tellitu* and Esther Dominguez*
Departamento de Quimica Organica I, Facultad de Ciencia y Tecnologia (ZTF/FCT),
Universidad del Pais Vasco/Euskal Herriko Unibertsitatea (UPV/EHU), 48940 Leioa (Spain)

FAX. +34 94 601 2748; E-mail: imanol.tellitu@ehu.es

Abstract: A quick approach to the synthesis of pyr-
rolopyrazinone derivatives based on a formal double addi-
tion across a triple bond of properly substituted substrates is
presented. The key cyclization step features the PIFA-
mediated formation of a 5-aroylpyrrolidinone nucleus from
appropriately functionalized N-protected N-
aminoethylamides. After removal of the protections, the
free amino group is used to accomplish a second hetero-
cyclization process onto the developed carbonyl group.
Adequate manipulation of these protecting groups and se-
lection of the reaction conditions gives rise to a series of the
target pyrrolopyrazinones in different hydrogenated levels.

Keywords: hypervalent iodine, alkynylamides, PIFA, re-
ductive amination, pyrazinones

The pharmacological and medical literature uses the term
nootropic to refer to those drugs that are used as memory
enhancers. From the first studies carried out with piracetam
(A), and its hydroxylated analog oxiracetam (B), a number
of structural modifications have been introduced in order to
maximize the biological activity of this class of therapeutics
and alfo with the aim of clarifying their mechanism of
action.

e
X Pramiracetam (C)

X=H, Piracetam (A)
X=0H,Oxiracetam (B)

o
T
W
F

Dimiracetam (F)

oSN

Nefiracetam (D) DM232 (Unifiram) (E)

Figure 1 Selected representative and widely used examples
of nootropic agents (A-F).

Apart of these two, a few of them have been also marked as
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nootropic drugs —i.e. pramiracetam (C),> and nefiracetam
(D)3 (see Figure 1)-. The vast majority of these derivatives
are structurally characterized by a 2-pyrrolidinone nucleus
substituted at 1-position by an aminoethyl group and, in
few cases, this motif is conformationally constrained in a
heterocycle fused to the pyrrolidinone skeleton. This is the
case for both DM232 (unifiram) (E), which has been re-
ported to show cognition-enhancing properties with a po-
tency four orders of magnitude greater than piracetam,’ and
dimiracetam (F), a pyrroloimidazole derivative 10-100
times more potent than piracetam.”

Recently our group has discovered a straightforward cycli-
zation of linear N-substituted alkynylamides to give 5-
aroyl-pyrrolidinones by means of the hypervalent iodine
reagent PIFA [(bis-trifluoroacetoxy)iodobenzene)] (see
Figure 2). The extension of this preliminary study was very
limited and only the behavior of substrates carrying simple
alkyl, aryl and allyl groups as the amide substituents was
tested.® According to this, as the next stage of our research
we wished to evaluate the actual potential of this methodol-
ogy by studying the behavior of more complex alkynyla-
mides that include an additional amine group specifically
located on the amide fragment of the substrate.

R = aryl, alkyl, allyl (ref. 6) E
R = functionalyzed 1]

ococF3

(PIFA
TFEA

amines (this work) HN Nw_O
W T
(H)

Figure 2 Synthetic design for the preparation of pyrazi-
nones of type H.

Therefore, our synthetic design was conceived to allow a
second intramolecular cyclization between the residual
amine group and the keto-carbony! group of G to afford the
pyrrolopyrazinones of type H. In other words, in this work
we present an original route to prepare a series of deriva-
tives with the pyrrolopyrazinone skeleton as model com-
pounds that eventually could show potential biological
activity.

Two usual protecting groups (X=tBoc and X=Cbz) for the
terminal amino group were selected to evaluate their be-
havior under the PIFA-mediated cyclization conditions.*
Thus, preparation of alkynylamides 3-6 was performed in
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a two-step sequence as follows (see Scheme 1). First, the
formation of the amide linkage between the known mono-
protected diamines la,b and pentynoic acid was accom-
plished in almost quantitative yields for both cases with
the aid of EDC and HOBt as activating agents.” Subse-
quent insertion of the aryl groups at the terminal position
of the triple bond was efficiently performed (75-90%) by a
Sonogashira coupling reaction using Cul and Pd(II) as
catalysts.'” The selection of the aryl fragments for this
reaction was done on the basis that, in our preliminary
study,’ alkynylamides substituted at the terminal position
by deactivated aryl rings could not be transformed into the
corresponding pyrrolidinone derivatives. Only activated
(PMP, thienyl), non-activated (Ph), and moderately deacti-
vated (CIC¢H,) aryl substituted substrates (as in 3-6) were
expected to succeed in the desired heterocyclization
step.'""'? Thus, the key cyclization step took place by treat-
ment of amides 3-6 with an slight excess (1.25 eq) of PIFA
in trifluoroethanol (TFEA) as solvent at room temperature
to afford the desired pyrrolidinone series 8-11 in good to
excellent yields (53-94%), a transformation that proceeded
to completion in less than two hours with no noticeable
difference in the behavior of both protecting groups.

pentinoic acid, Et;N XHN

EDC-HCI, HOBt HN. _O
CH,Cly, 1t H

XHN
NH,
1ab 2a (91%) X

2b (97%)

a series (X=tBoc)

TEA
b series (X=Cbz) Arl, Cul

’ 0
Pd(PPhg).Cly ?705_50% )

XHN
Ar.
\j

NHX

8a/b, Ar=Ph (55/53%) 3a/b, Ar=Ph (84/77%)

9a/b, Ar=PMP (74/68%)  4a/b, Ar=PMP (90/75%)
10a/b, Ar=pCICqH, (54/79%) 5a/b, Ar=pCICgH, (80/90%)
11a/b, Ar=2-Thioph (94/81%) 6a/b, Ar=2-Thioph (80/79%)
12b, Ar=3-Thioph (64%)  7b, Ar=3-Thioph (70%)

PIFA/TFEA

-

0°C

Scheme 1 Preparation and reactivity of functionalized al-
kynylamides 3-7. Synthesis of 5-aroylpyrrolidinones 8-12.

At this point of the research we embarked in our next en-
deavor to prepare the bicyclic pyrazinones.'” At first stage,
in both cases (a and b series), the protecting groups had to
be removed. Therefore, pyrrolidinones 8a-11a were depro-
tected under acidic (TFA) conditions and, without any fur-
ther purification, the resulting non-isolated intermediates I
(release of the ‘Bu group was confirmed by '"H NMR) were
submitted to a cyclization process under dehydrating condi-
tions (see Scheme 2). Under such circumstances the unsatu-
rated pyrrolopyrazinones 13a-d were obtained in 33-41%
yields, probably as the result of the isomerization of the
imine intermediate. On the other hand, pyrrolidinones 8b-
10b were transformed directly into the reduced analogues
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14a-c in similar yields (40-46%) under palladium catalyzed
hydrogenation conditions by a one-pot sequential of Cbz-
deprotection and intramolecular reductive amination reac-
tion." Extensive NMR studies led us to conclude that the
cyclization took place with complete syn diastereoselectiv-
ity."”” As an exception, all attempts to transform the 5-
(thienylcarbonyl)-substituted pyrrolidinones 11b and 12b
into the desired bicyclic derivative 14d,e resulted in the
complete recovery of the starting material unchanged."®

XHN
H,, Pd(C), rt

TFA/CH,Cly, 1t 0
(oute A o~ N _g MeOH/HCI
from 8a-11a) (route B
from 8b-12b)

8a-11a, X=tBoc
'\1/\[\1
Ar)\(fo

8b-12b, X=Cbz
J putative

intermediate

CFyCO5 TiHg
e
I identified (NMR)

but not isolated

MS4A  HN HN

EtgN, 1t ﬁu /\l|\l
CHyClp Ar 0] Ar O
13a, Ar=Ph (41%)
13b, Ar=PMP (33%)

13c, Ar=pCICgH, (34%)
13d, Ar=2-Thioph (39%)

14a, Ar=Ph (40%)

14b, Ar=PMP (43%)

14c, Ar=pCICgH, (46%)
14d, Ar=2-Thioph (see text)
14e, Ar=3-Thioph (see text)
Scheme 2 Synthesis of pyrrolopirazinones 13 and 14.

In conclusion, the present investigation shows that the in-
tramolecular PIFA-mediated alkyne amidation reaction on
relatively complex substrates has proven to be an efficient
alternative to prepare highly functionalized pyrrolidinones.
As a demonstration of its usefulness, when this transforma-
tion is coupled with a second intramolecular amination step,
the overall process results in a simple and rapid protocol for
the synthesis of a series of pyrrolopyrazinone derivatives of
different oxidation states.

All reagents were purchased and used as received. All sol-
vents used in reactions were dried and purified according to
standard procedures. All air- or moisture-sensitive reactions
were performed under argon. The glassware was oven dried
(140 °C) overnight and purged with argon prior to use. Melt-
ing points were measured using open glass capillaries and
are uncorrected. Infrared spectra were recorded as thin films
and peaks are reported in cm™'. Only representative absorp-
tions are given. Flash chromatography was carried out on
SiO, (silica gel 60, 230-400 mesh ASTM). NMR spectra
were recorded on a 300 instrument (300 MHz for 'H and
75.4 MHz for *C) at 20-25 °C unless otherwise stated.
Chemical shifts () were measured in ppm relative to chlo-
roform (6=7.26 for 'H or 77.0 for '*C) as internal standard.
Coupling constants, ./, are reported in hertz. DEPT and sev-
eral bidimensional NMR experiments (COSY, HSQC) were
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used to assist with the assignation of the signals and struc-
tural determinations. Mass spectra were recorded under
electron impact (70 eV) or chemical ionization conditions.

Typical procedure for the synthesis of amides 2. Synthe-
sis of N-(2-N’-tert-butoxycarbonylaminoethyl)-pent-4-
ynamide (2a).

A solution of 4-pentynoic acid (740 mg, 7.2 mmol) in 5 mL
of CH>Cl, was added to a magnetically stirred solution of
EDC-HCI (2.0 g, 10.8 mmol) and HOBt (1.5 g, 10.8 mmol)
in 20 mL of the same solvent followed by the addition of
the monoprotected diamine 12™ (1.74 g, 10.8 mmol) that
was dissolved in 5 mL of CH,Cl,. The mixture was cooled
to 0 °C and Et;N (1.15 g, 10.8 mmol) was added dropwise
and was left to react at room temperature overnight. Then,
the reaction was diluted with CH,Cl,, water (25 mL) was
added, the mixture was decanted and the organic layer was
consecutively washed with 20 mL of HCl (aq., 5%), 20 mL
of a saturated solution of aqueous NaHCOs, and 20 mL of a
saturated solution of NaCl. The organic layer was dried
over Na,SOy, filtered, and the solvent was removed under
vacuum. The resultant oil was crystallized from Et,O to
afford amide 2a as a white solid (91%):

Mp 107-108 °C (Et,0).
IR (film) v 3284, 2978, 1655.

'H NMR (CDCls) 8 624 (br s, 1H), 4.88 (br s, 1H), 3.41-
3.27 (m, 4H), 2.53-2.40 (m, 4H), 2.00 (t, J=2.6, 1H), 1.44
(s, 9H).

3C NMR (CDCly) 171.7, 156.9, 82.9, 79.8, 69.3, 40.7,
40.1,35.3,28.3,14.9.

MS (M+1, CI) m/z (%) 213 (21), 185 (32), 167 (42), 141
(100), 124 (72), 57 (24).

HRMS caled for Ci2HyN,O3H"
241.1877.
N-(2-N’-benzyloxycarbonylaminoethyl)pent-4-ynamide
(2b). According to the typical procedure, amide 2b was
obtained from monoprotected amine 1b”" in 97% yield as a
white solid after purification by crystallization from hex-
anes:

Mp 108110 °C (hexanes).

IR (film) v 3307, 1690, 1643.

'H NMR (CDCls)  7.36-7.31 (m, 5H), 6.14 (br s, 1H), 5.18
(s, 1H), 5.10 (s, 2H), 3.39-3.35 (m, 4H), 2.33-2.49 (m, 4H),
1.98 (brs, 1H).

BC NMR (CDClL) 6 171.6,157.2,136.3,128.3, 1282,
128.1,83.9,69.3,66.7,40.8, 402,352, 149.

MS (M+1, CI) m/z (%) 167 (48), 107 (18), 91 (100), 87
(17), 79 (28).

HRMS calcd for C;sH;sN,05+H"275.1396, found 275.1399.

Typical procedure for the Sonogashira coupling reac-
tion.  Synthesis of  N-(2-N’-tert-butoxycarbonyl-
aminoethyl)-5-phenyl-pent-4-ynamide (3a).

241.1552, found

A solution of iodobenzene (550 mg, 2.7 mmol),
PdCly(PPhs), (15 mg, 0.02 mmol), PPh; (12 mg, 0.04
mmol), and amide 2a (939 mg, 4.0 mmol) in Et;N (15 mL)
was stirred at 40 °C for 15 min. Then, Cul (8 mg, 0.04
mmol) was added and the mixture was heated at 80 °C for
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two days. The whole crude was purified by column chro-
matography (EtOAc) to afford amide 3a as a white solid
that was triturated in hexanes (95%):

Mp 118-120 °C (hexanes).
IR (film) v 3284, 2967, 1649, 1549.

'H NMR (CDCly) 6 7.39-7.36 (m, 2H), 7.28-7.25 (m, 3H),
6.36 (br s, 1H), 4.93 (br s, 1H), 3.41-3.26 (m, 4H), 2.74 (t,
J=7.3,2H), 2.46 (t,/=7.3, 2H) 1.42 (s, 9H).

BC NMR (CDCLy) 8171.8, 1569, 131.6, 127.8, 1234,
88.4,81.4,79.7,40.8,40.3, 35.6,28.3,15.9.

MS (M+1, CI) m/z (%) 289 (26), 261 (100), 243 (13), 217
(56), 57 (39).

HRMS caled for CisH»4N,O3¢H ™ 317.1865, found 317.1860.
N-(2-N’-tert-butoxycarbonylaminoethyl)-5-p-
methoxyphenyl-pent-4-ynamide (4a). According to the
typical procedure, amide 4a was obtained from amide 2a in
90% as a white solid after purification by column chroma-
tography (EtOAc) followed by crystallization from hex-
anes:

Mp 109-111 °C (hexanes).
IR (film) v 3296, 2967, 1689, 1643.

'H NMR (CDCl) & 7.33-7.30 (d, J= 8.8, 2H), 6.82-6.79 (d,
J= 8.8, 2H), 6.28 (br s, 1H), 4.88 (br s, 1H), 3.80 (s, 3H),
3.43-3.23 (m, 4H), 2.72 (t, J="7.3, 2H), 2.48 (t, J= 7.3, 2H),
1.43 (s, 9H).

5C NMR (CDCl3) 8172.0, 159.2, 1569, 1329, 115.6,
113.8,86.8,81.5,79.5,56.2,40.5,40.3,35.6,26.3,15.9.
MS (M+1, CI) m/z (%) 291 (100), 290 (28), 273 (27), 247
(44), 231 (45), 230 (65).

HRMS calcd for Ci9HyN,O4oH 347.1971, found 347.1972.
N-(2-N’-tert-butoxycarbonylaminoethyl)-5-p-
chlorophenyl-pent-4-ynamide (5a). According to the
typical procedure, amide Sa was obtained from amide 2a in
80% as a pale yellow solid after purification by column
chromatography (EtOAc) followed by crystallization from
hexanes:

Mp 131-132 °C (hexanes).

IR (film) v 3296, 2967, 1684, 1637.

'H NMR (CDCLy) & 7.32 (d, J=9.2, 2H), 7.23 (d, J=9.2,
2H), 6.37 (br s, 1H), 4.90 (br s, 1H), 3.39-3.25 (m, 4H),
2.73 (t,J=17.3,2H), 2.46 (t, J= 7.3, 2H), 1.43 (s, 9H).

"C NMR (CDCly) 61717, 157.0, 133.7, 132.8, 1285,
122.0, 89.5,80.3,79.7, 40.8, 40.3, 35.4,28.3, 15.9.

MS (M+1, CI) m/z (%) 323 (17), 295 (91), 277 (50), 251
(100), 234 (57), 192 (30).

HRMS caled for CgHx;CIN,OzsH™ 351.1475, found
351.1465.
N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(2-thienyl)-
pent-4-ynamide (6a). According to the typical procedure,
amide 6a was obtained from amide 2a in 88% as a white
solid after purification by column chromatography (EtOAc)
followed by crystallization from hexanes:

Mp 128-130 °C (hexanes).
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IR (film) v 3284, 2967, 1690, 1649.

'H NMR (CDCly) d 7.18-7.12 (m, 2H), 6.99-6.91 (m, 1H),
6.34 (br s, 1H), 4.93 (br s, 1H), 3.39-3.27 (m, 4H), 2.76 (t,
J=73,2H), 2.64 (t, J= 7.3, 2H), 1.43 (s, 9H).

BC NMR (CDCly) 8171.7, 1569, 131.3, 126.8, 1263,
123.5,92.5,79.6,74.5, 40.7, 40.3,35.3,28.3, 16.1.

MS (M+1, CI) m/z (%) 267 (100), 249 (23), 223 (44), 206
(50), 180 (26).

HRMS caled for C gHpN,05S-H"
323.1440.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-phenyl-pent-
4-ynamide (3b). According to the typical procedure, amide
3b was obtained from amide 2b in 80% yield as a white
solid after purification by column chromatography followed
by crystallization of the resultant oil in hexanes:

Mp 151-152 °C (hexanes).
IR (film) v 3296, 3070, 1690, 1637.

'H NMR (CDCly) §7.39-7.26 (m, 10H), 6.17 (br s, 1H),
5.17-5.07 (m, 3H), 3.38 (m, 4H), 2.72 (t, J= 7.2, 2H), 2.44
(t, J=7.2,2H).

C NMR (CDCly) 8171.9, 1572, 136.3, 131.5, 128.5,
128.3, 128.1, 127.9, 123.4, 88.3, 81.5, 66.9, 41.0, 40.9,
40.3,35.6,15.9.

MS (M+1, CI) m/z (%) 351 (20), 286 (100), 266 (18), 243
(23),91 (61), 79 (19).

HRMS caled for CyH,N,05eH 351.1709, found 351.1708.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-p-
methoxyphenyl-pent-4-ynamide (4b). According to the
typical procedure, amide 4b was obtained from amide 2b in
75% as a white solid after purification by column chroma-
tography (EtOAc) followed by crystallization from hex-
anes:

Mp 124-125 °C (hexanes).

IR (film) v 3296, 1684, 1637.

'H NMR (CDCls) d 7.34-7.29 (m, 7H), 6.80-6.77 (d, J=8.8,
2H), 6.17 (br s, 1H), 5.13-5.07 (m, 3H), 3.78 (s, 3H), 3.41-
3.34 (m, 4H), 2.70 (t, J=7.1, 2H), 2.43 (t, J=7.1, 2H).

BC NMR (CDCly) 61720, 159.3, 157.0, 136.4, 132.9,
128.5, 128.2, 128.1, 115.5, 113.9, 86.7, 81.3, 66.8, 56.2,
41.0,40.3,35.7,15.9.

MS (M+1, CI) m/z (%) 381 (22), 273 (65), 272 (44), 231
(100), 91 (78), 79 (29).

HRMS calcd for C5,Hy4N,O,4+H 381.1814, found 381.1818.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-p-
chlorophenyl-pent-4-ynamide (5b). According to the
typical procedure, amide Sb was obtained from amide 2b in
90% as a pale yellow solid after purification by column
chromatography (EtOAc) followed by crystallization from
hexanes:

Mp 169-170 °C (hexanes).

IR (film) v 3284, 1684, 1637.

323.1429, found

Template for SYNLETT and SYNTHESIS © Thieme Stuttgart - New York

'H NMR (CDCl3) 8 7.34-7.21 (m, 9H), 6.22 (br s, 1H), 5.18
(brs, 1H) 5.07 (s, 2H), 3.40-3.34 (m, 4H), 2.70 (t, J=7.2,
2H), 2.43 (t, J=7.2, 2H).

5C NMR (CDCly) 8171.7, 1572, 1363, 133.8, 1328,
128.5, 1282, 126.9, 126.3, 121.9, 89.4, 80.4, 66.9, 40.9,
40.5,35.4,15.9.

MS (M+1, CI) m/z (%) 385 (11), 324 (10), 279 (40), 277
(100), 237 (23), 235 (73), 193 (11).

HRMS caled for Cy Hy CIN,OssH® 385.1319, found
385.1315.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-(2-thienyl)-
pent-4-ynamide (6b). According to the typical procedure,
amide 6b was obtained from amide 2b in 79% as a white
solid after purification by column chromatography (EtOAc)
followed by crystallization from hexanes.

Mp 127-128 °C (hexanes).
IR (film) v 3296, 3070, 1690, 1637.

'"H NMR (CDCl3) & 7.36-7.33 (m, 5H), 7.17-7.11 (m, 2H),
6.93-6.90 (m, 1H), 6.17 (br s, 1H), 5.13-5.07 (m, 3H), 3.41-
3.34 (m, 4H), 2.70 (t, J=7.1, 2H), 2.43 (t, J=7.2, 2H).

C NMR (CDCly) 8171.8, 157.2, 136.3, 1314, 128.5,
1282, 128.1, 126.9, 126.3, 1234, 92.4, 747, 66.9, 40.9,
40.4,353,16.1.

MS (M+1, CI) m/z (%) 296 (11), 249 (39), 248 (30), 208
(14),207 (100), 164 (16), 108 (22).

HRMS caled for CigHyN,O38+H" 357.1273,
357.1289.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-(3-thienyl)-
pent-4-ynamide (7b). According to the typical procedure,
amide 7b was obtained from amide 2b in 70% as a white
solid after purification by column chromatography (EtOAc)
followed by crystallization from hexanes:

Mp 150-151 °C (hexanes).
IR (film) v 3300, 3078, 1685, 1641.

'H NMR (CDCl3) & 7.37-7.30 (m, 6H), 7.21-7.19 (m, 1H),
7.06-7.02 (m, 1H), 6.34 (br s, 1H), 5.30 (br s, 1H), 5.07 (s,
2H), 3.42-3.30 (m, 4H), 2.69 (t, J=7.2, 2H), 2.33 (t, J=7.2,
2H).

BC NMR (CDCly) & 172.0, 157.2, 136.4, 1252, 129.9,
128.6, 128.1, 123.4, 122.3, 87.9, 66.9, 40.9, 40.3, 35.5,
15.9.

HRMS caled for
357.1289.

Typical procedure for the PIFA-mediated cyclization
reaction. Synthesis of S5-benzoyl-N-(2-N’-tert-butoxy-
carbonylaminoethyl)pyrrolidin-2-one (8a).

found

C9HyN,038*H™  357.1273, found

A solution of alkynylamide 3a (250 mg, 0.8 mmol) in
CF;CH,OH (12 mL) was stirred and cooled to 0 °C and a
solution of PIFA (526.8 mg, 1.2 mmol) in 6 mL of the same
solvent was added dropwise. The reaction mixture was
stirred at that temperature for 2 h. For the work up, aqueous
Na,COj; (10%) was added and the mixture extracted with
CH,Cl, (3x20 mL). The combined organic layers were
washed with brine, dried over Na,SO,, and the solvent
evaporated. Purification of the crude by flash chromatogra-
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phy (EtOAc) gave the desired product 8a as a chroma-
tographically pure yellowish oil (55%):

IR (film) v 3331, 2967, 1690, 1519.

'H NMR (CDCl3) 8 7.99 (d, J=7.1, 2H), 7.64-7.63 (m, 1H),
7.55-7.50 (m, 2H), 5.39-5,35 (m, 1H), 4.90 (br s, 1H), 3.80-
3.77 (m, 1H), 3.49-3.40 (m, 1H), 3.11-3.02 (m, 2H), 2.44-
2.30 (m, 3H), 2.11-2.01 (m, 1H), 1.41 (s, 9H).

BC NMR (CDCL) 8197.1, 1763, 1563, 134.0, 129.0,
128.4,79.2,61.8,42.2,33.2,29.3,28.3,23.5.

MS (EI) m/z (%) 332 (36), 317 (31), 305 (100), 287 (26),
277 (16).

HRMS caled for C1gH,4N,O4 332.1736, found 332.1731.
N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(p-
methoxybenzoyl)-pyrrolidin-2-one (9a). According to the
typical procedure, pyrrolidinone 9a was obtained from
amide 4a in 74% as a white solid after purification by col-
umn chromatography (EtOAc) followed by crystallization
from EtOAc:

Mp 111-113 °C (EtOAc).

IR (film) v 3331, 2967, 1684, 1596, 1508.

'H NMR (CDCl3) 6 7.97 (d, J=8.7, 2H), 6.99 (d, J=8.7,
2H), 5.34-5.30 (m, 1H), 4.92 (br s, 1H), 3.89 (s, 3H), 3.80-
3.76 (m, 1H), 3.51-3.33 (m, 1H), 3.11-3.06 (m, 2H), 2.50-
1.97 (m, 4H), 1.41 (s, 9H).

BC NMR (CDCly) 81957, 1764, 1642, 1563, 130.8,
127.1,114.2,79.1, 61.5, 55.5,42.2,38.2,29.4, 28.3,23.7.
MS (M+1, CI) m/z (%) 246 (15), 245 (83), 244 (100), 215
(5).

HRMS caled for Cj9Hy6N,Os*H™ 363.1920, found 363.1877.
N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(p-
chlorobenzoyl)pyrrolidin-2-one (10a). According to the
typical procedure, pyrrolidinone 10a was obtained from
amide 5a in 54% as a yellowish oil after purification by
column chromatography (EtOAc):

IR (film) v 3343,2967, 1690, 1588, 1519.

'H NMR (CDCly) & 7.91 (d, J=8.4, 2H), 7.47 (d, J=8.4,
2H), 5.35-5.28 (m, 1H), 5.00 (br s, 1H), 3.87-3.75 (m, 1H),
3.50-3.27 (m, 1H), 3.12-2.94 (m, 2H), 2.49-2.32 (m, 3H),
2.02-1.86 (m, 1H), 1.39 (s, 9H).

BC NMR (CDCL) 8196.0, 176.1, 1564, 140.6, 1324,
129.9,129.4,79.3,61.6, 42.1,30.0, 28.3, 28.2, 23 .4.

MS (M+1, CI) m/z (%) 294 (20), 280 (15), 267 (21), 266
(91), 238 (100), 194 (17), 180 (19).

HRMS caled for C;sH,3CIN,O4H™ 367.1425, found
367.1317.
N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(2-
thienylcarbonypyrrolidin)-2-one (11a). According to the
typical procedure, pyrrolidinone 1la was obtained from
amide 6a in 94% as a yellowish oil after purification by
column chromatography (EtOAc):

IR (film) v 3331,2967, 1684, 1514.

'H NMR (CDCls) & 7.79-7.70 (m, 2H), 7.19-7.14 (m, 1H),
5.18-5.09 (m, 2H), 3.75-3.72 (m, 1H), 3.41-3.37 (m, 1H),
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3.11-2.88 (m, 2H), 2.44-2.27 (m, 3H), 2.12-2.10 (m, 1H),
1.35 (s, 9H).

3C NMR (CDCl;) 61908, 1763, 1562, 141.1, 1352,
132.9,128.6,79.1,62.3,42.2,38.2,29.4,28.3, 24.0.

MS (M+1, CI) m/z (%) 265 (4), 222 (20), 221 (93), 220
(100), 191 (11).

HRMS caled for CigHpN,0,8H™ 339.1379,
339.1334.

5-Benzoyl-N-(2-N’-benzyloxycarbonylaminoethyl)-
pyrrolidin-2-one (8b). According to the typical procedure,
pyrrolidinone 3b was obtained from amide 3b in 53% yield
as a yellowish oil after purification by column chromatog-
raphy (EtOAc):

IR (film) v 3331, 2931, 1690, 1525, 1449.

'H NMR (CDCls) 8 7.92-7.80 (m, 2H), 7.60-7.55 (m, 1H),
7.48-7.43 (m, 1H), 7.26-7.23 (m, 5H), 5.83-5.76 (m, 1H),
5.35-5.29 (m, 1H), 5.06 (d, J=12.3, 1H), 4.94 (d, J=12.3,
1H), 2.97-2.74 (m, 4H), 2.40-2.19 (m, 3H), 1.89-1.83 (m,
1H).

3C NMR (CDCl3) 6197.2, 176.5, 1569, 136.8, 134.1,
1321, 129.0, 128.4, 128.0, 127.9, 66.4, 62.0, 42.1, 38.9,
29.3,23.5..

MS (M+1, CI) m/z (%) 259 (75), 216 (40), 215 (100), 214
(75), 153 (29), 108 (35).

HRMS caled for CyHy,N,04eH 367.1658, found 367.1653.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-(p-
methoxybenzoyl)-pyrrolidin-2-one (9b). According to the
typical procedure, pyrrolidinone 9b was obtained from
amide 4b in 68% as a yellowish oil after purification by
column chromatography (EtOAc):

IR (film) v 3331, 2943, 1684, 1596, 1514.

'H NMR (CDCl3) & 7.92 (d, J=8.6, 2H), 7.33-7.30 (m, 5H),
6.97 (d, J=8.6, 2H), 5.31-5.24 (m, 2H), 5.10 (d, /=122,
1H), 5.03 (d, /=12.2, 1H), 3.89 (s, 3H), 3.80-3.75 (m, 1H),
3.60-3.49 (m, 1H), 3-24-3.09 (m, 2H), 2.43-2.25 (m, 3H),
1.95-1.74 (m, 1H).

C NMR (CDCl;) 195.6, 176.5, 1643, 156.8, 136.7,
128.1, 128.0, 127.9, 127.0, 114.2, 66.6, 61.7, 56.6, 42.2,
39.1,29.4,239.

MS (M+1, CI) m/z (%) 290 (14), 289 (100), 246 (26), 245
(13), 153 (13).

HRMS caled for C2HyyN,0s*H 397.1763, found 397.1767.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-(p-
chlorobenzoyl)-pyrrolidin-2-one (10b). According to the
typical procedure, pyrrolidinone 10b was obtained from

amide 5b in 79% as a yellowish oil after purification by
column chromatography (EtOAc):

IR (film) v 3319, 2943, 1690, 1590, 1525.

'H NMR (CDCly) 6 7.88 (d, J=8.4, 2H), 747 (d, J=8.4,
2H), 7.32-7.25 (m, 5H), 5.42-5.36 (m, 1H), 5.30-5.28 (m,
1H), 5.09 (d, J=12.2, 1H), 5.02 (d, J=12.2, 1H), 3.86-3.77
(m, 1H), 3.49-3.30 (m, 1H), 3.20-2.96 (m, 2H), 2.32-2.20
(m, 2H), 1.87-1.80 (m, 1H).

found
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5C NMR (CDCly) §196.0, 176.3, 156.8, 140.7, 136.6,
132.3, 129.8, 129.4, 128.5, 128.1, 127.9, 66.6, 61.8, 42.1,
38.7,29.2,23 4.

MS (M+1, CI) m/z (%) 295 (33), 293 (100), 252 (10), 250
(84), 289 (77), 153 (95), 108 (26).

HRMS caled for CyHy CIN,O4sH™ 401.1268,
401.1261.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-(2-
thienylcarbonyl)-pyrrolidin-2-one (11b). According to
the typical procedure, pyrrolidinone 11b was obtained from
amide 6b in 81% as a yellowish oil after purification by
column chromatography (EtOAc):

IR (film) v 3319, 3072, 1678, 1590.

'H NMR (CDCly) 8 7.75-7.67 (m, 2H), 7.27-7.22 (m, 5H),
7.14-7.11 (m, 1H), 5.79-5.73 (m, 1H), 5.13-5.10 (m, 1H),
5.03 (d, J=12.2, 1H), 4.96 (d, J=12.2, 1H), 3.76-3.68 (m,
1H), 3.49-3.30 (m, 1H), 3.20-2.96 (m, 2H), 2.30-2.14 (m,
3H), 1.97-1.90 (m, 1H).

C NMR (CDCly) 8190.8, 176.5, 156.8, 141.0, 1353,
128.7, 128.4, 128.0, 127.9, 66.4, 62.7, 42.0, 38.7, 29.4,
24.0.

MS (M+1, CI) m/z (%) 329 (8), 256 (34), 222 (38), 221
(100), 220 (69), 108 (34).

HRMS  caled for CjoHyN,04S*H"
373.1224.
N-(2-N’-benzyloxycarbonylaminoethyl)-5-(3-
thienylcarbonyl)-pyrrolidin-2-one (12b). According to
the typical procedure, pyrrolidinone 12b was obtained from
amide 7b in 64% as a yellowish solid after purification by
column chromatography (EtOAc):

IR (film) v 3315, 3088, 1685, 1528.

'H NMR (CDCly) & 8.14 (br s, 1H), 7.56-7.54 (m, 1H),
7.39-7.33 (m, 1H), 5.39 (br s, 1H), 5.12-5-00 (m, 3H), 3.85-
3.76 (m, 1H), 3.52-3.45 (m, 1H), 3.19-3.04 (m, 2H), 2.42-
2.22 (m, 3H), 2.00-1.93 (m, 1H).

C NMR (CDCly) 8191.8, 176.5, 156.8, 139.1, 136.5,
133.3, 128.5, 128.1, 128.0, 127.2, 127.0, 66.6, 62.9, 42.0,
38.8,29.3,23.7.

HRMS caled for CjoHyN>04SsH™
373.1224.

Typical procedure for the intramolecular amination
reaction. Synthesis of 1-phenyl-3,4,7,8-tetrahydro-
pyrrolo[1,2-a]pyrazin-6(2H)-one (13a).

found

373.1222, found

373.1222, found

A solution of pyrrolidinone 8a (170 mg, 0.5 mmol) in
TFA/CH,Cl, 1/1 (20 mL) was stirred for 30 min. An aliquot
was taken to confirm ("H NMR) that the protecting group
was completely released. Then, solvent was removed under
vacuum to remove both solvents and the residue was taken
in 50 mL of CH,Cl,, cooled to 0 °C and treated with Et;N
(0.7 mL, 5 mmol). After stirring for 20 min, molecular
sieve (4 A) was added and the stirring continued for 15
additional minutes. The mixture was then filtered through
celite, washed with 20 mL of a saturated aqueous solution
of NaHCOs;, and finally extracted with EtOAc (3x25 mL).
The combined organic extracts were dried and evaporated
at reduced pressure, and the resulting residue purified by
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column chromatography (EtOAc/MeOH, 95/05) to afford
pyrazinone 13a as a yellowish oil that was finally crystal-
lized from methanol (41%):

Mp 127-128 °C (MeOH).
IR (film) v 3236, 1667.

'H NMR (CDCl;) 8 7.95 (d, J=8.0, 2H), 7.43-7.36 (m, 3H)
5.14 (br s, 1H), 4.05-3.95 (m, 2H), 3.68-3.57 (m, 1H), 3.23-
3.16 (m, 1H), 2.71-2.59 (m, 1H), 2.37-2.25 (m, 2H), 2.09-
1.96 (m, 1H).

BC NMR (CDCly) 8173.1, 165.2, 1359, 1302, 1283,
128.1,83.9,48.1,32.6,32.5,29.4.

MS (M+1, CI) m/z (%) 231 (12), 215 (72), 214 (100), 213
(14), 185 (10).

HRMS caled for Cj3H4N,OH™ 215.1184, found 215.1191.
1-(p-Methoxyphenyl)-3,4,7,8-tetrahydropyrrolo[1,2-
a|pyrazin-6(2H)-one (13b). According to the typical pro-
cedure, pyrrolidinone 13b was obtained from amide 9a in
33% as a yellowish solid by purification by column chro-
matography (EtOAc/MeOH, 70/30) followed by crystalliza-
tion from methanol:

Mp 131-132 °C (MeOH).
IR (film) v 3355, 1696.

'"H NMR (CDCl3) & 7.96 (d, J=9.0, 2H), 6.93 (d, J=9.0, 2H)
4.14-4.02 (m, 2H), 3.87 (s, 3H), 3.70-3.58 (m, 1H), 3.22-
3.12 (m, 1H), 2.75-2.66 (m, 1H), 2.48-2.34 (m, 2H), 2.14-
2.04 (m, 1H), 1.64 (br s, 1H).

"C NMR (CDCly) 51728, 163.9, 1612, 129.7, 1283,
113.6, 84.0,55.3,48.0, 32.8, 32.7,29.3.

MS (M+1, CI) m/z (%) 261 (43), 245 (71), 244 (100), 243
(53), 242 (42).

HRMS caled for Ci4H gN2O2eH"245.1290, found 245.1288.
1-(p-Chlorophenyl)-3,4,7,8-tetrahydropyrrolo[1,2-
a|pyrazin-6(2H)-one (13c). According to the typical pro-
cedure, pyrrolidinone 13¢ was obtained from amide 10a in
34% as a yellowish oil by purification by column chroma-
tography (EtOAc/MeOH, 95/5):

IR (film) v 3302, 1678.

'H NMR (CDCly) & 7.92 (d, J=8.7, 2H), 7.37 (d, J=8.7,
2H), 4.10-3.99 (m, 2H), 3.70-3.57 (m, 1H), 3.48 (s, 1H),
3.25-3.14 (m, 1H), 2.74-2.62 (m, 1H), 2.38-2.27 (m, 2H),
2.05-1.98 (m, 1H).

3C NMR (CDCl3) 8173.0, 163.9, 136.4, 134.2, 129.5,
128.6, 83.8,48.2,32.7,32.6,29.3.

MS (M+1, Cl) m/z (%) 265 (16), 250 (36), 249 (58), 248
(100), 213 (11).

HRMS caled for Cj3H;3°CIN,OH" 249.0795, found
249.0783.
1-(2-Thienyl)-3,4,7,8-tetrahydropyrrolo[1,2-a]-pyrazin-
6(2H)-one (13d). According to the typical procedure, pyr-
rolidinone 13d was obtained from amide 11a in 39% as a
yellowish solid by purification by column chromatography
(EtOAc/MeOH, 95/5) followed by crystallization from
methanol:

Mp 131-132 °C (MeOH).

2009-11-03 page 6 of 9



Anexo

351

IR (film) v 3296, 1690.

'H NMR (CDCly) & 7.64-7.39 (m, 2H), 7.08-7.06 (m, 1H)
4.12-3.93 (m, 2H), 3.91-3.79 (m, 1H), 3.66-3.58 (m, IH),
3.18-2.80 (m, 1H), 2.79-2.56 (m, 2H), 2.42-2.22 (m, 1H),
1.68 (brs, 1H).

5C NMR (CDCly) 6173.0, 160.3, 1414, 1292, 129.1,
127.7,83.9,48.1,33.6, 32.9, 29.3.

MS (M+1, CI) m/z (%) 237 (99), 221 (67), 220 (100), 153
(13), 127 (14).
HRMS caled for
221.0739.

Typical procedure for the intramolecular reductive
amination reaction. Synthesis of (1R,8aS)-1-phenyl-
hexahydropyrrolo[1,2-a]pyrazin-6(7H)-one (14a).

CH;N,OS8H' 221.0749,  found

A solution of pyrrolidinone 8b (209.5 mg, 0.6 mmol) in 6
mL of MeOH and 0.5 mL of HCI (1M) was hydrogenated
(70 psi) in the presence of Pd/C overnight. The catalyst was
filtered through celite and the solution treated with 15 mL
of an aqueous solution of Na,COj; (20%). The mixture was
extracted with CH,Cl, (3x15 mL), the combined organic
extracts were dried with Na,SO,, and the solvent evapo-
rated under vacuum. The resulting oil was purified by col-
umn chromatography (MeOH) to afford pyrazine 14a as a
yellowish oil (40%):

IR (film) v 3350, 1655.

'H NMR (CDCl3) § 7.37-7.26 (m, 5H), 4.61 (d, J=8.0, 1H),
3.79-3.77 (m, 1H), 3.71-3.68 (m, 1H), 3.47-3.44 (m, 1H),
3.38-3.36 (m, 1H), 2.93-2.90 (m, 1H), 2.45-2,38 (m, 1H),
2.26-2.19 (m, 1H), 1.90-1.83 (m, 1H), 1.72-1.68 (m, 1H).
5C NMR (CDCLy) 9 177.5, 1414, 1285, 1279, 1270,
77.1,66.6,46.8,39.2,30.1, 22.6.

MS (M+1, CI) m/z (%) 259 (74), 216 (39), 215 (100), 214
(76), 153 (29), 108 (35).

HRMS caled for Cj3H gN,O*H"217.1341, found 217.1348.
(1R,8a8)-1-(p-Methoxyphenyl)hexahydropyrrolo[1,2-
a]pyrazin-6(7H)-one (14b). According to the typical pro-
cedure, pyrrolidinone 14b was obtained from amide 9b in
43% as a yellowish oil after purification by column chro-
matography (EtOAc):

IR (film) v 3425, 1667.

'H NMR (CDCl3) & 7.27 (d, J=8.7, 2H), 6.85 (d. J=8.7,
2H), 4.09-4.04 (m, 1H), 3.76 (s, 3H), 3.48-3.43 (m, 1H),
3.22 (d, /=93, 1H), 3.13-3.10 (m, 1H), 2.97-2.91 (m, 1H),
2.82-2.76 (m, 1H), 2.46-2.26 (m, 3H), 1.84-1.77 (m, 1H),
1.64-1.56 (m, 1H).

"C NMR (CDCly) 81737, 159.5, 131.6, 128.8, 114.0,
79.7,61.9,55.2,45.4,40.2,30.1,21.6.

MS (M+1, CI) m/z (%) 275 (15), 258 (15), 247 (100), 246
(66), 230 (28), 161 (13).

HRMS calcd for C14H|8N203-H+ 247.1447, found 247.1440.
(1R.8a5)-1-(p-Chlorophenyl)hexahydropyrrolo[1,2-a] -
pyrazin-6(7H)-one (14¢). According to the typical proce-
dure, pyrrolidinone 14¢ was obtained from amide 10b in
46% as a yellowish oil after purification by column chro-
matography (MeOH):

Template for SYNLETT and SYNTHESIS © Thieme Stuttgart - New York

'H NMR (CDCl3) d 7.42-7.33 (m, 4H), 4.12-4.09 (m, 1H),
3.54-3.49 (m, 1H), 3.30 (d, J=9.2, 1H), 3.17-3.14 (m, 1H),
3.00-2.96 (m, 1H), 2.86-2.80 (m, 1H), 2.42-2.29 (m, 2H),
1.98 (brs, 1H), 1.84-1.80 (m, 1H), 1.66-1.62 (m, 1H).

3C NMR (CDCly) 9173.7, 139.6, 1287, 128.5, 127.7,
68.3,61.9,45.4,40.3,30.1,21.6.

IR (film) v 3387, 1667.

MS (M+1, CI) m/z (%) 245 (10), 218 (14), 217 (100), 216
(60), 200 (23).
HRMS caled
251.0953.

for C;3H;sCIN,O-H™  251.0951, found
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The addition of the hypervalent iodine reagent PIFA [phenyliodine(IIl) bis(trifluoroacetate)] to a series of
properly substituted N-(3-aminopropyl)alkynylamides results in the efficient formation of a functional-
ized 5-aroyl-2-pyrrolidinone skeleton. By proper manipulations of the N(1)-substituents, through con-
secutive deprotection and/or reductive amination steps, a second cyclization process occurs yielding the
target heterocycles. As it will be disclosed, the overall process is open to structural modifications that
gives rise to a series of pyrrolo(benzo)diazepine derivatives.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The performance of synthetic studies on a particular structural
motif with well-recognized biological or pharmacological actions has
been a recurrent approach for the development of new methodolo-
gies in organic synthesis. Not surprisingly, the pyrrolo[1,2-c][1,4]
benzodiazepine skeleton (PBD), as being part of the naturally-oc-
curring DNA-interactive antitumor antibiotics known as the
‘anthramycines’,' has been the target for a number of different ap-
proaches. In general terms,” the use of adequately substituted N-(2-
aminobenzoyl)proline derivatives® and isatoic anhydrides4 are still
the two main entrances to the synthesis of PBD derivatives. Such little
options for the preparation of a type of heterocycle that requires as
much structural diversity as possible for biological studies were re-
cently enlarged by our group in a novel design for the enantiocon-
trolled synthesis of the antibiotic (—)-DC-81 that featured the
intramolecular PIFA-assisted cyclization® of N-methoxyamides of
type 1, derived from L-proline, to render optically pure 2 (see Fig. 1 ).G
From a mechanistic point of view, it is accepted that in this trans-
formation the deficient N-acylnitrenium intermediate I, generated by
the action of the I(IlI) reagent,’ is intramolecularly captured by the
arene system to perform the ring closure process.®

* Corresponding authors. Tel.: (34) 94 601 5438; fax: (34) 94 601 2748; e-mail
address: imanol.tellitu@ehu.es (1. Tellitu).

o
MeO.
BnO HN
1 MeO
PIFA
TFA
Phl
o
Meojg)\\
BnO f
! !
I MeO 2 Mmeo
Figure 1. First approach to a PIFA i y is of a pyrrolo(benzo)di.

skeleton designed in our group.

Convinced of the need for developing novel and more versatile
approaches to the preparation of PBD derivatives, we wish to report
here a new routine to prepare such type of heterocycles based on
the intramolecular formal double addition of a diamino fragment
across both positions of a triple bond (from 3 to 4 in Fig. 2) assisted,
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once again, by the hypervalent iodine reagent PIFA. This proposal,
adapted from our previous communications,” is based on the al-
ternative activation of the electronically enriched triple bond by
PIFA (instead of nitrogen oxidation) to give an electrophilic in-
termediate II that reacts intramolecularly with the nucleophilic
amide to give III. Reaction of Il with a free trifluoroacetate ligand
delivered by PIFA results in the formation of a nonisolable ester IV,
which after basic hydrolysis during the work up affords the
substituted pyrrolidinone skeleton V. Finally, subtle selection of
fragment 3~ will eventually lead to the final heterocycle 4 through
application of reductive amination conditions.

o
1) PIFA
2) reductive
amination
// (this paper)
3 A/  (Z=NHCbz NO,) Ho Ay,
o
R O
z\u N
) OCOCF3 Phl,, ~
//~1=Ph
F,MP//' CF,cO0~ PMP
OCOCF3 m
N O (0]
N
F3COCO, 0
V' pup PMP -V

Figure 2. Second approach to a PIFA-mediated synthesis of a pyrrolo(benzo)diazepine
skeleton designed in our group.

The fact that the present approach allows the preparation of
both pyrrolodiazepine and pyrrolobenzodiazepine derivatives'® by
a common route and, additionally, with a less common oxygenated
function at the C-3 position of the PBD skeleton, reinforces the
interest for its development.'!

2. Results and discussion

According to our synthetic plan, the preparation of the target
molecules required bringing a number of different components
together in a linear multifunctional molecule using 1,3-di-
aminopropane (5a) and 1,3-diamino-2,2-dimethylpropane (5b) as
starting materials (see Scheme 1). Therefore, these compounds
were first protected'? as carbamates 6a,b and then transformed
into amides 7a,b using pentynoic acid under standard conditions in
very high yields. To accomplish the first part of the synthesis,
a Sonogashira coupling reaction'> was envisaged to include an
activated para-methoxyphenyl group (PMP) at the terminal posi-
tion of the triple bond. When all parts of substrates 8a,b were as-
sembled, they were submitted to the PIFA-mediated cyclization
conditions. Thus, treatment of amides 8ab with a slight excess
(1.5 equiv) of the hypervalent iodine reagent in trifluoroethanol
(TFE) as solvent at room temperature, followed by a basic aqueous
work up, rendered the 5-aroyl-2-pyrrolidinones 9a,b in which the
protected 3-aminopropyl appendage remained unaltered and
ready to be used in the second cyclization step. Accordingly,
treatment of derivatives 9a,b under an atmosphere of H, (70 psi)
using Pd(C) as catalyst in acidic methanol rendered pyrrolodiaze-
pines 10a,b in 48 and 43% yields, respectively, through a combina-
tion of three consecutive single processes (deprotection,

intramolecular addition to the carbonyl group, and reduction of the
resultant imine). It must be mentioned that an intensive spectro-
scopic study led to the conclusion that both substrates 10a,b were
formed as inseparable mixtures of syn/anti diastereoisomers in
different proportions and with opposed preferences for the relative
configuration of the new stereogenic center generated at C-1.

R R
R cbzCl R
1 S o, 1 S
HoN ChyClp i CP7HN .

HN L (60141%)

Ha
6alb 4-petynoic acid
(see experimental for details)
CHCly, rt (93/87%)

CbzHN, R
4-iodoanisole
HN  Cul, PdPPh3),Cly

PMP—:\_)u:o EtsN, 80 °C

(60/66%) —
8alb 7alb

i) PIFA, TFE, rt
ii) basic w-up NHCbz R

(70/89%) R R
o R HapPdC Nt
N MeOH/HCI N
PMP O asuzn) PMPT o
8
9al/b 10a (37/63 syn/anti)
10b (82/18 syn/anti

y

Scheme 1. Preparation of pyrrolodiazepinones 10a,b.

To the view of these results we planned to extend this synthetic
strategy to the preparation of the PBD skeleton and, coherently, we
selected 2-aminobenzylamine (11) as the starting material. As op-
posed to the previous design that started from symmetric diamines
5a,b, the alteration in the order of protection/amidation events
when applied to diamine 11 will eventually lead to two different
regioisomers. Therefore, in order to demonstrate the versatility of
this approach, we embarked in the preparation of both tricyclic
derivatives following the route depicted in Scheme 2.

Taking advantage of the markedly different nucleophilicity of
both amino groups in 11, regioisomers 13 and 18 could be in-
dependently prepared by altering the sequence of amidation and
protection steps. Successive Sonogashira coupling reaction under
standard conditions, and PIFA-mediated cyclization rendered, re-
spectively, pyrrolidinones 15 and 20 that were finally submitted to
hydrogenation conditions. We were happy to find that, as antici-
pated, both regioisomeric pyrrolo-benzo|f]-1,4-diazepin-1-one 16
and pyrrolo-benzo|e]-1,4-diazepin-3-one 21a were obtained, al-
though with different results. In fact, while PBD 16, which features
a less common fusion of the three rings, was obtained from 15 in
areasonable yield (51%) and with complete syn diastereoselectivity,
the efficiency of the synthesis of PBD 21a, on the contrary, was not
satisfactory at all (extremely low overall yield and poor diaster-
eoselectivity in the final step), especially due to the difficulties as-
sociated to the protection step (from 17 to 18)'* and in the final
cyclization (from 20 to 21a).

As a consequence, we decided to explore a new protection-free
synthetic alternative, outlined in Scheme 3, which starts now from
2-nitrobenzylamine (22) following a similar routine as before. Thus,
after successive steps of amidation, Sonogashira coupling, and
PIFA-mediated intramolecular cyclization, pyrrolidinone 25a was
prepared and submitted to the final reductive cyclization step. This
part of the synthesis was optimized with respect to the use of
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4-pentynoic acid

CbzCl, EtzN DCC, DMAP
CHClp, 0°C CH4Cly, 0 °C (82%)
©9%)  HoN 22 )
HoN 11 g_%
Cb: HN—f NH
Z! 212 —\_):O

4-pentynoic acid BNC, EtzN
EDC-HCI, HOB, EtzN DMF, rt (19%)
CH,Cly, rt (80%)
CbzHN CbzHN
_/_<\ R—:\_/\:O
R=H, 13 4-iodoanisole R=H, 18
Cul, Pd(PPh3),Cla
EtsN, 80 °C
R=PMP, 14 /' (64% 14; 54% 19) \ R=PMP, 19
from 14 from 19
(39%) (65%)
CbzHN

PMP

0 //O
N N
o F’MP/U\{fO
15 20

JHZ, Pd/C, MeOH/HCI Hap, Pd/C, MeOH/HCI

(51%) 5%
6
HN
4 N
(o}
PMP F 3
16
(100/0 syn/anti) (67/33 syn/anti)

Scheme 2. Preparation of PBDs 16 and 21a.

different catalysts able to accomplish the reduction of the nitro
group and the in situ heterocyclization under hydrogenation con-
ditions. The results, summarized in Table 1, show that the best
conditions to transform 25a into PBD 21a required the use of PtO;
as catalyst (entry 1) working under a Hy atmosphere (70 psi) at
room temperature.'” Some other attempts that include the use of
other catalysts (entries 2 and 3) resulted in a less efficient trans-
formation. It must be also mentioned that while the same condi-
tions employed to transform 9 into 10, and 15 into 16, happened to
be unproductive for 25a (entry 4), the use of Pd black resulted
exclusively in the reduction of the nitro group as the final stage of
the reaction (entry 5). The addition of an extra amount of catalysts
did not result in a further progress. In addition, the diaster-
eoselectivity of the process was clearly favored with the use of PtO,.

To the view of these results we decided to extend the synthetic
strategy depicted in Scheme 3 to the preparation of a small series of
derivatives 21a—c, in which the aryl fragment located at C-11 is
modified. Under such circumstances, 11-phenylPBD 21b and 11-(4-
chlorophenyl)PBD 21c¢ were obtained in reasonable good yields
with good diastereoselectivities (entries 6—7 in Table 1).

NO,

5 NH,

4-petynoic acid

DCC, DMAP
CH,Cl,, 1t (65%

a sy

22 H—— O
23
Arl, Cul
PdPPh3),Cl, PIFA, TFE, rt
Et;N, 80 °C NH = 57 81%)
(52-80%) / §
24a-c
e N H, (70 psi)
Ar O "MeOH, it )\(f
(see Table 1)
25a-c 21a-c

Ar=PMP (a series); Ar=Ph (b series);
Ar=4-CICgHy (c series)

Scheme 3. Synthetic alternative for the preparation of PBDs 21a—c.

Table 1
Optimization of the reductive cyclization of 25a—c into 21a—c¢
Entry 25 21 Conditions® Yield (%) (syn/anti)®
1 a a PtO,/MeOH 92 (84/16)
2 a a Ra-Ni/MeOH® 58 (38/62)
3 a a Pd(OH),, MeOH 72 (53/47)
4 a a Pd(C)/MeOH-HCI od —
5 a a Pd black/MeOH 71¢ —
6 b b PtO,/MeOH 95 (77/23)
7 c c PtO2/MeOH 49 (71/29)

* A 10 wt % quantity of catalyst was employed.

" Determined from the crude 'H NMR.

€ The reduction of the NO, group to render N-(2’-aminobenzyl)-5-(4-methox-
ybenzoyl)-2-pyrrolidinone (26a) (98% yield) was the only process that could be
detected when a limited amount (5 wt %) of catalyst was employed. The reaction
progressed to the final compound in 58% yield with an additional amount of catalyst.

4" A complex mixture of products was obtained.

¢ Isolated yield for pyrrolidinone 26a.

3. Conclusions

In conclusion, we have shown that the intramolecular PIFA-
mediated alkyne amidation reaction on N-(3-aminopropyl), N-(2-
aminomethylphenyl), N-(2-aminobenzyl), and N-(2-nitrobenzyl)
substituted substrates has proven to be an efficient alternative to
prepare highly functionalized pyrrolidinones. As a demonstration
of its usefulness, when this transformation is coupled with a second
intramolecular amination step, the overall process results in
a simple and rapid protocol for the synthesis of a series of pyrro-
lodiazepinone and pyrrolobenzodiazepinone derivatives.

4. Experimental section
4.1. General procedures

All reagents were purchased and used as received. All solvents
used in reactions were dried and purified according to standard
procedures. All air- or moisture-sensitive reactions were performed
under argon. The glassware was oven dried (140 °C) overnight and
purged with argon prior to use. Melting points were measured
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using open glass capillaries and are uncorrected. Infrared spectra
were recorded as thin films and peaks are reported in cm™". Only
representative absorptions are given. Flash chromatography was
carried out on SiO; (silica gel 60, 230—400 mesh ASTM). NMR
spectra were recorded on a 300 instrument (300 MHz for 'H and
75.4 MHz for 1°C) at 2025 °C unless otherwise stated. Chemical
shifts (0) were measured in parts per million relative to chloroform
(6=7.26 for 'H or 77.0 for 1°C) as internal standard. Coupling con-
stants, J, are reported in hertz. DEPT and several bidimensional
NMR experiments (COSY, HSQC, NOESY) were used to assist with
the assignation of the signals and structural and stereochemical
determinations. Mass spectra were recorded under electron impact
(70 eV) or chemical ionization conditions.

4.2. Typical procedure for the benzyloxycarbonylation of
diamines 5

4.2.1. Synthesis of N-benzyloxycarbonyl-1,3-propanediamine (6a). A
stirred solution of benzyl chloroformiate (2.9 mL, 21 mmol) in
50 mL of CH,Cl, was added dropwise over 85 min to a solution of
1,3-propanediamine 5a (3.11 g, 42 mmol) in 70 mL of the same
solvent at 0 °C. The mixture was stirred for additional 90 min, the
temperature was raised to rt, and stirring was continued for 24 h.
Then, the solid that was formed (the HCI salt of the excess of
starting material) was filtered, and the solution was washed with
brine (3x40 mL), decanted and dried over NaySO4 (anhyd). Re-
moval of the solvent under vacuum afforded an oil that was purified
by column chromatography (EtOAc) to render carbamate 6a as
a colorless oil (60%): TH NMR (CDCl3) 6 (ppm) 7.32—7.26 (m, 5H),
5.55 (br s, 1H), 5.06 (s, 2H), 3.26—3.22 (m, 2H), 2.80—2.67 (m, 2H),
1.61-1.56 (m, 2H), 1.46 (br s, 2H); °C NMR (CDCl3) 6 (ppm) 156.6,
136.7, 128.5, 128.0, 66.5, 39.6, 39.1, 33.0; IR » (cm™!) 3325, 2931,
1683; MS [M+1] m/z: 209 (41), 165 (10), 108 (26), 101 (100).

4.2.2. N-Benzyloxycarbonyl-2,2-dimethyl-1,3-propanediamine (6b).
According to the typical procedure, carbamate 6b was obtained
from diamine 5b in a 41% yield and purified by column chroma-
tography (EtOAc) as a colorless oil: '"H NMR (CDCl3) ¢ (ppm)
7.37-7.12 (m, 5H), 6.05 (br s, 1H), 5.02 (s, 2H), 2.99 (s, 2H), 2.42 (s,
2H), 1.88 (s, 2H), 0.79 (s, 6H); >C NMR (CDCl3) & (ppm) 157.1, 136.8,
128.4, 128.0, 66.5, 50.4, 49.1, 35.6, 23.3; IR v (cm’l) 3320, 2944,
1702; MS [M+1] m/z: 237 (8), 129 (100), 108 (22), 107 (13); HRMS
calcd for Cy3HpoN,0-H': 237.1603, found: 237.1611.

4.2.3. Synthesis of 2-amino-N-(benzyloxycarbonyl)benzylamine
(12). A stirred solution of benzyl chloroformiate (0.3 mL,
2.05 mmol) in 50 mL of CH,Cl; was added dropwise over 85 min to
a solution of benzylamine 11 (0.5 g, 4.1 mmol)'G and Et3N (0.3 mL,
6.1 mmol) in 6 mL of the same solvent at 0 °C. The mixture was
stirred for additional 90 min, the temperature was raised to rt, and
stirring was continued for 24 h. Then, a white precipitate was fil-
tered, and the solution was washed with brine (3x40 mL), dec-
anted and dried over Na;SO4 (anhyd). Removal of the solvent under
vacuum afforded an oil that was purified by column chromatog-
raphy (MeOH) to render carbamate 12 as a yellowish solid that was
triturated in hexanes (99%): mp 52-53°C (hexanes); 'H NMR
(CDCl3) 6 (ppm) 7.36 (s, 5H), 715—7.03 (m, 2H), 6.74—6.65 (m, 2H),
5.32 (br s, 1H), 5.12 (s, 2H), 4.28 (d, J=6.1, 2H), 4.09 (br s, 2H); 1°C
NMR (CDCl3) 6 (ppm) 157.0, 145.4, 136.4, 129.2, 128.6, 128.2, 128.1,
122.3, 1181, 116.0, 67.0, 42.5; IR v (cm’l) 3349, 3029, 1692; MS
[M-+1] m/z: 257 (32), 256 (100), 196 (38), 149 (47), 148 (25), 121
(26), 106 (39); HRMS calcd for CisHigN202-H': 257.1290, found:
257.1293.

4.24. Synthesis of N-[(2-N'-benzyloxycarbonylamino)benzyl]-4-
pentyamide (18). Benzyl para-nitrophenyl carbonate (683 mg,

2.5 mmol) and Et3N (1.1 mL, 7.5 mmol) were added, successively,
into a solution of amide 17 (1.0 g, 4.9 mmol) in DMF (15 mL). The
mixture was magnetically stirred at rt for 12 h under inert atmo-
sphere. Then, solvent was removed under vacuum; the residue was
taken in 40 mL of CHCl, and washed with a saturated solution of
Na;CO3; (30 mL). The decanted organic phase was dried with
NazS04 (anhyd), the solvent removed under vacuum, and the
resulting residue was purified by column chromatography (hex-
anes/EtOAc, 1/1) to afford 18 as a white solid that was triturated in
hexanes (19%): mp 110—111 °C (hexanes); '"H NMR (CDCl3) 6 (ppm)
8.79 (br s, 1H), 7.90 (d, /=8.4, 1H), 7.44—7.04 (m, 8H), 6.29 (m, 1H),
523 (s, 2H), 4.37 (d, J=6.4, 2H), 2.51-2.46 (m, 2H), 2.38—2.34 (m,
2H),1.92 (t,J=2.6, 1H); >*C NMR (CDCl3) 6 (ppm) 172.0, 154.5,136.8,
136.6, 128.5, 128.0, 123.9, 123.8, 122.4, 82.5, 69.6, 66.7, 40.6, 35.1,
14.8; IR » (cm™') 3290, 3073, 1650, 1559; MS [M+1] m/z: 230 (11,
M+1-Cbz), 229 (75), 227 (21), 149 (30), 147 (100), 132 (20); HRMS
caled for [CooH20N203-H ' —Cbz] 230.1055, found: 230.1024.

4.3. Typical procedure for the acylation of amines. Method 1

4.3.1. Synthesis of N-(3-N'-benzyloxycarbonyl-aminopropyl)-4-pen-
tynamide (7a). Amine 6a (1.6 g, 7.7 mmol) was added to a cold
(0 °C) solution of DCC (1.7 g, 8.5 mmol), DMAP (50 mg, 0.4 mmol),
and 4-pentynoic acid (833 mg, 8.5 mmol) in CH,Cl, (80 mL) and the
mixture was stirred overnight. Then, a white solid (urea) was fil-
tered and the solvent was evaporated at reduced pressure. The
residue was purified by column chromatography (MeOH) to afford
7a as a white solid that was triturated in cold ether (93%): mp
6061 °C (Et,0); 'H NMR (CDCl3) 6 (ppm) 7.37—7.26 (m, 5H), 6.32
(brs, 1H), 5.34 (br s, 1H), 5.09 (s, 2H), 3.33—3.20 (m, 4H), 2.54-2.49
(m, 2H), 2.41-2.36 (m, 2H),1.99 (s, 1H), 1.66—1.64 (m, 2H); '*C NMR
(CDCl3) 6 (ppm) 171.6,128.5, 128.0, 82.9, 69.3, 37.6, 36.0, 35.4, 30.0,
15.0; IR » (cm™ ') 3300, 2926, 1700, 1648; MS [M+1] m/z: 289 (55),
245 (46), 197 (20), 181 (100), 153 (16), 136 (18), 111 (20); HRMS
calcd for CigH20N203-H': 289.1552, found: 289.1551.

4.3.2. Synthesis  of  N-(2-aminobenzyl)-4-pentynamide  (17).
According to the typical procedure amide 17 was prepared from
amine 11 and purified as a white solid in 82% yield by column
chromatography (hexanes/EtOAc, 1/1) followed by crystallization
from Et,0: mp 76—77 °C (Et;0); 'H NMR (CDCl3) 6 (ppm) 7.10—6.99
(m, 2H), 6.67—6.60 (m, 2H), 6.48 (br s, 1H), 4.30 (d, J=6.1, 2H), 4.11
(br s, 2H), 2.48-2.43 (m, 2H), 2.36—2.31 (m, 2H), 1.947(s, 1H); C
NMR (CDCl3) é (ppm) 171.6, 145.5, 130.6, 129.2, 121.9, 117.8, 115.8,
83.0, 69.5,40.8, 35.1,14.9; IR v (cm ™) 3292, 3059, 1643; MS [M+1]
m/z: 203 (35), 202 (100), 134 (10), 121 (31), 106 (81); HRMS calcd for
C12H14N203-H': 203.1184, found: 203.1186.

4.3.3. N-(2-Nitromethylphenyl)-4-pentynamide (23). According to
the typical procedure amide 23 was prepared from benzylamine 22
as a yellowish solid in a 65% yield. It was purified by column
chromatography (hexanes/EtOAc, 1/1) followed by trituration of the
resultant solid in hexanes: mp 62—63°C (hexanes); 'H NMR
(CDCl3) 6 (ppm) 7.96 (d, J=8.1,1H), 7.58—-7.50 (m, 2H), 7.40—7.34 (m,
1H), 7-01-6.97 (m, 1H), 4.62 (d, J=6.3, 2H), 2.43—2.36 (m, 4H), 1.93
(s, TH); '3C NMR (CDCl3) ¢ (ppm) 171.6, 148.1, 133.7, 133.9, 1315,
128.5,125.0, 82.7, 69.5, 41.1,35.0,14.8; IR » (cm ') 3296, 1653, 1524;
MS [M-+1] m/z: 233 (100), 225 (16), 186 (30), 153 (26), 136 (43), 135
(12); HRMS calcd for C12H12N203-H': 233.0926, found: 233.0936.

4.4. Typical procedure for the acylation of amines. Method 2

4.4.1. Synthesis of N-(3-N'-benzyloxycarbonylamino-2,2-dimethyl-
propyl)-4-pentynamide (7h). A solution of 4-pentynoic acid
(640 mg, 6.5 mmol) in 5 mL of CH,Cl, was added to a magnetically
stirred solution of EDC-HCI (1.9 g, 9.9 mmol) and HOBt (1.35g,
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9.9 mmol) in 20 mL of the same solvent followed by the addition of
the monoprotected diamine 6b (2.35g, 9.9 mmol) dissolved in
5 mL of CH,Cly. The mixture was cooled to 0 °C and Et3N (1.4 mL,
9.9 mmol) was added dropwise, and was left to react at room
temperature overnight. Then, the reaction was diluted with CH,Cly,
water (25 mL) was added, the mixture was decanted, and the or-
ganic layer was consecutively washed with 20 mL of HCl (5% aq),
20 mL of a saturated solution of aqueous NaHCOs, and 20 mL of
a saturated solution of NaCl. The organic layer was dried over
NayS0y, filtered, and the solvent was removed under vacuum. The
resultant chromatographically pure colorless oil was identified as
amide 7b (87%) and used without any further purification: 'H NMR
(CDCl3) 6 (ppm) 7.26—7.18 (m, 5H), 6.23 (br s, 1H), 5.02 (s, 2H), 2.94
(d, J=6.6, 2H), 2.87 (d, J=6.6, 2H), 2.46—2.40 (m, 2H), 2.36—2.32 (m,
2H),1.94 (s, 1H), 0.78 (s, 6H); '*C NMR (CDCl3) 6 (ppm) 172.0, 157.6,
136.7,128.4,128.0,127.9, 83.0, 69.5, 66.5, 47.5, 45.8, 36.4, 23.5,15.2;
IR v (cm~") 3296,1702, 1649; MS [M+1] m/z: 317 (12), 273 (37), 209
(100), 153 (17), 129 (27), 110 (17); HRMS calcd for CigH24N»03-H'
317.1865, found: 317.1858.

4.4.2. N-[(2-N'-Benzyloxycarbonylaminomethyl)phenyl]-4-pentya-
mide (13). According to the typical procedure amide 13 was pre-
pared from monoprotected amine 12 as a white solid in 80% yield. It
was purified by crystallization from Et;0: mp 121-122 °C (Etz0);
'"H NMR (CDCl3) 6 (ppm) 9.31 (br s, 1H), 8.06—8.04 (m, 1H),
7.34-7.06 (m, 8H), 5.54 (br s, 1H), 5.12 (s, 2H), 4.30 (d, J=6.7, 2H),
2.66—2.58 (m, 4H), 2.00 (s, 1H); '*C NMR (CDCl3) 6 (ppm) 170.2,
157.8, 136.4, 136.0, 116.1, 130.4, 129.0, 128.7, 128.6, 128.5, 128.4,
128.1,124.6,123.3, 83.1, 69.1, 67.5, 42.0,35.9, 14.8; IR v (cm’l) 3295,
3024, 1686, 1653; MS [M-+1] m/z: 337 (8), 276 (20), 201 (12), 185
(28),149 (25),108 (100), 107 (76); HRMS calcd for CoHaoN203-H '
337.1552, found: 337.1598.

4.5. Typical procedure for the Sonogashira coupling reaction

4.5.1. Synthesis of N-(3-N'-benzyloxycarbonylaminopropyl)-5-(4-
methoxyphenyl)-4-pentynamide (8a). A solution of para-iodoani-
sole (1.4 g, 6.0 mmol), PdCIy(PPh3); (42 mg, 0.06 mmol), and car-
bamate 7a (2.35 g, 6.0 mmol) in Et3N (15 mL) was stirred at 80 °C
for 24 h. When cooled, water (3 mL) was added, the mixture was
extracted with EtOAc (3x25 mL), and the combined organic ex-
tracts were dried over Na,SO4 (anhyd). Once the solvent was
evaporated under vacuum, the whole crude was purified by column
chromatography (hexanes/EtOAc, 1/1) to afford amide 8a as a white
solid that was triturated in hexanes (60%): mp 114—116 °C (hex-
anes); 'H NMR (CDCl3) é (ppm) 7.35—7.29 (m, 7H), 6.80 (d, J=8.8,
2H), 6.20 (br s, 1H), 525 (br s, 1H), 5.09 (s, 2H), 3.78 (s, 3H),
3.36-3.30 (m, 2H), 3.25-3.20 (m, 2H), 2.72 (t, ]=7.2, 2H), 2.46 (t,
J=7.2,2H),1.65-1.62 (m, 2H); '*C NMR (CDCl3) 6 (ppm) 171.8,159.3,
136.0, 115.5, 132.9, 128.5, 128.1, 128.0, 113.9, 86.8, 81.3, 66.7, 55.2,
37.5, 36.6, 35.9, 30.1, 16.1; IR » (cm™ ') 3325, 2950, 1678, 1643; MS
[M-+1] m/z: 288 (M+1-Cbz), 287 (79), 245 (40), 189 (70), 188 (73),
159 (48), 147 (63), 135 (80), 101 (100); HRMS calcd for
[C23H26N204-H' —Cbz] 288.1474, found: 288.1487.

4.5.2. N-(3-N'-Benzyloxycarbonylamino-2,2-dimethylpropyl)-5-(4-
methoxyphenyl)-4-pentynamide (8b). According to the typical pro-
cedure amide 8b was prepared from carbamate 7b in 66% yield as
a yellowish oil. It was purified by column chromatography (hex-
anes/EtOAc, 1/1): TH NMR (CDCl3) 6 (ppm) 7.46—7.26 (m, 7H), 6.78
(d, J=8.9, 2H), 6.62-6.60 (m, 1H), 5.64-5.62 (m, 1H), 5.09 (s, 2H),
3.78 (s, 3H),3.05 (d,J=6.8,2H),2.93 (d,]J=6.8, 2H), 2.72 (t,J=7.1, 2H),
2.48 (t,J=7.1,2H), 0.85 (s, 6H); '*C NMR (CDCl3) 6 (ppm) 172.0,157.5,
159.2, 132.9, 128.5, 128.1, 128.0, 113.8, 86.8, 66.8, 55.2, 47.5, 45.7,
364, 36.1,23.3,16.2; IR » (cm ') 3323, 2960, 1704, 1657; MS [M-+1]

m|z: 423 (17), 315 (100), 313 (14), 273 (37), 216 (10); HRMS calcd for
CosH3oN204-H': 423.2284, found: 423.2287.

4.5.3. N-[(2-N'-Benzyloxycarbonylaminomethyl)phenyl]-5-(4-me-
thoxyphenyl)-4-pentyamide (14). According to the typical pro-
cedure amide 14 was prepared from carbamate 13 in 64% yield as
a yellowish solid after purification by column chromatography
(hexanes/EtOAc, 1/1) followed by trituration of the resultant solid
in hexanes: mp 125—126 °C (hexanes); "H NMR (CDCl3) 6 (ppm)
9.32 (s, 1H), 8.08 (d, J=8.1, TH), 7.33—7.07 (m, 10H), 6.79 (d, J=8.6,
2H), 5.44-5.42 (m, 1H), 5.11 (s, 2H), 4.28 (d, J=6.7, 2H), 3.78 (s, 3H),
2.87-2.80 (m, 2H), 2.73—2.68 (m, 2H); *C NMR (CDCls) ¢ (ppm)
170.5, 159.1, 157.7, 136.0, 133.0, 129.0, 128.6, 128.3, 128.1, 124.6,
123.4,115.9,113.8, 87.1, 81.1, 67.5, 55.2, 41.9, 36.5, 16.0; IR » (cm™ ')
3295, 3054, 1689; MS [M+1] m/z: 443 (19), 335 (49), 293 (40), 187
(61),149 (100), 147 (50), 135 (14), 108 (41), 107 (25); HRMS calcd for
C7H26N204-H' 2 443.1971, found: 443.1953.

4.5.4. N-[(2-N-Benzyloxycarbonylamino)benzyl]-5-(4-methoxy-
phenyl)-4-pentyamide (19). According to the typical procedure
amide 19 was prepared from carbamate 18 in 54% yield as a white
solid. It was purified by column chromatography (hexanes/EtOAc,
1/1) followed by trituration in hexanes: mp 109—110 °C (hexanes);
"H NMR (CDCl3) 6 (ppm) 9.03 (s, 1H), 7.88 (d, J=8.0, 1H), 7.43-7.21
(m, 11H), 6.75 (d, J=8.6, 1H), 6.64 (br s, 1H), 5.22 (s, 2H), 4.34 (d,
J=6.4, 2H), 3.78 (s, 3H), 2.66 (t, J=7.1, 2H), 2.40 (t, J=7.1, 2H); BC
NMR (CDCl3) 6 (ppm) 172.4, 154.6, 136.8, 136.7, 132.9, 128.5, 127.6,
123.8,123.7,122.3,115.3, 86.4, 81.6, 72.9, 66.6, 55.3, 40.5, 35.5, 15.9;
IR » (cm™') 3300, 3073, 1727, 1646; MS [M+1] m/z: 336 (23,
M-+1-Cbz), 335 (100), 293 (98), 199 (14), 188 (52), 160 (26), 147
(35); HRMS caled for [Ca7H26N204-H'—Cbz] 336.1474, found:
336.1440.

4.5.5. 5-(4-Methoxyphenyl)-N-(2-nitrobenzyl)-4-pentynamide
(24a). According to the typical procedure amide 24a was prepared
from amide 23 in 62% yield as a white solid. It was purified by
column chromatography (hexanes/EtOAc, 1/1) followed by tritu-
ration in hexanes: mp 98-99°C (hexanes); TH NMR (CDCl3)
6 (ppm) 7.92 (d, J=8.1, 1H), 7.61 (d, J=7.6, 1H), 7.39—7.17 (m, 4H),
6.91-6.89 (m, 1H), 6.73 (d, J=8.7, 2H), 4.65 (d, J=6.3, 2H), 3.74 (s,
3H), 2.70-2.65 (m, 2H), 2.49-2.44 (m, 2H); "*C NMR (CDCl3)
6 (ppm) 171.7, 159.2, 148.1, 133.8, 115.4, 134.0, 132.9, 131.5, 1284,
124.9,113.8, 86.6, 814, 55.2, 41.1,35.6,15.9; IR v (cm ') 3290, 1653,
1509; MS [M+1] m/z: 339 (100), 297 (28), 291 (10), 203 (53), 158
(10), 136 (27); HRMS calcd for C1gH1gN204-H': 339.1345, found:
339.1346.

4.5.6. N-(2-Nitrobenzyl)-5-phenyl-4-pentynamide (24b). According
to the typical procedure amide 24b was prepared from amide 23b
in 52% yield as a yellowish solid. It was purified by column chro-
matography (hexanes/EtOAc, 1/1) followed by trituration in hex-
anes: mp 82-83 °C (hexanes); 'H NMR (CDCl3) 6 (ppm) 7.97 (d,
J=8.0, 1H), 7.68 (d, J=7.6, TH), 7.50 (t, J=7.5, TH), 7.39 (t, J=7.7, 1H),
7.31-7.23 (m, 5H), 6.58—6.56 (m, 1H), 4.71 (d, J=6.4, 2H), 2.74 (t,
J=7.1,2H), 250 (t,]=7.2, 2H); '*C NMR (CDCl3) § (ppm) 171.3, 148.3,
134.1,133.6,132.4, 131.5,128.6, 128.2, 127.8, 125.0, 123.3, 88.0, 81.7,
412, 35.7,15.9; IR v (cm ™) 3294, 1653, 1523; MS [M+1] m/z: 309
(100), 291 (10), 172 (8), 136 (17), 115 (12); HRMS calcd for
CigH16N203-H': 309.1239, found: 309.1231.

4.5.7. 5-(4-Chlorophenyl)-N-(2-nitrobenzyl)-4-pentynamide  (24c).
According to the typical procedure amide 24¢ was prepared from
amide 23c in 80% yield as a white solid. It was purified by column
chromatography (hexanes/EtOAc, 1/1) followed by trituration in
hexanes: mp 101-102 °C (hexanes); '"H NMR (CDCl3) & (ppm) 7.99
(d,J=8.1,1H), 7.68(d,J=6.5,1H), 7.54 (t,]=7.5,1H), 7.41 (t,]=7.7,1H),
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7.25-7.18 (m, 4H), 6.54—6.52 (m, 1H), 4.70 (d, J=6.4, 2H), 2.73 (t,
J=7.,2H), 2.49 (t,]=7.0, 2H); '°C NMR (CDCl3) é (ppm) 171.1,148.3,
134.1, 133.5, 132.8, 132.6, 128.7, 128.5, 125.0, 89.1, 80.6, 41.3, 35.5,
15.8; IR » (cm™') 3290, 1648, 1523; MS [M+1] m/z: 345 (34), 343
(100), 325 (11), 301 (11), 295 (22); HRMS caled for
CisH15°CIN,O3-H' : 343.0849, found: 343.0851.

4.6. Typical procedure for the PIFA-mediated
heterocyclization

4.6.1. N-(3-N'-Benzyloxycarbonylaminopropyl)-5-(4'-methoxy-
benzoyl)-2-pyrrolidinone (9a). A solution of alkynylamide 8a
(315 mg, 0.8 mmol) in CF3CH20H (12 mL) was stirred at 0 °C and
a solution of PIFA (526.8 mg, 1.2 mmol) in 6 mL of the same solvent
was added dropwise. The reaction mixture was stirred at that
temperature for 2 h. For the work up, aqueous Na;CO3; (10%) was
added and the mixture extracted with CH»Cl, (3x20 mL). The
combined organic layers were washed with brine, dried over
NayS04, and the solvent evaporated. Purification of the crude by
flash chromatography (EtOAc) gave the desired product 9a as
a chromatographically pure yellowish oil (70%): '"H NMR (CDCl3)
o (ppm) 7.93 (d, J=8.8, 2H), 7.33—7.26 (m, 5H), 6.97 (d, J=8.8, 2H),
5.61 (m, 1H), 515-5.02 (m, 3H), 3.89 (s, 3H), 3.71-3.56 (m, 1H),
3.41-3.27 (m, 1H), 3.16—3.02 (m, 2H), 2.52—2.34 (m, 3H), 2.02—1.98
(m, 1H), 1.70—1.58 (m, 2H); '>C NMR (CDCl3) § (ppm) 195.4, 176.4,
164.3,136.7, 130.7, 128.4, 128.0, 127.81, 114.3, 66.4, 61.8, 55.6, 39.3,
37.9, 29.5, 27.4, 23.8; IR » (cm ™) 3332, 2938, 1685, 1599, 1512; MS
[M-+1] m/z: 304 (12, M+1—Cbz), 303 (79), 260 (28), 167 (100), 135
(17); HRMS caled for [C3HeN20s-H'—Cbz] 304.1423, found:
304.1390.

4.6.2. N-(3-N'-Benzyloxycarbonylamino-2,2-dimethylpropyl)-5-(4'-
methoxybenzoyl)-2-pyrrolidi-none (9b). According to the typical
procedure pyrrolidinone 9b was obtained from 8b in 89% yield. It
was purified by column chromatography (EtOAc) as a yellowish oil:
"HNMR (CDCl3) 6 (ppm) 7.93 (d, J=8.8, 2H), 7.35—7.28 (m, 5H), 6.99
(d,J=8.8, 2H), 6.49—-6.47 (m, 1H), 5.27 (d, J=9.1, 1H), 5.11 (d, J=12.3,
1H), 5.04 (d,J=12.3,1H), 3.89 (s, 3H), 3.76 (d, ]=14.8, 1H), 3.26—-3.24
(m, 1H), 2.74—2.70 (m, 1H), 2.49-2.36 (m, 3H), 2.26 (d, ]=14.8, 1H),
2.06-1.99 (m, 1H), 0.92 (s, 3H), 0.86 (s, 3H); '>C NMR (CDCls)
6 (ppm) 195.1, 177.7, 164.3, 157.2, 137.0, 130.7, 128.4, 127.9, 127.8,
127.0, 114.3, 66.3, 64.3, 55.6, 50.3, 47.7, 37.2, 28.9, 24.7, 23.6; IR
v (cm™') 3338, 2962, 1682, 1600; MS [M+1] m/z: 439 (1), 359 (10),
331 (100), 303 (11), 195 (47); HRMS calcd for CosH3gN20s-H':
439.2233, found: 439.2249.

4.6.3. N-[(2-N'-Benzyloxycarbonylaminomethyl)phenyl]-5-(4'-me-
thoxybenzoyl)-2-pyrrolidinone (15). According to the typical pro-
cedure pyrrolidinone 15 was obtained from 14 in 39% yield. It was
purified by column chromatography (hexanes/EtOAc, 1/1) as a pale
brown oil: 'H NMR (CDCl3) 6 (ppm) 7.87 (d, J=8.6, 2H), 7.49 (br s,
1H), 7.37—7.22 (m, 8H), 6.91 (d, ]-8.8, 2H), 5.69—5.65 (m, 1H), 5.13
(s, 2H), 4.56—4.54 (m, 2H), 3.84 (s, 3H), 2.52—2.23 (m, 3H),
2.15-2.07 (m, 1H); C NMR (CDCl3) 6 (ppm) 195.1, 164.3, 156.8,
136.8, 136.1,127.0, 130.8, 128.5, 128.3, 128.1, 128.0, 114.2, 66.6, 64.9,
55.6, 414, 30.1, 24.5; IR v (cm~ ") 3354, 1693, 1599; MS [M+1] m/z:
459 (6), 351 (17), 323 (20), 308 (100), 215 (63), 135 (11); HRMS calcd
for Ca7H26N205-H ': 459.1920, found: 459.1900.

4.6.4. N-[(2-N'-Benzyloxycarbonylamino)benzyl]-5-(4'-methoxy-
benzoyl)-2-pyrrolidinone (20). According to the typical procedure
pyrrolidinone 20 was obtained from 19 in 65% yield. It was purified
by column chromatography (hexanes/EtOAc, 1/1) as a yellowish oil:
'H NMR (CDCl3) 6 (ppm) 8.90 (s, 1H), 8.02 (d, J=8.1, 1H), 7.86 (d,
J=8.7, 2H), 7.46-7.26 (m, 6H), 6.97-6.89 (m, 4H), 5.22 (s, 2H),
5.03—-4.98 (m, 3H), 3.87 (s, 3H), 2.52—2.28 (m, 3H), 2.02-1.88 (m,

1H); 3C NMR (CDCl3)  (ppm) 194.8,176.4, 164.4, 154.3,137.4,136.8,
124.9,130.7,129.3,128.5, 128.0, 127.9, 1231, 121.7, 1143, 66.5, 60.6,
55.6,42.8,29.2,23.5; IR v (cm™ ') 3251, 1732, 1679, 1597; MS [M+1]
mfz: 352 (22, M+1—Cbz), 351 (100), 215 (84), 132 (33); HRMS calcd
for [Ca7Ha6N205-H' —Cbz] 3521323, found: 352.1387.

4.6.5. 5-(4-Methoxybenzoyl)-N-(2-nitrobenzyl)-2-pyrrolidinone
(25a). According to the typical procedure pyrrolidinone 25a was
obtained from 24a in 69% yield. It was purified by column chro-
matography (hexanes/EtOAc, 1/1) as a yellowish solid that was
triturated in hexanes: mp 55—58 °C (hexanes); 'H NMR (CDCl3)
6 (ppm) 7.88—7.82 (m, 3H), 7.59—-7.57 (m, 2H), 7.48—7.38 (m, 1H),
6.92 (d, J=8.8, 2H), 5.19—-5.10 (m, 2H), 4.30 (d, J=16.0, 1H), 3.84 (s,
3H), 2.52-2.33 (m, 3H), 2.09-1.97 (m, 1H); *C NMR (CDCl3)
0 (ppm) 195.0, 176.2, 164.2, 148.7, 133.5, 132.0, 131.3, 130.7, 128.6,
126.9, 124.6, 114.2, 61.7, 55.6, 42.8, 29.0, 23.6; IR » (cm™ ") 1690,
1600, 1524; MS [M+1] m/z: 355 (100), 219 (62), 135 (13); HRMS
calcd for C1gH1gN20s-H ' : 355.1294, found: 355.1302.

4.6.6. 5-Benzoyl-N-(2-nitrobenzyl)-2-pyrrolidinone (25b). Accord-
ing to the typical procedure pyrrolidinone 25b was obtained from
24b in 81% yield. It was purified as a yellowish oil by column
chromatography (EtOAc): TH NMR (CDCl3) & (ppm) 7.91-7.88 (m,
3H), 7.66—7.56 (m, 3H), 7.49—7.40 (m, 3H), 5.22—5.15 (m, 2H), 4.41
(d, J=15.8, TH), 2.50-2.43 (m, 3H), 2.05-2.02 (m, 1H); '*C NMR
(CDCl3) 6 (ppm) 196.5, 176.2, 148.7, 133.9, 131.8, 134.0, 133.6, 131.3,
129.0, 128.6, 128.3, 124.7, 62.0, 42.7, 28.9, 23.4; IR v (cm™') 1696,
1525; MS [M+1] m/z: 326 (20), 325 (100), 219 (86), 136 (18); HRMS
calcd for C1gH1gN204-H': 325.1188, found: 325.1185.

4.6.7. 5-(4-Chlorobenzoyl)-N-(2-nitrobenzyl)-2-pyrrolidinone
(25c). According to the typical procedure pyrrolidinone 25a was
obtained from 24a in 57% yield. It was purified as a colorless oil by
column chromatography (EtOAc): 'H NMR (CDCl3) & (ppm)
7.88—7.80 (m, 3H), 7.66—7.56 (m, 2H), 7.43 (d, J=8.6, 3H), 5.16—5.11
(m, 2H), 4.37 (d, J=15.6, 1H), 2.45—2.41 (m, 3H), 2.00—1.98 (m, 1H);
13C NMR (CDCl3) 6 (ppm) 195.4, 175.9, 171.1, 148.8, 132.3, 1318,
133.6, 131.9, 129.7, 129.3, 128.7, 124.6, 61.9, 42.5, 289, 23.3; IR
v (cm™1) 1697, 1524; MS [M+1] m/z: 361 (23), 360 (14), 359 (70),
219 (100), 136 (22); HRMS calcd for CigH15>>CIN204-H ' : 359.0799,
found: 359.0798.

4.7. Typical procedure for the reductive amination
(method 1)

4.7.1. Synthesis of 1-(4-methoxyphenyl)-octahydro-pyrrolo[1,2-a]
[1,4]diazepin-7-one (10a). A solution of pyrrolidinone 9a (246 mg,
0.6 mmol) in 6 mL of MeOH and 0.5 mL of HCI (1 M) was hydro-
genated (70 psi) in the presence of Pd/C overnight. The catalyst was
filtered through Celite and the solution treated with 15 mL of an
aqueous solution of Na;COs3 (20%). The mixture was extracted with
CH;Cl; (3x15 mL), the combined organic extracts were dried with
Na3SO0y4, and the solvent evaporated under vacuum. The resulting oil
was purified by column chromatography (MeOH) to afford dia-
zepinone 10a as a colorless oil (48%) as an inseparable mixture of
both diastereoisomers. Reported data is given for the both of them:
TH NMR (CDCl3) & (ppm) 7.27 (d, J=8.8, 2H), 7.21 (d, J=8.5, 2H),
6.88—6.82 (m, 4H), 5.08 (br s, 1H), 4.60 (d, J=6.7, 1H), 3.84-3.79 (m,
1H), 3.82—3.79 (m, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 3.73—3.69 (m, 1H),
3.63-3,56 (m, 1H), 3.48-3.35 (m, 2H), 2.93-2.87 (m, 1H),
2.84-2.79 (m, 1H), 2.77—-2.70 (m, 2H), 2.39-2.32 (m, 2H), 2.18—-2.10
(m, 2H), 2.10—-2.00 (m, 1H), 1.99-1.85 (m, 3H), 1.82—1.73 (m, 1H),
1.71-1.64 (m, 1H), 1.63—1.55 (m, 2H); '>C NMR (CDCl3) ¢ (ppm)
176.6, 176.1, 158.8, 158.5, 133.1, 133.8, 127.7, 127.0, 114.0, 113.7, 75.6,
71.2,65.7,63.6, 55.2,40.6, 39.9, 39.2, 38.3, 30.5, 30.1, 29.5, 21.0, 17.7;
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IRy (cm’]) 3349, 1663; HRMS calcd for CysHoN202-H': 261.1603,
found: 261.1615.

4.7.2. 4,4-Dimethyl-1-(4-methoxyphenyl)-octahydro-pyrrolo[1,2-a]
[1,4]diazepin-7-one (10b). According to the typical procedure dia-
zepinone 10b was obtained from pyrrolidinone 9b in 43% yield. It
was purified by column chromatography (MeOH) as a pale brown
oil as an inseparable mixture of both isomers. Reported data is
given for the both of them: "H NMR (CDCl3) 6 (ppm) 7.29 (d, J=8.4,
2H), 7.25 (d, J=8.0, 2H), 6.86—6.80 (m, 4H), 5.12 (br s, 1H), 4.80 (d,
J=5.7, 1H), 4.03—4.00 (m, 1H), 3.96—3.91 (m, 1H), 3.89—3.85 (m,
1H), 3.77 (s, 3H), 3.75 (s, 3H), 3.65—3.62 (m, 1H), 3.44—3.42 (m, 1H),
3.25-3.20 (m, 1H), 3.08—2.79 (m, 4H), 2.56—2.54 (m, 1H), 2.15-2.10
(m, 1H), 2.05-1.99 (m, 3H), 1.82—1.72 (m, 3H), 1.13 (s, 3H), 0.98 (s,
3H), 0.96 (s, 3H), 0.87 (s, 3H); '>C NMR (CDCl3) § (ppm) 177.4,176.8,
127.6,159.2,158.8,127.1,113.9,113.5, 74.7, 72.9,71.5,69.0, 55.4, 55.3,
52.7,49.5, 49.3, 47.9, 29.6, 24.8, 24.7, 24.3, 24.0, 23.9, 20.9, 19.1; IR
v (em~') 3285, 2955, 1673; HRMS calcd for Ci7H24N»0p-H':
289.1916, found: 289.1925.

4.7.3. 4-(4-Methoxyphenyl)-2,3,3a,4,5,6-hexahydro-benzo[f]pyrrolo
[1,2-a][1,4]diazepin-1-one (16). According to the typical procedure
diazepinone 16 was obtained from pyrrolidinone 15 in 51% yield. It
was purified by column chromatography (MeOH) as a yellowish oil:
"H NMR (CDCl3) 6 (ppm) 7.23—6.76 (m, 8H), 5.00~4.98 (m, 1H), 4.67
(d, J=17.0, 1H), 4.55 (d, J=17.0, 1H), 4.47—4.45 (m, 1H), 3.79 (s, 3H),
2.42-2.33 (m, 1H), 2.09-1.95 (m, 3H); '>C NMR (CDCl3) 6 (ppm)
160.6, 159.3,137.5,132.3,119.3, 127.7, 127.4,126.1,123.2, 113.6, 111.3,
72.3,62.7,55.2,48.7,29.1,21.1; IR v (cm ') 3310, 1670; MS [M+1] m/
z: 309 (30), 291 (13), 172 (28), 171 (100); HRMS calcd for
C19H20N202-H': 309.1603, found: 309.1615.

4.7.4. 11-(4-Methoxyphenyl)-1,2,5,10,11,11a-hexahydro-benzo[e]pyr-
rolo[1,2-a][1,4]diazepin-3-one (21a). According to the typical pro-
cedure diazepinone 21a was obtained from pyrrolidinone 20 in 15%
yield. It was purified as a yellowish oil by column chromatography
(MeOH) as an inseparable mixture of both isomers.

4.8. Typical procedure for the reductive amination
(method 2)

4.8.1. Synthesis of 11-(4-methoxyphenyl)-1,2,5,10,11,11a-hexahydro-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-3-one (21a). A solution of pyr-
rolidinone 25a (500 mg, 1.4 mmol) in 10 mL of MeOH was hydroge-
nated (70 psi) in the presence of PtO; (50 mg) overnight. The catalyst
was filtered through Celite and the solution was evaporated under
vacuum. The resulting chromatographically pure white solid was
identified as a diastereoisomeric mixture of diazepinone 21a in
a combined 92% yield. Both diastereoisomers could be partially pu-
rified by column chromatography (Et,0) followed by triturating in the
same solvent. Reported data is given for the isolated major (syn)
stereoisomer: mp (Et;0) 68—70°C; "H NMR (CDCl3) 6 (ppm)
722-708 (m, 4H), 6.88—6.83 (m, 2H), 6.67-6.62 (m, 2H), 492 (d,
J=6.0,1H), 4.79 (d, J=14.6, 1H), 438—-4.27 (m, 2H), 3.79-3.75 (m, 4H),
2.06-2.00 (m, 1H), 1.90-1.83 (m, 1H), 1.76-1.69 (m, 2H); '>C NMR
(CDCl3) 6 (ppm) 176.5, 159.5, 145.9, 132.7, 120.1, 131.8, 129.2, 1276,
117.4, 115.6, 113.9, 75.0, 61.7, 55.3, 43.0, 29.7, 21.0; IR » (cm ') 3358,
2931, 1655; MS [M-+1] m/z: 309 (24), 204 (11), 190 (64), 189 (27), 106
(100); HRMS calcd for C19H20N202-H': 309.1603, found: 309.1609.

4.8.2. 11-Phenyl-1,2,5,10,11,11a-hexahydro-benzo[e]pyrrolo[1,2-a]
[1,4]diazepin-3-one (21b). According to the typical procedure dia-
zepinone 21b was obtained from pyrrolidinone 25b in combined
95% yield as a mixture of diastereoisomers that could be partially
purified by column chromatography (Et;0). Reported data is given
for the isolated major (syn) stereoisomer: mp (Et;0) 131132 °C; 'H

NMR (CDCl3) 6 (ppm) 7.37—7.28 (m, 5H), 712—7.05 (m, 2H),
6.68—6.63 (m, 2H), 4.93 (d, J=14.6, 1H), 4.86 (d, J=5.7, 1H), 4.25 (d,
J=14.6, TH), 3.82—3.80 (m, 1H), 2.08—2.02 (m, 1H), 1.99-1.75 (m,
3H); '*C NMR (CDCl3) § (ppm) 176.5, 145.8,140.7,120.0, 131.8,129.2,
128.6,128.3,126.4,117.4,115.6, 75.6, 61.7,43.1,29.7,21.2; IR ¥ (cm ™ 1)
3357,1651; MS [M-+1] m/z: 279 (9), 204 (13),190 (11), 189 (53), 106
(100); HRMS calcd for CigHigN20-H': 279.1497, found: 279.1511.

4.8.3. 11-(4-Chlorophenyl)-1,2,5,10,11,11a-hexahydro-benzo[e]pyr-
rolo[1,2-a][1,4]diazepin-3-one (21c). According to the typical pro-
cedure diazepinone 21c was obtained from pyrrolidinone 25¢ in
49% yield as a 71/29 mixture of syn/anti diastereoisomers that could
be partially purified by column chromatography (Et,0). Reported
data is given for the major (syn) stereoisomer: mp (Et;0)
239-240 °C; 'H NMR (CDCls) & (ppm) 7.29—7.26 (m, 2H), 7.22—7.19
(m, 3H), 7.11-7.06 (m, 1H), 6.79—6.76 (m, 1H), 6.55—6.53 (m, 1H),
4.99 (m, 1H), 4.67 (d, J=17.0, 1H), 4.55 (d, J=17.0, 1H), 4.47—4.45 (m,
1H), 3.79 (br s, 1H), 2.42—2.33 (m, 1H), 2.09—-1.95 (m, 3H); >*C NMR
(CDCl3) 6 (ppm) 174.5, 146.2, 136.4, 134.1, 124.6, 129.9, 129.0, 128.7,
128.2,121.1,119.4, 63.5, 62.1,44.8,30.2,20.2; IR v (cm ') 3327, 1678;
MS [M+1] m/z: 315 (33), 313 (100), 279 (7), 229 (45), 227 (54);
HRMS calcd for CigHi7>°CIN20-H*: 313.1108, found: 313.1111.

4.84. Synthesis of N-(2'-aminobenzyl)-5-(4-methoxybenzoyl)-2-
pyrrolidinone (26a). A solution of pyrrolidinone 25a (500 mg,
1.4 mmol) in 10 mL of MeOH was hydrogenated (70 psi) in the
presence of PtO; (25 mg) overnight. The catalyst was filtered
through Celite and the solution was evaporated under vacuum. The
resulting chromatographically pure white solid (98% yield) was
triturated in MeOH and identified as pyrrolidinone 26a: mp
136137 °C (MeOH); 'H NMR (CD3COCD3) ¢ (ppm) 7.96 (d, J=8.9,
2H),7.04(d,J=8.9,2H),6.96 (t,J=7.6,1H),6.75(d,=7.0,1H), 6.67 (d,
J=8.0,1H),6.40 (d,J=7.3,1H),5.06—5.03 (m, 1H), 4.92 (d, J=14.7, 1H),
4.85-4.83 (m, 2H), 3.80 (s, 3H), 3.76 (d, J=14.7, 1H), 2.52—2.30 (m,
3H), 1.93—1.84 (m, 1H); 3C NMR (CD3COCD3) 6 (ppm) 195.5, 175.9,
164.2,145.9,131.3,130.7, 129.4, 127.2, 118.8, 117.3, 115.5, 114.2, 60.0,
55.6,42.7,29.6, 23.3; IRv (cm ™) 3359, 2931, 1679, 1599; MS [M+1]
m/z: 325 (16), 324 (30), 307 (70), 306 (100), 223 (19), 189 (40), 106
(90); HRMS calcd for C1gH29N203-H*: 324.1474, found: 324.1481.
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A few years ago, our group discovered that properly
substituted alkynylamides of type I could be easily
transformed into 5-aroylpyrrolidinones II by the aid of
the hypervalent iodine reagent PIFA [phenyliodine(III)-
bis-trifluoroacetate]. We suggested that the I(IIT) reagent
can either activate the triple bond by transferring its
electrophilicity to it, which in the presence of an internal
nucleophile (i. e. the amide functional group) gives rise
to a new C-N connection, or, alternatively, it can oxidize
the amide group to generate an N-acylnitrenium
intermediate that can capture the alkyne functionality
with the same synthetic destiny.' As opposed to the
related PIFA-mediated olefin amidohydroxylation
reaction,” which demands more strict structural
requirements, such transformation can be achieved on a
variable branch of substrates including N-alkyl, N-aryl,
and N-benzyl substituted amides as shown in Scheme 1.

—— PhI(OCOCF3), Q
" X=Ar X
R’NH R=alkyl, aryl, benzyl R’N
1 © n©

Scheme 1 PIFA-mediated construction of the pyrrolidinone nucleus.

As highly functionalized materials, derivatives of type II
can be also considered as starting points for new
transformations and, in fact, we have recently
demonstrated the value of this approach in the
preparation of pyrrolodiazepinone and pyrrolobenzo-
diazepinone derivatives from N-(3-aminopropyl), N-(2-
aminomethylphenyl), and N-(2-nitrobenzyl) substituted
pyrrolidinones.” and also in the synthesis of pyrrolo-
pyrazinones from N-aminoethylpyrrolidinones’ by the
inclusion, in both cases, of an additional reductive
amination step. Having established the potential of the
present strategy as a general route to the synthesis of
pyrrolidine-containing heterocycles, we recently focused
on its application to the synthesis of polyhydroxylated
indolizidinones, a more challenging objective.

Castanospermine and swainsonine are probably the most
well known examples of the polyhydroxyindolizidine
alkaloids family. Apart from their strong glycosidase
inhibitory activity,” some other potential uses as
chemotherapeutic agents against diabetes,® cancer,” and
HIV® have been reported for them or their analogues.” As
a result, the design of efficient syntheses of these
heterocycles has been a long-lasting issue for the organic

chemists. Because of the benefits of using privileged
structures with well-defined stereochemistry from the
chiral pool, the carbohydrate-based synthetic strategies
for the preparation of polyhydroxylated indolizidines has
a widespread presence in the specialized literature,
mainly for those strategies that start from D-mannitol, D-
ribose, D-glucose or L-sorbose, among others.'” But
these approaches are occasionally limited by their lack of
stereochemical flexibility and, in some cases, are usually
longer than desired mainly because of the introduction of
unavoidable protection and deprotection steps. On the
other hand, different studies have suggested that subtle
structural and stereochemical modifications of the target
molecules may cause considerable changes in their
biological activity."' Consequently, any effort to develop
flexible non-sugar based strategies for the construction
of the skeleton of polyhydroxylated indolizidines would
be of great significance.”” In summary, here we will
show a new, short and diastereoselective preparation of
racemic  6,7,8-trihydroxyindolizindin-3-one and some
ancillary studies related to it.

Thus, according to our previously reported experiences,
the synthetic design (Scheme 2) dictated the judicious
construction of an alkynylamide of type 4 as the key
synthetic intermediate. In addition, and as a deliberated
requisite, the synthesis was initially designed according
to the commercial availability of all the components of
our target skeleton. Consequently, N-allylamide 2, easily
prepared from pentynoic acid (1), was connected to
(E/Z)-2-bromobutene (3)"* by a Sonogashira coupling
reaction'* resulting in the formation of 4, which was
treated with a slight excess (1.5 equivalents) of the
hypervalent iodine reagent in trifluoroethanol (TFEA) as
solvent, followed by a basic aqueous work up. This
protocol rendered the 5-alkenoyl-2-pyrrolidinone (+)-5 in
a good overall yield. Then, application of L-selectride
reduction conditions, which had been claimed to afford
high levels of diastereocontrol in the reduction of
structurally — similar ~ systems, resulted in the
chemoselective transformation of the keto carbonyl
group to afford pyrrolidinone (£)-6 as a single syn
stereoisomer."” Regrettably, all attempts to perform the
projected Ru-mediated cyclization step on it ended up in
the isomerization of both olefinic fragments to afford a
diastereoisomeric mixture (syn/anti) of (+)-7. Those
attempts included the use of Grubbs I and Grubbs II
catalysts, and the use of different solvents (CH,Cl, and
toluene) and temperatures (rt and solvent reflux).'®
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To the view of these results, we envisaged that such
olefin isomerization could be prevented if a conjugated
system, structurally related to (+)-6, were constructed at
the terminal position of the double bond. For that
purpose, a phenyl group was selected and, therefore, we
embarked on the preparation of alkynylamide 9
following the same strategy as before (see Scheme 3).
Consequently, amide 2 was coupled with fB-
bromostyrene (8), a reactant that was prepared as a single
E-isomer from cinnamic acid by a modified catalytic
Hunsdiecker reaction.'” When all parts of substrate 9
were assembled, it was submitted to the above
mentioned  cyclization conditions employing the
hypervalent iodine reagent PIFA. This protocol rendered
the desired S5-alkenoyl-2-pyrrolidinone (+)-10 in 33%
overall yield (three steps from 1).

— Pl
NH./ TEGN,cul CuI E
A PA(PPh3),Cly
2 O 54%
(o]

‘ 1) PIFA, TFEA, 0 °C

Ph )/N 2) basic w-up, 74%
(@)
7 (@10

Scheme 3

In the process to transform the keto group into the
hydroxy functionality, we considered of interest to have
both diastereoisomers (syn-11a and anti-11b) at our
disposal and, towards this end, the application of a
number of reductive protocols on (+)-10 in the absence
and in the presence of chelating agents was evaluated.
This survey is summarized in Table 1, which results
from the combination of three reductive agents (NaBH,,
L-selectride and DIBAL-H), a number of metal sources
(ZnCl,, CeCls, NiBrs, and TiCly), and different solvents
(MeOH, toluene and THF). For the sake of simplicity,
NaBH, was employed in the first place leading to alcohol
syn-11a with a modest diastereoselctivity. Fortunately,
when the use of a more sterically demanding reducing
agent such as L-selectride was tested, we were rewarded
with a completely diastereoselective transformation
(conditions B) leading to syn-11a, a result that can be
explained by considering a Felkin-Ahn model for the
nucleophilic addition to the carbonyl group. In contrast,

we met only limited success in the preparation of anti-
11b when the reaction was attempted in the presence of a
number of coordinating agents with different Lewis
acidity. In fact, under the best circumstances (conditions
C), the use of NaBH, in combination with ZnCl,
produced a chromatographically separable mixture (dr
63/37) of both diastereoisomers. Apparently, the
adoption of a chelated arrangement in (+)-10 in the
presence of a coordinating metal seems to be poorly
favored probably due to the low basic nature of the
amidic nitrogen. Finally, it was observed that substrate
(#)-10 resulted to be completely inert in the presence of
DIBAL-H and in the presence of TiCl,.

Table 1 Selected conditions for the reduction of (+)-10 to afford
alcohols (£)-11a,b.

OH OH
conditions
@10 DTS, ] m
AG  py jN { P JN {
/(:)-113 /(t)-11b
Conditions dr 11a/11b @
(A) NaBH,, MeOH, 0 °C 70/30”
(B) L-selectride, THF, -78 °C 100/0
(C) NaBH,, ZnCl,, MeOH, -78 °C 63/379
(D) NaBH,, CeCl;, MeOH, 0 °C 75/25

(E) NaBH,, TiCl,, MeOH, -78 °C )
(F) NaBH,, NiBr,, MeOH, -78 °C 68/32
(G) DIBAL-H, Tol, -78 °C 9

@ Determined by 'HNMR from the crude reaction.
™ In 70% combined yield. “” In 46% combined yield.
@ Substrate (+)-10 was recovered completely unchanged.

Considering that substrate (+)-6 behaved more reactive
in the presence of Grubbs II catalyst in refluxing toluene,
over other tested alternatives, we applied those
conditions to the 1,5-diallyl-pyrrolidinones (+)-11a,b
(see Scheme 4). Satisfactorily, both stereoisomers
rendered the corresponding indolizidinones (+)-12a,b in
good yields (71 and 86%, respectively) with no need of
previous OH protection.'® To complete the synthesis, 8-
hydroxy-indolizidinone (+)-12a was submitted to the
action of an array of standard dihydroxylation agents
(KMnO,, 0sO, and K,0s0,)" resulting in an almost
quantitative formation of the 6,7.8-
trihydroxyindolizidinone (+)-13a when, in particular,
Upjohn reaction conditions were applied. In depth
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'HNMR studies carried out on (+)-13a, the only
diastereoisomer which was formed, revealed the relative
configuration of all its stereocenters (rac-6S,7S.8S,9R).>’
Consequently, the configuration at the new C-6,7
stereogenic centers in the indolizidine system may be
rationalized on the basis of a stereoelectronic control that
the existing C(8)-OH group exerts leading to a
preferential anti attack of the oxidative reagent.
Interestingly, and with no apparent explanation, when
submitted to a number of dihydroxylation conditions,
indolizidinone (+)-12b resulted to be inert under all
circumstances.

OH
Gll, Tol dihydroxylation
ofiux 8% — X
reflux, 86% O\l/\} (several methods)
#)12b O

(from (+)-11b)

™
MesN Q‘Mes

Ru=\
CI' pcy,Ph -

Gll, Tol OH OH
reflux

71% K,0s04 (cat) HO..,

— N acetone/H,0 N

NMO 1t, 93% HO
()-12a O ()13 O
(from (£)-11a)
Scheme 4

In conclusion, the design of a new, short, and efficient
strategy for the preparation of a trihydroxyindolizidinone
skeleton has been achieved in racemic fashion from
highly and properly functionalized linear
alkynylamides.?' The introduction of two key cyclization
steps (PIFA mediated alkyne amidation and a RCM step)
established the construction of the required unsaturated
bicyclic skeleton on which the final dihydroxylation
process is performed. It must be highlighted that all four
continuous sterogenic centers are produced in a complete
diastereoselective fashion and with no need of
undesirable protection steps in any of the stages of the
synthesis.
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min, temperature was raised to room temperature and 2
mL of an aqueous solution of NaOH (10%) was added.
The whole mixture was extracted with CH,Cl, (3x10
mL), the combined organic layers were dried over
Na,SO,, and the solvent evaporated. Purification of the
crude by flash chromatography (EtOAc) gave
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\bstract.

"he construction of the title compounds has been
chieved from properly substituted linear alkynylamides
hrough the suitable combination of two key cyclization
teps. First, an intramolecular PIFA-mediated alkyne
midation protocol leads to the creation of the
wyrrolidinone nucleus, which under proper manipulation
f the generated keto-carbonyl group permits the
issembling of the indolizidinone skeleton by the
ntroduction of a subsequent ring-closing olefin
netathesis step. Finally, its transformation into a series of
ubstituted mono- and trihydroxylated indolizidinone
lerivatives is achieved by manipulation of the remaining
insaturated ~ fragment under hydrogenation and
lihydroxylation conditions.

eywords: hypervalent iodine; alkynylamides; PIFA;
vlefin metathesis; indolizidinones

1. Introduction.

Some years ago, our group demonstrated that the
ntramolecular amidation of properly substituted alkynes
I) can be performed in the presence of the hypervalent
odine reagent PIFA [bis(trifluoroacetoxy)phenyliodane]
o render a series of S-aroyl- and 5-alkenoyl-2-
yyrrolidinones of type II (see Figure 1).' As a constituent
f the framework of a number of important heterocycles,
ve considered the construction of highly functionalized
wyrrolidinone skeletons as a main object of our research.
n this context, the subtle selection of different groups (X
nd R in IT) would represent a new starting point for the
ynthesis of a number of nitrogen containing heterocycles
ind, in fact, we have recently confirmed the value of this
ipproach in the preparation of pyrrolodiazepinone and
wyrrolobenzodiazepinone  derivatives  from  N-(3-
minopropyl)-, N-(2-aminomethylphenyl)-, and N-(2’-
litrobenzyl)-substituted pyrrolidinones,” and also in the
ynthesis  of pyrrolo-Pyrazinones from  N-(2’-
minoethyl)pyrrolidinones” by the inclusion, in both
:ases, of an additional reductive amination step.

PhI(OCOCF3),

X——= X
NH > X=Ar, alkenyl N
R R=alkyl, aryl, benzyl R
o
|
pyrrolo(benzo)diazepines (ref. 2)

pyrazinones (ref. 3) —
indolizidinones (this paper)
Figure 1. PIFA-mediated construction of substituted
pyrrolidinones.

With the aim of expanding the applicability of the
proposed synthetic strategy, we show in this paper our
efforts to prepare differently substituted indolizidinones of
type III starting from S-aryl- and S-alkenyl-N-
allylpentynamides V.* According to the retrosynthetic
analysis shown Figure 2, the success of our plan will rely
on two key cyclization steps: (i) the PIFA mediated alkyne
amidation to render IV, in which the presence of the
hydroxy group will be developed by the insertion of an
additional reductive step or, alternatively, with the
addition of an organometallic vinylic reagent to the
previously generated keto-carbonyl group, and (ii) a ring
closing metathesis step performed on the N-allyl group
and the remaining olefin fragment. Manipulation of the
resultant unsaturation —across C(6) and C(7) positions—
under reductive and oxidative conditions will be also
attempted as a source for higher structural diversity in the
final mono- and trihydroxylated indolizidinones that will
be eventually prepared, our final challenge.

(Ar) OH ;

Figure 2. Key retrosynthetic disconnections for the
construction of the indolizidinone skeleton.
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Polyhydroxylated indolizidines have been the target
of a myriad of well-established and novel synthetic
approaches as a result of the relevant biological activity
that these naturally occurring —or synthetically derived—
heterocycles display.” For this purpose, the selection of a
number of carbohydrates, mainly D-mannitol, D-ribose,
D-glucose or L-sorbose, among others, from the chiral
pool has been a recurrent option to create the indolizidine
skeleton.® These strategies benefit from the well defined
stereochemistry that will be induced in the final
compounds but, contrarily, they are occasionally limited
by their lack of stereochemical flexibility and, in some
cases, are usually longer than desired mainly because of
the introduction of unavoidable protection and
deprotection steps. Therefore, we show in this paper our
efforts to design a new protecting-free non-sugar based
route to the synthesis of racemic 8-hydroxy-
indolizidinones.”

2. Results and discussion.

Looking for a high structural diversity in the final
compounds, our synthetic design was conceived to
incorporate a number of aryl and alkenyl groups at the
terminal position of the starting N-allyl-5-pentynamide
(1) in the first stage of the synthesis, as shown in Scheme
1. For that purpose, the required Sonogashira coupling
process had to be optimized with respect to the nature of
the halide component of the reaction.® Thus, the
experimental conditions employed to obtain amides 3a-d,
which required a series of aryl iodides and the catalytic
use of Cul and Pd(PPh;),Cl, in triethylamine as solvent
at room temperature, had to be modified with the
additional participation of PPh; and working at solvent
reflux temperature to prepare amide 2 from 1 and (£)-B-
bromostyrene.” When all parts of substrates 2 and 3a-d
were assembled, they were submitted to the PIFA-
mediated cyclization conditions. Thus, treatment of these
alkynylamides 2 and 3 with a slight excess (1.5
equivalents) of the hypervalent iodine reagent in
trifluoroethanol (TFE) as solvent at room temperature,
followed by a basic aqueous work up (aq. K,COs),
rendered the corresponding 5-styryl- and 5-aroyl-2-
pyrrolidinones 4 and Sa-d in acceptable yields.

Prior to the planned ring closing metathesis step, we
found that both types of pyrrolidinones 4 and 5 had to be
manipulated. Considering that, in the case of
pyrrolidinone 4, all attempts to perform the projected
cyclization didn’t afford the expected results under a
number of Ru-catalyzed conditions, a reductive step to
generate the corresponding hydroxy group was
introduced. Complementary, and with the same purpose,
S-aroylpyrrolidinones 5a-d were submitted to the action
of vinylmagnesium bromide in order to fix the olefin
fragment and, at the same time, to develop the hydroxy
group that eventually will be located at the C(8) position
of the indolizidinone skeleton. In any case, both
processes, the reduction of the keto group and the
addition of the Grignard reagent, were studied with the

aim to obtain pure samples of both possible syn/anti
diastereoisomers, as it will be now disclosed.'”

B-bromostyrene Ar-l, Cul
Cul, Pd(PPh3),Cly Pd(PPh3),Clp

PPhg, EtzN, 80 °C (\N EtN, 1t
1

H 1

Ar
If NS0 |

2(94%) \ 1) PIFA, TFE, 0 °C 3a-d
2) basic work-up (44-94%)

o

>J

I-=Z

[¢]

Ar

Ph @Ar=Ph  _~N
(b) Ar=PMP
40/ (c) Ar=p-CICéH4  5a-d
0) (d) Ar=2-thienyl (40-66%)

\

Scheme 1. Preparation of pyrrolidinones 4 and Sa-d.

The survey to perform the diastereoselective reduction
of 4 was carried out by combining a number of different
reducing agents, solvents, and coordinating metal sources
(see Scheme 2). In particular, when a sterically demanding
reducing agent such as L-selectride was tested in THF at -
78 °C, we were rewarded with a completely
diastereoselective transformation leading to (syn)-6."" In
contrast, we met only limited success in the preparation of
(anti)-6. In fact, under the best circumstances, the use of
NaBH, in combination with ZnCl, —which was introduced
with the aim to induce a chelated-controlled addition—
produced a chromatographically separable mixture of both
diastereoisomers. On the other hand, the selection of the
adequate conditions to conduct the diastereodivergent
addition of vinylmagnesium bromide to pyrrolidinones 5a-
d was also examined (see Scheme 2). Thus, it was found
that when the reaction was performed under chelate-
controlled conditions, a series of pyrrolidinones (syn)-7a-
d was obtained with complete diastereocontrol in good to
excellent yields. Particularly, the behavior of ZnCl,
resulted to be superior over other additives that were also
studied, such as Mg(ClO,),, 18-crown-6, CeCls, or Cul.?
Contrarily, none of the experimental conditions that were
tested with the aim to prepare pyrrolidinones (anti)-7a-d
led lt? good levels of diastereocontrol (up to 66/34 for
Ta).”
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OH OH
4 ref.4_ Ph N and/or Ph///\’Q
)/ 0 J ©

—
(syn)-6 (anti)-6
L-selectrid
THE, 78eC —= (70%) (%)
NaBHy, ZnCly ___ ogo 14%
THF, -78 °C (29%) (14%)
HO Ar Ar OH
P |
sa-g 2 MoBr and/or N
J o J o)
(syn)-7a-d (anti)-7a-d
ZnCly . (90-61% <59
THE, 180 ¢ %) (<5%)
THF, reflux —» (41-28%) (58-39%)

Scheme 2. Preparation of hydroxylated pyrrolidinones 6
and 7a.

With these materials in hand, we moved to our next
synthetic step. In order to overcome a number of
difficulties associated to the lack of reactivity and partial
olefin isomerization' that were detected in our
preliminary  assays, a combination of several
experimental parameters —the use of Grubbs I or Grubbs
IT catalysts (see Figure 3), the use of different solvents
(CHCl; and toluene), and different temperatures (rt and
solvent reflux)— had to be optimized to perform the ring
closing metathesis reaction on derivatives 6 and 7."°

PCys \
. Mes"\'\('\""”eS
" RU= CI,"Ru
ca” | _Ph c” L _ph
PCys Gl PCy;  GlI

Figure 3. First (GI) and second (GII) generation
Grubbs’ catalysts.

Such optimization process led to the conclusion (see
Table 1) that whereas the transformation of either (syn)-6
or (anti)-6 into the corresponding indolizidinones 8 had
to be performed under the assistance of GII catalyst in
refluxing toluene (71 and 86% yield, respectively), the
preparation of indolizidinones 9a-d required the use of
CH,Cl, as solvent at room temperature with the aid of
Grubbs® GII catalyst as well (58-66 yie]d)A'{' The 'H
NMR-based stereochemical analysis of the crude samples
revealed that the projected cyclization resulted to be
successful in the absence of OH protection and with no

HO_ Ar  Ar OH

OH OH
o (] o

(syn)-8 (anti)-8 (syn)-9a-d (anti)-9a-d
Table 1. Preparation of a series of indolizidinones 8 and
a).b)

substrate product yield

entry Ar

(syn/anti) (syn/anti) (%)
1 --- 6 (100/0) 8 (100/0) 71
2 6 (0/100) 8(0/100) 86
3 Ph 7a (33/67)  9a(33/67) 66
4 Ph 7a (100/0)  9a (100/0) 65
5 PMP 7b (53/47) 9b (53/47) 60
6 PMP 7b (100/0) 9b (100/0) 65
7 p-CICH,  7c(41/59)  9c(41/59) 65
8 p-CICH,  7¢(100/0)  9c (100/0) 58

©

2-thienyl ~ 7d (38/62)  9d (38/62) 65

10 2-thienyl  7d (100/0)  9d (100/0) 58
9 GII catalyst was employed in refluxing toluene for the
transformation of compound 6, and in CH,Cl, at room temperature
for the transformation of compounds 7a-d. ) The diastereomeric
composition was determined from the crude 'H NMR.

To conclude our projected research, the resultant
unsaturation generated on indolizidinones 8 and 9 was
submitted to new manipulations, both under reductive and
oxidative conditions, in order to extend the structural
diversity of the series of indolizidinone derivatives that
can be prepared. Firstly, (see Table 2) it was found that
treatment of separated samples of both diastereoisomers 8
under an atmosphere of H, (70 psi) using Pd(C) as catalyst
in MeOH rendered indolizidinones (syn)-10 and (anti)-10
in a moderate 46 and 43% yields, respectively. Similarly,
when indolizidines 9 were submitted to the same reaction
conditions, a series of indolizidinones 11a-d was prepared
in moderate to good yields.

OH OH HO_ Ar  Ar_ OH
(0] (0] o} o}
(syn)-10 (anti)-10  (syn)-11a-d (anti)-11a-d
Table 2. Preparation of a series of indolizidinones 10 and

11.‘“' b)
entry Ar substrate product yield
(syn/anti) (syn/anti) (%)
1 --- 8(100/0) 10 (100/0) 46
2 - 8(0/100) 10 (0/100) 43
3 Ph 9a(33/67)  11a(33/67) 69
4 Ph 9a (100/0)  11a (100/0) 60
5 PMP 9b (53/47)  12b (53/47) 67
6 PMP 9b (100/0) 12b (100/0) 63
7 p-CIC¢Hy  9¢ (41/59) 13c (41/59) 65
8 p-CICH; ~ 9¢(100/0)  13¢ (100/0) 53
9 2-thyenyl 9d (38/62) 14d (38/62) 68

detectable epimerization in none of the cases under 10 2-thyenyl  9d (100/0)  14d (100/0) 56
study.I7 9 All reactions were performed in MeOH as solvent at room
temperature, and in the presence of 10% Pd(C). » The

diastereomeric composition was determined from the crude 'H
NMR.
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Finally, we found that the projected dihydroxylation
step, that would render the desired trihydroxylated
indolizidinone skeleton, resulted to be much more
problematic.'® In fact, although indolizidinone (syn)-8
behaved as expected to render the 6,7,8-
trihydroxyindolizidinone (syn)-12 in an excellent 93%
yield under modified Upjohn conditions," for which the
stereochemical outcome is the result of a stereoelectronic
repulsion with the existing C(8)-hydroxy group,”
indolizidinone (anti)-8 resulted to be inexplicably
unreactive under all different conditions that were tested.
Similarly, none of all syn or anti indolizidinones 9
produced the desired trihydroxylated derivatives when
submitted to an array of different dihydroxylation
conditions, except for (anti)-9a. Thus, when a syn/anti
mixture of (syn/anti)-9a was treated with K,0sO4-2H,0
under Upjohn conditions, pure (anti)-13a was obtained
in 57% yield (86% based on consumed starting material)
together with unreacted (syn)-9a.

Kx0s042H0 OH
(syn)-8 acetone-H,0 (1:1) ‘
NMO, rt (93%) HO" N
(syn)-12 O
K20s04-2H,0 HO,Ph _:OH
(synlanti)-8a acetone-H,0 (1:1) .
NMO, rt HO" N
(57% yield, plus . o)
unreacted syn-9a) (anti)-13a

Scheme 3. Preparation of hydroxylated pyrrolidinones
(syn)-12 and (anti)-13a.

Although the explanation for the dramatic difference
in the observed reactivity with respect to the nature of the
aryl ring in the series of indolizidinones 9a-d is out of
our knowledge, —in fact, only 9a appears to be reactive
enough—, we can suggest (see Figure 4) a possible
explanation for the higher reactivity of (anti)-9a over its
diastereoisomer (syn)-9a. If we assume that substrate 9a
is stabilized in a half-chair conformation, the allylic
substituents at C(8) will occupy pseudo-axial and
pseudo-equatorial positions. Now, in the case of the syn-
stereoisomer, the oxidative reagent will find opposition
for its approach to both faces of the double bond, due to
electronic repulsion with the hydroxy group located in
the pseudoaxial position —in combination with the
nitrogen lone pair—, in one case, and to the steric
hindrance that the bulky phenyl group exerts in the
opposite face. But, although the latter repulsion also
exists for the phenyl group in the anti-stereoisomer, the
electronic repulsion that the hydroxy group induces is
diminished since it lies far from the double bond because
of its pseudoequatorial location. Consequently, this
situation is also in agreement with the all-syn
relationships that the three hydroxy groups display in
indolizidinone (anti)-13a.

"Os" "Os"
S N
HO _0 PR _o
N N
Ph — HO —
% N
"Os" "Os"
(syn)-9a (anti)-9a

Figure 4. Possible explanation for the different reactivity
of (syn)- and (anti)-9 towards the dihydroxylation reagent.

3. Conclusions

In summary, the design of a new, short, and efficient
strategy for the preparation of a series of unsaturated,
saturated, and substituted indolizidinones has been
achieved —in racemic fashion— from highly and properly
functionalized linear alkynylamides. The combination of
two key cyclization steps (PIFA mediated alkyne
amidation and a RCM step) allowed the creation of the
required unsaturated bicyclic skeletons on which the final
hydrogenation and dihydroxylation processes were
performed. It must be highlighted that all four continuous
stereogenic centers in the final compounds are produced in
a complete diastereoselective fashion and with no need of
undesirable protection steps in any of the stages of the
synthesis.

4. Experimental Section.

4.1. General procedures. All reagents were purchased and
used as received. All solvents used in reactions were dried
and purified according to standard procedures. All air- or
moisture-sensitive reactions were performed under argon.
The glassware was oven dried (140 °C) overnight and
purged with argon prior to use. Melting points were
measured using open glass capillaries and are uncorrected.
Infrared spectra were recorded as thin films and peaks are
reported in cm™. Only representative absorptions are
given. Flash chromatography was carried out on SiO,
(silica gel 60, 230-400 mesh ASTM). NMR spectra were
recorded on a 300 instrument (300 MHz for 'H and 75.4
MHz for C) at 20-25 °C unless otherwise stated.
Chemical shifts (8) were measured in ppm relative to
chloroform (8=7.26 for 'H or 77.0 for “C) as internal
standard. Coupling constants, J, are reported in hertz.
DEPT and several bidimensional NMR experiments
(COSY, HSQC, NOESY) were used to assist with the
assignation of the signals and structural and stereochemical
determinations. Mass spectra were recorded under electron
impact (EL, 70 eV) or chemical ionization conditions (CI).

4.2. Synthesis of N-allyl-4-pentynamide (1). A solution
of 4-pentynoic acid (640 mg, 6.5 mmol) in 5 mL of DCM
was added to a magnetically stirred solution of EDC-HCI
(1.9 g, 9.9 mmol) and HOBt (1.35 g, 9.9 mmol) in 30 mL
of the same solvent followed by the addition of allylamine
(0.75 mL, 9.9 mmol) dissolved in 10 mL of DCM. The
mixture was cooled to 0 °C and Et;N (1.4 mL, 9.9 mmol)
was added dropwise and was left to react at rt overnight.
Then, the reaction was diluted with DCM and water (30
mL), the mixture decanted, and the aqueous phase
extracted with DCM (3x 15 mL). The combined organic
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layers were dried over Na,SO,, filtered, and the solvent
was removed under vacuum. The resultant
chromatographically pure colorless oil was triturated with
cold Et,O to afford amide 1 as a while solid (82%): mp
46-48 °C (Et,0); '"H NMR (CDCl3) & (ppm) 5.90-5.77
(m, 2H), 5.23-5.11 (m, 2H), 3.91-3.88 (m, 2H), 2.57-2.51
(m, 2H), 2.44-2.39 (m, 2H), 2.00 (t, J=2.0, 1H); *C
NMR (CDCls) & (ppm) 170.7, 134.0, 116.4, 82.9, 69.3,
419,353, 149; IR v (cm™) 3295, 1648; MS [CI] m/z:
138 (100), 136 (8); HRMS caled for CgH, NO-H"
138.0919, found 138.0925.

4.3. Synthesis of (E)-N-allyl-5-(B-styryl)-4-
pentynamide (2). A solution of (£)-B-bromostyrene (500
mg, 3 mmol), PdCl,(PPhs), (21 mg, 0.03 mmol), PPh;
(23 mg, 0.09 mmol), and amide 1 (615 mg, 4.5 mmol) in
Et;N (20 mL) was stirred at 40 °C for 15 min. Then, Cul
(17 mg, 0.09 mmol) was added and the stirring was
continued at 80 °C until total consumption of the starting
material (tlc, 6 h). Then, after cooling, the solvent was
evaporated under vacuum and the residue purified by
column chromatography (EtOAc) to afford amide 2 as a
yellowish solid that was crystallized from Et,0O (54%):
mp 68-70 °C (Et,0); 'H NMR (CDCl3) & (ppm) 7.37-7.29
(m, 5H), 6.87 (d, /~16.2, 1H), 6.11 (d, J=16.2, 1H), 5.91-
5.80 (m, 1H), 5.74 (br s, 1H), 5.26-5.13 (m, 2H), 3.73 (t,
J=5.6, 11.2, 2H), 2.73 (t, J=5.8, 12.7, 2H), 2.46 (t, J=7.1,
14.3, 2H); *C NMR (CDCl;) & (ppm) 170.9, 140.8,
134.1, 128.7, 128.5, 126.1, 116.4, 108.2, 90.8, 80.8, 42.0,
357, 16.2; IR v (em™) 3295, 1638; MS [CI] m/z: 240
(100), 198 (32), 155 (23), 141 (25); HRMS calcd for
CyH7NO-H" 240.1388, found 240.1392.

4.4. Typical procedure for the Sonogashira coupling
reaction.

4.4.1. Synthesis of N-allyl-5-phenyl-4-pentynamide
(3a). A solution of iodobenzene (0.5 mL, 4.05 mmol),
PdCL(PPhs), (28 mg, 0.04 mmol), Cul (15 mg, 0.08
mmol), and amide 1 (555 mg, 4.05 mmol) in Et;N (20
mL) was stirred at room temperature until total
consumption of the starting material (tlc, 72 h). Then,
water (30 mL) was added, the mixture was extracted with
EtOAc (3x25 mL), and the combined organic extracts
were dried over Na,SO, (anh). Once the solvent was
evaporated under vacuum, the whole crude was purified
by column chromatography (hexanes/EtOAc, 1/1) to
afford amide 3a as a white solid that was crystallized
from Et,O (94%): mp 72-73 °C (Et,0); 'H NMR (CDCls)
8 (ppm) 7.37-7.32 (m, 2H), 7.25-7.23 (m, 3H), 6.30 (br's,
1H), 5.89-5.74 (m, 1H), 5.22-5.06 (m, 2H), 3.90-3.86 (m,
2H), 2.76-2.70 (m, 2H), 2.51-2.45 (m, 2H); °C NMR
(CDCl3) & (ppm) 171.1, 1339, 131.4, 128.1, 127.7,
123.3, 116.1, 88.4, 81.4, 41.8, 35.4, 15.8; IR v (cm™)
3301, 1631; MS [EI] m/z: 213 (15), 212 (41), 185 (45),
184 (98), 172 (100), 170 (31), 128 (67); HRMS calcd for
C14HsNO 213.1154, found 213.1149.

4.4.2. N-allyl-5-(4-methoxyphenyl)-4-pentynamide (3b).
According to the typical procedure, amide 3b was
prepared from amide 1 and 4-iodoanisole in 57% yield as
a yellowish solid. It was purified by column
chromatography (hexanes/EtOAc, 2/8) followed by
crystallization from Et,0: mp 82-83 °C (Et,0); 'H NMR
(CDCl3) & (ppm) 7.28 (d, J=8.7, 2H), 6.77 (d, J=8.7, 2H),
6.10 (brs, 1H), 5.88-5.75 (m, 1H), 5.21-5.07 (m, 2H), 3.88
(t, J=5.6, 2H), 3.76 (s, 3H), 2.71 (t, J=7.2, 2H), 2.47 (4,
J=72, 2H); “C NMR (CDCl5) § (ppm) 171.2, 159.3,
134.4, 1329, 115.5, 113.8, 116.2, 86.8, 81.4, 55.2, 41.9,
358, 15.9; IR v (cm™) 3310, 1633; MS [CI] m/z: 244
(100), 243 (44), 202 (50), 145 (10); HRMS calcd for
CysH;7NOy'H™ 244.1337, found 244.1345.

4.4.3. N-allyl-5-(4-chlorophenyl)-4-pentynamide (3c).
According to the typical procedure, amide 3¢ was
prepared from amide 1 and 4-chlorophenyl iodide in 54%
yield as a white solid. It was purified by column
chromatography (hexanes/EtOAc, 2/8) followed by
crystallization from Et,O: mp 196-197 °C (Et,0); '"H NMR
(CDCls) & (ppm) 7.30-7.22 (m, 4H), 5.88-5.77 (m, 2H),
5.23-5.09 (m, 2H), 3.91 (t, J=5.7, 2H), 2.75 (t, J=7.2, 2H),
2.48 (t, J=7.2, 2H); *C NMR (CDCl3) & (ppm) 170.9,
134.1, 133.8, 132.8, 128.5, 121.9, 116.4, 89.5, 80.5, 42.0,
35.5, 15.9; IR (film) v (cm™) 3305, 1631; MS (CI) m/z
(%) 248 (100), 247 (25), 206 (42), 149 (10); HRMS
calculated for CuHy, CINO-H® 248.0842, found
248.0839.

4.4.4. N-allyl-5-(2-thyenyl)-4-pentynamide (3d).
According to the typical procedure, amide 3d was
prepared from amide 1 and 2-iodothiophene in 44% yield
as a brown solid. It was purified by column
chromatography (hexanes/EtOAc, 1/1) followed by
crystallization from Et,O: mp 68-69 °C (Et,0); 'H NMR
(CDCls) & (ppm) 7.18-7.10 (m, 2H), 6.93-6.91 (m, 1H),
5.97 (brs, 1H), 5.90-5.77 (m, 1H), 5.23-5.09 (m, 2H), 3.91
(t, J=5.5, 2H), 2.77 (t, J=7.3, 2H), 2.48 (t, J=7.3, 2H); °C
NMR (CDCls) & (ppm) 170.9, 134.0, 131.4, 126.3, 123.5,
116.4,92.5,74.8,42.0,35.4, 16.2; IR v (cm™) 3305, 1633;
MS [CI] m/z: 220 (100), 179 (47), 178 (96), 135 (10);
HRMS caled for C,H;3;NOS-H™ 220.0796, found
220.0790.

4.5. Typical procedure for the PIFA-mediated
heterocyclization.

4.5.1. (*)-N-allyl-5-cinnamoyl-2-pyrrolidinone (4). A
solution of alkynylamide 2 (348 mg, 1.4 mmol) in
CF;CH,OH (20 mL) was stirred at 0 °C and a solution of
PIFA (940 mg, 2.2 mmol) in 12 mL of the same solvent
was added dropwise. The reaction mixture was stirred at
that temperature until total consumption of the starting
material (tle, 2 h). For the work up, aqueous Na,COs
(20%) was added (30 mL) and the mixture extracted with
CH,Cl, (3x20 mL). The combined organic layers were
washed with brine, dried over Na,SO,, and the solvent
evaporated.  Purification of the crude by flash
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chromatography (EtOAc) gave pyrrolidinone 4 as a
chromatographically pure yellowish oil (74%): "H NMR
(CDCl;) 8 (ppm) 7.70 (d, J=15.8, 1H), 7.54-7.39 (m, 5H),
6.76 (d, J=15.8, 1H), 5.75-5.62 (m, 1H), 5.15-5.08 (m,
2H), 4.53-4.41 (m, 2H), 3.46-3.38 (m, 1H), 2.48-2.33 (m,
3H), 2.00-1.93 (m, 1H); "C NMR (CDCl;) & (ppm)
197.2, 175.2, 1452, 133.9, 132.1, 131.2, 129.1, 128.6,
121.4, 118.8, 63.7, 44.5, 29.6, 21.4; IR 1692, 1609; MS
[CI] m/z: 256 (89), 124 (100); HRMS caled for
CH;7NO,H™ 256.1338, found 256.1335.

4.5.2.  (¥)-N-allyl-5-benzoyl-2-pyrrolidinone  (5a).
According to the typical procedure, pyrrolidinone 5a was
prepared from amide 3a in 66% yield as a yellowish oil.
It was purified by column chromatography (EtOAc): 'H
NMR (CDCl;) 8 (ppm) 7.91 (d, J=7.1, 2H), 7.63-7.45 (m,
3H), 5.78-5.55 (m, 1H), 5.15-5.02 (m, 3H), 4.51-4.45 (m,
1H), 3.39 (dd, J=15.0, 7.9, 1H), 2.42-2.39 (m, 3H), 2.01-
1.96 (m, 1H); "C NMR (CDCl;) 8 (ppm) 196.8, 175.0,
134.0, 133.9, 132.3 128.9, 128.2, 118.6, 60.6, 44.2, 29.4,
23.0; IR v (cm™) 1690; MS [M] m/z: 229 (1), 124 (100),
105 (23); HRMS calcd for C4H;sNO,: 229.1103, found
229.1111.

4.5.3. (¥)-N-allyl-5-(4-methoxyphenyl)-2-
pyrrolidinone (5b). According to the typical procedure,
pyrrolidinone 5b was prepared from amide 3b in 40%
yield as a yellowish solid. It was purified by column
chromatography (EtOAc) followed by crystallization
from Et,0: mp 72-73 °C (Et,0); 'H NMR (CDCl;) §
(ppm) 7.86 (d, J=8.9, 2H), 6.91 (d, /=8.9, 2H), 5.72-5.59
(m, 1H), 5.10-4.99 (m, 3H), 4.45-4.38 (m, 1H), 3.82 (s,
3H), 3.37-3.30 (m, 1H), 2.44-2.33 (m, 3H), 1.96-1.90 (m,
1H); C NMR (CDCls) & (ppm) 195.4, 1752, 164.2,
132.5, 130.6 128.9, 118.5, 114.2, 60.4, 55.6, 44.3, 29.6,
23.4; IR v (em™) 1690; MS [CI] m/z: 260 (100), 124
(40); HRMS caled for C;sH;sNOs-H™ 260.1287, found
270.1277.

4.5.4. (¥)-N-allyl-5-(4-chlorophenyl)-2-pyrrolidinone
(5¢). According to the typical procedure, pyrrolidinone
5c¢ was prepared from amide 3¢ in 54% yield as a
yellowish oil. It was purified by column chromatography
(EtOAc): '"H NMR (CDCl;) & (ppm) 7.81 (d, J=8.6, 2H),
7.40 (d, J=8.6, 2H), 5.66-5.56 (m, 1H), 5.08-4.97 (m,
3H), 4.41-4.35 (m, 1H), 3.37-3.29 (m, 1H), 2.44-2.32 (m,
3H), 1.93-1.87 (m, 1H); *C NMR (CDCly) & (ppm)
195.8, 175.0, 140.5, 132.5, 132.4, 129.7 129.3, 118.7,
60.7, 44.3, 294, 23.1; IR U(cm‘l) 1697; MS [CI] m/z:
266 (34), 264 (100), 124 (47); HRMS caled for
C,4H,4 CINO,H™ 264.5791, found 264.0785.

4.5.5. (#)-N-allyl-5-(2-thyenyl)-2-pyrrolidinone (5d).
According to the typical procedure, pyrrolidinone 5d was
prepared from amide 3d in 64% yield as a yellowish oil.
It was purified by column chromatography (EtOAc): 'H
NMR (CDCls) § (ppm) 7.71-7.67 (m, 2H), 7.13-7.10 (m,
1H), 5.65-5.56 (m, 1H), 5.06-4.90 (m, 3H), 4.39-4.32 (m,
1H), 3.37-3.29 (m, 1H), 2.46-2.31 (m, 3H), 2.03-1.93 (m,
1H); *C NMR (CDCls) & (ppm) 190.5, 175.1, 140.9,
135.1, 132.6 132.2, 128.6, 118.8, 61.7, 44.3, 29.5, 23.7;

IR v (cm™) 1690; MS [CI] m/z: 237 (12), 236 (100), 124
(48); HRMS caled for Cj,H;3NO,S-H™ 236.0745, found
236.0734.

4.6. (¥)-(5R,1’R)-N-allyl-5-(1-hydroxy-3-phenylallyl)-
pyrrolidin-2-one (syn-6). A solution of L-Selectride®
(1.8 mL, 1.0 M in THF) was added dropwise to a cold (-78
°C) solution of pyrrolidinone 4 (230 mg, 0.9 mmol) in 4.5
mL of the same solvent. After 30 min, temperature was
raised to room temperature and 2 mL of an aqueous
solution of NaOH (10%) was added. The whole mixture
was extracted with CH,Cl, (3x10 mL), the combined
organic layers were dried over Na,SO,, and the solvent
evaporated. Purification of the crude by flash
chromatography (EtOAc) gave pyrrolidinone (syn)-6 as a
chromatographically pure yellowish oil (70%): 'H NMR
(CDCl;) & (ppm) 7.30-7.17 (m, 5H), 6.59 (d, J=15.9, 1H),
6.10 (dd, J=15.9, 6.00, 1H), 5.72-5.65 (m, 1H), 5.14 (d,
J=4.5, 1H), 5.10 (s, 1H), 4.39-4.25 (m, 2H), 3.76-3.64 (m,
2H), 2.88 (brs, 1H), 2.36-1.98 (m, 4H); *C NMR (CDCl;)
S (ppm) 175.9, 136.2, 132.8, 132.3, 128.7, 128.0, 127.5,
126.5, 117.8, 73.4, 61.6, 44.7, 30.2, 20.5; IR v (cm™)
3374, 1670; HRMS calculated for C;H;¢NOyH™
258.1494, found 258.1507.

4.7.  (¥)-(5R,1’S)-N-allyl-5-(1-hydroxy-3-phenylallyl)-
pyrrolidin-2-one (anti-6). Solid NaBH, (68 mg, 1.8
mmol) was added in one portion to a cold (-78 °C) solution
of pyrrolidinone 4 (230 mg, 0.9 mmol) in MeOH (5 mL).
After 30 min, H,O (2 mL) was added and temperature was
raised to rt. The whole mixture was extracted with CH,Cl,
(3x10 mL). The combined organic layers were dried over
Na,SO,, and the solvent evaporated. Purification of the
crude by flash chromatography (MeCN) rendered,
independently, pyrrolidinones (syn)-6 and (anti)-6 as
chromatographically pure yellowish oils in a 68:32 ratio
(46% combined yield). Only the data for (anti)-6 is now
reported: 'H NMR (CDCls) & (ppm) 7.40-7.25 (m, 5H),
6.73 (d, J=16.0, 1H), 6.14 (dd, /=16.0, 5.5, 1H), 5.87-5.74
(m, 1H), 5.27 (d, J=9.2, 1H), 5.23 (s, 1H), 4.63 (s, 1H),
4.36 (dd, /=15.5,4.8, 1H), 3.72 (dd, J=16.2, 6.9, 2H), 2.92
(br s, 1H), 2.59-2.47 (m, 1H), 2.32-2.26 (m, 1H), 2.14-
1.87 (m, 2H); '*C NMR (CDCl;) & (ppm) 176.1, 136.4,
132.8, 132.1, 128.7, 127.3, 126.5, 118.2, 70.7, 61.9, 43.6,
30.6,18.2.

4.8. Typical procedure for the nucleophilic addition of
vinylmagnesium bromide to pyrrolidinones 5 (method
A).

4.8.1. Synthesis of (¥)-(5R,1°S)-N-allyl-5-(1-hydroxy-1-
phenylallyl)-pyrrolidin-2-one (syn-7a). ZnCl, (30 mg,
0.22 mmol) was added to a solution of pyrrolidinone 5a
(50 mg, 0.2 mmol) in THF (2 mL). After 30 min, the
mixture was cold to -20 °C and vinylmagnesium bromide
(0.8 mL, 1.0 M in THF) was added. After 5 h, 4 mL of a
saturated solution of NH,4Cl were added, and the whole
mixture was extracted with CH,Cl, (3x10 mL). The
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combined organic layers were dried over Na,SO,, and the
solvent evaporated. Purification of the crude by flash
chromatography (EtOAc) gave pyrrolidinone (syn)-7a as
a chromatographically pure yellowish oil (90%): 'H
NMR (CDCl;) & (ppm) 7.26-7.13 (m, 5H), 6.29-6.20 (m,
1H), 5.57-5.51 (m, 1H), 5.45 (d, J=17.2, 1H), 5.27 (d,
J=10.8, 1H), 5.08 (d, /=10.2, 1H), 4.90 (d, /=17.1, 1H),
4.26-4.19 (m, 1H), 4.09-4.05 (m, 1H), 2.98-3.90 (m, 1H),
2.28-1.86 (m, 4H); °C NMR (CDCl;) & (ppm) 176.9,
143.4, 140.0, 132.6, 128.5 127.6, 125.7, 117.5, 115.5,
793, 64.5, 44.5,30.0, 21.3; IR v (cm™) 3368, 1670; MS
[CI] m/z 258 (100), 240 (23), 124 (54); HRMS
calculated for C;sH;oNO,-H™ 258.1494, found 258.1501.

4.8.2. Synthesis of (£)-(5R,1’S)-N-allyl-5-[1-hydroxy-
1-(4-methoxyphenyl)allyl]-pyrrolidin-2-one (syn-7b).
According to the typical procedure pyrrolidinone (syn)-
7b was obtained from 5b in 86% yield. It was purified by
column chromatography (EtOAc) as a yellowish oil: 'H
NMR (CDCl;) & (ppm) 7.34 (d, J=8.8, 2H), 6.88 (d,
J=8.8, 2H), 6.30-6.21 (m, 1H), 5.67-5.54 (m, 1H), 5.45
(d, /~17.1, 1H), 531 (d, J=10.8, 1H), 5.12 (d, J=10.2,
1H), 4.99 (d, J/=17.1, 1H), 4.31-4.27 (m, 1H), 4.05-4.02
(m, 1H), 3.80 (s, 3H), 3.20-3.12 (m, 1H), 2.32-1.68 (m,
4H); C NMR (CDCl3) & (ppm) 176.9, 159.1, 139.3,
135.0, 132.7, 127.0, 117.5, 115.7, 113.9, 79.3, 64.7, 55.3,
44.7,30.1, 21.3; IR (film) v (cm™) 3394, 1668; MS [(®))
m/z (%) 288 (100), 272 (13), 270 (23), 163 (17); HRMS
calculated for C;7H,NOs-H™ 288.1599, found 288.1605.

4.8.3.  Synthesis of (¥)-(5R,1’S)-N-allyl-5-[1-(4-
chlorophenyl)-1-hydroxyallyl)|-pyrrolidin-2-one (syn-
7¢). According to the typical procedure pyrrolidinone
(syn)-7¢ was obtained from 5¢ in 81% yield. It was
purified by column chromatography (EtOAc) as a
yellowish oil: 'H NMR (MeOD) & (ppm) 7.50 (d, J=8.7,
2H), 7.35 (d, J=8.7, 2H), 6.41-6.31 (m, 1H), 5.65-5.52
(m, 1H), 5.46 (d, J=17.2, 1H), 5.31 (d, J=10.5, 1H), 5.09
(d, J=10.5, 1H), 4.96 (d, J=17.2, 1H), 4.21 (br s, 1H),
4.15-4.11 (m, 2H), 3.14-3.04 (m, 1H), 2.10-1.96 (m, 4H);
C NMR (MeOD) & (ppm) 179.4, 144.2, 1343, 141.8,
133.4,129.3, 129.1, 117.8, 116.0, 80.0, 66.5, 45.8, 30.9,
22.3; IR (film) v (cm™) 3354, 1668; MS (M+1, CI) m/z
(%) 292 (100), 276 (15), 234 (10), 167 (12); HRMS
calculated for C,¢Hys CINO»H™ 292.1104, found
292.1107.

4.8.4. Synthesis of (£)-(5R,1’S)-N-allyl-5-[1-hydroxy-
1-(2-thyenyl)allyl]-pyrrolidin-2-one (syn-7d).
According to the typical procedure pyrrolidinone (syn)-
7d was obtained from 5d in 61% yield. It was purified by
column chromatography (EtOAc) as a brownish oil: 'H
NMR (CDCls) & (ppm) 7.28-7.26 (m, 1H), 6.99-6.95 (m,
2H), 6.29-6.20 (m, 1H), 5.76-5.63 (m, 1H), 5.54 (d,
J=17.2, 1H), 5.37 (d, J=10.6, 1H), 5.16 (d, J=10.2, 1H),
5.04 (brs, 1H), 4.36 (d, J=17.2, 1H), 4.04-3.97 (m, 1H),
3.53-3.41 (m, 1H), 2.92 (s, 1H), 2.22-1.91 (m, 4H); °C
NMR (CDCl;) & (ppm) 176.7, 148.0, 138.6, 132.8, 127.1,
125.4, 1245, 117.6, 116.8, 79.0, 65.6, 45.0, 29.9, 21.4;
IR (film) v (cm™) 3339, 1670; MS [EI] m/z (%) 246 (20),

124 (93); HRMS calculated for C,4H,,*SNO, 263.0980,
found 263.0957.

4.9. Typical procedure for the nucleophilic addition of
vinylmagnesium bromide to pyrrolidinones 5 (method
B).

4.9.1. Synthesis of (£)-(5R,1’R)-N-allyl-5-(1-hydroxy-1-
phenylallyl)-pyrrolidin-2-one (anti-7a). A
vinylmagnesium bromide solution (0.35 mL, 1.0 M in
THF) was added to a solution of pyrrolidinone 5a (50 mg,
0.2 mmol) in THF (2 mL) and the temperature was raised
to 40 °C. After 5 h, 4 mL of a saturated solution of NH,Cl
were added and the whole mixture was extracted with
CH,Cl, (3x10 mL). The combined organic layers were
dried over Na,SO,, and the solvent evaporated.
Purification of the crude by flash chromatography
(EtOAc) gave separated samples of pyrrolidinone (anti)-
7a and (syn)-7a in 67/33 ratio (86% combined yield).
Only the data for the (anti)-7a isomer is now reported: 'H
NMR (CDCls) & (ppm) 7.46-7.26 (m, 5H), 6.49-6.40 (m,
1H), 5.60-5.44 (m, 1H), 5.47 (d, J=17.2, 1H), 5.23 (d,
J=10.8, 1H), 5.18 (d, J=10.2, 1H), 5.07 (d, J=17.1, 1H),
4.50-4.45 (m, 1H), 4.12-4.06 (m, 1H), 3.58-3.50 (m, 1H),
2.28-1.80 (m, 4H); “C NMR (CDCl;) § (ppm) 177.2,
143.7, 141.9, 132.8, 128.5, 127.3 125.7, 117.9, 114.1,
78.9,64.4,45.1,30.0,21.4.

4.9.2. Synthesis of (+)-(5R,1’R)-N-allyl-5-[1-hydroxy-1-
(4-methoxyphenyl)allyl|-pyrrolidin-2-one (anti-7b).
According to the typical procedure pyrrolidinones (anti)-
7b and (syn)-7b were obtained from 5b in a 47/53 ratio
(80% combined yield) as yellowish oils after purification
by column chromatography (EtOAc). Only the data for the
(anti)-7b isomer is now reported: 'H NMR (CDCl;) &
(ppm) 7.34 (d, J=8.8, 2H), 6.88 (d, J=8.8, 2H), 6.49-6.36
(m, 1H), 5.94-5.80 (m, 1H), 5.45 (d, J=17.1, 1H), 5.31 (d,
J=10.8, 1H), 5.19-5-15 (m, 1H), 4.99 (d, J/=17.1, 1H),
4.46-4.41 (m, 1H), 4.15-4.10 (m, 1H), 3.79 (s, 3H), 3.56-
3.48 (m, 1H), 2.32-1.68 (m, 4H); °C NMR (CDCl;) &
(ppm) 177.2, 159.1, 139.9, 132.7, 126.8, 117.9, 115.7,
113.4,78.9,64.6,55.3,44.5,30.1,21.3.

4.9.3.  Synthesis of (¥)-(5R,1’R)-N-allyl-5-[1-(4-
chlorophenyl)-1-hydroxyallyl|-pyrrolidin-2-one (anti-
7¢). According to the typical procedure pyrrolidinones
(anti)-7¢ and (syn)-7c¢ were obtained from Sc in a 59/41
ratio (73% combined yield) as yellowish oils after
purification by column chromatography (EtOAc). Only
the data for the (anti)-7¢ isomer is now reported: 'H NMR
(MeOD) & (ppm) 7.51-7.35 (m, 4H), 6.53-6.45 (m, 1H),
5.88-5.72 (m, 1H), 5.47 (d, J=17.2, 1H), 5.31 (d, J=10.5,
1H), 5.19 (d, J=10.5, 1H), 4.96 (d, /=17.2, 1H), 4.21 (brs,
1H), 4.40-4.35 (m, 2H), 3.14-3.04 (m, 1H), 2.10-1.96 (m,
4H); >C NMR (MeOD) & (ppm) 179.4, 142.6, 142.1,
134.3, 134.0, 129.3, 129.1, 1174, 116.0, 80.0, 65.3, 45.1,
30.8,234.

4.9.4. Synthesis of (+)-(5R,1’R)-N-allyl-5-[1-hydroxy-1-
(2-thyenyl)allyl]-pyrrolidin-2-one (anti-7d). According
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to the typical procedure pyrrolidinones (anti)-7d and
(syn)-7d were obtained from 5d in a 38/62 ratio (83%
combined yield) as yellowish oils after purification by
column chromatography (EtOAc). Only the data for the
(anti)-7¢ isomer is now reported: 'H NMR (CDCly) &
(ppm) 7.28-7.26 (m, 1H), 6.99-6.95 (m, 2H), 6.44-6.35
(m, 1H), 5.80-5.62 (m, 1H), 5.58 (d, J=17.2, 1H), 5.34 (d,
J=10.6, 1H), 5.16 (d, J/=10.2, 1H), 5.04 (br s, 1H), 4.46
(d, J=17.2, 1H), 4.04-3.97 (m, 1H), 3.53-3.41 (m, 1H),
295 (s, 1H), 2.22-1.91 (m, 4H); *C NMR (CDCl;) &
(ppm) 176.7, 148.0, 140.0, 135.8, 126.9, 125.6, 124.7,
117.4,116.9,68.2, 65.6,45.2,29.8,21.4.

4.10. Typical procedure for the olefin metathesis
reaction on pyrrolidinones 7.

4.10.1. Synthesis of (+)-(8S,8aR)-8-hydroxy-8-phenyl-
1,2,8,8a-tetrahydroindolizin-3(5H)-one (syn)-9a.
Grubbs II catalyst (5 mg, 10% wt) was added in one
portion onto a solution of pyrrolidinone (syn)-7a (50 mg,
0.2 mmol) in CH,Cl, (10 mL) at rt. After 12 h, the
solvent was eliminated under vacuum and the resulting
residue was column chromatographed (EtOAc) to afford
indolizidinone (syn)-9a as a white solid that was
triturated in EL,O (65%): mp 162-165 °C (Et,0); 'H
NMR (CDCl;) & (ppm) 7.41-7.26 (m, 5H), 5.97 (d,
J=10.3, 1H), 5.82 (d, J=10.3, 1H), 4.48 (d, J=18.8, 1H),
3.79 (d, J=7.7, 1H), 3.63 (d, J=18.8, 1H), 2.79 (br s, 1H),
2.02-1.75 (m, 3H), 1.41-1.27 (m, 1H); C NMR (CDCls)
8 (ppm) 174.9, 139.0, 133.5, 128.2 127.8, 126.5, 123.7,
73.9, 63.0, 40.0, 29.2, 18.8; IR (film) v (cm™) 3359,
1670; MS (CIy m/z (%) 230 (100), 212 (83), 211 (53),
146 (34); HRMS calculated for C,4H;sNO,'H™ 230.1181,
found 230.1191.

4.10.2. Synthesis of (¥)-(8S,8aR)-8-hydroxy-8-(4-
methoxyphenyl)-1,2,8,8a-tetrahydroindolizin-3(5H)-
one (syn)-9b. According to the typical procedure
indolizidinone (syn)-9b was obtained from (syn)-7b in
65% yield. It was purified by column chromatography
(EtOAc) as a brown oil: 'H NMR (CDCl;) & (ppm) 7.23
(d, J=8.7, 2H), 6.85 (d, J=8.7, 2H), 5.94 (d, J=10.2, 1H),
5.79 (d, J=10.2, 1H), 4.46 (d, J=18.9, 1H), 3.77 (br s,
4H), 3.61 (d, J=18.9, 1H), 2.57 (br s, 1H), 1.97-1.77 (m,
4H); C NMR (CDCls) & (ppm) 174.8, 159.3, 133.7,
133.5, 131.4, 127.7, 123.5, 73.6, 63.0, 55.2, 39.9, 29.2,
18.8; IR (film) v (cm'l) 3389, 1670; MS (CI) m/z (%) 260
(100), 242 (99), 241 (77), 240 (41), 223 (11), 176 (53);
HRMS calculated for C,sH;;NOy-H™ 260.1286, found
260.1285.

4.10.3. Synthesis of (+)-(8S,8aR)-8-(4-chlorophenyl)-8-
hydroxy-1,2,8,8a-tetrahydroindolizin-3(5H)-one (syn)-
9¢. According to the typical procedure indolizidinone
(syn)-9c¢ was obtained from (syn)-7c¢ in 58% yield. It was
purified by column chromatography (EtOAc) as a brown
oil: "H NMR (CDCl3) & (ppm) 7.36-7.27 (m, 4H), 6.00
(d, /~10.6, 1H), 5.80 (d, J=10.6, 1H), 4.51 (d, J=19.2,
1H), 3.78 (d, J=8.3, 1H), 3.63 (d, /=19.2, 1H), 2.33 (br s,

1H), 1.98-1.54 (m, 4H); *C NMR (CDCl;) & (ppm) 174.6,
159.3, 133.1, 131.4, 128.3, 128.0, 124.3, 63.0, 40.0, 29.1,
18.7; IR (film) v (cm™) 3387, 1670; MS (CI) m/z (%) 264
(100), 248 (36), 246 (40); HRMS calculated for
C4H,PCINO,H™ 264.0791, found 264.0804.

4.10.4. Synthesis of (+)-(8S,8aR)-8-hydroxy-8-thyenyl-
1,2,8,8a-tetrahydroindolizin-3(5H)-one (syn)-9d.
According to the typical procedure indolizidinone (syn)-
9d was obtained from (syn)-7d in 60% yield. It was
purified by column chromatography (EtOAc) as a brown
oil: 'H NMR (CDCl3) § (ppm) 7.31-7.25 (m, 1H), 7.00-
6.93 (m, 1H), 6.81-6.77 (m, 1H) 6.04-5.88 (m, 2H), 4.45
(d, /=19.3, 1H), 3.87-3.82 (m, 1H), 3.61 (d, J=19.3, 1H),
3.12 (brs, 1H), 2.11-2.00 (m, 3H), 1.41-1.31 (m, 1H); °C
NMR (CDCl;) 8 (ppm) 175.0, 144.8, 133.7, 127.3, 126.2,
125.4,123.6, 73.3, 62.6, 39.9, 29.0, 19.0; IR (film) v (cm’
') 3330, 1670; MS (CI) m/z (%) 236 (100), 218 (89), 217
(64), 152 (60); HRMS calculated for Cj;,H;sNO,S-H™
236.0745, found 236.0741.

4.10.5. Synthesis of (+)-(8R,8aR)-8-hydroxy-8-phenyl-
1,2,8,8a-tetrahydroindolizin-3(5H)-one (anti)-9a.
According to the typical procedure indolizidinone (anti)-
9a and (sym)-9a were obtained from a syn/anti (33/67)
mixture of 7a in 66% combined yield. It was purified by
column chromatography (EtOAc) as a brown oil. Only the
data for the (anti)-9a isomer is now reported: 'H NMR
(CDCLy) & (ppm) 7.43-7.30 (m, 5H), 6.01 (s, 2H), 3.79 (d,
J=7.7, 1H), 3.73-3.69 (dd, J=3.7, 2H), 3.42 (br s, 1H),
2.58-2.14 (m, 4H); *C NMR (CDCl;) & (ppm) 175.5,
142.8, 132.6, 128.0 127.6, 126.6, 123.3, 71.6, 64.0, 40.1,
30.3,17.3.

4.10.6. Synthesis of (*)-(8R,8aR)-8-hydroxy-8-(4-
methoxyphenyl)-1,2,8,8a-tetrahydroindolizin-3(5H)-
one (anti)-9b. According to the typical procedure
indolizidinone (anti)-9b and (syn)-9b were obtained from
a syn/anti (53/47) mixture of 7b in 60% combined yield. It
was purified by column chromatography (EtOAc) as a
brown oil. Only the data for the (anti)-9b isomer is now
reported: "H NMR (CDCl3) & (ppm) 7.23 (d, J=8.7, 2H),
6.85 (d, J=8.7, 2H), 5.98 (s, 2H), 4.46 (d, J=18.9, 1H),
3.80 (brs, 4H), 3.61 (d, J=18.9, 1H), 2.57 (br s, 1H), 1.97-
1.77 (m, 4H); C NMR (CDCl;) § (ppm) 175.4, 158.8,
134.9, 133.7, 132.9, 126.8, 126.5, 71.5, 63.9, 55.3, 40.0,
30.3,17.4.

4.10.7. Synthesis of (x)-(8R,8aR)-8-(4-chlorophenyl)-8-
hydroxy-1,2,8,8a-tetrahydroindolizin-3(SH)-one (anti)-
9c. According to the typical procedure indolizidinone
(anti)-9¢ and (syn)-9c¢ were obtained from a syn/anti
(41/49) mixture of 7¢ in 65% combined yield. It was
purified by column chromatography (EtOAc) as a brown
oil. Only the data for the (anti)-9¢ isomer is now reported:
'"H NMR (CDCl) & (ppm) 7.36-7.27 (m, 4H), 6.09 (s, 2H),
4.51 (d, J=19.2, 1H), 3.78 (d, J=8.3, 1H), 3.63 (d, J=19.2,
1H), 2.33 (br s, 1H,), 1.98-1.54 (m, 4H); “C NMR
(CDCls) & (ppm) 175.4, 159.6, 134.9, 133.6, 132.9, 129.1,
128.3, 123.2,63.9,40.0,30.2, 18.7.
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4.10.8. Synthesis of (+)-(8R,8aR)-8-hydroxy-8-thyenyl-
1,2,8,8a-tetrahydroindolizin-3(SH)-one (anti)-9d.
According to the typical procedure indolizidinone (anti)-
9d and (syn)-9d were obtained from a syn/anti (38/62)
mixture of 7¢ in 69% combined yield. It was purified by
column chromatography (EtOAc) as a brown oil. Only
the data for the (anti)-9d isomer is now reported: 'H
NMR (CDCls) § (ppm) 7.31-7.25 (m, 1H), 7.00-6.93 (m,
1H), 6.81-6.77 (m, 1H) 6.92 (s, 2H), 4.45 (d, /=193,
1H), 3.87-3.82 (m, 1H), 3.61 (d, J=19.3, 1H), 3.12 (brs,
1H), 2.11-2.00 (m, 3H), 1.41-1.31 (m, 1H); “C NMR
(CDCl5) & (ppm) 175.4, 147.4 132.71, 127.1, 126.8,
125.1,123.4,71.3, 63.7,40.0, 29.5, 18.0.

4.11. Typical procedure for the olefin metathesis
reaction on pyrrolidinones 6.

4.11.1. Synthesis of (+)-(8R,8aR)-8-hydroxy-1,2,8,8a-
tetrahydroindolizin-3(S5H)-one (syn)-8. Grubbs II
catalyst (3 mg, 10% wt) was added in one portion onto a
solution of pyrrolidinone (syn)-6 (90 mg, 0.35 mmol) in
toluene (10 mL) and temperature was raised to reflux.
After 4 h, the mixture was cooled to rt and solvent was
eliminated under vacuum. The resulting residue was
column  chromatographed  (EtOAc) to  afford
indolizidinone (syn)-8 as a white solid that was triturated
in hexanes (71%): mp 111-113 °C (hexanes); '"H NMR
(CDCls) & (ppm) 6.83 (d, J=7.0, 1H), 4.96 (dd, J=11.9,
5.9, 1H), 3.98 (s, 1H), 3.76 (dd, J=16.1, 8.0, 1H), 2.51-
1.95 (m, 7H); *C NMR (CDCl;) & (ppm) 172.7, 121.8,
105.0, 63.4, 58.9, 31.6, 30.7, 20.1; IR v (cm™) 3359,
1670; MS [CI] m/z (%) 154 (100), 153 (37), 136 (12);
HRMS calculated for CgH;NOyH™ 154.0868, found
154.0866.

4.11.2. Synthesis of (x)-(8S,8aR)-8-hydroxy-1,2,8,8a-
tetrahydroindolizin-3(SH)-one (anti)-8. According to
the typical procedure indolizidinone (anti)-8 was
obtained from (anti)-6 in 86% combined yield. It was
purified by column chromatography (EtOAc) as a brown
oil: "H NMR (CDCls) & (ppm) 6.72 (d, J=7.5, 1H), 5.05-
5.00 (m, 1H), 3.68-3.60 (m, 1H), 3.54-3.45 (m, 1H), 2.97
(br s, 1H), 2.45-1.39 (m, 4H), 2.20-2.11 (m, 1H), 1.83-
1.76 (m, 1H).; ®C NMR (CDCl3) § (ppm) 171.9, 121.2,
107.2,70.4,60.4,32.5,31.1,24.3.

4.12. Typical procedure for the hydrogenation
reaction.

4.12.1. Synthesis  of  (¥)-(8R,8aR)-8-hydroxy-
hexahydroindolizin-3(5H)-one (syn)-10. A solution of
indolizidine (syn)-8 (37 mg, 0.24 mmol) in MeOH (5
mL) was hydrogenated (70 psi) in the presence of Pd/C
(4 mg, 10% weight) until total consumption of the
starting material (tlc, 8 h). Then, the mixture was filtered
through celite, the solvent evaporated, and the resulting
residue was column chromatographed (EtOAc) to yield
indolizidinone (syn)-10 as a colorless oil (46%): 'H

NMR (MeOD) & (ppm) 4.11 (d, J/=12.6, 1H), 3.81 (s, 1H),
3.53 (t, J=12.6, 6.3, 1H), 2.65 (t, J=22.9, 10.2, 1H), 2.40-
1.24 (m, 9H); *C NMR (MeOD) & (ppm) 174.7, 66.5,
60.9,39.9, 30.8, 30.4, 19.3, 17.7; IR v (cm") 3379, 1660;
MS [CI] m/z: 156 (100), 155 (17), 138 (13); HRMS
calculated for CgH,sNO,'H™ 156.1025, found 156.1024.

4.12.2. Synthesis of (£)-(8R,8aR)-8-hydroxy-8-phenyl-
hexahydroindolizin-3(5H)-one (syn)-11a. According to
the typical procedure indolizidinone (sym)-11a was
obtained from (syn)-9a in 60% yield. It was purified as a
white solid by column chromatography (MeOH) followed
by crystallization from Et,O: mp 144-148 °C (Et,0): 'H
NMR (CDCl;) 8 (ppm) 7.47 (d, J=7.4, 2H), 7.35-7.26 (m,
3H), 4.22 (d, J=13.1, 1H), 3.71 (t, J=8.3, 1H), 2.85-2.77
(m, 1H), 2.74 (s, 1H), 2.41-2.04 (m, 4H), 1.92-1.64 (m,
4H); °C NMR (MeOD) & (ppm) 184.5, 143.7, 128.0,
127.9, 126.3, 73.6, 67.4, 40.8, 40.4, 31.1, 21.4, 19.8; IR
(film) v (cm™) 3379, 1663; MS (CI) m/z (%) 232 (100),
214 (47), 213 (28); HRMS calculated for C,4H;7NO,-H™
232.1337, found 232.1343.

4.12.3. Synthesis of (%)-(8R,8aR)-8-hydroxy-8-(4-
methoxyphenyl)-hexahydroindolizin-3(5SH)-one (syn)-
11b. According to the typical procedure indolizidinone
(syn)-11b was obtained from (syn)-9b in 63% yield. It
was purified as a yellowish oil by column chromatography
(EtOAc): '"H NMR (MeOD) § (ppm) 7.37 (d, J=8.9, 2H),
6.88 (d, J=8.9, 2H), 4.10 (d, J=13.2, 1H), 3.77-3.71 (m,
4H), 2.91-2.81 (m, 1H), 2.40-1.69 (m, 8H); “C NMR
(MeOD) 8 (ppm) 176.6, 160.0, 136.6, 128.8, 114.4, 73.7,
67.7, 56.7, 41.0, 40.5, 31.1, 21.6, 19.7; IR (film) v (cm™)
3379, 1660; MS (CI) m/z (%) 262 (67), 244 (100), 243
(49); HRMS calculated for C;sH;oNOs-H™ 262.1443,
found 262.1455.

4.12.4. Synthesis of (¥)-(8R,8aR)-8-(4-chlorophenyl)-8-
hydroxy-hexahydroindolizin-3(SH)-one (syn)-11c.
According to the typical procedure indolizidinone (syn)-
11c was obtained from (syn)-9¢ in 53% yield. It was
purified as a brownish oil by column chromatography
(EtOAc): '"H NMR (MeOD) & (ppm) 7.44 (d, J=8.7, 2H),
7.33 (d, J=8.7, 2H), 4.14-4.10 (m, 1H), 3.80-3.73 (m, 1H),
2.90-2.83 (m, 1H), 2.39-1.69 (m, 8H); °C NMR (MeOD)
S (ppm) 176.7, 144.8, 134.0, 129.4, 129.1, 73.6, 674,
40.8,40.5, 31.1, 21.4, 19.8; IR (film) v (cm™) 3379, 1660;
MS (CI) m/z (%) 266 (100), 250 (10), 248 (19); HRMS
calculated for CH;¢ CINOyH™  266.0948, found
266.0948.

4.12.5. Synthesis of (#)-(8R,8aR)-8-hydroxy-8-(2-
thyenyl)-hexahydroindolizin-3(SH)-one (syn)-11d.
According to the typical procedure indolizidinone (syn)-
11d was obtained from (syn)-11d in 56% yield. It was
purified as a yellowish oil by column chromatography
(EtOAc): 'H NMR (CDCl3) & (ppm) 7.26-7.18 (m, 1H),
6.95-6.87 (m, 1H), 4.17-4.13 (m, 1H), 3.61-3.56 (m, 1H),
3.75-2.67 (m, 1H), 2.28-1.66 (m, 9H); "*C NMR (CDCl;)
S (ppm) 174.8, 146.3, 126.8, 124.3, 123.7, 73.9, 66.0,
39.4,39.1,30.1, 21.0, 18.1; IR (film) v (cm™) 3334, 1660;
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MS (CI) m/z (%) 238 (100), 222 (14), 220 (48), 219 (23);
HRMS calculated for C,H,s>SNO-H™ 238.0902, found
238.0913.

4.12.6. Synthesis of (+)-(8S,8aR)-8-hydroxy-8-phenyl-
hexahydroindolizin-3(5H)-one (anti)-11a. According to
the typical procedure indolizidinone 11a was obtained as
a diastereomeric mixture from (33/67) (syn/anti)-9a in
69% combined yield. It was purified as a yellowish oil by
column chromatography (EtOAc). Data for the anti
isomer is now reported: "H NMR (CDCl3) & (ppm) 7.47
(d, /=74, 2H), 7.33-7.25 (m, 3H), 4.21 (d, J=13.1, 1H),
3.70 (t,J=8.3, 1H), 2.86-2.76, 2.74 (s, 2H), 2.41-2.04 (m,
4H), 1.90-1.63 (m, 4H); *C NMR (MeOD) & (ppm)
184.4, 143.7, 128.1, 127.9, 126.8, 73.6, 67.5, 40.9, 40.3,
31.3,21.4,19.8.

4.12.7. Synthesis of (+)-(8S,8aR)-8-hydroxy-8-(4-
methoxyphenyl)-hexahydroindolizin-3(5H)-one (anti)-
11b. According to the typical procedure indolizidinone
11b was obtained as a diastereomeric mixture from
(53/47) (syn/anti)-9b in 67% combined yield. It was
purified as a yellowish oil by column chromatography
(EtOAc). Data for the anti isomer is now reported: 'H
NMR (MeOD) & (ppm) 7.36 (d, J=8.9, 2H), 6.89 (d,
J=8.9, 2H), 4.11 (d, J=13.2, 1H), 3.75-3.71 (m, 4H),
2.91-2.83 (m, 1H), 2.38-1.65 (m, 8H); °C NMR (MeOD)
& (ppm) 176.5, 160.0, 135.6, 128.8, 114.3, 73.6, 67.5,
56.7,40.9,40.5,32.1, 21.6, 19.7.

4.12.8. Synthesis of (+)-(8S,8aR)-8-(4-chlorophenyl)-8-
hydroxy-hexahydroindolizin-3(5H)-one (anti)-11c.
According to the typical procedure indolizidinone 11¢
was obtained as a diastereomeric mixture from (41/59)
(syn/anti)-9¢ in 65% combined yield. It was purified as a
yellowish oil by column chromatography (EtOAc). Data
for the anti isomer is now reported: '"H NMR (MeOD) &
(ppm) 7.44 (d, J=8.7, 2H), 7.33 (d, J=8.7, 2H), 4.14-4.10
(m, 1H), 3.80-3.73 (m, 1H), 2.90-2.83 (m, 1H), 2.39-1.69
(m, 8H); *C NMR (MeOD) & (ppm) 176.7, 143.7, 134.0,
129.3,128.1,73.8, 67.5,40.9,40.4,31.1, 21.4, 19.8.

4.12.9. Synthesis of (+)-(8S,8aR)-8-hydroxy-8-(2-
thyenyl)-hexahydroindolizin-3(5H)-one (anti)-11d.
According to the typical procedure indolizidinone 11d
was obtained as a diastereomeric mixture from (38/62)
(syn/anti)-9c¢ in 68% combined yield. It was purified as a
yellowish oil by column chromatography (EtOAc). Data
for the anti isomer is now reported: "H NMR (CDCls) &
(ppm) 7.40-7.37 (m, 1H), 6.93-6.90 (m, 1H), 6.87-6.83
(m, 1H), 3.85-3.80 (m, 1H), 3.39-3.23 (m, 2H), 2.23-1.43
(m, 9H); *C NMR (CDCl;) § (ppm) 174.8, 146.2, 126.6,
124.3,123.7,74.0, 66.1, 39.3, 39.2, 30.1, 21.0, 18.1.

4.13. Typical procedure for the dihydroxylation
reaction.

4.13.1.  Synthesis of  (¥)-(6S,7S,8R,8aR)-6,7,8-
trihydroxy-hexahydroindolizidin-3-one (syn-12).
K,0s0,2H,0 (7 mg, 0.015 mmol) and N-

methylmorpholine-N-oxide (70 mg, 0.6 mmol) were
sequentially added to 2 mL of an acetone/water (1/1)
solution of indolizidinone (syn)-8 (50 mg, 0.3 mmol). The
mixture was stirred at room temperature for 18 hours, and
then filtered through celite. The volatiles were eliminated
and the residue was column chromatographed (EtOAc) to
render trihydroxyindolizidinone (syn)-12 as a colorless oil
(93%): '"H NMR (MeOD) & (ppm) 5.48 (d, J=3.7, 1H),
3.94-3.64 (m, 3H), 2.49-2.29 (m, 2H), 2.11-1.87 (m, 4H);
3C NMR (MeOD) § (ppm) 177.5, 74.5, 68.2, 65.0, 57.2,
352, 325, 19.6; IR v(cm') 3408, 1660; HRMS
calculated for CgH;3sNO4,-H™: 188.0923, found: 188.0915.

4.13.2. Synthesis of (¥)-(6R,7S,8S,8aR)-6,7,8-
trihydroxy-8-phenyl-hexahydroindolizidin-3-one (anti-
13a). According to the typical procedure, indolizidine
(anti)-13a was obtained from a 0.5/1.0 diastereomeric
mixture of (syn/anti)-9a in 57% yield. It was purified by
column  chromatography  (EtOAc)  followed by
crystallization from Et,O: mp 183-184 °C (Et,0); 'H NMR
(MeOD) & (ppm) 7.50-7.47 (m, 2H), 7.37-7.27 (m, 3H),
4.21-4.17 (m, 1H), 4.04-3.98 (m, 1H), 3.89-3.83 (m, 1H),
3.71 (s, 1H), 3.06-2.99 (m, 1H), 2.55-2.09 (m, 3H), 1.87-
1.75 (m, 1H); *C NMR (MeOD) & (ppm) 176.6, 142.7,
129.2, 128.5, 128.3, 78.0, 76.3, 65.4, 60.8, 40.9, 31.7,
18.6; IR (film) v (cm™) 3408, 1658; MS (CI) m/z (%) 264
(100), 246 (33), 230 (33), 228 (61), 212 (26), 210 (17),
190 (12), 140 (17), 115 (13), 84 (11); HRMS calculated
for C4H;sNO4H™ 264.1236, found 264.1244.
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5-benzoyl-N-(2-N’-tert-butoxycarbonylaminoethymjidin-2-one (9a).

O
el L

N

Ph 1)

s o —

il

)

s

.
85 7.0

0 100
11 (ppm)



380 Anexo

N-(2-N’-tert-butoxycarbonylaminoethyl)-5-(p-methbgwnzoyl)pyrrolidin-
2-one(10a).
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-(2-thienylwany)pyrrolidin-2-
one(11b).
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N-(2-N’-benzyloxycarbonylaminoethyl)-5-(p-chlorokewl)pyrrolidin-2-
one(12b).
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1-phenyl-3,4,7,8-tetrahydropyrrolo[1,2-a]pyrazinZb{)-one(13g).
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1-(4-methoxyphenyl)-3,4,7,8-tetrahydropyrrolo[1 Jpyazin-6(2H)-one
(13h).
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(+/-)-(1R,8aS)-1-phenylhexahydropyrrolo[1,2-a]pyna®H-one(14e).
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(+/-)-(1R,8aS)-1-(p-methoxyphenyl)hexahydropyrral@Falpyrazin-6-one

(14b).
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N-cyanomethyl-5-p-methoxyphenylpyrrolidindf8g).
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5-p-methoxyphenyl-N-(1-phenylcyanomethyl)pyrrotigliane(18b, 18).
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N-(3-benzyloxycarbonylamino-2,2-dimethylpropyl45-(

methoxybenzoyl)-2-pyrrolidinor{&9b).
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N-(3-benzyloxycarbonylaminopropyl)-5-(4"-methoxywosh)-2-

pyrrolidinone(30).
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1-(4-methoxyphenyl)-4,5,8,9-tetrahydro-2H-pyrrol@-h][1,4]diazepin-
7(3H)-one(31).
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1-(4-methoxyphenyl)-octahydro-pyrrolo[1,2-a][1,4édiepin-7-on€33).
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Anexo 393

N-[(2-benzyloxycarbonylaminomethyl)phenyl]-5-(4" thoxybenzoyl)-2-
pyrrolidinone(41).
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394 Anexo

(+/-)-(4R,3aR)-(4-methoxyphenyl)-2,3,3a,4,5,6-hexkb-
benzo[f]pyrrolo[1,2-a][1,4]diazepin-1-on¢43).
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Anexo 395

(+/-)-(11R,11aR)-11-(4-methoxyphenyl)-1,2,5,10,11,11 aneko-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-3-ongt4).
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396 Anexo

5-(4-methoxybenzoyl)-N-(2-nitrobenzyl)-2-pyrrolioive (48b).
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Anexo 397

N-(2 -aminobenzyl)-5-(4-methoxybenzoyl)-2-pyrraiahie(49).
HoN
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398 Anexo

(+/-)-(11R,11aR)-11-phenyl-1,2,5,10,11,11a-hexabydr
benzo[e]pyrrolo[1,2-a][1,4]diazepin-3-ons0).
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Anexo 399

(+/-)-(11R,11aR)-11-(4-chlorophenyl)-1,2,5,10,1133exahydro-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-3-0ns2).
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400 Anexo

N-allyl-5-(2-thiophenecarbonyl)pyrrolidin-2-on&8c).
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Anexo 401

(+/-)-(5R,1’S)-1-allyl-5-(1-hydroxy-1-phenylallylyprolidin-2-one  (60a

syn).
HO, Ph
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402 Anexo

(+/-)-(8S,8aR)-8-hydroxy-8-phenyl-1,2.8,8a-tetratniddolizin-3(5H)-one

(61a syn.
Ph, OH
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Anexo 403

(+/-)-(8R,8aR)-8-hydroxy-8-(thien-2-yl)-1,2 8,8arthydroindolizin-
3(5H)-one(61c syn.
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404

Anexo

(+/-)-(6R,7R,8R,8aR)-6,7,8-trihydroxy-8-phenylheyditoindolizin-3(2H)-

one(62a anti).

HO, Ph
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Anexo 405

(+/-)-(8S,8aR)-8-hydroxy-8-(4-methoxyphenyl)hexabydlolizin-3(2H)-
one(64b syn).
HO, PMP
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406 Anexo

N-Allyl-5-(3-phenylacryloyl)-pyrrolidin-2-oné68a).
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Anexo 407

(E)-1-allyl-5-(2-methyl-3-phenylacryloyl)pyrrolidig-one(68b).
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408 Anexo

(+/-)-(5R,1’'R)-N-allyl-5-(1-hydroxy-3-phenylallypyrrolidin-2-one (69a
syn).
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Anexo 409

(+/-)-(6R,1'S ,2’E)-N-allyl-5-(1-hydroxy-3-phenylal)-pyrrolidin-2-one
(69a ant).
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410 Anexo

(+/-)-(8R,8aR)-8-hydroxy-1,5,8,8a-tetrahydro-2H-glididin-3-one (70a

syn).
OH

100
1 07{

T T T T T T T T T T T 1
75 70 6.5 6.0 55 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

T T T T T T T T T T T T T T T T T T T T
2 20 10 W0 W 6 W M @ 20 MW M0 W W W 0 N 4 N W W o -10
ppm



Anexo 411

(+/-)-(8S,8aR)-8-hydroxy-1,2,8,8a-tetrahydroindoit8(5H)-one  (70a

anti).
OH
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Anexo

412
(+/-)-(6S,7S,8S,8aR)-6,7,8-trihydroxy-hexahydroelimdin-3-one  (72a

syn).
OH
HO,,

HO"
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Anexo 413

(+/-)-(8R,8aR)-8-hydroxyhexahydroindolizin-3(2H)exi73a syr).
OH
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414 Anexo

N-(1-propenyl)-5-(2-methylbutanoyl)-pyrrolidin-2-e(81).
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415

Anexo

3-(phenyliodonio)pyridinium triflat¢35).
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Anexo

416

3-(mesityliodonio)pyridinium triflaté86).
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Anexo "

3-[(2,4,6-triisopropylphenyl)iodonil]pyridinium tfiate (87).
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418

Anexo

3-[(2,4,6-triisopropylphenyliodonio]quinoliniumittate (90).
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Anexo 419

4-(mesityliodonio)-3,5-dimethyl-1H-pyrazol-2-iunflate (91).
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Anexo

420

4-[(2,4,6-triisopropylphenyl)iodonio]-1H-pyrazol-2:m triflate (94).
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